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Abstract

This thesis represents a summary of the activities I performed throughout
my PhD, mainly on quantum optics in the infrared. The field of quan-
tum optics was revolutionised by the experimental demonstration of corre-
lated photon-pair generation via the non linear interaction known as sponta-
neous parametric down-conversion (SPDC). Quantum-enhanced optical sys-
tems utilising the unique properties of these quantum sources have blos-
somed in recent years particularly in the fields of quantum communications
and quantum metrology. Currently, most measurements taking advantage
of these non-classical sources have narrowed their focus on the near-infrared
to telecommunications spectral region (0.7 — 1.6 um) with good reason. Go-
ing beyond this spectral range, at longer wavelengths, presents significant
technological problems in both generation, manipulation and detection of
mid-infrared radiation. Fundamental advantages such as reduced scattering
and propagation losses in well-established fields presents a compelling case
to investigate non-classical states within the mid-infrared window. This the-
sis details the challenges associated with delving into the 2 um regime and
demonstrates the realisation of a compact and robust quantum source of
entangled photon-pairs using custom designed non-linear crystals and super-
conducting nanowire single-photon detectors (SNSPD). The demonstration
of two-photon interference and polarisation entanglement at 2.1 um provides
a solution which could prove valuable in the implementation of future free-

space daylight quantum communications and high sensitivity metrology. This
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thesis follows up on this work by addressing a promising application of 2 pm
sources in the field of integrated photonics. The testing of the performance
of a type of novel hollow-core nested antiresonant nodeless fibre (HC-NANF)
with mid-infrared radiation indicates high polarisation purity and low at-
tenuation properties. This technology may provide the radical solution to
ensure the future capacities of modern communication networks are met.
The proposal to employ the quantum properties of entangled photon
states generated via SPDC to enhance detection in wavelengths far beyond
the mid-infrared is a challenging concept. This thesis moves in the direc-
tion of the application of non-classical states for the metrological detection
of terahertz (THz) radiation of which has garnered significant interest in
countless areas of scientific endeavour in recent times. It tackles the en-
hanced phase estimation granted by using NOON states in metrology appli-
cations and takes the first step in utilising alternative detection strategies
for measuring THz radiation. Traditional techniques for measuring or recon-
structing THz electric fields rely on balanced detection using photodiodes
with inherent shot-noise limitations on the system. Terahertz time-domain
spectroscopy (THz-TDS) using electro-optic sampling (EOS) and ultrashort
pulsed probes is typically employed to measure directly the electric field of
THz radiation. This thesis reports on the first step in the direction of using
non-classical states for THz detection demonstrating that electric fields can
be measured with single-photon detectors using a squeezed vacuum as the
optical probe. The approach achieves THz electro-optical sampling using
phase-locked single-photon detectors at the shot-noise limit and thus paves

the way toward quantum-enhanced THz sensing.

i



Taylor Shields

List of Figures

2.1

2.2

2.3

The phase matching conditions for SPDC (A) The energy di-
agram for the annhilation of the pump photon of frequency w,
into two daughter signal and idler photons with frequencies
ws and w; (B) The conservation of momentum considerations
and respective output angle of signal 6, and idler #; photons. .
Schematic depicting the periodically-poled crystal structure of
period A over the full crystal length L used to achieve quasi-
phase matching. Inversion of the poling structure (black ar-
rows) occurs after each iteration of the coherence length L.
and has the effect of inverting the sign of the non-linearity
susceptibility coefficient d.;s. This periodic alternation helps
ensure efficient field accumulation of w, and w; frequencies
throughout the crystal structure. . . . . .. . ... ... ...
Schematic demonstrating the trend of conversion efficiency for
a typical three-wave mixing process for phase matched (PM),
quasi-phase matched (QPM) and no phase matching (No PM)
conditions against the propagation distance measured in units
of the coherence length (L.). . . . . ... ... ... ... ...

il

PhD Thesis

17



Taylor Shields

PhD Thesis

24

2.5

3.1

3.2

3.3

3.4

Schematic of SPDC in a Type-0 or Type-1 configuration de-
picting pump field (red) incident on a non-linear crystal gen-
erating signal and idler photons with momenta k; and k; con-
strained to symmetrical edges of a cone (blue) centred on the
pump field k,. . . . .o
Schematic detailing the non-collinear Type-2 generation of
photon pairs correlated in the polarisation degree of freedom.
The light identifiable at horizontal and vertical cone inter-
section points is a non-classical polarisation entangled state

crucial for many quantum optics applications. . . . . . . . ..

Performance of silicon photonics at 2.1 um. The effects of two-
photon absorption (TPA) and Rayleigh scattering are reduced
at the target wavelength [59]. Figure reproduced from “Mid-
infrared quantum optics in silicon.”, Opt. Express 28, 37092-
37102 (2020). . . .
The characterisation of the SPDC generation efficiency for
three of the nine periodically poled crystal gratings (1, 2 &
3) to optimise collinear generation of degenerate photon pairs
at 2.090 wum. The red, blue and black curves are simply to
guide theeye. . . . . . . .. L Lo
Characterisation of the spontaneous down-conversion efficiency
in a 50-nm bandwidth centered at the 2090 nm degenerate
emission wavelength. The black dashed line is a fit of the
conversion efficiency based on the simple model mentioned in
the main text. The light gray dashed curves indicate the 95%
prediction bounds. . . . . ... ...
Measured number of photons generated for input powers up
to 1 W. The black dashed line is based on the fit described in
Figure 3.3. . . . . . . ..

35

38

v



Taylor Shields

PhD Thesis

3.5

3.6

3.7

3.8

3.9

3.10

3.11

Experimental setup for coincidence detection of degenerate
photon pairs at 2.090 wm with SNSPD’s. . . ... ... ...
Coincidence measurement showing the expected peak at zero
delay, with accidental peaks at the inverse of the laser repeti-
tion rate 0t. The bin size considered is ~ 2.6 ns. . . . . . . ..
Measured coincidence-to-accidental ratio (CAR) as a function
of the averaged single count rates between detectors 1 and 2.
The red curve is a fitted CAR based on the model detailed in
the main text. . . . . . . . . ... oL
The characteristic HOM dip showing the cancellation of the
coincidence counts as a function of the delay [27]. Figure re-
produced from “Measurement of subpicosecond time intervals
between two photons by interference”, Phys. Rev. Lett. 59,
2044 (1987). . . . . . o
Experimental setup for demonstrating two-photon interference
at 2.1 um. The spatially separated down-converted photons
are recombined on a custom 50:50 beamsplitter and coinci-
dence detection performed at the output ports. Temporal
overlap is controlled using a fibre coupler mounted on a mo-
torised delay stage. . . . . . .. ...
The observed two-photon interference (HOM dip) at 2.1 pum.
The experimental coincidence counts (blue dots) measured as
a function of the delay between arrival time of photon pairs.
The fit to the experimental data (red curve) is detailed in text.
The integration time required for each data point is 1 hour. . .
Experimental setup for characterisation of entangled photon
pairs at 2.1 um. Using a Type-2 PPLN crystal, coincidences
were recorded for different angle orientations of tunable po-

larisers A and B before each single-photon detection. . . . . .

o7




Taylor Shields

PhD Thesis

3.12 Measurement settings for the CHSH-Bell test for N = 16 orien-

4.1

4.2

4.3

4.4

4.5

tations of polariser angles 64 and 6 to obtain raw coincidence
counts (C) used to determine the Bell parameter S = 2.20 +
0.09, demonstrating polarisation entanglement at 2.1 um. The

integration time was 30 min for each measurement. . . . . . .

Comparison of measured loss of PBGF, ARF and NANF de-
signs (of core diameter, D) with varying wavelength [100].
Figure reproduced from “Nested antiresonant nodeless hollow
core fiber”, Opt. Express 22, 23807-23828 (2014). . . . . . . .
NANF properties provided by the manufacturer. (A) Scanning
electron micrograph (SEM) cross-section of the structure of
the NANF being tested. (B) Test data provided detailing
guidelines for the attenuation and transmission properties over
a range of wavelengths. This test data provides a reference for
expected properties for our experimental tests. . . . . . . . ..
Experimental setup for the measuring the polarisation extinc-
tion ratio of NANF at 2 um. The polarisation is set by Glan-
Taylor polariser (GT pol.) and motorised half-wave plate
(HWP) controls the polarisation entering 1 km long NANF
fibre mounted on a 6-axis stage for coupling control. The
NANF output is analysed using an identical HWP/GT pair
before focusing into an InGaAs photodetector. . . . . . . ..
Sample of extinction of linear polarisations V (black) and H
(blue). The measured voltage output for each polarisation was
fitted with a cos?(0) fit (red) as discussed in text. . . .. ...
The polarisation extinction ratio (PER) measured across 1 km
of NANF for a range of input polarisations with a CW fibre
laser at 2 wm. Extinction data (red) plotted with blue line
used as a guide to the eye. The input polarisation orientation

is indicated by arrows above. . . . . ... ... ...

vi



Taylor Shields

PhD Thesis

4.6

4.7

5.1

5.2

5.3

Experimental scheme depicting the characterisation of the effi-
ciency of a commercial SNSPD system using a 2 pm Thulium-
doped fibre laser. An attenuation module consisting of mul-
tiple electronic variable optical attenuators (providing up to
28 dB attenuation each) was used alongside a fibre polarisa-
tion controller to measure the efficiency of two SNSPD’s at
the target wavelength of 2 um. . . . . . ... ... ... ...
The measured detection efficiencies of Detectors 3 (red) and 4
(blue) over a range of detector bias currents with background
reduction. Blue and red lines used as a guide to the eye.
Removal of dark counts data reduces but does not fully remove
the peaks shown when approaching the critical current for each

detector. . . . . ..

Schematic showing the index ellipsoid defined using the prin-
cipal axes x, y and z. The refractive indices ny, no and ng
corresponding to each of the principal axes are also shown. . .
Schematic showing the operation of the THz photoconductive
antenna. Generation of THz radiation occurs when femtosec-
ond laser pulses (red) are incident upon the active area of
the photoconductive antenna (black) biased using an exter-
nal voltage supply via electrical connection (black cable). The
antenna active area consists of an interdigitated MSM elec-
trode structure (orange and yellow) processed onto a GaAs
substrate (blue). Opaque metallisation layer (grey rectangles)
ensures optical excitation occurs in GaAs regions which share
the same electric field direction (black arrows). THz radiation
(dark blue) emitted from the antenna thus interferes construc-
tively in the far-field. . . . . . . .. ... ... L.

Normalised THz power output of the pyroelectric detector ver-

sus the FWHM diameter of the spot size incident on the PCA.

95

103

Vil



Taylor Shields

PhD Thesis

5.4

9.5

5.6

Experimental setup for knife-edge measurement of the THz
beam diameter in the far-field. The pump beam (red) is mod-
ulated by an optical chopper at a frequency corresponding to
operation of the pyroelectric detector used for THz detection.
The THz radiation emitted by the PCA under incidence of
the focused pump is interrupted incrementally by a knife-edge
mounted on a manual stage. Lock-in detection is performed
using the chopping frequency as a reference and the output de-
tector voltage as signal as the knife-edge interrupts the beam
to determine the THz beam properties. . . . . . . . . ... ..
Knife-edge measurement of the THz beam diameter in the far-
field. The detector output voltage (normalised, blue) recorded
as a function of the disruption of the beam. The knife edge
starts in a position completely blocking the beam at 0 mm be-
fore being incrementally removed and being detected on the
pyroelectric detector. The fit (red) is discussed in text. The in-
set shows the cross-section in the x-direction of the normalised
Gaussian profile of THz spot size at the detection focus.
Temporal overlap measurement using sum-frequency genera-
tion. A BBO crystal mounted in a kinematic rotational mount
gives flexibility to achieve the correct crystal tilt angle in or-
der to achieve phase matching between pulsed pump and probe
fields. A delay stage in the THz generation path (see Figure
5.13) varies arrival time of the THz pump pulse at 780 nm in
relation to the probe pulse at 1560 nm generated by an OPO
until SFG at 520 nm is observed in the spatial and tempo-
ral overlapped condition. The inset shows the energy diagram
for the SFG process where pump and probe photons with fre-
quencies Wpymp and Wprobe combine to generate a photon with

frequency wsrg. - . . . . oo

. 105

viil



Taylor Shields

PhD Thesis

5.7

5.8

5.9

5.10

5.11

5.12

Optical detection scheme for electro-optic sampling (EOS) us-
ing balanced photodetectors. After interaction inside the AR-
coated detection crystal, the probe beam is incident upon a
quarter wave plate (QWP), Wollaston prism and balanced
photodetectors. The orientation of the QWP controls the ra-
tio of polarisation components incident on the photodetectors
to ensure the differential signal AI = 0 in the absence of THz
field. . . ..
(A) THz time-domain spectroscopy using EOS to characterise
the THz field trace and spectrum using a classical balanced
detection scheme. (B) Power spectrum corresponding to the

measurement in A (red curve) and in an un-purged setup (blue

Sample depiction of the TTTR data stream using photon
counting software. A difference measurement was performed
between counts in detectors D1 and D2 using markers M,, ev-
ery half cycle of the 10kHz antenna modulation . . . . . . ..
Experimental scheme for calibration of phase detection using
a modulated EOM on a squeezed vacuum source. Strong ex-
ternal fields induce a phase shift observed by the difference
between single counts detected by twin SPAD’s. . . . . . . ..
The phase change A® is extracted as a function of the external
potential across the EOM up to the quarter-wave voltage V; /4
(red, dashed) for various integration times. A linear fit to the
1800 s integrated data (red) is included to guide the eye.
Measured variance of the A® detection method against mea-
surement time using an EOM with a squeezed vacuum probe.
The fit (red) details the expected variance discussed in text

showing shot-noise limited detection. . . . . . ... ... ...

121

. 123

1X



Taylor Shields

PhD Thesis

5.13

5.14

5.15

5.16

Al

A2

Experimental scheme for measuring THz fields using a squeezed
vacuum probe. The THz field generated from a photo-excited
PCA was overlapped with the squeezed vacuum pulse into a
GaAs electro-optical crystal. The phase shift introduced by
the THz pulse on the squeezed vacuum probe is measured by
a balanced detection using single-photon detectors. . . . . . .
Terahertz detection using single photons. (A) Measured phase
shift (A®) induced by THz field (blue squares) overlapped
with the phase shift from standard electro-optic sampling (red
line). The integration time for each data point was 105 mins.
(B) Measured variance of the detection method indicating the
final measurement is shot-noise limited so THz field is not
adding noise. . . . . ...
Experimental setup for NOON state generation using a Sagnac

interferometer. A dichroic mirror (DM) directs the polarised

pump field into bidirectional Sagnac cavity via a dual-wavelength

polarising beam splitter (DPBS). Parabolic mirrors are used to
focus the pump field into a Type-0 PPLN crystal to generate
horizontally polarised photon pairs in each direction. Polarisa-
tion control using a dual-wavelength half-wave plate (DHWP)
orientated at 45 degrees results in the desired state exiting the
cavity. A beam dump (BD) and the dichroic optic were used
to remove the pump field. . . . .. ... ... ... ...
Tomographic reconstruction of the experimentally obtained

two-photon |®T) state in all combinations of the bases |H)
(VYD) |A). o o

Coincidence measurement histogram in the photon starved
regime where very low input pump powers Py, are used.
Coincidence measurement histogram where higher input pump

powers Poump are used. . . . . ..o

. 163

164




Taylor Shields PhD Thesis

B.1 Characterisation of the Type-2 PPLN crystal for possible pol-
ing periods over numerous temperatures using single counts
from SNSPD'’s for detection. . . . . . .. ... ... .. .. .. 166

C.1 Numerical problem of generating two Poissonian random num-
bers with varying average number of photons per pulse. Nu-
merical results match the expected. . . . . . . . ... ... .. 168
C.2 Dependence of the dynamic range on the measurement time

at fixed average number of photons per pulse. . . . . .. . .. 169

X1



Taylor Shields PhD Thesis

List of acronyms

SPDC Spontaneous Parametric Down-Conversion

SHG Second Harmonic Generation

PM Phase Matching

CPM Ciritical Phase Matching

NCPM Non-Critical Phase Matching

QPM Quasi-Phase Matching

PPLN Periodically-Poled Lithium Niobate

NIR Near-Infrared

QKD Quantum Key Distribution

LIGO Laser Interferometer Gravitational-Wave Observatory
HC-PBGF Hollow-Core Photonic Bandgap Fibre

TPA Two-Photon Absorption

DIQKD Device-Independent Quantum Key Distribution
MgO-PPLN Magnesium-Doped Periodically-Poled Lithium Niobate

SNSPD Superconducting Nanowire Single-Photon Detectors

X11



Taylor Shields PhD Thesis

TTTR Time-Tagged Time-Resolved

TTL Transistor-Transistor Logic

LVTTL Low Voltage Transistor-Transistor Logic
CAR Coincidence-to-Accidental Ratio

SM Single-Mode

OPO Optical Parametric Oscillator

AR Anti-Reflection

HOM Hong-Ou-Mandel

PM Polarisation-Maintaining

EPR Einstein-Podolsky-Rosen

HVT Hidden Variable Theory

CHSH Clauser-Horne-Shimony-Holt

HWP Half-Wave Plate

DHWP Dual-Wavelength Half-Wave Plate
QWP Quarter-Wave Plate

PBS Polarising Beam Splitter

DM Dichroic Mirror

FWHM Full Width Half Maximum

DPBS Dual-wavelength Polarising Beam Splitter

SDE System Detection Efficiency

xiil



Taylor Shields

PhD Thesis

NANF Nested Antiresonant Nodeless Fibre
SEM Scanning Electron Micrograph

NA Numerical Aperture

MFD Mode Field Diameter

PER Polarisation Extinction Ratio

TDS Time-Domain Spectroscopy

EOS Electro-Optic Sampling

EOM Electro-Optic Modulator

GaAs Gallium Arsenide

BBO Beta Barium Borate

PCA Photoconductive Antenna

SFG Sum-Frequency Generation

TCSPC Time-Correlated Single Photon Counting
SNR Signal-to-Noise Ratio

DR Dynamic Range

SNL Shot-Noise Limit

HL Heisenberg Limit

Xiv



Taylor Shields PhD Thesis

List of publications

The work conducted in this thesis was published in the following papers:

T. Shields, A. C. Dada, L. Hirsch, S. Yoon, J. M. R. Weaver, D. Faccio,
L. Caspani, M. Peccianti and M. Clerici, “Electro-optical sampling of single-
cycle THz fields with single-photon detectors”, Sensors, vol. 22, p. 9432, 8
2022.

S. Prabhakar, T. Shields, A. C. Dada, M. Ebrahim, G. G. Taylor, D. Moro-
zov, K. Erotokritou, S. Miki, M. Yabuno, H. Terai, C. Gawith, M. Kues, L.
Caspani, R. H. Hadfield and M. Clerici, “Two-photon quantum interference
and entanglement at 2.1 um”, Science Advances, vol. 6, pp. 5195-5222, 3
2020.

XV



Taylor Shields PhD Thesis

Acknowledgements

I would like to express my sincere gratitude to my supervisor Matteo Clerici
for his continuous support and invaluable insight throughout this project.
His patience and encouragement to improve myself both in and out of the
lab was fundamental to the completion of this work and for that I will be
forever grateful.

