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Abstract

The field of quantum imaging exploits the quantum properties of light to surpass fundamental
classical limits and to develop novel imaging modalities. For example, the use of nonclassical
states of light can offer enhanced resolution, increased sensitivity, and improved noise perfor-
mance compared to classical techniques. In recent years, significant advances in non-classical
sources - particularly sources of photon pairs - and camera technologies have enabled many new
quantum imaging schemes, primarily in the form of proof of concept experiments, but increas-

ingly approaching real-world applications.

In parallel, light structuring techniques have strongly developed in the realm of classical imaging.
Revolutionary tools, such as spatial light modulators (SLMs), allow the manipulation of the phase
and amplitude of coherent light beams with extremely high precision. Shaping light with such
digital holograms can, for example, enable imaging through scattering media or transforming
light from one transverse spatial mode to another. Over the past few years, such tools have had
a significant impact on various fields of optics, including metrology, imaging, microscopy, and

communications.

This thesis investigates how the concepts of classical light shaping can be adapted and ap-
plied to improve techniques of quantum imaging with photon pairs. A theoretical framework
describing such shaping is developed, and the key differences between classical and photon-pair
shaping are highlighted. These concepts are then applied to the practical problem of imaging
through aberrations. A novel adaptive optics method to correct for aberrations in an imaging
system is demonstrated, with potential applications in classical and quantum microscopy. Be-
yond imaging, some applications of two-photon shaping for quantum communications are also

explored.
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Chapter 1

Introduction

1.1 Introduction to Quantum Imaging

Quantum imaging is the field that exploits the quantum properties of light to improve imaging
techniques. The aim of this section is to introduce this topic and review the state of the art to

motivate and give context to the work presented in this thesis.

1.1.1 A Brief History of Quantum Mechanics

Quantum imaging is a branch of quantum optics with pioneering experiments conducted in the
1960s-1970s. In this subsection I give some context and background for this development by
summarising some of the key developments in quantum mechanics and optics from the 20th

century.

At the end of the 19th century it appeared that the existing theories of physics fully described our
universe and that there was little more to be discovered. Lord Kelvin, an eminent physicist from
the University of Glasgow, is said to have concluded in 1897 that “There is nothing new to be
discovered in physics now. All that remains is more and more precise measurement.” However,
some problems were apparent, notably in the theory describing thermal radiation emitted by
objects with non-zero temperatures. The theory, called the Rayleigh-Jeans law, predicted that
the amount of emitted radiation was inversely proportional to its wavelength, suggesting the
amount of radiation emitted by any object tended to infinity at short wavelengths. In 1900,
Max Planck presented a mathematical remedy by suggesting that black bodies could only emit
radiation in a discrete spectrum as hypothetical packets or ‘quanta’ of energy. Then, in 1905,
Albert Einstein postulated that these quanta were not just a mathematical trick but real particles
that we now know as photons. He demonstrated the existence of photons, i.e. the need for a

quantised electromagnetic field in the description of light-matter interactions, in his work on the
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photoelectric effect [5] for which he won the Nobel Prize in Physics in 1921.

The photon is an indivisible particle of light whose energy E is directly proportional to its fre-
quency v as
E = hv, (1.1)

where h, called Planck’s constant, comes from the minimum quanta of energy of an emitter,
given by Max Planck. This posed another problem however as experiments up to this point
seemed to show that the wave description of light given by Maxwell’s equations was also correct.
Is light then made of particles or waves? It wasn’t until 1923 that Louis de Broglie suggested
that particles could exhibit wave-like properties, and vice-versa [[6]. This idea of wave-particle

duality gave birth to the field of quantum mechanics.

One of the key concepts of quantum mechanics is that of the wavefunction. This says that, until a
particle is detected, its state is not determined. We can only say that it has a certain probability of
being measured in a certain state. Mathematically, this is given by a probability amplitude that is
described by the particle’s wavefunction, usually denoted Y. For example, the probability P of
detecting a particle at a position x is given by the square-magnitude of its probability amplitude
at that position, W(x):

P(x) = (). (1.2)

These amplitudes can be complex-valued functions, and the wavefunction for a given system
is the solution to the Schrodinger wave equation. Another key concept of quantum mechanics
is the Heisenberg uncertainty principle. This says that, for two conjugate observables such as
position and momentum, the precision with which they can be known simultaneously is limited.

Specifically, the product of the uncertainties in position, Ax, and momentum, Ap, is limited by
h
AxAp > 5 (1.3)

where 7 = h/2x is the reduced Planck’s constant.

By the 1930s the concept of measurements of quantum states had matured. A physical system can
be represented by a complex Hilbert space H, and the wavefunction of a state within this system
is represented by an element, or vector, in this space. Measurements of observable quantities are
then represented by unitary operator that act on these state vectors. The action of performing a
measurement is written A |y ). If A is a discrete observable, the possible measurement outcomes
are given by its eigenvalues a;, with the probability of a specific outcome given by the inner

product of the corresponding eigenvector with the state:

P =|c]|*, where c, = (a|y). (1.4)

A unitary operator is defined as an operator that is equal to it’s Hermitian conjugate i.e. complex conjugate
transpose. A is unitary if AT = (A*)T = A
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The notation (| = (| £)*)T. As it turns out, the state |y ) can be written as a linear combination

of these eigenstates:
)= cla;). (15)
i
The measurement of observable A ‘collapses’ the state onto one of the eigenstates la;). Following
this, any further measurement of A will not yield a different outcome, since by definition A la;) =
a; |a;). This can also be extended to continuous observables. A full description can be found in

most quantum mechanics textbooks, for example in Refs. [/, [3].

Up to this point we have only considered states of single particles. What happens if we have a
two-particle state? Since we’re interested in quantum optics, [ use photons as example particles.
Say we’re interested in a two-photon state |y ) where the individual photons have states |¢,) and
|¢,). A possible two-photon state could be written as

|‘P> = |¢1> &® |¢2> = |¢1’¢2>12’ (1.6)

where @ denotes a tensor product and the subscript indicates which photon is in which stateE] .
The state |'¥) is a vector in a joint Hilbert space H, ® H,, where #,, H, are the Hilbert spaces of
the individual photons. States that can be written in such a way are called separable states, since
they can be separated into a product of two single-photon states. However, not all two-photon
states can be written as product states. The state may also be non-separable and an interesting
effect arises from this non-separability. Imagine preparing two photons in the following joint
state:

v) = \iﬁ(m,m +1V, H)) (17

where | H) and |V') are the horizontal and vertical polarisation states, respectively. Now, if one
photon is measured to have horizontal polarisation, the polarisation of the other must be vertical.
The vertical and horizontal component of each photon are therefore (anti-) correlated. But these
correlations are stronger than classical correlations, as they hold regardless of the measurement
basis used. For example, measuring the polarisation of one photon of |y ) in the diagonal-anti-
diagonal basis (| D), |A)) and finding it to be have polarisation | D) means that the other photon
must also have polarisation | D). This is true for all measurement bases on the polarisation degree

of freedom. In mathematical terms, one can express the state using the diagonal-anti-diagonal

2This subscript is often implicit, and in fact is only needed if the particles are assumed to be distinguishable. In
the second quantisation formalism this is not the case, but this is not within the scope of this summary.
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Figure 1.1: Alain Aspect (left) in his lab in 1981. © Collections, Ecole Polytechnique. Image
taken from the Nobel Prize website (Ref. [10]).

and circular left-right bases (| L), | R)) as:

1
ly) = — (|D, D) — |A, A) (1.8)
W \6( )

=L

V2

Before the measurement on the first photon, the second photon was genuinely in a superposition

(IR,R)—|L,L)) (1.9)

of |H) and |V'), so measuring one photon can affect the state of the other. Even if the photons
are separated to opposite ends of the universe, the action of measuring one will instantaneously
affect the other. This is called entanglement and it represents one of the most astonishing fea-
tures of quantum mechanics and plays a significant role in quantum-based applications, including

quantum imaging.

In 1935, Einstein, Podolsky and Rosen laid out the famous EPR paradox based on this phe-
nomenon of entanglement [9]. Einstein famously did not like the non-deterministic nature of
quantum mechanics, saying “God does not play dice with the universe”. The EPR paradox ques-
tioned the implications of quantum mechanics, suggesting that it gave an incomplete description
of reality and that there are so-called hidden variables that govern the behaviour of quantum

states.

Almost 30 years later in 1964, John Bell published a solution to this paradox, known as Bell’s
Theorem [11]. He derived a mathematical inequality that must be satisfied if a hidden-variable
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description of the universe is to be correct. Multiple experiments trying to violate Bell’s in-
equality were performed in the 1980s and 1990s, with the first violation by Alain Aspect and
coworkers in 1982 [12], for which he (jointly) received the 2022 Nobel Prize.

1.1.2 Quantum Imaging: The Early Years

Bell’s work paved the way for investigations into the possible benefits of using entangled parti-
cles, leading to the development of many modern fields of quantum optics like quantum commu-
nications and quantum imaging. In this section, I elaborate on the pioneering experiments and
developments in the field of quantum imaging, specifically those conducted between the 1980s
and 2010s. Then the next section (Subsection[I.1.3) will focus on the most recent works that are
directly relevant to my PhD work.

There are two elements needed for a quantum imaging experiment: a source of non-classical
light, and highly sensitive light detectors that are typically capable of detecting photons one by
one. While detectors in the form of photo-multiplier tubes (PMTs) were available from the 1930s,
sources weren’t developed until the 1960s.

Emergence of the First Non-classical Sources

The first source of entangled photons was demonstrated in 1967 using atomic cascades to gener-
ate polarisation-entangled states [13]]. Especially interesting for this thesis is the first observation
of photon pairs generated with spontaneous parametric down conversion (SPDC) in 1970 [14].
SPDC is a nonlinear process that converts one pump photon into two lower energy photons which,
by convention, are called the signal and idler photons. I go in to much more detail about SPDC
in Section SPDC has become ubiquitous in quantum optics, and all of the experiments
described in this thesis use it as a photon pair source.

In the *80s, SPDC and other non-linear processes such as four-wave mixing were also used to
generate another type of non-classical light called squeezed light [15]. In squeezed states of
light, the photons are not described by the Poisson statistics that govern laser light, and instead
follow so-called sub-Poissonian statistics. The wavefunction of an optical state can be described
in terms of quadratures of the electromagnetic field: X represents the amplitude quadrature of
the field in a specific mode and Y represents the phase quadrature. The quadrature variances

obey Heisenberg’s uncertainty relation:

APXA%Y > L, (1.10)

16
with A? representing the variance. For a coherent state i.e. laser light, we have symmetric
variance, i.e. A2X = A?Y =1 /4. However, if we are not interested in the phase, for example, we

can decrease the amplitude variance A2X at the cost of increasing A?Y . This is called squeezing,
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Figure 1.2: Examples of measurements with non-classical light. a,b, Example of sub-shot
noise sensitivity in an interferometric phase measurement. A relative phase in one arm of the
interferometer is induced with a phase modulator gated with an on-off signal at 50 Hz. ® is the
level of fluctuations of the difference photocurrent between two photo-detectors at each output
port of the interferometer. a, Time trace with vacuum-state input in the interferometer. b, Time
trace with a squeezed state input in the interferometer, with an improvement of 3 dB in signal-to-
noise ratio. The dashed line gives the vacuum signal with no phase modulation and no squeezed
light input. a and b reprinted with permission from Ref. [17]]. Copyright 1987 by the American
Physical Society. ¢, Noise plots for various types of squeezed states. The points of minimum
noise (i.e. variance) depend on the quadrature that is squeezed. ¢ reprinted with permission from
Ref. [18]. Copyright 1997 by Springer Nature.

and it can be used to reduce the shot noise in a given quadrature. For example, optical parametric
oscillation (OPO), where the parametric down-conversion process takes place inside a cavity, is

an efficient experimental way to generate squeezed states of amplitude or phase [[16].

Sub-shot-noise Imaging with Squeezed Light

The interest in squeezed states for imaging comes from their associated sub-Poissonian statistics.
Indeed, when performing a measurement - even with an idealised and noiseless photo-detector
- the random fluctuations due to the successive detection of photons will still introduce noise.
The variance in the number of photons detected over a certain amount of time is called the shot
noise, and is a fundamental limitation of classical light. For a measurement over a given time

interval, the amplitude of the shot noise is proportional to the average number of photons detected
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Figure 1.3: Diagram of ghost imaging experiment from Ref. [23]. Photon pairs are generated
via Type II SPDC in a BBO crystal. Signal and idler are then separated by a polarising beam
splitter. Signal photon is collected by a lens and detected by D, erasing all spatial information.
Idler photon is collected by an X-Y scanning fibre and detected by D,. An object in the signal
arm can be reconstructed by measuring coincidences between D, and D, even though photons
measured at D, contain no spatial information about the object. Reprinted with permission from
Ref. [23]. Copyright 1995 by the American Physical Society.

in that interval. Using squeezed light, it is possible to operate below this fundamental limit,
which is very interesting for optical sensing and by extension optical imaging. Experiments
using squeezed states demonstrated not just noise reduction but also improvements in spatial
resolution [17,/19]. Following this, it was realised that this noise reduction can also be achieved
with any state that has sub-Poissonian statistics, leading to similar demonstrations with single
photon states [20, [21]]. Examples of such experiments are shown in Figure [I.2] In fact, photon
number and phase are conjugate observables [22], so single photon states are a specific type of
squeezed state for which the uncertainty in photon number has been completely minimised at the

expense of the phase uncertainty.