I would like to thank all the colleagues I have had the pleasure of working
and interacting with in the past 4 years. From day one of this project, I
have been surrounded by incredibly encouraging and knowledgeable people
which have provided both academic and motivational support throughout.
The help and guidance provided by Shashi and Tunmise throughout these
measurements was invaluable. T am grateful to my past colleagues such as
Sean and Damian who spent many evenings with me in Oakfield Avenue
discussing completely unrelated topics to this work. I'd also like to thank
the current members of the UNO group: Seungjin, Dionysis, Ivi, Lenny,
Lijun and Mehdi for listening to my endless experimental issues over the
years. I continue to thank all fellow collaborators working on this and related
projects.

Finally, I would like to thank Iona, my close friends and family who have
shared the highs and lows of this journey first hand. Without their motivating
spirit and helpful support at any time of the day or night, I would never have

completed this marathon.

XVv1



Taylor Shields PhD Thesis

Chapter 1

Introduction

This thesis contains a collection of research focussing on infrared quantum
optics. Many quantum optics measurements utilise a non-linear optical pro-
cess called spontaneous parametric down-conversion (SPDC) which generates
pairs of photons with peculiar properties. This process has been implemented
in countless demonstrations of optical quantum measurements and has been
widely adopted as a reliable source of correlated entangled photon pairs.
The theoretical framework for the SPDC process is presented in

Chapter 2 with both classical and quantum descriptions. The efficiency of
this three-wave mixing process fundamentally relies on the phase matching
conditions associated with the interaction. Several techniques employed to
achieve phase matching in non-linear media are presented and the quasi-phase
matched (QPM) configuration utilised throughout this work is demonstrated.

Different types of SPDC emission are categorised based on the properties of
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the non-linear medium and the phase matching conditions and the interesting
properties of the resulting non-classical states are detailed.

In the first experimental section of this work, the generation, manipula-
tion and detection of entangled photon pairs at 2.1 wm is presented in
Chapter 3. Quantum-enhanced optical systems require robust quantum
sources of entangled photon pairs and in recent times, the 2- to 2.5-um
spectral range has been proposed to revolutionise applications in quantum
communications, sensing and metrology. The motivations behind an efficient
free-space quantum source at 2.1 um are discussed before the correlated
properties of the generated photon pairs are characterised using coincidence
detection. The indistinguishability of the down-converted photons is demon-
strated by performing high visibility two-photon interference. The realisation
and detection of a polarisation-entangled state using a Type-2 SPDC con-
figuration at 2 um is also performed opening the pathway to technological
QKD applications in this spectral regime.

The work in the mid-infrared is continued in Chapter 4 where the feasibil-
ity of using hollow core fibre technology to propagate quantum states of light
is addressed. Characterisation of a 1 km long Nested Antiresonant Nodeless
Fibre (NANF) was performed using a CW fibre laser to assess attenuation
and coupling losses at 2 pum. NANTF fibres are of interest as propagation takes
place in an air core reducing non-linearities and providing low loss in com-
parison to conventional single-mode fibres. Measurement of the polarisation

purity demonstrates that NANF fibre technology preserves the polarisation
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of the state and could be used for propagation of quantum states.

In Chapter 5, the thesis moves in a direction of the application of non-
classical states for the detection of terahertz (THz) radiation. Based on
electro-optic sampling (EOS), THz time-domain spectroscopy (THz-TDS) is
an established detection technique which takes advantage of the Pockels ef-
fect in non-linear crystals measuring a phase proportional to the THz field
strength. The sensitivity of this type of detection is fundamentally limited by
the shot-noise of the optical probe used to sample the THz field. The theory
for this electro-optic interaction is detailed before characterisation of THz
radiation generated using a photoconductive antenna (PCA) is performed.
The question that was proposed: can quantum properties of non-classical
states be used to enhance THz detection? This work moved towards an an-
swer by devising a lock-in style polarimetric technique using single-photon
detectors to measure a phase shift induced on a squeezed vacuum probe.
The novel balanced detection scheme was calibrated using an electro-optic
modulator (EOM) to simulate a THz-induced phase rotation. Using a char-
acterised THz source, THz electro-optic sampling was successfully performed
using phase-locked single-photon detectors at the shot-noise limit. Work was
conducted to better understand the metrological potential of using NOON
states to enhance THz detection by characterising a NOON state generated

using a Sagnac interferometer.
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Chapter 2

Spontaneous parametric

down-convesion

2.1 Introduction

Spontaneous Parametric Down-Conversion (SPDC), also defined as paramet-
ric fluorescence, is a 2"¢ order non-linear optical phenomenon that lies at the
heart of many quantum optics applications. The process can be understood
as the splitting of a pump photon into a pair of correlated photons with half
the excitation energy after interaction with a non-linear medium [1,2]. It is
worth mentioning for later theoretical considerations that SPDC is associ-
ated with the time reversed phenomenon called Second Harmonic Generation
(SHG) where two input photons interact to produce a single output photon

with double the frequency of the incident state. The “spontaneous” nature
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of SPDC emission is typically understood to require quantum vacuum fluctu-
ations to stimulate the process and tends to suffer from poor efficiency when
compared to SHG due to the weak nature of non-linear quantum optical pro-
cesses [1,3]. The conceptual idea of SPDC was first proposed in the early
1960’s and it wasn’t long until numerous experimental demonstrations of the
process were performed at the turn of the decade [4,5]. The experimental
verification of the quantum correlation properties of the generated photon
pairs was performed in 1970 [6] and ever since, the process has been utilised
for numerous applications from the measurement of second order non-linear
susceptibilities of important non-linear optical materials [7] to the calibration
of the quantum efficiencies of detection systems [8,9]. Many experimental
quantum optics measurements utilise the crucial capability of SPDC to gen-
erate non-classical states of light with numerous degrees of freedom, as well
as heralded single photons [10,11]. The use of correlated single photons from
down-conversion events has enabled breakthroughs in photonic quantum ap-
plications such as quantum computational algorithms [12,13], quantum tele-
portation [14], integrated circuits [15,16] and fundamental loophole-free vio-

lations of local realism [17,18].
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2.2 Theoretical framework

2.2.1 Classical description of SPDC

In this section, a classical approach to understanding the behaviour of this
type of three-wave mixing process will be followed by examining the descrip-
tion of the propagation of light through a non-linear medium derived from
Maxwell’s equations. Considering a non-linear dielectric medium in source-

free regions of space, Maxwell’s equations take the form

V- D=0, (2.1)

V- B=0, (2.2)
0B

VxE=-—". (2.3)
oD

where D is the electric displacement field, B is the magnetic field flux density,
E is the electric field intensity and H is the magnetic field intensity if we as-
sume no free charges or electric currents. Following the derivations presented
in more substantial detail in [1], the relationship between the displacement

field D and electric field intensity E in a non-linear material can be defined

D= €0E+P, (25)
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where ¢ is the vacuum permittivity and P is the induced field polarisation.
From the most basic understanding of non-linear interactions, the relation-
ship between the induced polarisation P of a time-varying field is proportional
to a power series containing both the linear and non-linear components of

the electric field strength vector E in the form

P =Py, + Py = co[X\VE + xPEE + Y®EEE + - - -], (2.6)

where y(™ is the nth-order susceptibility of the medium. SPDC is a second-
order non-linear optical process and therefore depends on the second-order
non-linearity x® term [19]. The magnitude of a non-linear process is de-
pendent on the combined effects of both the external electric fields and the
higher order susceptibilities (namely x® and x®). These x™ coefficients
exist as tensors of rank (n+1) whose tensorial elements are highly dependent
on the atomic structure of the non-linear material. For y(? interactions to
take place, the atomic crystalline structure must not exhibit inversion sym-
metry thoughout its volume i.e. the medium must not be centrosymmetric.
In centrosymmetric materials, all tensor elements of the y(® susceptibility
equal zero and hence exhibit a negligible non-linear response for even-order
optical processes [20]. Higher order processes such as x® effects don’t have
the same structural limitations. The non-linear susceptibilities for countless

optical materials have been studied [21,22].
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In order to understand the important role field polarisation plays in non-
linear processes, some assumptions need to be made on the behaviour of the
medium. The wave equation can be derived by taking the curl of the equation
(2.3) for Faraday’s law and using equation (2.4) to obtain the expression
1 °D

. —_ 2 — p—
V(V-E) = VE+ 550 =0. (2.7)

By assuming an isotropic medium, the first term of this expression tends
to zero and the linear form of relation (2.5) can be reduced to D = gyn’E
where n is the linear index of refraction. The wave equation for an isotropic
non-dispersive material can then be represented by

TL2 82E 1 82PNL

2 —
VE- G e o (28)

detailing the relationship between the non-linear response of the polarisation
and the related electric field. This is a simplification of the treatment required
for a dispersive medium, where each frequency component of the interacting
field must be considered independently [1]. This equation will provide the
framework for describing the SPDC three-wave mixing process and produces
solutions for each frequency of light involved. Using frequencies for the pump
field w, and resultant signal ws and idler w; fields, solutions to the wave

equation can be found by adopting fields propagating in the z-direction with
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the form of the pump

Ey(z,t) = Aye'tvz=ent) L O (2.9)

where the pump electric field E,(z,t) is described in terms of a plane wave

with fixed amplitude A,, wavenumber component k, = n”cw” and complex

conjugate C' [2]. Signal and idler fields E (z,t) and F;(z,t) follow the same
formalism. Similarly, the definition of the source of the non-linearity can be
introduced on the polarisation of the pump field P,. Substituting the solution

E,(z,t) into equation (2.6), the pump polarisation can take the form

Py(2,t) = 29 XD A AjetRerthizmwnt) o 0 (2.10)

where Y is closely related to the effective non-linear susceptibility defy
which is dictated by the type of non-linear crystal being used and will be
further discussed in later sections. As before, the signal P, and idler P;
polarisation relations can be derived. A substitution of respective electric
field (2.9) and polarisation terms (2.10) for pump, signal and idler fields
into the wave equation defined previously allows coupled-amplitude equations
to be estimated for each photon in the system. These coupled-amplitude
equations introduce the phase-matching conditions (discussed in more detail
later in this chapter) with the wavenumber terms rearranged into the form

Ak = k, — ks — k;. The two coupled-amplitude equations for both signal and
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idler fields can then be described by

dAy(z) A,wix®

— . iAkz
o =1 " Ai(z)e 2" (2.11)
dAi(z) _ Aywix® iAkz
o =1 o2 Ag(2)e = (2.12)

showing the variation on the field amplitudes as a result of the coupling to the
other interacting frequencies as they propagate in the +z direction. At the
fundamental phase matched condition Ak = 0, the Manley-Rowe solutions

for both signal and idler fields can be extracted

A,(2) = A,(0) cosh(kz), (2.13)

Ai(z) = i(——A;(0) sinh(kz), (2.14)

Ap
m
where ( = \/% and Kk = @|Ap| are introduced coupling constant quan-
tities for some simplification [1]. Violation of the phase matching condition
(Ak # 0) results in rotation of the phase of the coupling between output
fields as they propagate through the medium in comparison to a constant
relative angle when phase matched. The importance of the phase matching
condition on the viability of the SPDC process becomes more apparent by dis-
secting these solutions. For example, increasing the interaction length along
propagation (non-linear crystal thickness) corresponds to an improvement in
coupling between output photons. From the solutions above, it becomes ob-

vious that the SPDC model breaks down when the assumption A;(0) = 0 is

10
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made. An entirely classical description is clearly insufficient to describe the
creation of down-converted fields from a pump field [23]. To tackle the issues
highlighted by this classical description, a quantum mechanical description
naturally follows and the next section will delve into the “spontaneous” na-
ture of the process and how quantum fluctuations are required to enable the

parametric fluorescence phenomenon.

11
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2.2.2 Quantum description of SPDC

The interaction of electromagnetic fields in a classical framework can success-
fully describe numerous types of optical phenomena including effects which
seem non-classical in nature. However, when describing inefficient interac-
tions such as SPDC where very low photon numbers appear, some fields
need to be managed with a quantum theoretical framework. Adopting a
quantised approach to electromagnetic field interactions is essential in order
to model single photon events and a quantum description is required to pre-
dict the behaviour and properties of the photon pair events generated in this
process. This theoretical exercise begins with the quanitisation of the elec-
tromagnetic field beginning with the previously defined Maxwell equations
and follows closely the more detailed description presented in [19]. Quan-
tum mechanically, the three-wave mixing process can be described using the

interaction Hamiltonian in the form

3
. 1
=3 hoy(a5a] + 5) + hoJatala,) + H.C., (2.15)
j=1
where hw; is the energy of a single photon in mode j, . is a coupling constant
reliant on non-linear susceptibility x® of the interaction and we introduce
the quantum operators a' and a. For simplicity of the argument, the Her-

mitian conjugate term (H.C.) denoting the inverse process contributing to

SHG is ignored. Explicitly, the photon creation operator a' helps account

12
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for appearance of photons and the photon annihilation operators a denotes
the removal of photons from the interaction. The coupling term dldjdp de-
notes the targeted three-wave mixing process where a pump photon hw, is
destroyed and a pair of signal and idler photons created with energy Aw;s and
hw; respectively. It can be useful to compare the quantisation of electro-
magnetic fields to the expressions of the quantum harmonic oscillator where
equivalent quantum operators are used to transition between energy levels.
For a state |j) where j denotes the number of photons, the quantum operators

behave according to the following

a'lj) =i+1li+1), (2.16)
alj)=~ili-1), (2.17)

where they closely resemble ladder operators in the quantum harmonic os-

cillator framework. From the interaction Hamiltonian defined, the photon

number operator Nj = dﬁ; can be defined and the commutation of these op-

erators is important to ensure the conservation of observables of the evolving

system.

13
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Considering a time-dependent state defined as |¥(¢)) in the Schrédinger

picture, the quantum evolution is of the form
[W(#)) = =l T |w(0)) (2.18)

where |U(0)) is the initial state at time t=0 and the unitary operation is
performed on the previously described Hamiltonian term H for the duration
of the interaction up to time t [24]. The intial state for the SPDC process
consists of only pump photons with photon number N, and the interaction
time limits are related to the propagation time across the length of the non-
linear crystal L. Expansion of the Hamiltonian term using a perturbative

approach up to the first order leads to a state approximated by
W(t = L)) = C|N,,0,,0;) + Cac |N, — 1,15, 1;) , (2.19)

where the coefficient associated with down-conversion Cy,. is related to the
coupling constant k., propagation time through the medium and the pump
photon number N,. The significance of the weighting between these coeffi-
cients is apparent as the down-conversion coefficient is substantially smaller
than the first coeffcient term C from the expansion. Typically, Cy. << 1 and
the consequence of this approximation results in almost all of the input pump
state propagating through the medium without interaction as detailed in the
first term of this equation. This details the inherent inefficiency in the SPDC

process and shows that the probability of generating photon pairs is typically

14
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very small. As will be discussed later in this chapter, the efficiency of the
three-wave mixing process is heavily reliant on the coupling term x. which
depends on the susceptibility of the medium x® and the phase-matching

conditions.

15
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2.3 Phase matching

This spontaneous three-wave mixing process typically relies on the conversion
of an incident pump photon into two signal and idler photons with half the
energy of the excitation field. In combination with complete transfer of pump
momentum p, to signal and idler momenta (ps, p;), these conditions are
defined as the phase-matching conditions. Figure 2.1 shows the fundamental

energy F = hw and momentum p = hk conservation laws given by

hwp - hws + h’wz ’ (220>

hk, = hks + hik; (2.21)

where w and k are the frequency and wavenumber associated with each re-
spective photon [6,25]. In order for non-linear processes such as three-wave
mixing to generate down-converted photons efficiently, the relative phase
relationship between interacting photons needs to be conserved. When a
phase mismatch occurs and the phase matching condition is not satisfied,
the output photons will sinusoidally move in and out of phase with the other
throughout the length of the non-linear crystal drastically affecting the con-
version efficiency of the process. The obvious issue that occurs during such
a non-linear process is the subsequent change in phase velocities between
interacting photons of different frequencies in the active medium due to its

inherent refractive properties.

16
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Figure 2.1: The phase matching conditions for SPDC (A) The energy di-
agram for the annhilation of the pump photon of frequency w, into two
daughter signal and idler photons with frequencies w, and w; (B) The con-
servation of momentum considerations and respective output angle of signal
0, and idler 6; photons.

There are numerous approaches that can be implemented in order to en-
sure the efficient conversion effect occurs throughout the full interaction of
the medium. One such method utilises the birefringent property of the non-
linear material which is defined as the dependence of the refractive properties
of a medium on the polarisation orientation of the interacting radiation [1].
Specific choice of the orientation of the crystalline material and tuning the
relative angle between the medium and the incident field is known as critical
phase matching. This technique relies on the dependence on the refractive
properties on the angular alignment of the system and typically vulnerable
to walk-off between interacting fields. Naturally, the efficiency of the non-
linear processes suffers as a result of this. However this problem can be

mitigated by considering a non-critical phase matching technique. By fixing

17
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the relative angle of the crystal perpendicular to the propagation direction,
phase matching can be obtained by utilising the temperature dependence
of the refractive properties of some crystals. However, the narrow ranges
of temperatures which achieve phase matching can typically be far from
ambient room temperature and, therefore, crystal ovens are often required
to accurately monitor temperatures and minimise fluctuations. An alterna-
tive method of ensuring the efficient energy transfer between the interacting
fields is by spatially modulating the non-linear medium in a technique called
quasi-phase matching. A popular implementation of this method involves en-
gineering the non-linear crystal structure to help compensate for the phase
mismatch. By periodically inverting the crystal domains along the prop-
agation axis, the non-linearity susceptibility coefficient d.;s then cyclically
changes sign ensuring the build up of the output field throughout the length
of the medium [23].

18
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Figure 2.2: Schematic depicting the periodically-poled crystal structure of
period A over the full crystal length L used to achieve quasi-phase matching.
Inversion of the poling structure (black arrows) occurs after each iteration
of the coherence length L. and has the effect of inverting the sign of the
non-linearity susceptibility coefficient d.;s. This periodic alternation helps
ensure efficient field accumulation of ws and w; frequencies throughout the
crystal structure.

The mathematical representation of this spatially modulated non-linear
coefficient over the propagation direction z through the crystal length L. can

be defined by the Fourier series

= 2 _/nm .
d(z) =d.ss Z — 5111(7) exp(ik,z) , (2.22)

n=—oo

where k, = 2mn/A is defined as the grating vector for the n-th Fourier
component of the series [1]. When a crystal is “periodically-poled”, as shown
in Figure 2.2, the modulation period A is typically engineered to be twice the
frequency of the coherent length L. of the interaction in order to reverse the

sign of d.rs at periodic regions where phase mismatching should occur [26].

19
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Figure 2.3: Schematic demonstrating the trend of conversion efficiency for
a typical three-wave mixing process for phase matched (PM), quasi-phase
matched (QPM) and no phase matching (No PM) conditions against the
propagation distance measured in units of the coherence length (L..).

A schematic showing the periodicity of this effect is shown in Figure 2.3.
For the non-phase matched case, the conversion efficiency oscillates with
propagation distance with peaks every odd iteration of the coherence length
L.. In the quasi-phase matched (QPM) case, for one L. period of propagation
distance, the QPM configuration tracks the non-PM case until the periodic

poling flip occurs resulting in a step-by-step growth in conversion efficiency

20
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as the propagation distance increases. The result of this modulation of the

d.s¢ produces a total non-linear coefficient dgpas defined by

9
dopyr = — dosy 2.23
opM =+ —deyy (2.23)

where n is the “order” of QPM where typically n = 1 is the optimum con-
dition [1,26]. This factor % effectively restrains the overall non-linear co-
efficient to below the phase matched condition but shows that efficient in-
teractions can take place even if the phase mismatch still takes place. This
ultimately results in QPM providing a high conversion efficiency without re-
lying on birefringent properties of the medium meaning different choices of
field polarisations can be used effectively. Due to the lack of walk-off, the
thickness or length of the non-linear crystal can be longer which helps increase
the efficiency of the generation [23]. Some materials such as lithium niobate
(LiNbO3) cannot apply birefringent phase matching methods however can be
spatially modulated with ferroelectric domains periodically inverted to en-
sure coherence between pump field and generated photon pair pulse via QPM.
For the measurements performed throughout this thesis, periodically-poled
lithium niobate (PPLN) was specifically chosen for the properties defined

and temperature tuned to produce high-quality SPDC generation.
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2.4 SPDC generation configuration

The photon pairs generated are intrinsically correlated in energy and mo-
mentum but in order to prepare a Bell state (specific maximally entangled
two-photon states) [27], further local operations are required which will be
dissected later in this chapter. The type of SPDC radiation emitted is highly
dependent on the properties of the non-linear crystal and the phase match-
ing conditions but can generally be split into three categories defined by the
polarisation of the photons involved. In a Type-0 configuration, birefringent
phase matching is not utilised here and the polarisation of the output pho-
ton pair stays unchanged in comparison to the input photon polarisation. In
a Type-1 configuration, the input photon polarisation is orthogonal to the
parallel orientated polarisations of both the signal and idler photons. Figure
2.4 shows the typical SPDC emission profile in these configurations. The

emitted photon pair from both Type-0 and Type-1 configurations typically

1 kp-ks,i

T reference

exit the non-linear material at the same angle 6 = cos™
to the crystal axis but on opposing symmetrical sides of a cone centred on
the pump field [28,29]. In the degeneracy and collinear condition, the two
photons emitted from these processes are indistinguishable from each other

which is crucial for quantum measurements discussed in later work.
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Figure 2.4: Schematic of SPDC in a Type-0 or Type-1 configuration depicting
pump field (red) incident on a non-linear crystal generating signal and idler
photons with momenta ks and k; constrained to symmetrical edges of a cone
(blue) centred on the pump field k.

In Type-2 configuration, the signal and idler photons are orthogonally
polarised to each other and subsequently, produce emission cones (similar
to the previous process) however in the non-collinear condition, these can
overlap at specific points producing photons in a superposition of polarisation
states [1]. The resulting non-classical state of this system (shown in Figure
2.5) is given by

1

) =

( [HV) + ¢ |V H) ) , (2.24)

where ¢ denotes the relative phase difference between the two output ampli-

tudes sensitive to the crystal position and optical path alignment [30,31].
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Figure 2.5: Schematic detailing the non-collinear Type-2 generation of pho-
ton pairs correlated in the polarisation degree of freedom. The light iden-
tifiable at horizontal and vertical cone intersection points is a non-classical
polarisation entangled state crucial for many quantum optics applications.

Accounting for spatial and temporal discrepancies can produce polarisa-
tion indistinguishable states such as Bell states which are maximally entan-
gled polarisation states (see Chapter 3). This experimental method can also
produce NOON states which are states composed of a superposition of N
photons in one mode and zero photons in another. An interesting property
of NOON states is that phase sensitivity can approach the Heisenberg limit, a
fundamental boundary for measurement precision which enhances measure-
ment sensitivity by a factor of v/N in comparison to classical limits [32]. The

enhancement in phase detection will be investigated in further chapters.
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The non-linear SPDC process can be described by the following Hamil-

tonian,
H =~ ¢ / dwsdw;h(ws, w; )€ (ws, wi)aT(ws)aT(wi) +H.C., (2.25)

where €, is the dielectric permittivity of the vacuum, a' are the creation
operators for the signal and idler photons and H.C. means Hermitian conju-
gate. The phase matching function &(ws, w;) typically takes the form of a sinc
function depending on crystal length L and phase mismatch Ak [2]. Energy
conservation is fixed by the enveloped pump pulse function ¢ (ws, w;) which
takes the form of the pulse shape. If we assume the pump pulse is Gaussian,

the enveloped function can be given by,

2
P (ws, w;) = exp [— (w +ZZ)§_ <) ] , (2.26)
where Aw? is the frequency bandwidth of the pump [33]. The pump beam
is down converted into beams of photon pairs with paths constrained to a
cone centred on the pump with radius, r, which is proportional to the width
of the down converted ring [34]. Emission depends closely on the phase-
matching conditions and the pump shape. In most cases, the output field in
the near-field and far-field are highly incoherent [35]. In the instance of this
work, the non-linear PPLN crystal used is spatially modulated with ferroelec-

tric domains periodically inverted to ensure coherence between pump field
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and generated photon pair pulse via quasi-phase matching. Throughout the
work conducted here, PPLN crystals (from Covesion Ltd.) of varying config-
urations and specifications are used to generate photon pairs at degeneracy

wavelengths at telecom and mid-infrared wavelengths.
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Chapter 3

(Generation and detection of
entangled photon pairs in the

mid-infrared

3.1 Motivation behind 2 pm

The ability to generate and detect quantum states of light is crucial in numer-
ous field applications in science, medicine and beyond. Quantum technology
is a fast growing field of physics and engineering which utilises fundamental
properties of these states from quantum mechanics such as quantum entangle-
ment and quantum superposition and implements them in real world applica-
tions such as quantum communication, quantum cryptography and quantum

sensing. Based on their requirements, a wide range of quantum sources at
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varying wavelengths are required depending on the propagation medium,
detector efficiencies and system interactions being investigated. Quantum-
enhanced optical systems are available for visible, near-infrared (NIR) and
telecom wavelengths but are absent for the 2- to 2.5-um mid-infrared spectral
region. This section details the motivation behind the generation, manipu-
lation and detection of entangled photons in the mid-infrared and why they
have the growing potential to revolutionise emerging applications in commu-
nications, sensing, and metrology.

Generation and detection of the quantum states is fundamental to the un-
conditional security of both guided wave and free-space communication sys-
tems [36,37]. A new horizon of secure communications was realised when the
computational vulnerabilities of traditional public key cryptosystems led to
the birth of quantum key distribution (QKD) [38]. By harnessing the intrinsic
quantum properties of single photons, unconditional security between parties
can be ensured using the fundamental laws of quantum physics. The security
gained by sharing encoded photonic information between parties is secured
by the quantum no-cloning theorem which states that it is impossible for a
supposed eavesdropper to create a copy of an unknown quantum state [39].
However, the practical realisation of QKD on a global scale across thousands
of km of optical fibre or free space is fundamentally limited by photon loss in
the communication channel [40,41]. Nevertheless, high-fidelity long-distance
distribution of quantum entanglement has been successfully demonstrated in

free-space conditions even when subject to significant attenuation from atmo-
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spheric conditions [42]. In recent groundbreaking work, free-space QKD has
enabled quantum-secured intercontinental communication between locations
7600 km apart on Earth exploiting spaced based links where channel loss is
more negligible [43]. To reduce the effect of the solar background radiation,
satellite-based QKD has only been possible at night. However, recent studies
have proposed operating optical links near telecommunication wavelengths to
help alleviate this issue and enable daylight quantum communications [44].
A possible solution to this comes from the use of infrared radiation for free-
space communications where there is considerable lower Rayleigh scattering
from subwavelength-sized particles. At 2.090 wm, the target of my studies,
the atmosphere is nearly as transparent as at 1.5 um but outwith the at-
mosphere grants a threefold reduction in solar irradiance per unit area for a
50 nm bandwidth [45]. The potential benefits of a robust quantum source
operating at 2 um for free space ground-to-satellite and satellite-to-satellite
based quantum communications makes a strong case for investigating both
sources and detection of non-classical light fields at the mid-infrared and
beyond [46].

Development of quantum sources in the 2 pwm spectral region is also of
particular interest in numerous sensing fields such as medicine, LIDAR and
atmospheric sensing [47-50]. In the high-sensitivity metrological regime, the
Laser Interferometer Gravitational-Wave Observatory (LIGO) has proposed
to extend the reach of future gravitational wave detection beyond our galaxy

by setting an operational wavelength at 2 um [51]. The proposed plans for
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LIGO-Voyager class detectors are to achieve quantum noise rejection through
the injection of 10 dB squeezed light at 2 um in a step towards a 2 pum
“squeezer” crucial for sensitivity targets. The set wavelength upgrades ben-
efit from a reduction in optical scattering loss from crystalline silicon (which
scales with 1/A?) used as cryogenically cooled test masses but also from a
lower absorption in optical coatings with amorphous silicon in comparison to
1.5 um wavelengths [52].

A further reason to explore the 2 um window comes from the areas of
guided wave optics and integrated photonics. The drastic increase in network
capacity since the beginning of the digital age is approaching a theoretical
limit where conventional technology upgrades are required to avoid a “capac-
ity crunch” and cope with modern bandwidth demands [53,54]. A promising
solution is the implementation of novel hollow-core photonic bandgap fibers
(HC-PBGF) operating a 2 um where propagation takes place in an air core
reducing nonlinearities and providing low loss in comparison to conventional
single-mode fibres [54-57]. Being a potential candidate for exceptional low
latency, high capacity transmission, HC-PBGF’s are currently being tested
as candidates for full network implementation and could revolutionise future
telecommunications [58,59]. Additionally, integrated silicon photonics have
an interest into expanding to the 2 pm range. At 2.1 um, photon pairs
are unable to excite electrons inside the crystal and the limiting effect of
two-photon absorption (TPA) subsides as shown in Figure 3.1 [60]. Longer

wavelengths also benefit from lower linear and non-linear losses expected
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Figure 3.1: Performance of silicon photonics at 2.1 um. The effects of two-
photon absorption (TPA) and Rayleigh scattering are reduced at the target
wavelength [59]. Figure reproduced from “Mid-infrared quantum optics in
silicon.”, Opt. Express 28, 37092-37102 (2020).

from silicon based interations with examples of Si-Ge waveguides capable
of providing 10 GB/s communication speeds over a few centrimetres being
recently reported [61].

As previously discussed, both the integrated and free-space communica-
tion infrastructure face significant challenges operating at these wavelengths
due to less developed advancements in detector and optical technologies in
comparison to telecom or visible wavelengths. Future infrastructure in both
guided wave and free space communications at 2 pm will inevitably require
a level of security which provides a clear motivation to develop quantum

sources capable of secure QKD at longer wavelengths [60,62]. The bulk of
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my work presented here focuses on the demonstration of two-photon interfer-
ence and polarisation entanglement using a robust source of photon pairs at
2.090 um. The generation, manipulation and detection of a correlated photon
pair source operating in the mid-infrared provided the foundation to further
studies on device independent quantum key distribution (DIQKD) reported
in [63], representing a substantial step forward for quantum technologies in

2 um waveband.
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3.2 Characterisation of SPDC efficiency at
2.1 um

The first measurement performed was designed to characterise and optimise
the degenerate photon pair generation via SPDC in a Type-0 phase-matched
configuration. In this measurement, a pump photon driven by an ultrashort
pulsed laser is converted via vacuum noise amplification into a pair of cor-
related photons with half the energy of the excitation field. This non-linear
process is driven by a Ytterbium-based ultrashort pulsed laser (Chromacity
Ltd.) with a central wavelength of 1.045 wm, pulse duration of 130 fs and
a repetition rate of 80 MHz. The output polarisation of the laser was linear
and the average power generated at the carrier wavelength was up to 3.1 W.
In order to control the power output from the pump laser, a manual vari-
able attenuator (EKSMA Optics) consisting of a zero order half wave plate
and two thin film brewster type polarisers was used. Polarisation contrast
is obtained by operating the two thin film polarisers at 70° angle of inci-
dence to transmit p-polarised light while reflecting s-polarised light. This
aids control of the polarisation of the excitation field which is focused in a
non-linear crystal in Type-0 configuration in a process where the polarisation
of the excitation field and the generated daughter photons are the same. To
this end, we used a 1-mm-long periodically poled, magnesium-doped lithium

niobate crystal (MgO-PPLN; Covesion Ltd.). The crystal length was chosen
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to guarantee maximum conversion efficiency and minimal temporal separa-
tion between the pump pulse and the generated SPDC field. The crystal
has been poled with the ferroelectric domains periodically inverted to assure
coherence between the pump field and the generated photon-pair phase via
quasi-phase matching for the whole length of the crystal and over a broad
bandwidth [1]. Characterisation of the MgO-PPLN crystal and the depen-
dence of SPDC generation efficiency on crystal temperature was performed
by measuring the down-conversion field generated from the crystal using an
InGaAs amplified photodetector (Thorlabs PDA10DT-EC). To optimise the
signal-to-noise ratio as the down-conversion efficiency is low, phase locked
detection was performed by using an optical chopper at a frequency of 1383
Hz as a reference for a lock-in amplifier (Stanford Research, SR830) to detect
the generated signal. A 50 nm bandpass filter was used to select the por-
tion of the down-converted field in the degenerate 2.090 pm spectral region.
Additional filters, such as long-pass (=~ 1.85 um edge) anti-reflection coated
germanium windows, were used to reject the intense laser excitation field.
Adding the 50 nm bandpass filter reduced the number of temporal modes
to 1.8 £ 0.1 which is the condition at which these measurements were con-
ducted. Characterisation of the crystal on the basis of crystal temperature
was performed by pumping the crystal using the full laser power of 965 mW
which was measured after the optical chopper. Different poling periods were
tested to determine the optimal condition and throughout these series of ex-

periments reported here, a poling period of 30.8 um (Grating 1 in Figure 3.2)
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Figure 3.2: The characterisation of the SPDC generation efficiency for three
of the nine periodically poled crystal gratings (1, 2 & 3) to optimise collinear
generation of degenerate photon pairs at 2.090 um. The red, blue and black
curves are simply to guide the eye.

was used with a stable temperature of (30 £+ 0.1)°C controlled by a crystal
oven. With the correct poling period and crystal temperature optimised for
degenerate photon pair generation at the target wavelength, the efficiency
of the generation was characterised by calibrating the lock-in detector and

accounting for losses from optical components namely filters.
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Figure 3.3: Characterisation of the spontaneous down-conversion efficiency in
a 50-nm bandwidth centered at the 2090 nm degenerate emission wavelength.
The black dashed line is a fit of the conversion efficiency based on the simple
model mentioned in the main text. The light gray dashed curves indicate
the 95% prediction bounds.

As shown in Figure 3.3, the conversion efficiency increases non-linearly
with increasing excitation power. The fit to the data follows the standard

equation expressing the down-converted power,

Psppc = asinh®(Yv/ Poump) (3.1)
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where « is the loss coefficient, P,y,, and v is the product of the generation
crystal length and the non-linear coefficient. The efficiency can be extracted

using the ratio of the SPDC and pump powers,

Psppc
= . 3.2
n=7 (3.2)

pump

For an excitation power of 10 mW, we extract an SPDC efficiency n of

3.0 £0.2 x 107! in the targeted photon starved regime with a photon pair
generation rate of &~ 0.04 << 1 per laser pulse. From Figure 3.3, the conver-
sion efficiency increases non linearly with increasing pump power however in

the low power regime the efficiency behaviour can be described by

1
n= ory2 + 504’74Ppump- (3.3)

At low power, the expected SPDC efficiency is constant as the first term
dominates. It is essential to operate in the photon starved generation regime
to avoid saturating the single-photon detectors used to measure the SPDC
field and to also avoid generating multiple photon pairs per pulse which is
problematic for quantum-secured communication protocols. Figure 3.4 shows
the measured number of photons per pulse generated for varying input power.
At high power, we observe the generation of a bright squeezed vacuum state
with > 16 photons per pulse indicating a pump power < 50 mW is required to

operate in the photon-starved regime critical for our further measurements.
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Figure 3.4: Measured number of photons generated for input powers up to 1
W. The black dashed line is based on the fit described in Figure 3.3.
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3.3 Coincidence detection of correlated

photon pairs at 2.1 um

3.3.1 Coincidence-to-accidental ratio of correlated

photon pair source at 2.1 pm

An important demonstration required when characterising the non-classical
properties of generated SPDC radiation is to show the correlation between
the signal and idler photons of the SPDC field. As the photon pairs are
generated together in the non-linear crystal, coincidence detection can be
performed by separating the pair upon propagation in the far-field. The
signal and idler photons emerge at opposite angles from the nonlinear crystal
around the excitation-field propagation direction as a result of conserving
transverse momentum as can be observed in Figure 2.4. The experimental
setup shown in Figure 3.5 indicates the process of spatial separation and
coincidence detection of the generated photon pairs. The excitation field is
focused into the non-linear crystal using a lens with 50 mm focal length lens
chosen specifically to help maximise coupling of the down-converted field into
the single-mode fibres used in detection [64]. The pump beam characteristics
were confined to ensure the Rayleigh length was close to half the crystal

length which in our case was 1 mm long.
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Figure 3.5: Experimental setup for coincidence detection of degenerate pho-
ton pairs at 2.090 um with SNSPD’s.

Using the characterisation data previously obtained, the optimal condi-
tion for maximised Type-0 SPDC generation was using a poling period of 30.8
wm at a crystal temperature of 30 & 0.1°C". The generated SPDC field was
collimated using a short focal length parabolic mirror before being spatially
separated in the far-field using a pickoff (D-shaped) mirror. Separated signal
and idler photons were filtered in bandwidth with 50 nm bandpass filters
before being coupled into a pair of 15 m long single-mode fibres (SM2000)
with polarisation control which were routed into a cryostat containing su-
perconducting nanowire single-photon detectors (SNSPDs). The alignment

of the optical setup was performed using the parasitic 520 nm signal i.e. the
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second harmonic of the 1040 nm pump. The SHG and pump fields were
suppressed by inserting a Germanium filter in line (with a band gap of 0.66
eV) which rejects excitations below a~ 1.8 um [65]. Single-photon detection
was performed using the SNSPD’s with time-tagging electronics (PicoQuant
Hydraharp) to record the arrival time of each photon and populate a coinci-
dence histogram. Single-photon detectors utilise trigger detection in order to
collect all correlated photons within a specific time interval. Photon count-
ing devices are characterised by their quantum efficiency v, which can be
described trivially as the ratio of the detected photo-counts to the number
of incident photons. Accidental events occur as a result of a number of back-
ground uncorrelated photons from dark counts and even from photons from
earlier or later down conversion events and they were not subtracted from the
data set. The HydraHarp software can produce time-tagged time-resolved
(TTTR) data in order to detect correlated photon events with high tempo-
ral resolution. The HydraHarp software offers two alternative time-tagging
modes, T2 and T3 modes. T2 mode simply records each input independently
and contains arrival time information in reference to when the measurement
began. T3 mode is designed for periodic signals received from pulsed lasers
where the repetitive output is connected to a specific sync channel. Channels
are tagged in the same way as T2, however it is possible to data mine which
sync period the photon derives from. This allows one the ability to deduce
the time of arrival with respect to the total experimental time. A particularly

useful feature of the Hydraharp software is the ability to insert external event
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markers into the data stream fed as TTL input signals. This is unnecessary
for coincidence measurements such as these however such high precision syn-
chronisation tools are utilised in measurements described in later chapters.
For coincidence detection at 2 wm, only two channels were required oper-
ated in T2 mode (one operating as a SYNC) and an example of a typical
coincidence histogram is shown in Figure 3.6.