Correlation-based Quantum Imaging with Entangled Photons

The first quantum imaging experiment based on photon pairs was the demonstration of ghost
imaging in 1995 [23]]. In this experiment, shown in Figure a source of position-momentum
entangled photon pairs is used to illuminate an object. The object is placed in the path of one of
the photons, which is measured by a single-pixel bucket detector, i.e. a detector with no spatial
resolution. The other photon does not interact with the object, and is measured by a single-pixel
scanning detector that can resolve spatial information. Due to the entanglement, the photons in
each pair are correlated in position and momentum. If photon coincidences are measured, the

spatial structure of the object can be retrieved. This is the first example of coincidence-based
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quantum imaging exploiting the spatial correlations of photon pairs. Ghost imaging was actually

replicated, with lower contrast, by exploiting classical correlations in the early 2000s [24-26].

Improved spatial resolution is another benefit enabled by entangled photons. In the context of
lithography, Boto et. al. showed theoretically that states of N photons, called Fock states, behave
as if they were one photon with a wavelength N times smaller than that of the actual photons [27]].
This means that the diffraction spot of an N-photon state is N times smaller than the diffraction
spot of classical light with the same wavelength, which was experimentally demonstrated by
d’Angelo et. al. in 2001 [28]. This effect was (relatively) recently used to achieve super-resolved

imaging with photon pairs [29].

In fact, photon pair states can also be used to achieve sub shot-noise imaging. Animaging scheme
based on photon pairs was proposed by Brambilla et. al. [30]. Considered individually, each pho-
ton of a pair will still exhibit shot noise. However, since the photons are correlated temporally
and spatially, a differential measurement can be made to reduce the noise in an intensity mea-
surement. Following this work, an experiment demonstrating sub-shot noise imaging was done
in 2010 by Brida et. al. [31].

Imaging with Undetected Photons

Finally, imaging with undetected photons is another application of photon pair states. Normally,
photons from different pairs are incoherent and do not interfere with each other. However, it
is possible to make these previously incoherent photons act coherently in a phenomenon called

induced coherence without induced emission.

In the original theoretical work of 1991 [33]], the authors consider generating two sets of pairs by
pumping two different SPDC crystals with the same coherent beam. If the idler photon from the
first crystal is perfectly overlapped with the idler from the second, then the signal photons from
each crystal, which were previously incoherent, become coherent and start to display interference
fringes. If some of the idler photons from the first crystal are blocked before they reach the second
crystal, the visibility of these fringes is reduced. Only the signal photons need to be detected to
see this decrease in visibility, the idlers can be discarded. This means that, with spatially multi-
mode pairs, an object can be illuminated by idler photons and its intensity - and, in fact, phase -
can be retrieved by only detecting signal photons that never interacted with it. This is imaging
with undetected photons, and was first demonstrated by the group of Anton Zeilinger, another
2022 Nobel Laureate, in the work of Lemos et. al. [32]]. A diagram of an imaging with undetected
photons experiment is shown in Figure[I.4] Notably, this method does not require any correlation
measurements, as all of the information becomes encoded in the intensity of the signal photons.
The application potential of this type of imaging scheme becomes apparent when using pairs of

photons that are not degenerate in frequency. In this case it is possible to illuminate an object
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Figure 1.4: Diagram of imaging with undetected photons experiment from [32]. The pump
laser (green) is split into two beams, a and b, coherently pumping nonlinear crystals N L1 and
N L2. Beam a pumps crystal N L1 generating pairs of signal (yellow) and idler (red) photons at
different wavelengths. The same occurs at crystal N L2. The idler photon from N L1 is aligned
with the idler photon from N L2 with dichroic mirror D2 so that the final idler after N L2 con-
tains no information about which crystal produced the photon pair. The idler photons are then
discarded. This results in interference between the two signal photon beams (¢ and e) when they
are combined at beam splitter BSS2. An object is placed in path d between the crystals can intro-
duce some distinguishability between the two idler photons, resulting in a measurable difference
in the interference between the signal photons. Reprinted with permission from Ref. [32]]. Copy-
right 2014 by Nature Springer
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Figure 1.5: Examples of quantum-enhanced imaging. a, Raman-microscope image of a yeast
cell. Measurement noise reduced by 1.3 dB below shot noise by using an amplitude-squeezed
state for illumination, representing a 35% increase in SNR. b-e, Confocal scan of quantum dot
emitters. b, Classical image scanning microscopy (ISM) image. ¢, Fourier-re-weighted classi-
cal ISM image. Colour bars of b,c represent detected photon counts. d, Super-resolved Quan-
tum image scanning microscopy image (Q-ISM). Image retrieved by measuring the photon anti-
bunching signal between two detectors. d, Fourier-re-weighted Q-ISM image. Colour bars of d,e
represent number of missing detected photon pairs. a reproduced from Ref. [34] b-e reproduced
from Ref. [35]]

o

at a certain wavelength - for example, in the Near Infrared (NIR), which is quite challenging to
detect with a camera - but to form the image at the wavelength of the other photon, typically in

the visible spectrum where detection is more convenient.

1.1.3 State of of the Art

We now arrive at the present day, where the field of quantum imaging is continuing to develop
and mature. In this subsection I will outline the current state of the art of the field, covering the

most relevant works, and with a particular focus on correlation-based imaging with photon pairs.

Squeezed Light Imaging

As mentioned above, squeezed states of light are interesting because their statistics can be manip-
ulated to improve the signal-to-noise ratio (SNR) of measurements. Nowadays, squeezed states
are typically generated via non-linear processes such as OPO [36-38] and four-wave mixing [15}
39, 40|, with squeezing up to 15 dB having been achieved via OPO [41]]. Note that the increase
in SNR is relative to a classical source at the same brightness i.e. increasing brightness of a
classical source will always also increase the SNR. Squeezed states are interesting, then, when

it is not possible to increase the brightness due to source or sample limitations.
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Although it is not exactly an imaging experiment, it is worth mentioning perhaps the most famous
example of enhanced measurements using squeezed states in the detection of gravitation waves
at LIGO, where squeezing was used to improve sensitivity by several orders of magnitude [37,
38, 42-44]]. In addition, squeezed light has been employed in cases involving photosensitive
samples, such as biological imaging [45], for example in particle tracking in optical tweezers
experiments [46, 47]. Raman microscopy, which operates at the samples’ damage threshold, is
another important technique in biological imaging [48} 49] that has also benefited from squeezed
light to reduce noise [34]]. Figure[I.5p shows a Raman-microscopy image whose SNR has been

enhanced by using an amplitude-squeezed state for illumination from Ref. [34].

Imaging with Single-photon Emitters

Fluorescence microscopy is another technique in biological imaging that has become ubiquitous
in the field. It is used to improve contrast and resolution, as well as give information about the
physical and chemical properties of a sample [S0]. Fluorescent dyes are based on molecules
which, after being excited to a high-energy electronic state, de-excite to their ground state by
emitting light. While they may not initially be thought of as ‘quantum’, fluorescent emitters are
also a source of non-classical light. Due to the nature of the excitation and emission process, the
vast majority of these emitters emits only one photon at a time, with a delay between each photon
so that photons are never emitted together. If the light from such a source is sent through a beam
splitter, there will be a dip in the intensity correlations detected between the two output ports
when compared to the same intensity correlations of a coherent emitterﬂ This dip is called anti-
bunching, and is a signature of the non-classical statistics of the emitters [52]]. As such, single-
photon emitters have been used in super-resolution and localisation methods involving direct
anti-bunching measurements [20, 35, 53|, and indirect photon-statistics-based approaches [54].
Figures [[.5pb-e show a comparison between classical and anti-bunching-enhanced images from
Ref. [35]].

Photon-pair-based Correlation Imaging

Photon pairs are particularly interesting because their quantum correlations offer a much richer
source of information than simple intensity measurements. The often-cited examples for this
are the aforementioned works demonstrating sub-diffraction-limited optical resolution [27]], and

sub-shot-noise imaging [31]], an example of which can be seen in Figure [I.6p.

Originally, photon correlations were measured by raster-scanning two single-pixel detectors and
counting the coincidences between them. Now, multi-pixel cameras (see Section [2.2)) are used

to measure correlations. Electron-multiplying charge-coupled device (EMCCD) and, more re-

3This is called a Hanbury-Brown-Twiss experiment after the work of Hanbury-Brown and Twiss in measuring
the intensity correlations in the light emitted by separate stars [S1].
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cently, single-photon avalanche diode (SPAD) array cameras form the basis of most modern
quantum imaging detection schemes. These types of detectors are now regularly used for corre-
lation measurements, and have been used to achieve super-resolution with photon pairs 55, 56].

An example of enhanced resolution imaging with photon pairs is shown in Figure[I.6b.

Photon pairs can also offer improved sensitivity for phase measurements if they are prepared as
a NOON state. A NOON state is an N -photon state |¢b) that has the form

|¢) =|N,0)+[0,N), (1.11)

where | N, 0) represents the state in which N photons are in one mode of a two-mode system, and
|0, N') is the state in which N photons are in the other mode. These NOON states can be used to
increase sensitivity in phase measurements, yielding a fundamental sensitivity increase of \/ﬁ
compared to classical light [57]. Photon pairs can be prepared in the form of Equation [I.11]
with N = 2. A number of works using photon pair states to perform phase measurements have

demonstrated this improved sensitivity in recent years [/1, 58-60]].

Staying with the topic of phase imaging, works exploiting the Hong-Ou-Mandel (HOM) effect
have also been demonstrated recently [61, 62]. The HOM effect is a quantum interference ef-
fect arising from the indistinguishable nature of quantum particles that was first demonstrated
by Hong, Ou, and Mandel in 1987 [63]. If two identical bosons, e.g. photons, arrive at different
input ports of a beamsplitter, their wavefunctions interfere so that they will always exit together
from the same port in a phenomenon called bunching. Photon coincidences between the two
output ports will drop to zero when the input photons are completely indistinguishable. Intro-
ducing some distinguishability, in the form of a group delay between the photons for example,
will increase the coincidences. This change can be used to measure the relative group delay be-
tween the different photons. A phase-only object introduces such a delay which can therefore be

measured using HOM interference, with up to sub-nanometre precision.

Photon pairs can allow for techniques that can surpass classical limits, but they can also enable
novel methods that don’t have a direct classical equivalent. A good example of this is the de-
velopment of photon-pair-based holography schemes [64, 65]]. Holography is the name given to
techniques aiming to capture full-field information, i.e. amplitude and phase, of a light field. In
classical holography a beam of light passes through a sample and is then made to interfere with
a reference beam with a known phase, ¢,,, [66]. The sample introduces an unknown relative
phase shift ¢

dependent on ¢,,; and ¢,,,. By taking multiple intensity measurements with different, known

on; DEtween the two beams. The measured intensity of the interfered beams is then

values of @, ,, ¢,,; can be recovered through a technique called phase-shifting holography [67].

obj
Entanglement-enabled holography [65] uses a similar principle, but now the object phase ¢,,; is
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Figure 1.6: Examples of photon-pairs-based quantum imaging schemes. a, Sub-shot-noise
imaging via photon pair correlations, reproduced from Ref [68]]. b, Quantum-enhanced resolu-
tion via photon-pair imaging, reproduced from Ref. [55]]. ¢, Entanglement-enabled holography.
A phase image is encoded by Alice in the entanglement between two photons. The phase is then
retrieved by Bob by measuring photon pair correlations reproduced from Ref. [65]. d, Non-
degenerate ghost imaging, reproduced from [69]. e, Quantum illumination. The image of an
object (sleeping cat) illuminated with photon pairs is separated from a classical background (up-

right cat), reproduced from Ref. [70].
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encoded as a phase in a quantum state, as

)= D0 (V) IV + e ® [H), | H) ), (1.12)
k

where k, —k are the wavevectors of the photons in a given pair. When the pairs pass through
the object, its phase is encoded as a coherent phase in the superposition of | H) and |V') states.
Following this, the state is projected onto a diagonal polarisation which makes the photon pair
coincidence rate proportional to the phase difference. This allows the phase to be reconstructed
via a phase-shifting holographic technique. Interestingly, after the state is generated, the two
beams never need to interact locally. Due to the hyper-entanglement - that is entanglement in
multiple degrees of freedom - the object can be placed in one arm and the phase shifting appa-
ratus in the other. Figure [I.6c shows an illustration of entanglement-enabled holography from
Ref. [65]]. In the configuration demonstrated in Ref. [65]], the object must be birefringent so that
only one polarisation acquires the phase, but this is not a fundamental limitation. Additionally,
since the phase is encoded in the entanglement itself, this technique offers stronger robustness to

noise, higher spatial resolution, and has applications in quantum state characterisation.

Entanglement-enabled holography is not the only case in which photon pairs offer more robust-
ness to noise. Quantum illumination allows for a signal of correlated photon pairs to be ex-
tracted from a large background [71]. Photon pairs are strongly correlated in position and in
time, whereas sources of background noise are not. Measuring photon correlations allows only
photon pairs to be accepted as a signal, and all other photons to be rejected. This was first demon-
strated with a simple proof-of-principle experiment by Lopaeva et. al. [72]], and was later used to
‘distil’ images carried by photon pairs from a large background [[70, 73]. It has since been used
in quantum-enhanced target detection [74], light detection and ranging (LiDAR) [[75} [76] and

hidden communications [77] applications. An example of quantum image distillation is shown
in Figure [1.6d.