The coincidental arrival of the down-converted photon pairs is charac-
terised by accumulated counts at the zero delay filtered in time by the bin
size selected. The individual coincidence peaks were recorded throughout
with a 256-ps time resolution (time bin window) and during later analysis,
10 bins were combined with an overall bin time of 2.6 ns. Experimentally,
there is typically a non-zero delay between the main coincidence peak which
can mostly be attributed to unavoidable experimental factors. Throughout
this series of measurements, the accounted delay between the coincidence
peak arrival was ~ 89.5 ns. The observation of the coincidence peak is
accompanied by secondary peaks which occur periodically above the back-
ground noise distribution. These “accidental” peaks occur due to photons
generated from different pulses arriving with periodicity associated directly
to the repetition rate of the laser system which is our case was 80 MHz cor-
responding to delay shown in Figure 3.6 of 6t = 12.5 ns. Accidental events
occurred as a result of uncorrelated background photons, dark counts and

event from down-converted photons arriving from earlier or later pulses.
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Figure 3.6: Coincidence measurement showing the expected peak at zero
delay, with accidental peaks at the inverse of the laser repetition rate odt.
The bin size considered is ~ 2.6 ns.

In order to quantify the number of photons which contribute to a typical
coincidence histogram measurement, the most obvious starting point comes
from the detection characteristics. One of the main challenges that arises
from photon pair generation processes is the contamination of the useful

single photon states with high photon number states and an important figure
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of merit for quantifying the effect of this on a correlated photon pair source is
the coincidence-to-accidental ratio (CAR). Explicitly, the CAR is defined as
the ratio between coincidences from photon pairs generated from the same
pulse (at zero delay) to the “accidental” coincidence events detected from
different pulses visible 12.5 ns apart corresponding to the repetition rate of
the laser source. A time correlation between signal and idler photons can be
inferred when the CAR exceeds 1 and as the temporal correlations between
photons increases, so does the measured CAR associated with the source [66].

In simplified form, the CAR can be defined by the expression,

CR
AR = M=% 4
CAR= Mg (3.4)

where C is the raw coincidence counts between two detector channels, R is the
laser repetition rate and S; and Ss are single counts detected in detector 1 and
2. [66-68]. The number of temporal modes M was measured by performing a
Hanbury-Brown and Twiss measurement where coincidences are recorded at
the output ports of a 50:50 beam splitter when only the signal field is inserted.
Given the thermal statistics of the SPDC field, the degree of second-order
coherence at the zero delay value is related to the number of temporal modes
M by the relation ¢ (0) = 1 + % The number of temporal modes used for
the duration of these measurements was 1.8 £ 0.1 using a 50-nm bandpass

filter centred at 2090 nm.
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Figure 3.7: Measured coincidence-to-accidental ratio (CAR) as a function of
the averaged single count rates between detectors 1 and 2. The red curve is
a fitted CAR based on the model detailed in the main text.

The deterioration of the CAR with higher pump powers can be attributed
to the convergence between coincidence signal and noise counts. At increasing
pump powers there is an increased probability of generating multiple photons
per pulse which suppresses the CAR by contributing to additional accidental

counts. The trend of the measured CAR against single counts detected (and
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input pump power) is shown in Figure 3.7. The effects on the coincidence
histogram (and the resultant CAR) from both very low (<< 2 mW) and
higher pump powers (>> 40 mW) are shown in Appendix A for reference.
In the condition when very low pump powers (<< 2 mW) are used, the
effects of the detector dark counts and noise photons start to dominate over
generated counts [69,70]. The recorded dark count rates for detectors 1 and
2 used were ~ 600 Hz and ~ 550 Hz respectively which are included in all
singles counts used throughout. As shown in Figure 3.7, the CAR peaks at
a maximum measured CAR of 180 4+ 50 with an input pump power of ~ 5
mW corresponding to singles counts of ~ 960 Hz and = 760 Hz. Each data
point was measured for an integration time of 30 minutes with a bin size of

2.6 ns. The fit used to model the CAR can be defined by

Qa2
CAR =1+ , 3.5
(047]1 + dl)(Oé’f]g + dg) ( )

where « is the average number of photon pairs per pulse, d; and dy are
the dark counts per pulse for channels 1 and 2 for detectors with respective
total efficiencies n; and 7o [62,66,69]. The channel efficiencies used here
combined the measured detection efficiencies of the single-photon detectors
and losses associated with propagation, coupling, filters used etc detailed
later in the chapter. This high CAR result demonstrates the production
of high purity correlated photon-pairs at the degeneracy wavelength of 2.1

um from the source used. The next step in the characterisation process of
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the SPDC source was to expand the measurement setup to investigate the

indistinguishability of the photon-pairs using two-photon interference.
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3.3.2 Characterisation of losses and detection

efficiencies of single-photon detectors

Throughout this series of measurements, custom designed twin SNSPD’s were
used which were optimised for absorption of mid-infrared radiation. Fabri-
cated by collaborators at James Watt School of Engineering at the University
of Glasgow, each SNSPD device consisted of a backside-illuminated NbTiN
nanowire (which were 60 nm wide and 6 nm thick) meandered over a 15 pm
by 15 um active area and inserted into an optical cavity with a 600 nm thick
SiO4 dielectric layer custom designed to improve absorption at the wave-
length of interest [71,72]. The SNSPD’s operate at a working temperature
of close to 2 K and are therefore mounted in a close cycle Gifford McMahon
cryostat. In experimental working condition, the SNSPDs used throughout
these measurements had dark count rates of 600 Hz for channel 1 and 550 Hz
for channel 2. The custom active area design of the cavity and nanowire di-
mensions combined with using SM2000 single-mode fibres throughout helped
improve the efficiency of detection at 2.090 um. In order to characterise the
SNSPD’s at the target wavelength, an optical parametric oscillator (OPO)
from Chromacity Ltd. was used as a source. The spectrally broad output
of the OPO was filtered using the same bandpass filter used throughout the
experiment and the flux subsequently attenuated using non-dispersive filters
to closely control the detector input power. Measurement of the detector

efficiency was performed by calculating the difference between photon count
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rate and detector dark counts before dividing by the photon flux (set at
0.5 photons per pulse). The measured detection efficiency for each of the
two SNSPD’s, including the fibre losses inside the cryostat, was 2.0 4+ 0.2
% for detector 1 and 1.0 £+ 0.1% for detector 2 [62]. The polarisation de-
pendence of the SNSPD’s (measured using an optical parametric amplifier
source at a wavelength of 2.3 um) was + 25 %. Replicating the same mea-
surement independently with the down-converted radiation filtered with the
same bandwidth as used in the series of measurements (50 nm) obtained the
same quantum efficiency value. Characterisation of the experimental losses
was performed by accumulating the full losses in both signal and idler paths
through to the detector input. The measured transmission for the AR-coated
Germanium filter and 50 nm bandpass filter at 2 um were were 0.808 + 0.001
and 0.65 + 0.01. Transmission through the 15 m of SM2000 fibre was esti-
mated to be >~ 0.8. After the splitting of the down-converted field by the
D-shaped mirror, the total coupling efficiency of the SPDC into the SM2000
fibre for channel 1 was measured to be 0.1 £ 0.05. The overall transmission
from crystal to the detector input for channel 1 was ~ 0.04 £+ 0.01 which
corresponds to 14 dB loss. The coupling efficiency for channel 2 was around
three times the coupling for channel 1 and as a result of this the transmission

for channel 2 was ~ 0.12 for a loss of 9 dB.
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3.4 Two-photon interference in the mid-infrared

3.4.1 Theoretical background of two-photon

interference

The two-photon interference effect can not be understood in significant depth
without considering the simple geometry of the system. At the core of two-
photon interference is understanding of the behaviour of two input modes
incident on a beam splitter. A simple insight into this remarkable effect
can be obtained by considering the action of a lossless beam splitter on two
photons considered here to be identical in all degrees of freedom. The beam
splitter consists of two input ports (a, b) and two output ports (c, d) and
there are four obvious possibilities to be considered once two modes enter
the system depending on the transmission T and reflection R coefficients of
the beam splitter. In the specific case of a lossless 50:50 beam splitter, these
coefficients are confined to the equation |R| = |T| = \/Li where both are
considered to be real [73]. Quantum mechanically, the action of the beam

splitter can be defined explicitly by the unitary operator
; 0 oti _ ait
U = exp i(a b—ab")|, (3.6)

where 6 is the effective angle used to define T and R coefficients [74]. Refer-

encing the quantum notation for creation (a', ZA)T) and annihilation
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~

(G, b) operators defined in previous chapters, the unitary transformations
associated for two output modes associated with annihilation operators ¢, d

are defined by

¢=Utal = VTa+ VRb, (3.7)

d= U = vVTb—VRa, (3.8)

using the two input modes @ and b [2]. In order to measure a coincidence
event, single photons must exit each port of the beam splitter however two of
the four possible outcomes result in both photons being transmitted or both
being reflected. The probability of the coincidence detection P. of an input

state of the form |W;,) = |1, 1;) at output ports ¢ and d can be described by

P, = (U, |étdtde|®,,) = |T — R =0, (3.9)

where a cancellation of the coincidence events occurs when a perfect 50:50
beam splitter is used [2,75]. This destructive interference effect occurs when
the path equivalence condition is met and the photons are entirely indistin-
guishable. Once the temporal arrival time difference exceeds the coherence
length of incident photons, the interference effect disappears and the coinci-
dences occur with probability of 1/2. Further developing the interpretation
of the effect of beam splitting operation, the output state evolves according

t0 |Wour) = U |W;,). For an input two-photon Fock state input such as |1, 1),
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the output state can then be defined by
|\IJout> - (T - R) |1c 1d> + V2RT |20 0d> — V2RT |26 0d> ) (31())

which clearly shows the resulting photon bunching effect when the first term
tends to zero. The coincidence cancellation ensures interacting photons under
these conditions exit the beam splitter via the same output ports and the

resulting two-photon state is given by

(Wout) = ) +12:04) , (3.11)

=5 0,
which can also be identified as the well-known N = 2 NOON state used
in quantum metrological applications [76-79]. This result demonstrates the
Hong-Ou-Mandel (HOM) effect recognised by the signature cancellation of
the coincidence rate known by the HOM dip shown in Figure 3.8.

To further understand the remarkable cancellation of the coincidence sig-
nal and the properties of the HOM dip associated with it, its important to
better define the pulsed SPDC field used in the measurements performed
throughout this project. The behaviour of the number of coincidences N, as

stated in [28] can be observed by

2RT

. —(AzAwW)?
ﬁjﬁu : (3.12)

N.=C(T* + R |1

where Az is the path difference between the interacting photons and Aw is
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Figure 3.8: The characteristic HOM dip showing the cancellation of the co-
incidence counts as a function of the delay [27]. Figure reproduced from
“Measurement of subpicosecond time intervals between two photons by in-
terference”, Phys. Rev. Lett. 59, 2044 (1987).

related to the bandwidth of the state. Clearly, in the condition when Az=0
then the number of coincidences N, tends to zero. The shape characteristics
of the HOM dip depends on the bandwidth of the pump used and hence a
wideband pumping regime must be modelled in order to accurately describe
the experimental conditions presented here. In the ultrafast pulsed regime,
the correlation function G®) between signal and idler is dominated by the

pump envelope and the phase matching function h(L) defined in [2]

h (L) = sinc(L/2) e /2 (3.13)
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where L is the length of the non-linear crystal used. This convolution of the
Gaussian pump envelope and the phase matching function h (L) alters the
shape of the traditionally recognised Gaussian HOM dip presented in [28§]
changing the behaviour at regions narrowly outside the dip as observed in

later experimental results.
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3.4.2 Two-photon interference at 2.1 pm

In order to understand the indistinguishably of the mid-infrared photon pairs,
two-photon interference was demonstrated using a HOM measurement setup.
The dependence of the indistinguishability of the correlated photons is inves-
tigated by altering the experimental coincidence setup previously described.
In this measurement, the spatially separated signal and idler photons are
coupled into two input ports of a 50:50 polarisation-maintaining (PM) fibre
beamsplitter. The 2 x 2 port fibre beamsplitter (Nufern) was specifically
designed for 2080 nm with a bandwidth of ~ 80 nm and the fibre was 1 m
in length. The changes to the experimental setup are shown in Figure 3.9
below.

One significant change comes by mounting the input fibre couplers on mo-
torised translational stages to provide control on the delay between the paths
of each mode. In order to observe the cancellation of coincidence signal at
the output ports, the photons must be indistinguishable in all degrees of free-
dom. By providing 50 nm resolution motorised delay control between paths
by moving the fibre couplers, the manufacturing inaccuracies in the specifi-
cations of the fibre beamsplitter could be overcome. It is also worth noting
that each path was filtered with a 50 nm bandpass (and Germanium filter)
prior to entering the fibre beamsplitter. The coincidences recorded between
the two output ports of the fibre beamsplitter are measured in the same way

defined before. The single count rates throughout this measurement were
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Figure 3.9: Experimental setup for demonstrating two-photon interference
at 2.1 um. The spatially separated down-converted photons are recombined
on a custom 50:50 beamsplitter and coincidence detection performed at the
output ports. Temporal overlap is controlled using a fibre coupler mounted
on a motorised delay stage.
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around 2000 Hz with dark counts around 300 Hz throughout recorded with
512-ps resolution. To perform this measurement, the recorded coincidence
counts at the output were measured as a function of a sweep of delay be-
tween photon arrival times. In order to ensure an useful range of motion, the
coupler was mounted on motorised stage at the centre of the 25 mm travel
distance to allow tunability. The alignment of this stage was tested to ensure

movement of the stage led to no loss in counts landing on the detectors.
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Figure 3.10: The observed two-photon interference (HOM dip) at 2.1 pm.
The experimental coincidence counts (blue dots) measured as a function of
the delay between arrival time of photon pairs. The fit to the experimental
data (red curve) is detailed in text. The integration time required for each
data point is 1 hour.

The renowned HOM dip which characterises indistinguishability via pho-
ton interference is shown in Figure 3.10 depicting the cancellation of the raw
coincidence signal data (blue dots) between signal and idler at zero delay. The
error bars associated for each data point were estimated by using Poissonian
statistics. The raw data set was fitted with a Gaussian-weighted inverted sinc

function (red line) which helped facilitate the approximation of the visibility
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of the HOM dip as expected from the theory of pulsed SPDC. Explicitly,
the signal-idler correlation function is given by the convolution of the phase
matching function (sinc) and the pump envelope (Gaussian) [2]. By consid-
ering the minimum coincidence data point obtained inside the dip coupled
with a maximum coincidence value far away from the zero-delay region using
the fitting function, a visibility of 88.1 + 1.1 % was obtained. There are
asymmetries in the oscillatory behaviour at regions outside of the HOM dip
hence these points were unsuitable for calculating the visibility. The good
visibility in the dip proves the generation of intrinsically correlated photon
pairs at 2.1 pum clearly demonstrating this source can be successfully used

for interferometric measurements.
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3.5 Polarisation entanglement in the mid-infrared

3.5.1 Theoretical background of polarisation

entanglement

In 1935, Einstein, Podolsky and Rosen presented a thought experiment de-
signed to test the completeness of the theory of quantum mechanics. The
infamous “EPR paradox” postulated that quantum mechanics is unable to
completely describe physical reality and a more complete description required
the introduction of further unknown parameters [80]. The proposed existence
of local hidden variables would account for standard predictions of quantum
mechanics without conceding “spooky action at a distance” restoring causal-
ity and locality. Niels Bohr’s refutation of the framing of the EPR paradox
focused on the complementary principle of some measurement properties and
the resulting uncertainty associated with them [81]. David Bohm grappled
with this argument for a two-photon state entangled in the basis of linear
polarisations in the form

€

S|HV) & |V H) (3.14)

I‘I’>=\f

where the horizontal and vertical polarisations (H and V) are defined [82].
The unique nature of this polarisation entangled Bell state cannot be solely

attributed to each photon individually but according to quantum mechanics,
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measurement of one polarisation concedes information on the polarisation
of the other. However, the Bohr-Einstein debate was thrust back into the
scientific consciousness in 1964 when John Bell published his groundbreak-
ing paper detailing a mathematical mechanism to test for hidden variables.
Violation of Bell’s inequality with entangled particles set out mathemati-
cally the incompatibility of hidden variables with quantum mechanics [83].
Bell’s argument detailed that if we consider a hidden variable theory (HVT),
then the independent outcomes of spin (polarisation) measurements at each
detector are uncorrelated and are solely determined by the single spin (po-
larisation) values and a hidden variable, A. To satsify the conditions of the
proposed HVT, the hidden variable A\ was described by the probability distri-
bution p(A) such that [ p(A)d\ =1 and p(A) > 0 [84,85]. The independent
measurement of the polarisation of each photon can be defined by functions
A(04,)\) and B(0p,\) where 64 and 6p are the linear polarisation bases of
detection restrained to either vertical or horizontal (1 or -1). Under these

conditions, the polarisation correlation coefficients can be written in the form
EHVT(HAaeB) = /p(A)A(@A,)\)B(GB,)\)d/\, (315)

which denotes one of the four possible polarisation orientations related to
polariser angle #4 and fg. By accumulating the four possible polarisation

orientations and their respective correlation coefficients, the Clauser-Horne-
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Shimony-Holt (CHSH) form of Bell’s inequality can be defined generally by

S = |E(04,05) — E(0a,0)] + |E(0y, 05) + E(0)y,0)] < 2 / (N,

(3.16)

where 0,4, ¢, 05, 0 are four alternate orientation angles which contribute
to each correlation coefficient £ [86]. Considering previous conditions, the
CHSH inequality in its simplified form denotes that if the sum of correlation
coefficients exceed —2 < S < 2 then this is experimental proof that HVT’s
are not compatible with quantum mechanical predictions [87]. This is use-
ful for showing particular quantum states experimentally predict S values in
violation of the inequality. However there are some external experimental
factors which can come into play. If the visibility, V, of the sinusoidal be-
haviour of the coincidence rates are not maximised, then the S parameter
will be reduced. It is generally understood that a coincidence rate visibility
of V' > 71% is required to violate the inequality however this is not always
essential. For the remainder of this thesis, a two-photon Bell polarisation
entangled state such as the |U~) state generated in our measurement will be
measured in numerous polariser orientations to show violation of the CHSH

inequality and clearly demonstrating entanglement.
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3.5.2 Polarisation entanglement at 2.1 um

In order to characterise polarisation entanglement in the mid-infrared spec-
tral region, a polarisation entangled state in the form of the Bell state |¥~)
was generated using a Type-2 SPDC configuration. Similar to the previous
crystal characterisation, the Type-0 crystal was replaced with a 300 um thick
MgO-PPLN crystal which was optimised for Type-2 SPDC phase matching
at a poling period of 13.4 um. The temperature of the crystal was optimised
for phase matching at 110 °C. Due to the reduced efficiency of the Type-2
crystal compared with the Type-0 configuration, this characterisation was
performed directly with single photon counting using a 50 nm filter with
the SNSPD’s used throughout (see Appendix B for characterisation data).
The modifications to the previous setups are detailed in Figure 3.11. The

generated polarisation entangled two-photon singlet state is of the form

= i2 \HV) — |V H) , (3.17)

) 7

where H and V are the orthogonal linear polarisations expected from Type
2 generation. The Type 2 PPLN crystal used was shorter than the Type 0
PPLN crystal to minimise the impact of the group velocity mismatch between
the orthogonally polarised signal and idler on the measurements. Assuming
that signal and idler are generated in the centre of the 300 wm thick crystal,
the group velocity mismatch between orthogonal polarisations is 40 fs which

is a fraction of the pulse duration. The signal and idler photons should be
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temporally overlapped within the biphoton correlation time defined by the
filter used (50 nm bandpass) which is around 290 fs. Temporal compensa-
tion would be required as the crystal length approaches 1 mm where group
velocity mismatch exceeds 300 fs. Further work using this Type 2 crystal
source has demonstrated a nine-fold improvement in degree of entanglement
approaching the theoretical maximum violation possible without the require-
ment of temporal compensation [63]. The polarisation correlation measure-
ments are performed by inserting half wave plates (HWP) and polarisers in
each detection arm (identified as A and B) before coupling to the SNPSD’s
for coincidence detection as detailed earlier in this chapter. In combinination
with HWP’s orientated at 64/2 and 6 /2, vertical polarisers help project the
correlated photons onto measurement bases defined as 64 and 6. As before,
the photons were filtered using an AR-coated Germanium filter and 50 nm
bandpass filter to select SPDC photons at the degenerate wavelength of 2.1
um before coincidence detection with a 512-ps gating window. The coinci-
dence count rates C as a function of particular pair of polarisation angles 64

and 0 were then measured.
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Figure 3.11: Experimental setup for characterisation of entangled photon
pairs at 2.1 um. Using a Type-2 PPLN crystal, coincidences were recorded
for different angle orientations of tunable polarisers A and B before each
single-photon detection.

The correlation coefficients measure the polarisation constraints imposed

by the Bell inequality and can be defined

C(0a,08) + C(04+ 8,0+ B) — C(04,0p + ) — C(0a + 3,05)

E0a.65) = C(04,05) + C(0a+ 5,08+ B) + C(04,05 + 8) + C(04+ 5,05)

(3.18)

where (8 represents a 90° polarisation angle shift. Since for each quantum
state there exists four projection measurements and we are considering two

photon states with two possible polarisations, a collection of 16 total mea-
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surements are required. The usual form for the CHSH inequality is again

defined by,

where 64, 0y, 0p, 05 are four alternate orientation angles that contribute
to each correlation coefficient E as a function of coincidence count rate
C(04,05) [86]. Violation of this condition represents the validity of a non-
local model of reality and constrains the polarisation correlation as a function
of polariser angular displacement [88]. For the |¥~) state defined above, co-
incidence measurements were performed for a combination of 16 orientation
angles of 04 = 0,0, = 7,0 = 5, 0 = %. This combination results in the
maximum output of the CHSH inequality, Stz = 2v/2 known as the Tsirelson
bound which violates the Bell inequality and thus disproves all hidden vari-
able theories [87,89]. A results table containing the measured coincidence
counts for the N=16 combinations of orientation angles resulting in maximal
violation of the CHSH inequality in the case of the |W™) state is shown in
Figure 3.12.

The S parameter corresponding to the source was determined to be

S =|—0.5799 — 0.4095| + | — 0.5944 + (—0.6129)| = 2.1967 + 0.0886,,
(3.20)

clearly demonstrating entanglement violating the CHSH inequality by more
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N | 6, 0y C N 6, 0, C

1 0 /8 36 9 /4 /8 65
2 0 5/8m | 164 10 | w/4 | 5/87 | 164
3 0 3/8m | 121 11| «/4 | 3/87 | 51

4 | 0 | 7/87 | 48 12 | w/4 | 7/87 | 162
5 | 7/2 | «/8 | 136 13 | 3/47w | w/8 | 89
6 | /2 | 5/87 | 36 14 | 3/47 | 5/8m | 41

7T | w2 | 3/8n | 24 15 | 3/4m | 3/8w | 105
8 | w/2 | 7/8w | 162 16 | 3/47 | 7/87 | 20

Figure 3.12: Measurement settings for the CHSH-Bell test for N = 16 orien-
tations of polariser angles 64 and 65 to obtain raw coincidence counts (C)
used to determine the Bell parameter S = 2.20 4+ 0.09, demonstrating polar-
isation entanglement at 2.1 um. The integration time was 30 min for each
measurement.

than 2 standard violations [90]. Considering the Poissonian statistical error
associated with photon detection from the ¢th coincidence measurement Cj,

the uncertainty associated with the S parameter, og can be defined by

16 09 2
0s = ZQ(@) )
i=1 t

where i=1,...,16 is the number of measurement orientations [89]. However,

(3.21)

in order to unconditionally confirm a violation of Bell’s inequality, the fringe

66



Taylor Shields PhD Thesis

visibility must be defined to exceed the threshold

Cmaa: - szn 1
= >

= mer  wmin o, 3.22
Omaac + Omin o \/§ ( )

where C),.. and C,,;, correspond to the maximum and minimum coinci-
dence counts measured. Only when the visibility exceeds \/Lﬁ and the CHSH
inequality S > 2, can we accept that hidden variable theories are incompati-
ble with quantum mechanics. For the coincidence count rate C(04 —6p), the
visibility corresponding to the measured CHSH-Bell parameter obtained was
V = 77.8+0.1%. It is worth noting here that the polarisation dependence of
the SNSPD’s used in this measurement was 4+ 25 %. This was characterised
using an optical parametric amplifier source at a wavelength of 2.3 um. In
the Bell test measurements above, the input into the detectors was adjusted
by fibre polarisation control for maximum coupling to each SNSPD which
is shown in each experimental setup figure for these series of measurements.
This was important to ensure the removal of any polarisation dependence of

the individual detectors on the measurement as described in [62].
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3.6 Discussion and future work

This work has demonstrated the generation, manipulation and detection of
entangled quantum states in the mid-infrared spectral region for the first
time in free-space. The non-classical properties of this free-space SPDC
source was characterised in order to demonstrate its potential to be used for
future quantum technology applications. The work conduced here provides
a platform for quantum optics and lays the foundations for mid-infrared ap-
plications in such as quantum sensing and long distance quantum-secured
communications [62]. Considerable challenges were overcome to open the 2-
to 2.5- pm window for the advancement of quantum technologies in this area.
The underdevelopment of robust quantum sources, detectors and general op-
tical components in the mid-infrared region made this project seem like an
uphill battle. Having no available means in the lab to image the SPDC at
2 wum made these measurements significantly tougher. With detection effi-
ciencies including cryostat coupling at 2 um of < 3%, the rate of entangled
photons measured with this source was reduced and the coincidence visibility
affected by detector dark counts. Future advancements in this spectral re-
gion would greatly benefit from the development of superconducting nanowire
single-photon detectors (SNSPD) with near-unity system detection efficiency
(SDE) similar to which are already possible at telecom wavelenghs [91,92].
Recent advancements in SNSPD’s for mid-infrared wavelengths have exhib-

ited detection efficiencies of 63 % for 2 um which is promising for future
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applications in the spectral regime [93,94]. Greater than 70 % SDE has
very recently been published [95] with some commercial systems (ID Quan-
tique) reporting similar efficiencies at this wavelength. Alternative schemes
have been reported which take advantage of near-unity single-photon detec-
tion efficiencies at other wavelengths by demonstrating upconversion using
infrared photons [49, 96]. Free-space photon counting applications in the
mid-infrared have also been demonstrated using state-of-the-art low noise
SNSPD’s to perform LIDAR with a low power 2.3 um source. Operating at
this wavelength offers reduced atmospheric absorption and the ability to use
lower powers at an eye-safe level [97].

By experimentally verifying the indistinguishability of the correlated pho-
ton pairs at 2.1 wm using two-photon interference to obtain a high visibility
HOM dip, this demonstrates that this source could be used for interferomet-
ric measurements in the mid-infrared. Recent gravitational wave detector
upgrade proposals at LIGO have highlighted squeezed sources of light at 2
um as crucial to enhancing the system sensitivity by reducing scattering and
losses from silicon test masses [98]. The advantages of transitioning to a
mid-infrared operating wavelength can also be observed in integrated silicon
photonics where scaling and functionality aren’t an issue but non-linear losses
at telecom wavelengths can be excessive. Recent work has demonstrated in
silicon waveguides the reduction in two-photon absorption rates and the gen-
eration of entangled photon pairs with high visibility two-photon interference

at 2 pm [60].
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The free-space configured source developed in this work has provided
the foundations for closely related projects in our research group namely
demonstrating near-maximal polarisation entanglement in the mid-infrared
and the feasibility of using this source for device independent quantum key
distribution (DIQKD) [63]. Realisation of free-space DIQKD in the 2- to
2.5- um region could take advantage of reduced solar irradiance and lower
atmospheric absorption in comparison to telecom alternatives. This demon-
stration may help enable full day functionality of free-space QKD which is
a major requirement in the vision of a worldwide quantum network. How-
ever, this vision of worldwide QKD optical links will require seamless inte-
gration of both free-space and integrated platforms and stable coupling of
free-space radiation into fibre. One potential fibre solution previously dis-
cussed which may demonstrate low losses at 2 um are novel hollow-core fibres
(HC-PBGEF’s). These types of fibres have been proposed to provide signif-
icant enhancement in channel capacity over current network infrastructure
and identify minimal attenuation at 2 um [56]. Advancements in hollow core
fibre technology have identified significant improvements in optical perfor-
mance using a Nested Antiresonant Nodeless Fibre (NANF) design. Recent
breakthrough publications using NANF have demonstrated record low atten-
uation in telecom wavelengths of 0.28 + 0.04 dB/km [99]. However, NANF
technology has yet to be extensively deployed in the mid-infrared region. In
the next chapter of this thesis, the performance of a custom manufactured

NANF will be tested at 2 um and the polarisation purity properties of the
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fibre characterised. This helps provide a platform for the feasibility of more
ambitious measurements demonstrating the propagation of quantum states

thru hollow core fibre technologies at 2 um.
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Chapter 4

Hollow core fibre propagation

in the mid-infrared

4.1 Introduction to hollow core fibre
technology

Hollow core fibre technology has the potential to exceed conventional optical
fibre transmission performance. Research efforts into alternative transmis-
sion media to meet ever-increasing communication demands have resulted
in the development of hollow core waveguides with attenuation properties
which are fast approaching conventional SMF performance [100]. In recent
times, hollow core fibre waveguides at visible and telecom wavelengths have
attracted some attention offering low attenuation performance with no bend

loss [56,101,102]. By confining light to an air core, these waveguides demon-
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strate extremely low fibre latency and lower non-linearities than conventional
solid fibres [58,103]. Hollow core fibres can generally be split into two main
categories: photonic bandgap fibres (HC-PBGF) and anti-resonant fibres
(HC-ARF). The former is based on guiding light using an air core using
a periodic structure in the cladding to create a photonic bandgap confining
photons inside. PBGF’s typically demonstrate low loss propogation and bend
robustness however they are is limited in terms of bandwidth. The inherent
nature of these fibres allows confinement over a certain range of frequen-
cies and therefore research tends to focus on bandwidth enhancement [104].
ARF designs are an active research area where irregular cladding structures
surround the hollow fibre core to reduce transmission loss [100].

ARF designs tend to offer a much wider bandwidth than PBGF’s but
with high bend sensitivity [104]. One particular design of novel fibre has
been found to combine the attractive properties of PBGF’s and ARF’s. The
nested anti-resonant nodeless fibre (NANF) design traps light in a hollow
core surrounded by 6 nested non-touching parallel tubes aligned along the
outer core. The NANF design is fast approaching the ultra-low propagation
loss demonstrated in conventional silica fibre of 0.17 dB/km [105]. Recent
breakthrough publications using NANF have demonstrated record low at-
tenuation in telecom wavelengths of 0.28 + 0.04 dB/km [99]. Figure 4.1
shows a comparison between the measured loss for different types of HCF'’s.
NANF technology has been used extensively to test non-linearities in the

mid-infrared region, e.g. to generate super continuum spanning from 1.85
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Figure 4.1: Comparison of measured loss of PBGF, ARF and NANF designs
(of core diameter, D) with varying wavelength [100]. Figure reproduced from

“Nested antiresonant nodeless hollow core fiber”, Opt. Express 22, 23807-
23828 (2014).

to 5.20 um and to build a tunable OPO [106,107]. However, few studies
have targeted hollow core fibres for quantum applications. This work takes
a step in the direction of understanding the applicability of hollow core fibre
technology in propagating quantum states of light at 2 um. The wider goal
of this work is to demonstrate that its possible to propagate quantum states
of light (polarisation entangled or time-bin etc.) via hollow core fibres in the

hardly accessible 2 um spectral region.
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4.2 Polarisation purity of NANF at 2 um

4.2.1 Characterisation of properties of NANF

The 6 nested tube NANF (N31-07-B1) provided by the manufacturer for
testing was of length 1.177 km with fibre glass diameter of 232 + 0.5 pm
and coated diameter of 385 £ 1 wm. A cross-section of the structure of the
NANTF being tested is shown in Figure 4.2. The scanning electron micrograph
(SEM) cross section shows the relative scale of the 6 nested tubes surrounding
a central core of diameter of 36.2 um. Test data on the attenuation and
transmission of the NANF over a range of wavelengths was provided by the
manufacturer and is also shown in Figure 4.2.
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Figure 4.2: NANF properties provided by the manufacturer. (A) Scanning
electron micrograph (SEM) cross-section of the structure of the NANF being
tested. (B) Test data provided detailing guidelines for the attenuation and
transmission properties over a range of wavelengths. This test data provides
a reference for expected properties for our experimental tests.
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From the data provided, the attenuation loss for relevant wavelengths was
1.39 dB/km at 2000 nm and 0.62 dB/km at 1560 nm. The performance of
the NANF was performed by testing with a Thulium-Doped fibre laser source
(Thorlabs, LFL2000) with emission wavelength of 2000 £+ 2 nm and output
power > 25 mW. The benchtop Fabry-Perot fibre laser exhibited a narrow
spectral width at the target wavelength and a manually controllable output
power making it an ideal candidate for the characterisation of the NANF'. The
fibre laser output was accessible from a single-mode fibre output which was
projected into free space using a single-mode fibre (SM2000) connected to
a reflective collimator coupler. The resulting output produced a collimated
beam with diameter at 1/e? of 3.3 mm. As the numerical aperture (NA)
of the NANF is very low < 0.1 and the alignment at 2 pm challenging,
significant control of mounting the fibre was required. Prior to mounting, a
small portion of the outer coating of the NANF was stripped and the fibre end
cleaved and inspected. This end of the NANF was mounted in the focus of
the coupling optics using a tapered V-groove fibre holder (HFV002) fixed on
a 6-axis Nanomax stage (Melles Griot HS17TMAX600) to aid with alignment.
Throughout these series of these measurements, a single-mode fibre laser

operating at 1560 nm was used to help with alignment and coupling into the

NANF.
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The mode field diameter (MFD) of the NANF can be approximated by

MFD ~ 0.75 x Core Diameter , (4.1)

which provides a diameter of 27.2 pwm required to couple into the NANF
mode. An appropriate CaFy bi-convex lens with high transmission at 2000
nm was chosen as the input coupling lens in order to match the fundamen-
tal mode field diameter of the NANF fibre and minimise coupling to higher
order spatial modes. Both input and output lenses were mounted on small
translational stages in order to aid with coupling and collimating at output.
An InGaAs IR Xenics camera was an additional tool used to ensure corrrect
alignment of optics and irises. At the ouput of the NANF, the collimated
beam was directed onto an InGaAs photodetector (Thorlabs, PDA10DT).
The photodetector was connected to a lock-in amplifier (Stanford Research,
SR8300) which recorded the output voltage across the detector. A mechani-
cal chopper (Thorlabs, MC2000B) was used directly at laser output to mod-
ulate the light with a frequency of 877 Hz and this frequency was used as
a reference for the lock-in amplifier. The chopping frequency was chosen
to be a value which was away from natural sources of noise and chopper
wheels appropriate for the laser beam size. The output lock-in voltage was
recorded for numerous ND filters and compared to the input readings with
the same input power. For the 2000 nm field, the coupling losses were con-

servatively estimated to be ~ 3 dB. In order to record the attenuation of
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the fibre, the power output of the throughput for the entire 1.1 km fibre
was recorded before a 1 m length section of the fibre was cleaved. Without
altering the input coupling, the 1 m transmission was measured allowing a
comparative attenuation to be estimated. For the target wavelength of 2000
nm, the measured attenuation was 3.8 dB/km which was larger than the
quoted loss given by the manufacturer of 1.39 dB/km. The measured atten-
uation of the alignment laser was 0.52 dB/km at 1560 nm which correlated
with the manufacturer’s guidelines of 0.62 dB/km. The optical attenuation
of the NANF was measured using the cutback technique. Once recording
transmission through the 1.1 km NANF length, the input NANF end and
launching conditions were unaltered however the output end is cleaved to a
shorter length in order to calculate the fibre loss presented. As this was our
only NANF sample and in order to preserve the length of the NANF, this
cleaving was only performed once for both 1560 nm and 2000 nm to give
estimation of fibre loss. In ideal conditions, different cleaves with varying
lengths of the NANF would provide a more accurate transmission loss and
estimate the uncertainty associated with different cleaves. When considering
the long duration between the manufacturing testing and the measurements
performed in this and ongoing work, a drop in the performance of the NANF
is to be expected. The next step was to quantify the polarisation properties

of the NANF with this source.
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4.2.2 Polarisation extinction ratio of NANF at 2 um

The measurement of the polarisation coupling of the NANF was performed
by performing a crossed-polariser transmission measurement using free space
polarisation optics. Figure 4.3 shows the experimental setup where the fibre
laser was projected into free-space using a fibre coupler and a single-mode

fibre (SMF) suitable for the wavelength.

Tkm NANF
6-axis \ /
Staga \/o
Motorised < _ M(I)_’Ic\c/)\ﬂi;ed
Fibre HWP 2 \¢
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laser po & ’ A Lens
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"’%ou ler
SMF P InGaAs
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Figure 4.3: Experimental setup for the measuring the polarisation extinction
ratio of NANF at 2 um. The polarisation is set by Glan-Taylor polariser (GT
pol.) and motorised half-wave plate (HWP) controls the polarisation entering
1 km long NANF fibre mounted on a 6-axis stage for coupling control. The
NANF output is analysed using an identical HWP/GT pair before focusing
into an InGaAs photodetector.

79



Taylor Shields PhD Thesis

The polarisation of the fibre laser output was set using a Glan-Taylor
calcite polariser (Thorlabs, GT10) with quoted high extinction of 100,000:1.
The polarisation state entering and exiting the NANF fibre is controlled us-
ing achromatic half wave plates (B Halle, RAC 6.2.15) mounted on motorised
rotational stages (Thorlabs, PRM1Z8). The polarisation optics were required
to be characterised to define the limit of measurable polarisation extinction.
In order to measure this, the polarisation extinction measurement was per-
formed in free space without coupling to the fibre. The extinction ratio
measurable with these optics was characterised first which went beyond the
quoted manufacturer values with extinction of approaching 55 dB measured
with specific polarisations. These measurements were performed by setting
the polarisation with a Glan-Taylor polariser and rotating a half-plate to
change the polarisation whilst recording the extinction of power output from
the throughput of an identically orientated Glan-Taylor polariser set at the
output of another broadband half-wave plate. The power output was once
again measured using an InGaAs photodetector (Thorlabs, PDA10DT) con-
nected to a lock-in amplifier (Stanford Research, SR8300). As before, an
optical chopper was used (not included in Figure 4.3) and the chopping fre-
quency was used as a reference for the lock-in detection of the output voltage
of the photodetector. A code was written to automate the measurement ac-
quisition and to control the motorised HWP’s. The input polarisation was
set by the input HWP orientation before rotating through a range of 90

degrees with the output HWP to obtain a response curve (see Figure 4.4)
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Figure 4.4: Sample of extinction of linear polarisations V (black) and H
(blue). The measured voltage output for each polarisation was fitted with a
cos?(f) fit (red) as discussed in text.

corresponding to each input angle. Each data point was averaged over 3 sec-
onds to provide an error which was used to estimate the error associated with
final measurement. To measure the polarisation extinction ratio (PER), the
raw lock-in voltage data was normalised and fitted with a cos?(6) function

as expected from relevant literature [108].
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The PER was calculated using the following

mwn

where 5S4 and S,,;, correspond to the maximum and minimum measured

lock-in signal respectively.
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Figure 4.5: The polarisation extinction ratio (PER) measured across 1 km
of NANF for a range of input polarisations with a CW fibre laser at 2 pm.
Extinction data (red) plotted with blue line used as a guide to the eye. The
input polarisation orientation is indicated by arrows above.
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The measured PER for a range of input polarisations is shown in Figure
4.5. The high extinction ratio for H and V input polarisations (~ 50 dB)
approach the limit of the measuring capabilities of the optics (55 dB). At in-
termediate polarisations, the extinction doesn’t get worse than 12 dB which
demonstrates the NANF fibre does preserve the polarisation of the field as
documented in recent literature at telecom wavelengths [109]. This demon-
stration of the preservation of the polarisation state and low attenuation at
the target wavelength of 2 um is a step towards the aim of this project. How-
ever, in order to demonstrate that it is possible to propagate quantum states
of light (polarisation entangled or time-bin) via hollow core fibres, further
characterisation of the pulsed properties of the fibre are required. Before
formulating a measurement with a pulsed SPDC source, characterisation of

suitable single-photon detectors was required.