Photon pairs have also enabled a range of other techniques, such as hyperspectral imaging, where
the strong spatio-temporal correlations of the pairs are used to acquire images over very broad
wavelength ranges without sacrificing spatial resolution [78]. Reconfigurable phase-contrast mi-
croscopy 1s another example that exploits the position-momentum correlations of pairs to en-
able post-acquisition control of illumination angle and field-of-view [79]. Finally, while ghost
imaging is possible classically, non-degenerate ghost imaging, where the illumination and de-
tection wavelengths are different, is a fully quantum technique [69], as is ghost imaging with

entanglement-swapped photons [80]. An example of non-degenerate ghost imaging is shown in
Figure[I.6.

Whilst imaging with photon pairs clearly offers many potential advantages, there are still some

major drawbacks to overcome. Bright sources of photon pairs have not yet been developed, and
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current sources such as SPDC have a maximum brightness in the picowatt to nanowatt range[81]].
While there have been significant developments in camera technology, their speed is still the
main limiting factor for acquisition times. With the most advanced cameras, a full correlation
measurement will take tens of minutes and, with the more widely available cameras, acquisition
times are closer to tens of hours. Due to these disadvantages, there has not yet been a practical

implementation of a quantum imaging scheme.

1.2 Introduction to Light Shaping

The goal of my PhD was to apply light shaping techniques to quantum imaging. The context is
still very much centred on quantum imaging, but I also include a brief summary of light shaping
here. I am using light shaping as an umbrella term to cover any method that controls the amplitude
or phase of a light beam for imaging or communications applications. Note that here we won’t
discuss techniques related to spectral and temporal shaping, as I did not use these in my PhD. This
is already an extremely broad field in classical optics with a huge number of both academic and
real-world applications. In this section, I will summarise these applications in classical optics,

and how they have been applied to quantum optics.

1.2.1 Shaping Classical Light

Light shaping is widely used in classical imaging. Structured illumination microscopy is one
example of this. The principle is to illuminate a fluorescent sample with a beam of light whose
intensity profile has been tailored to achieve a higher resolution [82]]. Adaptive optics (AO) is
another example of light shaping applied to microscopy [[83]]. AO techniques correct for optical
aberrations in microscope imaging systems by using controllable corrective elements like de-
formable mirrors and spatial light modulators (SLMs). These devices underpin most modern

light shaping techniques, and a more detailed description of them can be found in Chapter 3|

AO targets relatively smooth, low-order aberrations. Wavefront shaping operates in the extreme
regime of high-order scattering aberrations [84]. A scattering medium allows light to propagate
through, but scrambles it so that the initial spatial structure of the light is completely lost. By
measuring how the light is scrambled [85]], or by optimising a focus target [86], an SLM can be
used to render these normally opaque materials transparent. This shaping can also be used to op-
timise and control light propagation through multimode optical fibres [87], which has important

applications in not only imaging but communications as well.

The techniques described thus far are all based on controlling the transverse spatial profile of
scalar light fields. The topic of structured light explores the shaping of all the degrees of free-
dom of light, for many different applications [88]. For example, the capacity of optical fibres

can be increased if information is encoded in multiple spatial modes simultaneously [89]. This



CHAPTER 1. INTRODUCTION 16

technique, called mode-multiplexing, uses the fact that the modes of a system are orthogonal, so
each mode effectively acts as different communications channel. States based on angular mo-
mentum, called orbital angular momentum (OAM) modes, are a particularly useful example of

this mode-multiplexing.

OAM states are based on the Laguerre-Gauss transverse modes [90]], which can be generated
in a number of ways, for example with spiral phase plates [91}, 92]] or, more commonly today,
SLMs [93],94]. OAM arises from the helical wavefront of the LG modes, and is distinct from the
spin angular momentum (SAM) originating from circular polarisation [95}96]. Aside from com-
munications, OAM has other applications such as in optical spanners to rotate particles in optical
traps [95]]. The polarisation of light also plays an important role in structured light. The vecto-
rial nature of light is a rich resource for communications applications and especially quantum

communications, which we will see in the following section.

1.2.2 Shaping Quantum Light
Structured Light

Structured quantum light is a relatively recent field, only emerging in the last 20 years [97]],
although it is well-suited to quantum optics. For example, encoding quantum information in the
form of 2-dimensional polarisation entangled states, called qubits, seems the natural choice for
photonic quantum communications. However, entanglement in transverse spatial modes is also
possible [98]], and in fact can offer many advantages over polarisation qubits. Individual photons
can carry OAM, which can be used to encode information in their spatial degrees of freedom.
While it is possible to use spatial-mode qubits, it turns out that higher dimensional qudit states

can offer many advantages over these 2-dimensional qubits.

A key example of quantum communications that has been extended to high dimensional states
is quantum key distribution (QKD). These techniques exploit entanglement to transmit crypto-
graphic keys in such a way that they are provably secure due to the quantum no-cloning theo-
rem [99]. QKD with high dimensional states has been demonstrated in Refs. [[100-103], offering
higher key rates, lower error rates, and stronger robustness to noise. All of these implementa-
tions use the concepts of structured light to encode information in the high-dimensional spatial

degrees of freedom of photonic states.

Aberration and Scattering Correction

While quantum light shaping in the form of structured light has seen a lot of development in
recent years, aberration and scattering correction with quantum light is still a relatively small

topic.
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Figure 1.7: Even order aberration cancellation with SPDC photon pairs. Plots of coincidence
rate vs relative delay in a photon pair interferometer with phase aberrations applied to one photon
in each pair. a, With odd-order aberration (coma). b, With even-order aberration (astigmatism).
Coincidence rate is modulated by an effective phase mask that is equal to 6(r)—60(—r), where 0 is
the aberration phase mask that is applied to one photon. This results in the even-order aberrations
being cancelled out due to the rotational symmetry. Reprinted with permission from Ref. [[104]].
Copyright 2008 by the American Physical Society
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In the context of quantum imaging, much of the work has focused on exploiting the spatial sym-
metries of photon pairs to passively cancel aberrations. The photon pairs generated via SPDC
exhibit certain symmetries in their angular spectrum. Specifically, for a well collimated pump
laser, the photons in any resulting pair must be strongly anti-correlated in their transverse mo-
menta q, i.€. gy, = —q;q;,- More details on SPDC can be found in Section @ Due to this
symmetry, photon pairs’ spatial correlations are unaffected by so-called even orders of aberra-
tions, that is aberrations that are symmetric under coordinate inversion. This cancellation effect
was demonstrated for quantum interferometry experiments to negate even-order aberrations [[104]]
and to correct for spatial dispersion effects [105]], and was later demonstrated in a ghost imag-
ing experiment [[106]]. This concept was extended further by manipulating the symmetries of a
photon pair source [107]. The relationship is not trivial to show, but the circular symmetry in
how the photons in each pair are emitted leads to a cancellation phase aberrations that are sym-
metric under coordinate inversion. Figure [I.7] shows an example of this even-order aberration

cancellation with spatially anti-correlation photon pairs.

Aberration correction in the context of quantum communications has had more attention in re-
cent years. Quantum communications involves transmitting entangled states over long distances.
Almost all practical quantum communications protocols have to deal with distortion in the form
of aberrations and scattering during the transmission. In free-space QKD, the cryptographic keys
are transmitted as an entangled state through the atmosphere. The turbulence in the atmosphere
can distort this signal, making it difficult to implement such a QKD scheme. However, in recent
years a free-space QKD implementation was reported in Ref. [108]], where the authors use an

adaptive-optics approach to correct for spatial and temporal distortions.

It is also useful to transmit quantum states through multi-mode optical fibres. These fibres sup-
port multiple spatial modes, so they have a high information capacity, however they also scram-
ble the spatial information that is transmitted through them, similarly to scattering materials.
Because of this scattering behaviour of fibres, the application of wavefront shaping to photon
pairs is another active area of research. By using the transmission matrix approach of Popoft et.
al. [109], spatial entanglement can be recovered through a scattering layer, as demonstrated in
Refs. [2,/110,/111]. Subsection gives a more detailed discussion of this concept, specifically
as it relates to the work reported in Ref. [2]. Finally, entangled photon pairs offer the possibil-
ity of remote aberration correction where one photon in each pair experiences the aberration,
and correction is applied to the other photon. Remote cancellation of low-order aberrations was
demonstrated by Black et. al. [112]. This topic is further discussed in Chapter 5]

The aforementioned works rely on knowing the transmission matrix which often involves a sep-
arate measurement using a classical source of light. This may not always be possible, which is
why it is also interesting to consider the optimisation-based approach. Lib et. al. demonstrate

a real-time shaping technique by optimising the SPDC pump beam that has been allowed to co-



propagate with the photon pairs [[113]. The work of Weiss and Katz [[114]] highlights a slightly
different approach. While they are not directly measuring photon-pair correlations, they mea-
sure the signal from a two-photon absorbing fluorescent sample. The non-linear nature of this
signal allows it to be used as an optimisation target for in-situ wavefront shaping in fibre-bundle

imaging.

1.3 Discussion

As we have seen, there are many potential advantages of quantum imaging. However these have
not yet been translated into practical implementations. Development of sources and detectors is
ongoing and is constantly yielding improvements; in the last ten years we have gone from raster
scanning single pixel detectors to high-speed, high-resolution single photon sensitive cameras.
A less-explored avenue to improve quantum imaging schemes is to apply the benefits of classical
light shaping to quantum schemes. Shaping in the context of structured quantum light is quite a

broad field, but shaping for quantum imaging is mostly unexplored.

This thesis presents a series of works that aim to fill some of this gap, bringing the concepts of
adaptive optics and wavefront shaping to quantum imaging. The results presented here demon-
strate improvements in quantum imaging and communications schemes, as well as potential new

applications of quantum light to improve classical imaging methods.



Chapter 2

Introduction to Experimental Imaging
with Photon Pairs

In this chapter I give an introduction to the experimental and technical aspects of quantum imag-
ing. I introduce the source of photon pairs, and the detectors that one may use. I also describe
how to build and run a quantum imaging experiment. Finally I use the work presented in Ref [1]],

to which I contributed, as a practical example of the concepts from this chapter.

2.1 Source of Photon Pairs: Spontaneous Parametric Down

Conversion

All of the experimental work shown in this thesis uses spontaneous parametric down conversion
as the photon-pair source. SDPC is a non-linear optical process in which a single pump photon
at frequency w, is converted into a pair of lower energy photons[115]. These are traditionally
called the signal and idler photons, at frequencies @, and w;, respectively, but it is also common
to use subscripts 1 and 2 to denote them i.e. w; and w,. Conservation of energy and momentum

imposes so-called phase matching conditions so that frequency of the photons are related by

w, =0+ o, (2.1)
and their wavevectors are related by

k, =k, +k;. (2.2)

Figure 2.1 shows an illustration of these phase-matching conditions. For a plane wave in free
space, the magnitude of the wavevector is k = 2z /A = @/c and its direction is the normal vector
to the wavefront. The following explanation is based on the textbook ‘Nonlinear Optics’ by

Boyd [[116]. SPDC is a second-order non-linear process, so it can only take place in a material

20
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Figure 2.1: Schematics of the SPDC process. a, Energy level diagram for SPDC. A high-
energy pump photon (blue) excites the material to a virtual energy level. This de-excites by
spontaneously emitting two lower energy photons (red). This illustrates the energy conservation
conditions of Equation[2.1|b, Wave-vector diagram for SPDC. A single pump photon is converted
into a signal and idler photon whose momenta sum to that of the pump. This illustrates the
momentum conservation conditions of Equation [2.2]

with a non-zero second-order non-linear susceptibility, y®. To understand what this means,
consider an electromagnetic wave in a material. The electric field E(¢) of this wave causes positive
and negative charges in the material to become slightly separated forming a dipole moment in
the material. This dipole moment is oriented in the same direction as electric field and is called
the material polarisation P(¢). From Maxwell’s equations, the wave equation in such a material
is then

VE 1 0°E _ 1 0’P 2.3)

c2 02 gyc? o2’

where c is the speed of light in vacuum, and ¢, is the permittivity of free space. Equation[2.3|says
that the electromagnetic wave induces a wave in the material polarisation, which in turn drives
more electromagnetic waves. In the general case, material polarisation will be composed of a

linear and non-linear response to the electric field. It can be expressed via a Taylor series as
P(1) = €, [xVE®) + yYE* (1) + VB (1) + .. (2.4)

where y is known as the n'" order susceptibility. If only the linear susceptibility term y( is
non-zero then P(¢) = ¢, yVE(#), so the polarisation is directly proportional to the electric field.
However, if the material has some non-linear susceptibility (¥ # 0,n > 1), then the polarisa-
tion wave can contain frequencies that are not present in the original light. From Equation [2.3]
the additional frequencies in P will drive electromagnetic waves at these frequencies. Physically,
some of the incident light is converted to light at new frequencies. This describes classical non-
linear processes like second-harmonic generation, and sum- and difference-frequency generation

(see Boyd [116]). SPDC however, requires a quantum description of light.