83



Taylor Shields PhD Thesis

4.3 SNSPD’s efficiency characterisation at
2 um

The SNSPD’s used for this efficiency measurement was a Single Quantum
multi-channel closed-cycle system for which two of these channels (detector
3 and 4) are designed to operate at a wavelength of 1310 nm. These com-
mercial SNSPD’s were characterised at the wavelength of interest using the
same Tm-doped fiber laser (Thorlabs, LFL2000) with a single-mode fibre
output used before with an emission wavelength of 2000 £+ 2 nm. Figure 4.6
shows the experimental setup used to characterise the SNSPD’s. The 25.5
mW laser output coupled to SM2000 was guided into a module containing
multiple electronic variable optical attenuators (Thorlabs, V2000) connected
to a box circuit consisting of a voltage divider and potentiometer to control
the voltage across each attenuator. Each attenuator was able to provide at-
tenuation of up to around 28 dB when a maximum driving voltage of 5 V was
supplied. The module output was coupled via SMF 28 fibre patch into a man-
ual fibre polarisation controller before being directed to the cryostat to allow
careful calibration of the power output. An extended InGaAs photodiode
power meter with nW resolution was used to performed the power measure-
ments throughout. The stability of the pump laser was observed before any
measurement took place. Given the laser output, in order to achieve an at-

tenuated power output of 100 fW corresponding to 1 MHz photon counts,
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Figure 4.6: Experimental scheme depicting the characterisation of the effi-
ciency of a commercial SNSPD system using a 2 pm Thulium-doped fibre
laser. An attenuation module consisting of multiple electronic variable opti-
cal attenuators (providing up to 28 dB attenuation each) was used alongside
a fibre polarisation controller to measure the efficiency of two SNSPD’s at
the target wavelength of 2 pm.

the calculated required attenuation across all components was 114 dB. The
calibrated attenuation including SMF 28 coupling measured was 121.4 dB.
The attenuated output was directed into detector 3 and 4 where the count
rate for each was recorded. Figure 4.7 shows the measured efficiencies of de-
tectors 3 and 4 as a function of the bias across the SNSPD’s. The measured
efficiency using recorded count rate and estimated count rate from calibra-
tion was 10.8 £+ 0.7% for detector 3 and 9.2 + 0.6% for detector 4 at 2 um.

These values are in line with expected efficiency values for these detectors
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which are designed for a wavelength of 1310 nm with efficiency > 90%. These
commercial detectors demonstrated higher performance than the SNSPD’s

used in work conducted in the previous chapter.
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Figure 4.7: The measured detection efficiencies of Detectors 3 (red) and 4
(blue) over a range of detector bias currents with background reduction.
Blue and red lines used as a guide to the eye. Removal of dark counts data
reduces but does not fully remove the peaks shown when approaching the
critical current for each detector.
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4.4 Discussion and future work

This chapter has demonstrated ongoing work onto the feasibility of using
hollow core fibres for propagating quantum states of light in the mid-infrared.
Specifically, a 6 nested tube NANF design was tested to experimentally
confirm the attenuation loss provided by the manufacturer and collabora-
tors. The attenuation properties through 1 km of NANF was tested first at
1560 nm (for which alignment and imaging was considerably easier). The
measured attenuation with the CW fibre laser at 1560 nm was 0.52 dB/km
which correlated with the manufacturers guideline attenuation at this wave-
length of 0.62 dB/km. Recent breakthrough publications using NANF have
demonstrated record low attenuation in telecom wavelengths of 0.28 4+ 0.04
dB/km [99]. Replacing the laser source with the 2000 nm fibre source, the
measured attenuation of 3.8 dB/km was recorded which is higher than the
manufacturer guideline attenuation of 1.39 dB/km.

Recent work has demonstrated the exceptional polarisation purity in both
ARF and NANF designs of single-mode hollow core fibre at telecom wave-
lengths [109]. In this work, the polarisation properties of a NANF was
performed with a CW source at 2 um. High extinction was observed at
horizontal and vertical polarisations close to the measurable limits set by
the equipment. At diagonal input polarisations, the extinction was reduced
to 12 dB which demonstrates the potential to use NANF for propagating

quantum states of light. Recently published work has proposed utilising
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NANF designs for quantum communications, specifically quantum key dis-
tribution [107]. The low attenuation properties combined with the ability to
transmit low-latency signals over varying spectral ranges could be useful for
fibre based QKD applications. The advantage in QKD performance using
NANF designs over SMF has already been demonstrated [110]. The future
of HCF and NANF technology is bright.

Continuation of this work will involve characterising the properties of the
NANF using a pulsed source. Using the same pulsed laser system utilised
in Chapter 3, an identical Type-0 SPDC source at 2090 nm will be charac-
terised and coupled into the 1 km long NANF. Work in progress currently
involves characterisation of the SPDC source which is very large in diameter
and the NANF coupling conditions requires a spot size of around 30 pm.
Being incapable of imaging the SPDC due to the unavailability of a camera
operating at this wavelength means a knife-edge measurement and demagni-
fication will be required to couple into the NANF. Having characterised twin
SNSPD’s with higher efficiency at 2 um than those utilised in Chapter 3 fur-
ther optimises the detection capabilities for future quantum measurements.
The next immediate stage will involve the measurement of the fibre disper-
sion using the characterised SNSPD’s. Using three different bandpass filters
and measuring the time-resolved signal on the SNSPD’s before propagation
into the fibre and after propagation into the fibre, it should be possible to
extract the fibre dispersion. Once coupled, the dispersion and polarisation

extinction through 1 km of NANF can be characterised. To the knowledge of
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this author, the propogation of polarisation entangled photon pairs through
a NANF design hollow-core fibre has yet to be demonstrated at 2 pm which

is the goal of this ongoing work.
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Chapter 5

Single-cycle THz-field
electro-optic sampling with

single-photon detectors

5.1 Introduction and motivation behind THz

sensing

Terahertz (THz) radiation is traditionally defined as a section of the electro-
magnetic spectrum which lies between the 0.1 - 30 THz frequency range and
in recent times has been identified as one of ten emerging technologies that
will change the world [111]. Alternatively defined as submillimetre radiation

and existing between microwave and infrared wavelengths, this spectral re-
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gion is commonly described as the “THz gap” due to limitations in detection
sensitivity and scarcity of practical high performance sources in comparison
with nearby spectral ranges. Having been traditionally studied in cosmolog-
ical research, recent breakthroughs in photonics has enabled THz technolo-
gies which have garnered significant interest in countless fields such as such
as imaging, medicine, communications etc. which can be attributed to the
distinctive properties of THz waves [112-115]. THz radiation has the ability
to identify at the molecular level individual spectral “fingerprints” of sub-
stances such as drugs using sophisticated spectroscopic techniques which has
particular interest in the pharmaceutical industry [116]. The transparency
of non-ionising THz radiation to numerous everyday materials enables ap-
plications such as the non-disruptive probing of pharmaceutical samples to
non-invasive screening for concealed explosives in real world security scenar-
ios [117-119]. The far-reaching impact of THz imaging can be found in art
and cultural conservation efforts where non-invasive imaging of historical ar-
chitecture and authentication of paintings can help detect art fraud [120,121].
In addition, wireless and on-chip communication networks have identified the
THz band as a promising candidate to help meet bandwidth requirements of
exponentially increasing data traffic demands [122,123].

However, the further advancement and widespread adoption of future THz
technology relies heavily upon fast and efficient detection. Many off-the-shelf
THz detectors utilise pyroelectrics and bolometric techniques which are typ-

ically very slow and don’t measure coherent features of the field. Research
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into superconducting niobium bolometers demonstrate very high sensitivity
and low noise performance however they operate at temperatures of 2-7 K
therefore require cryogenic environments [124,125]. Many of the above appli-
cations of THz radiation rely on the field of photonics to detect the coherent
properties of a THz pulse. Most of the spectroscopic applications in the
THz regime rely on a powerful technique called time-domain spectroscopy
(TDS) capable of measuring the electric field (amplitude and phase) of the
THz field. This uses ultrafast laser pulses to generate and subsequently
measure the THz field in the time-domain exploiting non-linear optical pro-
cesses. A traditional THz-TDS system approach is based on electro-optic
sampling (EOS), a form of time-resolved polarimetry that takes advantage
of the Pockels effect in x non-linear crystals inducing a phase shift pro-
portional to the THz field strength [126-129]. The well-established pump
and probe system enables the reconstruction of the THz pulse in the time
domain so long as the probe pulse is shorter than the THz electric field
oscillation period. The noise associated with a THz-TDS measurement is
related to the amplitude noise of the THz signal itself and the shot-noise of
the optical probe used for sampling the THz field [130]. Amplitude noise
can be reduced using clever experimental strategies however the shot-noise
of the probe is fundamentally a more difficult problem. Recent research has
targeted optimising the detection method [131]. Our proposal was to use
quantum states to enhance THz detection using a polarimetric measurement

using single-photon detectors. Proposals to enhance THz detection sensitiv-
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ity using non-classical probes have also been reported in recent work [132].
The feasibility of using NOON or Fock ultrashort probes for polarimetric
measurements have been noted [133,134] and demonstrates the significant
potential using non-classical states as a probe could have on techniques such
as THz-TDS. In the work demonstrated in this chapter, a first step in the
direction of quantum-enhanced THz sensing is made by demonstrating that
THz EOS can be performed using a squeezed vacuum probe generated by
SPDC and measured with single-photon detectors. By developing a lock-in
style polarimetric scheme, a shot-noise limited balanced detection was per-
formed using single-photon detectors to measure the optical phase shift from
THz-induced birefringence [135]. Instead of using a weak coherent probe
pulse, squeezed vacuum from SPDC was used as it is a widely employed
resource underpinning quantum-enhanced metrology. Although this work
details no quantum enhancement in THz detection at this stage, the foun-
dations have been laid for employing non-classical resources such as NOON

states to enhance the detection sensitivity.

93



Taylor Shields PhD Thesis

5.2 Theory of electro-optic detection

Electro-optic detection is a technique which utilises a 2"¢ order non-linear
process in which the presence of an applied electric field results in an change
in the refractive properties of a material, typically a non-linear crystal [1]. Tt
exploits the linear electro-optic effect (also named the Pockels effect) and only
occurs in non-centrosymmetric materials depending heavily on the specific
properties of the second-order non-linear susceptibility xy?. The linearity
between the change in the refractive properties with the magnitude of the
electric field is not observed in centrosymmetric materials. The higher order
dependence on electric field strength is known as the Kerr electro-optic effect
where the refractive shift scales quadratically. The crystal structure forms
an important factor in the birefringence of electro-optic media. The residual
birefringence exhibited by a crystal (with no electric field exposure) can be

written in terms of its index ellipsoid as

1 2 1 2 1 2
— — — =1 5.1
(n> *(ng)y +(n) ’ (5:1)

where n corresponds to the refractive indexes of each of the principal axes x,

y and z as detailed in Figure 5.1 [136].
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Figure 5.1: Schematic showing the index ellipsoid defined using the principal
axes x, v and z. The refractive indices ny, no and nsz corresponding to each
of the principal axes are also shown.
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When an electric field is present, the transformation of the index ellipsoid

by the electro-optic effect can be expressed in Cartesian coordinates by

1 1 1 1 1 1
(—2>x2 + (—2>y2 + (—2)z2 + 2(—2)y2 + 2<—2)xz + 2(—2):63; =1,
ny ny nj Ty ns g

(5.2)

where choosing x, y and z as principal axes reduces the remaining terms to
zero [137]. This expression can be reduced to define the deformation of the

index ellipsoid by introducing the electro-optic tensor 7;; defined by

A(%) _ zgjrijEj, (5.3)

j=1

where i=1, 2, ..., 6 and £} 2 3 denotes components of the electric field associ-
ated with the principal axes. This relation details the change in the refractive
coefficients in the presence of increasing electric field £; depending on the
electro-optic coefficients of the medium. The crystal symmetry structure

plays an important role in the form of the electric-optic tensor r;;.
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Consider the cubic crystal Gallium Arsenide (GaAs) which belongs to the

43m symmetry group where the electro-optic tensor takes the form

0O 0 O
0O 0 O
Tij = o0l , (5.4)
rgg 0 O
0 r50 O
0 0 17rg3

where the only electro-optic coefficients which are non-zero and equivalent
are 141, 152 and rgz. The electro-optic coefficient ry for GaAs is 1.5 pm/V
and refractive index n of 3.38 at 1560 nm. For the case utilised in these series
of measurements, a crystallographic cut of (110) for GaAs is considered, a
typical choice for maximising the electro-optic coefficients for electro-optic
detection of THz radiation. A critical detail well-documented in literature of
measuring THz radiation using an optical probe incident on an electro-optic
crystal is the optimal configuration of probe and THz field orientations with
respect to the crystal axis [138]. This non-trivial operation often involves
setting the polarisation orientation of the probe field and THz field and ro-
tating the crystal around the z axis (001) to optimise the THz electric-field
measured via balanced detection. A schematic of the experimental setup is
shown in Figure 5.7 which details the orientation of the axes in our experi-

mental setup with the probe polarisation being parallel to the z axis. In order

97



Taylor Shields PhD Thesis

to achieve this, a coordinate transformation is required to align the ellipsoid
axes with a new coordinate system. The coordinate rotation which appeals
to a (110) cut crystal tends to be a § rotation around the z axis (001) [136].
The outcome of this transformation identifies the best configuration to op-
timise the induced rotation of the probe polarisation from the THz field. If
the orientation of the probe is parallel to the z axis, the THz field must be
orthogonal to the probe for maximum phase rotation of the probe and to be
detected using an ellipsometric method typically employed in these measure-
ments. In the presence of no THz field, the linear polarisation of the probe
passes unaffected through the electro-optic crystal and transforms into a cir-
cularly polarised beam after passing through the QWP. When the external
THz field is present, an elliptical component of the polarisation is imparted
which can be detected by differential measurement between two balanced
photodetectors [139]. The phase change can be described by the ratio of the
differential measurement A between the intensity of the probe I, during the

interaction by the expression

Al 27ran®LEry,
AP = =8 SN BT (5.5)
I, )

where L is the thickness of the interaction crystal [138,140]. For these type of
measurements, the differential signal AT is usually set to zero when no exter-
nal field is applied using the QWP. The main contributing factor to inducing

a large phase onto the probe field is maximising the electric field strength
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Erp. assuming the optimal crystal orientation is used. With the resources
available, the peak THz field strength obtained using a GaAs semiconductor-
based antenna was characterised and the estimated phase induced on a clas-

sical probe verified using THz time-domain spectroscopy.
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5.3 THz generation and detection

5.3.1 THz generation using photoconductive antenna

In this experiment, THz generation was performed using an ultrashort pulse
of laser radiation incident on a photoconductive antenna (PCA) to produce
a high THz electric field pulsed amplitude over a large bandwidth. The gen-
eration of THz pulses was conducted by photo-exciting the PCA (Tera-SED,
Laser Quantum) with a femtosecond pulsed laser system with a repetition
rate of 80 MHz and pulse duration of 100 fs. Throughout these series of
measurements, the laser system used was a mode-locked tunable laser (Co-
herent Discovery) with average power of up to 1.8 W at carrier wavelength
of 780 nm. To control the output power, a broadband variable attenuator
was mounted directly after the pumped laser source which uses the combi-
nation of a half-wave plate and two thin film polarisers to control the power
output in a specific polarisation. Using the power controller, up to 600 mW
of power at 780 nm was available to photo-excite the THz antenna. The
Tera-SED PCA used consists of a planar 3 x 3mm? GaAs substrate with an
interdigitated metal-semiconductor-metal (MSM) electrode structure which
is connected and modulated by an external bias field. Figure 5.2 details the
basic operation and key structures of the PCA. The incidence of focused
femtosecond laser pulses on the GaAs semiconductor excites charge carri-

ers which are subsequently accelerated by the bias voltage provided. This
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Figure 5.2: Schematic showing the operation of the THz photoconductive
antenna. Generation of THz radiation occurs when femtosecond laser pulses
(red) are incident upon the active area of the photoconductive antenna
(black) biased using an external voltage supply via electrical connection
(black cable). The antenna active area consists of an interdigitated MSM
electrode structure (orange and yellow) processed onto a GaAs substrate
(blue). Opaque metallisation layer (grey rectangles) ensures optical exci-
tation occurs in GaAs regions which share the same electric field direction
(black arrows). THz radiation (dark blue) emitted from the antenna thus
interferes constructively in the far-field.

bias voltage induces an electric field between the electrodes and the GaAs

substrate is appropriate due to its high breakdown field and high carrier mo-
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bility [141]. The addition of an opaque metallisation layer (grey rectangles)
ensures optical excitation only occurs in GaAs regions which share the same
electric field direction. The accelerating charges radiate THz frequencies,
however the performance of the antenna is dependent on specific conditions
considering the damage threshold of the device. The bias voltage must be
kept below 50V and if DC biasing, an optical chopper must be used to mod-
ulate the laser input. The PCA has peak emission frequency at 1.5 THz and
requires optical excitation at the wavelength range 700-850 nm, where our
laser source lies. The excitation condition was optimised by recording the
THz power with a pyroelectric detector (THZ5I-BL-BNC-D0, Gentec EO).
Collimation and focusing of the emitted THz beam into the pyroelectric de-
tector was performed using two 50 mm focal length parabolic mirrors. A
filter is placed over the aperture of the pyroelectric detector to eliminate
any pump scattering from the antenna. This is typically a piece of paper or
thin plastic which the THz radiation can pass through. This detector was
connected to a lock-in amplifier (Stanford Research, SR8300) used to extract
particularly weak signals using phase-sensitive detection. The pyroelectric
detector is integrated with a low noise current mode amplifier and required
a b Hz chopping frequency to optimise voltage output. The THz generated
by the PCA was optimised by varying the geometry of the focused excitation
beam incident on the PCA as noted in relevant literature [142,143]. The
pump beam diameter was altered using a long focal length lens mounted on

a translational stage and measured with a beam profiler (Gentec).
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In Figure 5.3, the normalised THz power output of the pyroelectric de-
tector as a function of the diameter of the spot size at FWHM of the focused
pump is shown. The most effective spot size for excitation of the GaAs
substrate was measured to be 297 um which correlated closely with quoted

values in the PCA manual and literature [143].
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Figure 5.3: Normalised THz power output of the pyroelectric detector versus
the FWHM diameter of the spot size incident on the PCA.
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At optimised conditions, the peak THz pulse energy measured with the
pyroelectric detector was U ~ 1.25 fJ. The dimensions of the THz beam were

also measured using a knife-edge approach, shown in Figure 5.4.