A full description of the quantisation of the electromagnetic field can be found in most quantum

optics textbooks, for example in Ref. [117]. In summary, the quantised electromagnetic field
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behaves like an harmonic oscillator with discrete modes. The creation (d;) and annihilation
(4,) operators act to add or remove a photon from these modes, where the subscript denotes the

specific electromagnetic mode /. These operators act as follows:

&IT lvac) =1|1,)

a,|1,) = |vac), (2.5)

where |vac) is the vacuum state containing no photons, and |1), is the state with one photon in
mode /. From Ref. [115], the interaction Hamiltionian of SPDC is then

IA{SPDC = ihx <ésaiézeiAk‘r—iAwt + &Z&j&pe—mk.rﬂAwt) , (26)
where 7 is the reduced Planck’s constant, k is a constant, Ak = k —Kk,—k;, Aw = w,—w,~®;, and
i = \/—1is the imaginary number. The second term corresponds to SPDC, with the annihilation
of a photon in the pump mode and creation of photons in the signal and idler modes. The first
term corresponds to the inverse process i.e sum-frequency generation. Typically we assume that

the signal and idler are degenerate in frequency, so w, = 2w, = 2w,. Solving for this Hamiltonian

and making a first-order approximation gives
|¥) ~ Cy10,,0;, N,) + kCe " [1,1,,(N = 1),) (2.7)

where C, and C, are constants with C, >> C,. The first term corresponds the case in which the
pump photon simply passes through the crystal with no interaction. The second term corresponds
to a pair being generated with probability proportional to |« C,|?. This means that SPDC is an
extremely inefficient process with the vast majority of pump photons simply passing through the
crystal. The exact efficiency depends on the wavelengths of the photons and on the properties
of the crystal, but photon pair generation rates are typically around 107-10~7 pairs per pump
photon [81]]. This inefficiency is a fundamental limitation of SPDC. The pump power can only
be increased so far before the first-order approximation becomes invalid and higher order terms
come into play. For high enough pump powers the probability of generating two or more pairs
simultaneously becomes non-negligible. In fact, due to the spontaneous nature of SPDC, it is an

entirely probabilistic process and is not able to generate pairs deterministically.

SPDC is well-suited to imaging as it produces spatially multi-mode photon pair states. More
specifically, the pairs generated with SPDC can exist in a large number of position and momentum
modes. Due to the phase matching conditions (Equations[2.T|and[2.2)), the photons in each pair are
strongly correlated in their spatial (position-momentum) and temporal (time-frequency) degrees
of freedom. It is these correlations that we exploit to do quantum imaging. A large number of
spatial modes means there is a high capacity for encoding and transmitting spatial information,

which is essential for imaging.
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Practical Considerations

Here I summarise some important points to consider when using SPDC practically in an ex-
periment. Since it occurs in a non-linear material, the refractive index of the material must be
taken into account. In this case, since the pump, signal, and idler photons do not have the same
polarisation, the phase matching conditions can only be satisfied if the non-linear material is bire-
fringent, i.e. a materials whose refractive index depends on the polarisation of the light [[115].

The second-order material polarisation is then
@) (@)
PP =¢ Y y2EE, (2.8)
jk

where ijk are indices denoting the orthogonal components of each field vector. For a birefringent
material, y® is a tensor. In practice, birefringent crystals are typically used as non-linear mate-
rials, and experiments in this thesis were all done using f-barium borate (BBO) crystals. These
crystals are typically cut to specific dimensions which dictate the specific phase matching that
will occur. The crystal dimensions determine the relative polarisations of the photons, classified

into types:

(Type O :0 - 0+ 0)
Typel :0 > e+e
Typell :0 — e + o, (2.9)

where we have pump—signal+idler, and o and e denote ordinary and extraordinary polarisa-

tions, respectively.

Type I SPDC generates pairs whose photons have the same polarisation. This is useful for a
co-propagating imaging configuration where both photons travel through the same system. Most
of the works in this thesis use Type I SPDC. Type Il SPDC generates pairs whose photons have
orthogonal polarisations, which can be used to separate the photons. Type 0 SPDC is a slightly
special case, as it occurs in engineered crystals with periodic poling such as periodically-poled
potassium titanyl phosphate (ppKTP). The output polarisation state is effectively the same as
Type I, however periodically-poled crystals can be longer and therefore more efficient. There is
a trade-off, however, as longer crystals produce pairs with a smaller angular spectrum which is

less useful for imaging.

The spatial properties of the photon pairs are determined by the width and angular spectrum
of the pump, and by the length of the crystal along the optical axis. The state written in the

momentum-space basis is given by

¥) = // Wk, ky) k. ky) dk, dk,, (2.10)
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Figure 2.2: Example of a one-dimensional position wavefunction. Generated using the Double
Gaussian approximation (Equation [2.13) with 6, = 0.75and 6_ = 0.1 and r; = x,,1, = X,.
Adapted from Ref. [118].

where Kk, k, are the wavevectors of photons 1 and 2, respectively. ¥Y(k,, k) is the two-photon
wavefunction in momentum space, which describes the joint probability density of the photon
pairs. For a well-collimated pump beam, the momentum-space two photon wavefunction for
SPDC is given by

LA
Yk, k,) =Y¥(q,.q,) = Nsinc <8—ﬂp|q1 - q2|2> €Xp <—0§|‘h + (I2|2> ) (2.11)

where N is a normalisation constant, L_ is the crystal length, A, is the pump wavelength, o, is
the pump width, and q,, q, are the transverse (i.e. perpendicular to the optical axis) components
of the signal and idler momenta k, k,, respectively [[118]. The sinc term in Equation 2.1 arises
from the assumption that the crystal has a rectangular shape in the z-direction and acts as the
photon pair amplitude envelope. The dependence on L, means that a short crystal will result in
pairs with a broader angular spectrum than a long crystal. The Gaussian term gives the corre-
lation width of the pairs in transverse momentum space, which is inversely proportional to the

transverse spatial pump width o,,.

For a short crystal and broad pump beam, the photon pairs are strongly correlated in the q; +
q, coordinate. Physically, this means that the photons in a pair are strongly anti-correlated in
transverse momentum. We can see this from conservation of momentum where Equation [2.2]
also holds for transverse momenta: q, = q, + q,. When the pump is well-collimated we have

q, ~ 0 meaning the transverse signal and idler momenta must be related by q; =~ —q;.