Optical
chopper
p Parabolic

Lens mirror

Chopper
controller

Pyroelectric
detector

BNC"
cable

Lock-in Paper
amplifier filter

Figure 5.4: Experimental setup for knife-edge measurement of the THz beam
diameter in the far-field. The pump beam (red) is modulated by an optical
chopper at a frequency corresponding to operation of the pyroelectric detec-
tor used for THz detection. The THz radiation emitted by the PCA under
incidence of the focused pump is interrupted incrementally by a knife-edge
mounted on a manual stage. Lock-in detection is performed using the chop-
ping frequency as a reference and the output detector voltage as signal as
the knife-edge interrupts the beam to determine the THz beam properties.

Using a sharp edge mounted on a translational stage, the THz beam was
interrupted by the blade and incrementally removed allowing transmission of

the beam. The knife edge was scanned across the beam in the far-field until
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the voltage output across the detector peaked. The typical curve obtained
using the knife edge method used for the fit (red) in Figure 5.5 relies on the
standard Gaussian error function (erf) well documented in literature for this
method [144]. Since this data was taken in the far-field, the THz beam at

the focus of the 50 mm parabolic mirror was estimated by using the beam
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Figure 5.5: Knife-edge measurement of the THz beam diameter in the far-
field. The detector output voltage (normalised, blue) recorded as a function
of the disruption of the beam. The knife edge starts in a position completely
blocking the beam at 0 mm before being incrementally removed and being
detected on the pyroelectric detector. The fit (red) is discussed in text. The
inset shows the cross-section in the x-direction of the normalised Gaussian
profile of THz spot size at the detection focus.
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diameter obtained by the knife-edge measurement. The inset of Figure 5.5
shows the estimated Gaussian cross-section G(x) of the THz spot size in the
focus in the x-direction, o, to be 200 & 10 um at the 1/e? condition. Identical
results for measurement of the y-direction were also found o, = o0,. The
estimation of the THz beam profile G(x,y) was required for calculating the

amplitude of the measured THz electric field performed in the next section.
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5.3.2 Temporal overlap measurement

In order to fully characterise the nature of the THz radiation in the time-
domain, the timing between the THz pulse and the probe is critical. An
optical parametric oscillator (OPO) system was used in tandem with the
tunable laser system in order to generate a classical probe at 1560 nm to re-
construct the THz pulse using THz-TDS. The OPO (Coherent Levante) was
pumped using a fixed 4 W output from the Coherent Discovery laser system
to help produce a stable probe signal at 1560 nm. The wavelength of the
probe beam was designed a reference to the SPDC probe wavelength used
in later measurements in this chapter. The power of the signal probe output
was controlled using an optical attentuator and is inserted into the path of
the SPDC generation via a dichroic mirror designed with high reflectivity at
pump wavelength 780 nm and transmissive at 1560 nm. The spatial overlap
between the 780 nm pump and the injected probe was controlled using two
mirrors and the coarse temporal overlap was estimated using a fast free-space
InGaAs photodiode (Thorlabs, DET08CL/M) connected to an oscilloscope
(Rigol, DS4014). The RF output from the laser was used as a trigger. The
rough estimation of the temporal overlap between pulses was limited by the
temporal resolution of the oscilloscope and the detectors bandwidth. A more
precise synchronisation between fields was performed utilising the process of
sum-frequency generation (SFG) in a non-linear crystal (as shown in Figure

5.6). As is standard practice in the field, a BBO crystal was mounted on
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Figure 5.6: Temporal overlap measurement using sum-frequency generation.
A BBO crystal mounted in a kinematic rotational mount gives flexibility
to achieve the correct crystal tilt angle in order to achieve phase matching
between pulsed pump and probe fields. A delay stage in the THz generation
path (see Figure 5.13) varies arrival time of the THz pump pulse at 780 nm
in relation to the probe pulse at 1560 nm generated by an OPO until SFG at
520 nm is observed in the spatial and temporal overlapped condition. The
inset shows the energy diagram for the SFG process where pump and probe
photons with frequencies wpymp and wyepe combine to generate a photon
with frequency wspg.

a rotational stage and placed in the focus of the THz pump field (780 nm)
and the OPO probe field (1560 nm). The delay between them was altered
until the SFG was observed (~ 520 nm) indicating the correct delay between
pulses had been found. The GaAs detection crystal was placed in this posi-

tion on a translational stage along the direction of propagation. It is worth
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briefly mentioning that the GaAs wafer used was only ~ 53% transmissive at
the target wavelength when first tested. This wafer was subsequently anti-
reflection (AR) coated improving transmission at 1560 nm to 95 % reducing

losses considerably.
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5.3.3 THz time-domain spectroscopy

In order to fully characterise the nature of the THz radiation which was de-
tected, we used the conventional optoelectronic technique called free-space
electro-optic (EO) sampling. This method exploits the Pockels effect whereby
the birefringence of an EO material is externally modulated by an applied
electric field and the measured waveform becomes the cross-correlation of
the incident pump and THz pulses [145]. In THz time-domain spectroscopy
(THz-TDS), the electric field of the THz pulse can be reconstructed by cou-
pling it with an ultrafast optical pulse inside an electro-optic medium which
in our case is an AR coated GaAs (110) detection crystal to optimise trans-
mission at 1560 nm. In our setting, the birefringence of the GaAs crystal is
modulated by the THz electric field and probed by polarimetry performed
with a short optical pulse overlapped to different temporal sections of the THz
field [145]. Under incidence of a THz pulse, the refractive index properties of
the electro-optic crystal properties change proportional to the magnitude of
the electric field of the radiation. The 200 fs probe pulse used for the optical
sampling was delivered by an Optical Parametric Oscillator (OPO, Levante
IR, Coherent) tuned at 1560 nm at the same wavelengths of the squeezed
vacuum source employed for the later single-photon-level measurement. In a
THz TDS experimental setup, two pulsed laser outputs (one at 780 nm used
to excite the PCA and generate THz pulses and one at 1560 nm from the

OPO) traverse equidistant paths in a conventional pump and probe experi-
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ment. The relative delay between the probe and the THz pulses is controlled
by a delay stage (Newport M-VP-25XL) with a range of up to

25 mm. The residual pump field incident on the PCA is removed with a pa-
per filter before reaching the GaAs detection crystal. The THz and the probe
field were cross-polarised and the orientation of the GaAs was optimised to

maximize the electro-optical modulation [138].

Balanced
photodetector

QWP
EIOrobe Wollaston
prism
Probe
AR-coated
GaAs crystal
THz pulse

Figure 5.7: Optical detection scheme for electro-optic sampling (EOS) using
balanced photodetectors. After interaction inside the AR-coated detection
crystal, the probe beam is incident upon a quarter wave plate (QWP), Wol-
laston prism and balanced photodetectors. The orientation of the QWP
controls the ratio of polarisation components incident on the photodetectors
to ensure the differential signal Al = 0 in the absence of THz field.
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The probe pulse and THz field are subsequently focused onto the same re-
gion of the GaAs detection crystal. The phase delay induced by the THz field
on the probe pulse at the detection crystal is analysed by means of a standard
polarimetric arrangement shown in Figure 5.7. This scheme is comprised of
a quarter wave (A/4) plate, a Wollaston prism (Thorlabs WPA10) and bal-
anced photodiodes (Thorlabs,PDB210C/M). Calibration of the system in
absence of the THz radiation is performed using the rotational capabilities
of the \/4 plate to balance the signal in each detection arm in such a way
that no differential signal (AT) is produced by the probe injected into the
setup in absence of the THz field. The linearly polarised light from the probe
beam on passing through the \/4 waveplate will be converted to circularly
polarised light before being incident on a Wollaston prism which will result in
a non-zero output at the balanced photodetectors positioned at small angles
with respect to the two separated beams. The balanced detector amplified
signal is measured and digitalised by a lock-in amplifier (Stanford Research,
SR8300), synchronized to the 10 kHz signal employed to modulate (on-off)
the 30 V bias voltage applied to the PCA. Using high lock-in frequencies

allows for reducing the impact of the 1/f noise [146-148].
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Figure 5.8 (A) shows an example of a THz trace acquired using EOS
acquired after purging the experimental enclosure with pure nitrogen gas.
Figure 5.8 (B) shows the spectrum obtained by Fourier transform of the
time-domain signal shown in Figure 5.8 (A) (red curve). An identical scan
in a non-purged environment for comparison (blue curve) shows the strong

absorption features of atmospheric water [149, 150].
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Figure 5.8: (A) THz time-domain spectroscopy using EOS to characterise the
THz field trace and spectrum using a classical balanced detection scheme.
(B) Power spectrum corresponding to the measurement in A (red curve) and
in an un-purged setup (blue curve).
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The amplitude Erp.(t) of the measured THz electric field trace Ey,.(t)

from THz-TDS was calibrated using

—_ = — ‘515 f Gle, y) de d f e ®P g7 )
r y Yy maz ([t (£)[2)

where &, is the complex electric field trace and Ej,.(t) = R[ey,(¢)]. The THz
pulse energy U and THz beam profile G(z,y) were measured in the previous
section and 7 is the vacuum impedance [151]. Using this calibration, the
peak THz field amplitude reached ~ 130 V/cm as shown in the Figure 5.8.
The maximum phase shift A® that the measured THz field imparts on a

probe field inside the detection crystal is

(5.7)

A — ‘ETHZmlnSwL‘ |

C

where n, r4; and L are the GaAs detection crystal refractive index, electro-
optical coefficient and thickness [138,152]. Using the recorded THz field
amplitude and considering the refractive index (n = 3.38 at 1560 nm) and
thickness (L = 300 um ) of the GaAs crystal used throughout these measure-
ments, an estimated maximum phase shift of A® ~ 2.4 x 10~* 7 is obtained.
Estimation of the maximum phase shift our peak field induces allowed us to
estimate the integration time required in order to observe the phase change

due to the THz electric field with single-photon detectors.
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5.4 Balanced detection scheme for single-photon
detectors

An electronic balanced detection scheme was developed to mirror a standard
THz-TDS balanced detection performed by photodiodes connected to a lock-
in amplifier. As detailed in the previous sections, the modulation frequency
of the THz emitting antenna is used as a reference frequency for the lock-in
amplifier. We were required to find a similar in-sync gating technique to ex-
tract phase information from balanced detection on a photon detection level.
Utilising the ps-time tagging resolution of photon counting software, a lock-in
style detection scheme was developed capable of extracting phase informa-
tion from the proposed polarimetric experiment using a down-converted field
as the probe. Prior to using this scheme for THz phase detection, balanced
detection was performed using a stronger modulation of the SPDC probe

using an electro-optic device to test the system.

5.4.1 Time-tagging electronics

For single-photon detection, time tagging electronics are required in order
to record with a specified resolution the arrival time of photon events. The
Hydraharp 400 module is a multichannel event timing device with time reso-
lution on the ps scale. The time-correlated single-photon counting (TCSPC)

module is accessible via USB 3.0 which is capable of processing high data

115



Taylor Shields PhD Thesis

rates essential for this measurement. The Hydraharp 400 mode most ap-
plicable is the time-tagged-time-resolved (TTTR) one which facilitates the
recording of photon time of arrival on multiple channels. In our case, ID230
SPAD are used in Geiger mode which allow for reliable photon counting.
The 1D230 detectors utilise InGaAs/InP avalanche photodiodes, which are
thermoelectrically cooled to 183 K providing a low dark count rate and effi-
ciency of up to 25 % at the target wavelength. The output pulse generated
by the detectors on photon arrival is a low voltage transistor-transistor logic
(LVTTL) pulse with a width of 100 ns accessible via SMA connection. Due
to the nature of the output detector pulses, a 20 dB attenuated pulse inverter
(PicoQuant STA 400) was used to help produce pulses compatible with the
Hydraharp timing modules. The TTTR data stream produced at this stage
simply records which channel, in our case 1 and 2, and the timing of events.
In order to help insert a reference throughout our data record, an additional
indicator was used to help synchronise which events occurred under external
field conditions. A critical feature of the detection scheme we developed was
the synchronicity between the modulated field and the count data record.
An elegant solution to this problem was to utilise another functionality of
the Hydraharp software which was to insert synchronisation information in
the form of a marker into the data stream. The Hydraharp has the capability
to insert markers into count data by manually inserting a positive 1V TTL
input signal into one of four marker inputs found on the front panel SYNC

module. This inserts a unique channel code into the data stream to help
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discern between real photon event records and markers. These marker pulse
functions were generated using a secondary output of the function generator
which was phase-locked to the other output (the one used to provide modu-
lation to the system). The rise edge time of the function was set to 50 ns and
the peak voltage of +800 mV was directed into the Hydraharp via a BNC to
NIM-CAMAC LEMO receptacle attenuated with a 50 2 load. A LabVIEW
code was written in order to record the consistency of the timing of the in-
serted markers in the photon record. By reading the time tags associated
with each marker and the delay between each subsequent marker, the marker

accuracy was recorded to exceed > 94% in regularly sampled datasets.

5.4.2 Phase detection using difference operation

Once a measurement was performed, the Hydraharp software saved the time-
correlated single-photon counting data as tagged binary files with the .ptu
file extension. In T2 mode, every input is treated as functionally identical
with the record essentially consisting of event times with respect to the time
elapsed from the start of the measurement. Since converting the .ptu file
from binary-to-ASCII is a slow and inefficient detour, a robust data analysis
routine was developed to interpret the 32-bit record using arrays in the PC
memory. The record consists of three inputs: marker timing information (M)
and event timing data from Detector 1 (D1) and Detector 2 (D2).

In Figure 5.9, a sample of event data stream with respect to time, t,

is shown. The data analysis code is triggered by the arrival of a marker
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Figure 5.9: Sample depiction of the TTTR data stream using photon count-
ing software. A difference measurement was performed between counts in
detectors D1 and D2 using markers M,, every half cycle of the 10kHz an-
tenna modulation

inserted at a frequency of 20 kHz i.e. every half cycle of the modulation
function. The 10 kHz square waveform function used provides an ON-OFF
modulation with markers introduced every 20 kHz to distinguish between
active and inactive fields. The significance of the modulation frequency on the
dynamic range (DR) for this measurement was numerically investigated as
detailed in Appendix C. The phase information was recorded by performing
the following difference operation between ON-OFF modulation period n of

the photon record

AN, AN,
A®, = = , (5.8)
IN, +ZN; EN, + 5N,
ON OFF

where N7 and N, are the photon counts incident on Detector 1 and

Detector 2.
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The analysis code processed the record over the full duration of the mea-
surement to provide an array of A® values. Due to the substantial photon
rates used in these measurements, the resulting measurement file sizes were
inevitably too large to run these measurements for longer than 15 minutes.
The code was streamlined to output an array of A® values and disregard ir-
relevant or previous analysed photon/marker events. For a sanity check, the
sum of phase events was checked to be proportional to the number of mark-
ers detected, i.e. half cycle of modulation. The phase information obtained
from each measurement was analysed by assuming Poissonian statistics in
the input field. The difference operation between two Poissonian fields was
implemented using the Skellam distribution [153]. For two Poissonian distri-

butions with means A\; and Ay, the Skellam distribution is defined by

Pk) = o~ (M1+A2) <\/¥) By, (2 )\1)\2) , (5.9)

where B;, (2\/)\1 )\2) is the modified Bessel function of the first kind with index
k [154]. Fitting of the Skellam function to the measured A® array was tested

using an electro-optic modulator to induce a fixed phase shift on the probe.
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5.5 Measurement calibration using electro-optic
modulator

A crucial step in measuring the THz radiation with single-photon detectors
is understanding the strength of field required to observe a measurable phase
shift in the single-photon regime. In order to calibrate the balanced detec-
tion acquisition for the single-photon measurement, a free-space electric-optic
modulator (EOM) was used in order to characterise the magnitude of the ex-
pected phase shift induced by the THz signal. The Pockel cell type amplitude
modulator consists of dual MgO-doped lithium niobate (LiNbOgj) crystals
where an external electric field can be applied. When a driving voltage is
applied, a change in the refractive properties of the crystal occurs resulting
in a change in the polarisation state of the probing beam. This mechanism
is useful to simulate the detectable phase induced on the weak probe by the
proposed THz field. The electro-optic amplitude modulator used was also
configured so that the applied voltage is applied in a direction which is per-
pendicular to the propagation direction. In this measurement, the calibration
of our single-photon balanced detection scheme can be performed in an ex-
perimental setting using a EOM to induce a phase shift onto the squeezed
vacuum probe beam. Degenerate photon pairs are produced via spontaneous
parametric down-conversion (SPDC) by focusing the pump field into a 0.5

mm long periodically poled magnesium-doped lithium niobate crystal (MgO-
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PPLN) in a Type-0 phase matched configuration. Off-axis parabolic mirrors
of equivalent focal length 50 mm were used to focus the pump beam to 13 pm
into the crystal and to collect and collimate the generated radiation. As per-
formed before, the source was characterised in the high-photon flux regime
varying the crystal temperature to maximise the flux incident on an InGaAs
photodiode (Thorlabs, PDA10DT) within a 12 nm spectral region centered
at 1560 nm (Thorlabs FBH1550-12). The experimental scheme in Figure 5.10
shows the setup designed to understand the shift induced by an externally
modulated electric field on a squeezed vacuum probe. In order to maximise
transmission at the field wavelength of 1560 nm, all optical components were

anti-reflection (AR) coated.

Twin SPAD’s

Function Generator

Fibre A

coupler

Focusing lens

o

BP filter

Electro-optic HWP  PB5
modulator

Figure 5.10: Experimental scheme for calibration of phase detection using a
modulated EOM on a squeezed vacuum source. Strong external fields induce
a phase shift observed by the difference between single counts detected by
twin SPAD’s.
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A 200 mm AR-coated lens was used to focus the SPDC field into the 2 mm
diameter clear aperture of the Thorlabs Electro-optic Amplitude Modulator
(EO-AM-NR-C3). The voltage supply was provided by a Siglent function
generator (SDG2042X) which produced a modulated square wave with fre-
quency 10 kHz, duty cycle of 50% and a peak output voltage of + 20 V.
The characteristics of this modulation function were chosen with the THz
field measurement in mind. To this end, the minimum possible rise time
setting of 8.4 ns was chosen in order to improve modulation resolution for
time-tagging electronic devices employed in detection. By understanding the
relationship between the phase shift induced, A® and the applied voltage
across the EOM,

oL
AD = %(rggnz — 137%) Vg (5.10)

where A is the operating wavelength, L is the optical path length, r;; are
the electro-optic coefficients and d is the electrode spacing. The half-wave
voltage V., the voltage required to induce a 7 radian phase shift, of lithium

niobate can be defined by,

V. — Ad (5.11)

(ngng’ — Tlgng)L ’

where A is the operating wavelength, L is the optical path length and d is the
electrode spacing. It is worth mentioning that the extraordinary and ordinary

indices of refraction n., n, are also temperature dependent and therefore
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exhibit a static birefringence which can lead to polarisation discrepancies with
no external field present. This effect is minimised in amplitude modulators by
configuring the two crystals in orthogonal orientations to each other in order
to reduce the temperature dependent static birefringence. Clearly, the V

will also be larger for higher wavelengths compared with visible wavelengths.
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Figure 5.11: The phase change A® is extracted as a function of the external
potential across the EOM up to the quarter-wave voltage V4 (red, dashed)
for various integration times. A linear fit to the 1800 s integrated data (red)
is included to guide the eye.
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For our experimental specifications, the V, was around 539 V and there-
fore a Thorlabs high voltage amplifier (HVA200) was employed to amplify
the function generated signal to up to a maximum output voltage of 200 V.
This amplification allowed us to provide an applied bias voltage of up to the
quarter-wave voltage Vz. Once the EOM was configured, the SPDC field was
collimated by another AR-coated lens before passing through a quarter-wave
plate (Newport, 10RP04-40) followed by an achromatic half wave-plate (B.
Halle, RAC 6.2.10) used to control the polarisation orientation. In a stan-
dard polarimetric detection scheme, the light enters a polarising beam split-
ter (PBS) with high extinction ratio before passing 12 nm bandpass filters
and coupling into twin single-photon avalanche detectors (SPAD). The Hy-
draharp time-tagging electronics allow for free-running multi-channel photon
detection and the counts detected were optimised on the SPDC field gener-
ated. The balanced detection scheme detailed before was incorporated to
extract phase information corresponding to the external applied field. Fig-
ure 5.11 shows the linear relationship for the phase shift as a function of the
applied bias voltage for various integration times. Numerical work on the
Poissonian noise sampled from the two detectors used was performed. This
allowed us to take advanced of the Skellam distribution to better under-
stand the effects of the difference measurement from each Poissonian noise
distribution for each detector. In the ideal case, the phase shift induced by
the EOM will result in an unbalance of the signal on one photon counter

with respect to the other, such that AN = ((N;) + (N2))AP where (Ny)
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and (N,) are the average counts on each of the two detectors. In a shot-
noise limited measurement, the minimum detectable phase shift will then be
o(A®) ~ ({Ny) + (N,))"2 as found in relevant literature [133]. Figure 5.12
shows the expected variance of the detection method using an EOM with

300 kHz counts indicating the measurement was shot-noise limited.

Q,

+ Measured Variance
+ — Expected Variance

w
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Variance of Mean A® (rad/m)

0 500 1000 1500 2000
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Figure 5.12: Measured variance of the A® detection method against mea-
surement time using an EOM with a squeezed vacuum probe. The fit (red)
details the expected variance discussed in text showing shot-noise limited
detection.
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5.6 THz detection with single-photon
detectors

Having experimentally confirmed the shot-noise limited sensitivity of the de-
tection system with the EOM calibration, the experimental setup was mod-
ified for the detection of single-cycle THz fields. From the previously esti-
mated THz peak field (~ 130 V/cm) measured with the classical THz-TDS
setup, the expected maximum phase shift introduced was A® ~ 2.4 x 10~*7.

Figure 5.13 shows a complete sketch of the experimental setup.

Delay Focusmg GaAs
lens crystal
| BS

ﬁ 7 Twin SPAD BP filter
. | ¢ 0

Pulsed laser Filter——

PPLN
N/ crystal

Parabolic mirror

Fibre
coupler

Figure 5.13: Experimental scheme for measuring THz fields using a squeezed
vacuum probe. The THz field generated from a photo-excited PCA was over-
lapped with the squeezed vacuum pulse into a GaAs electro-optical crystal.
The phase shift introduced by the THz pulse on the squeezed vacuum probe
is measured by a balanced detection using single-photon detectors.

126



Taylor Shields PhD Thesis

The EOM was substituted with the AR-GaAs detection crystal excited
with the THz radiation previously characterised. In order to ensure the max-
imum THz field amplitude, the experiment was once again housed in a sealed
enclosure purged with Nitrogen gas. A THz-induced shift was estimated to
become visible at the correct delay after 10 minutes of acquisition determined
using the estimated maximum phase shift and a 800 kHz photon rate. As
before the squeezed vacuum probe was filtered in 12 nm bandwidth centred
at 1560 nm. The delay around the peak of the THz field was scanned for
10 minutes integration time for each point but it was insufficient to obtain a

signal above the noise.

+ Measured Variance
— Expected Variance

# Measured Data
151 — Standard EOS

A® (rad/T)

—_
o,

Variance of Mean A® (rad/m) %

06 04 -02 0 02 04 06 0 1000 2000 3000 4000 5000 6000 7000
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Figure 5.14: Terahertz detection using single photons. (A) Measured phase
shift (A®) induced by THz field (blue squares) overlapped with the phase
shift from standard electro-optic sampling (red line). The integration time
for each data point was 105 mins. (B) Measured variance of the detection
method indicating the final measurement is shot-noise limited so THz field
is not adding noise.
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The challenge associated with this measurement was ensuring all of the
contributing variables were correct and many scans of the region of interest
were performed without obtaining a signal. Optimisation of the spatial and
temporal overlap between interacting fields was more rigorously performed
and longer integration times used in order to obtain a signal. Figure 5.14
(A) shows the measured phase shift induced by the THz radiation on the in-
frared squeezed vacuum probe pulse as a function of their relative delay (blue
squares). A signal-to-noise of 5 was obtained with an acquisition time of 105
minutes for each data point. This was compared against the normalised THz
trace measured with the classical THz-TDS obtained via electro-optic sam-
pling (red curve). The peak measured phase shift of A® ~ 1.35 x 107*7 is
smaller than the value expected from the classical probe ( A® ~ 2.4 x 10~%7)
but is a small difference when considering the experimental challenges with
spatial overlap/ coupling. There are temporal differences in the pulse dura-
tion of the field trace measured with the squeezed vacuum and the coherent
probe. The shot-noise limited nature of the measurement can be shown in
Figure 5.14 (B) where the phase noise at the THz temporal coordinate is
measured (blue crosses) and plotted against the expected values for the ex-
perimental conditions (red curve). This measurement demonstrated that it
is possible to obtain phase information with THz-TDS using a probe pulse at
the single-photon level. This form of ultrafast phase modulation on squeezed
vacuum radiation within a picosecond window has not been demonstrated be-

fore to the author’s knowledge. This is a step in the direction of using more
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exotic quantum states to potentially enhance the detection of THz radiation.
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5.7 NOON state for quantum-enhanced THz
detection

Having performed the time-resolved detection of THz single-cycle pulses us-
ing single-photon detection and overcome the challenges which lay there, the
next step moving in the direction of quantum-enhanced THz detection was
to generate a suitable quantum state. Many quantum metrology schemes
feature a type of path-entangled state called the NOON state. Consider the
general form of the NOON state with a superposition of N photons being in

mode a and not in mode b and vice versa:

1

INOON) = =

(INa, 0p) + [0q, No)). (5.12)

This particular state has been applied to numerous measurement applications
in interferometry and beyond [155-157]. These states give rise to one the key
concepts of quantum metrology called phase super-resolution where upon
evolution the state acquires a phase N® rather than just ®. Hence they
produce interference fringes which oscillate with frequency cos N® which is
N times faster than a classical interference pattern over a cycle of 27 [158].
Phase super-resolution has been demonstrated many times since the N=2
case in a Mach-Zehnder interferometer [159] and for increasing N. However,

in order to obtain a quantum advantage, the visibility of the interference
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fringes V and detection efficiency 1 must satisfy the threshold
nNV? > 1. (5.13)

This is required in order to acheive phase super-sensitivity which is the re-
duction in phase uncertainty A® compared with a classical counterpart. The
limit on phase sensitivity with no quantum correlations is the shot-noise limit
(SNL) which is defined by Ad®gy = \/LN NOON states have the capability
to not only violate the SNL but to approach the fundamental limit of phase

uncertainty, the Heisenberg limit (HL),

1

which is a significant improvement in comparison to the SNL. Recent exper-
imental demonstrations have shown unconditional violation of the shot-noise
limit using N=2 NOON states with high detection efficiency and visibil-
ity [160]. To expand on the previous THz work, a N=2 NOON state similar
to the referenced measurement above was generated and characterised with

a Sagnac double-pass scheme.
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5.7.1 NOON state using Sagnac interferometer

To drive this non-linear process, the same tunable Coherent Discovery laser
with average power of up to 1.8 W at 780 nm was used. From the source,
the pump pulse propagated with a full width half maximum (FWHM) beam
width of 0.9 mm which was expanded to 2.2 mm using an optical telescope
in order to satisfy the optimal coupling criterion identified in [64].

Figure 5.15 shows the design of the Sagnac interferometer setup. The design
(found in relevant literature) utilised a dual-wavelength polarising beam-
splitter (DPBS) coated for pump and signal wavelengths to generate counter
propagating pump beams [161] . The balance of the bidirectional inputs was
controlled using a half waveplate prior to incidence of the DPBS entering the
Sagnac interferometer. The embedded PPLN crystal was positioned on a
translational stage in the focal points of two identical off-axis parabolic mir-
rors to focus the bidirectional pump beams and collimate the down-converted
signal beams. The focal length of the focusing parabolic mirrors (f=101.6
mm) and input beam size (2.2 mm FWHM) determine the pump beam prop-
erties in the crystal. A broadband dual-wavelength half-waveplate (DHWP)
was utilised inside the cavity in order to control the polarisation of pump and
signal wavelengths inside the cavity. The crystal required a horizontal pump
polarisation so the working operation of the polarisation-entangled state at

the output of the interferometer can be understood as detailed below.
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Figure 5.15: Experimental setup for NOON state generation using a Sagnac
interferometer. A dichroic mirror (DM) directs the polarised pump field into
bidirectional Sagnac cavity via a dual-wavelength polarising beam splitter
(DPBS). Parabolic mirrors are used to focus the pump field into a Type-0
PPLN crystal to generate horizontally polarised photon pairs in each direc-
tion. Polarisation control using a dual-wavelength half-wave plate (DHWP)
orientated at 45 degrees results in the desired state exiting the cavity. A

beam dump (BD) and the dichroic optic were used to remove the pump
field.

The reflected DPBS output is in the vertical polarisation basis |V') before
passing through a DHWP fixed at 45° to generate a |H) polarised pump
field for the PPLN to generate photon pairs in polarisation invariant basis
|HH) expected from Type-0 down-conversion. In the alternative path, the

transmitted DPBS beam in the form |H) is unchanged and pumps the PPLN
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generating the expected |HH) state before being rotated by the DHWP
after the crystal to the |V'V) basis. When recombining on the DPBS, the
polarisation-entangled state generated is of the form:

1

|@7) = 7

(|HH) +€?|VV)), (5.15)
where ¢ denotes the accumulated phase difference between the two output
amplitudes largely sensitive to the position of the crystal inside the cavity
and the alignment of each optical path [30,31]. The dichroic mirror (DM) is
coated to transmit the down-converted wavelength whilst reflecting the pump
wavelengths effectively acting as a filter for the generated quantum state.
The generated N=2 NOON state (N=2) is significant due to its peculiar
quantum properties enhancing measurement sensitivity by a factor of v/2 in
comparison to classical limits [32]. In a very similar fashion as discussed in
detail in Chapter 3, coincidence detection with 50 nm bandpass filters was
performed using the ID230 SPAD’s used previously. A CAR measurement
for this source was performed by collecting coincidences for varying input
powers (single counts) with an integration time of 600 s. A peak CAR of
464 4+ 109 was measured in the photon-starved regime. This measurement
provides an insight into the best input power incident on the crystal to use
for characterising the state entanglement. A pump power of 5 mW was used
to ensure the purity of the state being measured but with sufficient count

rates above the dark counts.
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5.7.2 NOON state entanglement characterisation

In order to characterise the entanglement of the NOON state generated in
the Sagnac cavity scheme, a projective polarisation detection scheme sim-
ilar to the previous polarisation entanglement measurements performed at
2.1 pm in Chapter 3. The polarisation-entangled state generated was trans-
mitted through an anti-reflection coated dichroic mirror at 1560 nm before
being incident on a non-polarising 50:50 beamsplitter. Each separated beam
was passed through a \/4 plate, A\/2 plate mounted on motorised rotational
stages and a thin-film polariser before being coupled to single-photon detec-
tors. Since for each quantum state there exists four projection measurements
corresponding to operators and we are considering two photon states with

two possible polarisations, a collection of 16 total measurements are required.

20007 2000

S22UepPWIeD
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Figure 5.16: Tomographic reconstruction of the experimentally obtained two-
photon |®*) state in all combinations of the bases |H) |V) |D) |A).

135



Taylor Shields PhD Thesis

As before, the probabilities for each polarisation state are measured by
obtaining coincidence counts from a time-correlated single-photon counting
system (Hydraharp 400). Figure 5.16 shows the tomographic reconstruction
for the generated |®*) state. Motorised stages were used to project onto
measurement basis states in order to violate the CHSH inequality previously
defined. Violation of this condition represents the validity of a non-local
model of reality and constrains the polarisation correlation as a function of
polariser angular displacement. Maximal violation of the CHSH inequality in
the case of the maximally-entangled singlet state |®*) = \%(|H H)+€? |VVY))
using orientation angles orientation angles of 04 = 0°, 0y = 45°, 0 = 22.5°,
03 = 67.5°. For each of the 4 orientations of polariser A are the corresponding
polariser B angles (11.25°, 33.75°, 56.25°, 78.75°). Using these measurement
orientations, the S-parameter obtained was S = 2.39 + 0.02 giving violation
by 20 standard deviations clearly demonstrating entanglement. In order
to unconditionally confirm a violation of the CHSH inequality, the fringe
visibility also must be defined to exceed the threshold of > 71%. For this
source, this value of the S parameter measured corresponds to a visibility of

V =88 £ 0.1%.
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5.8 Discussion and future work

The work demonstrates that time-resolved detection of THz single-cycle
pulses can be performed using single-photon detectors. Using a lock-in style
phase detection method and employing a squeezed vacuum probe, weak THz
single-cycle pulse with peak amplitude of ~ 130 V/cm with a signal-to-noise
ratio of 5 for an acquisition time of 105 minutes was measured. Furthermore,
sub-picosecond single-cycle THz pulses have been used to impart a < 0.5
mrad phase shift on a squeezed vacuum probe. The magnitude of this phase
shift imparted on the probe was limited by the strength of the THz field gen-
erated by the PCA. Throughout this measurement, the PCA was operated
close to its damage threshold to maximise the peak THz field. More am-
bitious measurements could utilise the scheme demonstrated here to impart
full-wave phase shifts using larger THz peak fields to demonstrate ultrafast
encoding of phase information [162]. Experimentally, there are many chal-
lenges to ensure the THz field generated is fully utilised in the electro-optic
interaction. Great effort was taken to maximise the spatial overlap of the
THz field and the probe however due to the long duration of these measure-
ments marginal misalignment is almost unavoidable. The significant absorp-
tion of THz radiation in air was also minimised in these measurements by
isolating and purging the THz enclosure with Nitrogen gas which was main-
tained at ~ 5 % humidity throughout which could be further optimised in

future measurements. Additionally, as we are using a tunable output, this
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allows alternative wavelengths to be used for eventual photon counting as
the SNSPD’s being used optimised QE of 90% at 1400nm.

As previously discussed, while no quantum enhancement in measurement
of the THz fields can be shown at this stage, this work lays the foundations
for investigating utilising the properties of non-classical resources such as
NOON states or single photons. Using the N = 2 NOON state characterised
earlier in this chapter, a two-fold enhancement in phase shift sensitivity could
be obtained with THz EOS in the low photon flux regime. The importance of
maintaining a low photon flux is a prerequisite for all near-field time-resolved
imaging to ensure the probe does not damage or contaminate the sample.
Differently from above, the improvement induced by the non-classical nature
of light in this case is not limited to situations requiring a very weak probe
signal, as indeed twin beams maintain quantum behaviour even at high in-
tensities. Therefore, in situations where the detection noise is determined by
the shot noise of the probe beam, the signal to noise ratio can be increased

by 4 dB below the classical limit [163, 164].
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Appendix A

Coincidence detection

This section gives further insight into the effect of variable input pump powers
on the CAR for the correlated 2 pm source. The histogram shows that the
coincidences are maximal at zero delay between the photon paths and that
accidental coincidences occur at successive delays of 12.5 ns i.e. the inverse of
the laser pulse repetition rate. Estimation of the CAR using different input
pump powers results in coincidence histograms with different characteristics
for constant integration time. When operating in the photon starved regime,
if the pump power P,ump is very low the coincidence counts are limited by
residual dark counts of the detection system and uncorrelated noise photons.
Figure A.1 shows an example of a typical coincidence histogram where very

low pump powers are used (Pyymp < 2mW).
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Figure A.1: Coincidence measurement histogram in the photon starved
regime where very low input pump powers Py, are used.

In the condition when the pump power P,ump is increased, the generation
of multiple photons per pulse increases. The result can be observed by the
increased coincidences recorded in the accidental peaks corresponding to the
pulse repetition rate of the laser. The rise in the accidental counts as a
result of the increased pump power, reduces the CAR by the factor inversely

proportional to the P,ump as discussed in text. At high pump powers, the
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uncorrelated noise and dark counts can be neglected in comparison with the
generated SPDC photons. Figure A.2 shows this effect on a coincidence

histogram where Pyymp > 40 mW).
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Figure A.2: Coincidence measurement histogram where higher input pump
powers Pyump are used.
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Appendix B

Characterisation of Type-2

Crystal

Due to the reduced efficiency of the Type-2 crystal compared with the Type-0
configuration, this characterisation was performed directly with single pho-
ton counting using a 50 nm filter with the SNSPD’s used throughout. A
reflective coupler collected the SPDC field into a SM2000 fibre directed into
the same SNPSD system used throughout this work. Figure B.1 shows the
characterisation of the 7 crystal poling periods using the generated singles
measured with single-photon detection. For a fixed pump power, the number
of single photon counts recorded using a 50 nm bandpass filter was recorded
for various crystal temperatures. As with the Type-0 characterisation, tem-
perature testing started at 30 degrees which was sufficiently above room

temperature. The generation was optimised for Type-2 phase matching at a
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poling period of 13.4 um at a temperature of 110 degrees. These conditions

were maintained throughout these measurements.
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Figure B.1: Characterisation of the Type-2 PPLN crystal for possible poling

periods over numerous temperatures using single counts from SNSPD’s for
detection.
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Appendix C

Numerical Investigation on
dynamic range of balanced

detection

In order to better understand the experimental conditions required for the
THz balanced detection with single photons, a numerical investigation was
performed into how the dynamic range (DR) scales for certain photon number
and integration configurations. We simulated numerically the problem of
generating two Poissonian random numbers with varying average number of
photon per pulse (not total measurement time) and compared the dynamic

range. We expect the dynamic range of the balanced detection to scale as
DR =0V2Nt, (C.1)
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Figure C.1: Numerical problem of generating two Poissonian random num-
bers with varying average number of photons per pulse. Numerical results
match the expected.

where § = % is the relative effect on the THz pulse on the balanced detection
and Nt is the total number of photons in the measurement. Figure C.1 shows
the numerical modelling of varying the number of photons per pulse and the
effect on the DR. As show in the figure, there is no evidence of a dependence
of the DR on such a parameter i.e. average number of photons per antenna

period.
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Figure C.2: Dependence of the dynamic range on the measurement time at
fixed average number of photons per pulse.

Figure C.2 shows the dependence of the DR on the measurement time at

fixed average number of photons per pulse (V). With fixed average of number

of photons per pulse, we confirm the expected trend in equation (C.1). With

DR increasing linearly with THz field and v/N, the conditions on improving

the DR of the measurement were better understood. The measurement can

be enhanced by increasing the THz amplitude by increasing power incident

on the antenna or by using a pulse picker by decreasing average power.
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