CHAPTER 2. INTRODUCTION TO EXPERIMENTAL IMAGING WITH PHOTON PAIRS 25

Also interesting is the state written in the position basis:

|<I))=// ®O(ry,r,) |1, 1,) drydr,, (2.12)

where r,, r, are the position vectors of photon 1 and 2, respectively, and ®(r,, r,) is the position-
space two-photon wavefunction. ® can be found by taking the 2-dimensional Fourier transform
of ¥. However, the sinc function in W is not easily integrated, so it is typically approximated as
a Gaussian function. In this so-called Double-Gaussian approximation [119], the position-space

wavefunction is

1 (rl +r2)2 (rl —r2)2
O(ry,ry)) = ———exp| ———— |exp| ———— ), (2.13)
2no,.0,_ dor, 46r_

where 67 = 20> and 6] = L,4,/12x. The first Gaussian term corresponds to the photon
pair amplitude envelope, the width of which is directly proportional to the width of the pump
beam. The second term gives the correlation width in the position basis, which is proportional
to the crystal length. Figure 2.2 shows a simulated example of a position wavefunction for pho-
ton pairs evolving in one spatial dimension. Both photons in a pair are created at effectively the
same location, dependent on the position of the pump photon that birthed them. A longer crys-
tal introduces more uncertainty into the pump photon position, which in turn introduces more
uncertainty into the so-called birth zone of the pair. This in turn translates to an increase in the
transverse-position correlation width. For a full discussion, I recommend seeing the work of
Schneeloch and Howell [118]].

2.2 Detectors

With SPDC as the source for photon pairs, we need a way of measuring these pairs. In modern
quantum imaging, single-photon-sensitive cameras are the go-to devices for this. Currently, sev-
eral technologies exist, two of which are very popular. These are electron-multiplying charge-
coupled device (EMCCD) and single photon avalanche diode (SPAD) based cameras, both of
which I have used during my PhD.

Electron Multiplying CCD Cameras

The following information is taken from the Oxford Instruments Learning Centre [120]]. A stan-
dard charge-coupled device (CCD) camera has a photo-active region that converts incident pho-
tons into charge, called photoelectrons. These photo-electrons are then moved to a layer behind
the photo-active region called the storage region. This allows the next exposure of the photo-

sensitive region to begin immediately, in parallel with the readout of the previous frame. From
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Figure 2.3: Schematic of an EMCCD camera. Photons incident on the sensor excite electrons
in the photosensitive region which are subsequently moved back to the storage region. They are
then transferred to the readout register. This is followed by the multiplication register which
amplifies the signal before the readout electronics step.

the storage region the photoelectrons are trapped in potential wells. The readout process is then
performed by transferring the photoelectrons along a register of these wells to the readout elec-
tronics. This is done by sending a voltage pulse along the register in a process called clocking.
The charges are then amplified by a readout amplifier, which adds noise thereby reducing sensitiv-
ity. This noise can be reduced if the readout process is performed slowly but this is prohibitively

slow in many cases.

EMCCD cameras circumvent this by amplifying the signal before the readout electronics. This
amplification is achieved by adding a multiplication register to the electronics, as shown in Fig-
ure[2.3] A problem in CCD cameras is clock-induced charge. This comes from the photoelectrons
exciting additional electrons during the clocking process. Typically this is something manufac-
turers try to minimise, but EMCCDs use this effect to multiply the number of photoelectrons
before the readout amplifier, which greatly increases sensitivity while retaining high frame rates.
A typical EMCCD has frame-rates of around 200 fps, with the fastest reaching 1000-2000 fps.
Sensor sizes range range from 128 X 128 to 1024 x 1024 pixels. It should be noted that EMCCDs
are not capable of performing direct coincidence measurements as they do not have the neces-
sary timing resolution. Instead, photon pair correlations must be estimated based on statistics

accumulated from a very large number of frames, as described in Ref. [[121].

EMCCDs have very high quantum efficiencies at close to 80% for light at 800 nm. This means
that 80% of all 800 nm photons incident on the sensor are converted into a detection signal. The
main drawback of EMCCD cameras is their relatively slow speed. To measure the full spatial

correlation distribution of a photon pair source typically takes > 10 hours.

SPAD Cameras

SPAD cameras are based on a different technology to EMCCDs. Figure 2.4 shows the operation

of a SPAD detector. A reverse bias voltage high above the breakdown voltage is applied across
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Figure 2.4: Schematic of a SPAD detector. A photon is absorbed, exciting an electron-hole
pair. The large bias voltage across the junction causes the electron to rapidly accelerate towards
the cathode. The electron has enough energy to ionise atoms in the lattice creating more free
electrons. These are also accelerated towards the cathode, in turn creating more free electrons,
thus causing the charge avalanche effect. This creates a voltage spike across the junction that can
be read out as a detection signal.

a p-n semiconductor junction. This is an unstable configuration where any excitation causes a
charge avalanche effect. A single photon incident on the detector can excite an electron-hole pair.
The bias voltage causes the electron to accelerate towards the cathode. Due to the high voltage,
the electron reaches a high enough energy to collide with and excite secondary electrons. These
in turn are accelerated and excite more electrons, resulting in the desired avalanche effect. This
generates a very fast voltage spike that can be read out. With fast enough timing electronics,

SPADs are able to time-tag the arrival of photons with picosecond precision.

SPAD cameras, also called SPAD arrays, are made up many of these individual SPAD detectors,
along with various readout and timing electronics. We can generally distinguish two categories
of SPAD cameras: time-correlated single photon counting (TCSPC) SPAD cameras and time-
gated SPAD cameras [122]. During my PhD I only used time-gated cameras so the focus here
will be on them. They can be operated in different regimes depending on the application. Most
devices can be operated in frame-based and time-gated modes. In the frame-based mode, each
pixel is exposed simultaneously and the full sensor is read out as a frame. In this operating mode,
the temporal resolution is given by the frame exposure time. The frame-based mode can be used
to measure the spatial correlations of photon pairs using the method in Ref. [[121] with much

faster acquisition times compared with EMCCDs.

In the time-gated mode, an external pulse is used to trigger the camera. All of the pixels are
then turned on for a specific duration, called the gate, and any photon that lands on the sensor
during this window is detected. In this mode, the temporal resolution is given by the gate length.
Time-gated mode allows for spatially resolved tagging of photons that can be used to measure

photon time-of-flight for LIDAR imaging, or spatially resolved fluorescence lifetime imaging.
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Spatial Temporal Frame-rate Detection Pixel
Resolution Resolution Efficiency at  Fill-factor
810nm

EMCCD High (up to Low (ms) Low (up to Up to 80% 100%
1024 x 1024 1.5 kpfs with
pixels) cropped

Sensors)

SPAD Low High (ns or High (100 Low (<5% Moderate
(<100 x 100 1less) kfps) with MLA, (up to 75%
pixels) <1% with MLA,

without) <5%
without)

Table 2.1: Comparison between EMCCD and SPAD array cameras. MLA - microlens array.

Finally, event-based SPAD arrays are currently in development that operate in an asynchronous
regime [[122} |123]] . Detection events are recorded as and when they occur so that, instead of a
series of frames, the data is in the form of a list of pixel location and detection time i.e. (x, y, 7).
This is advantageous as it allows for direct, spatially resolved coincidence detection of photon

pairs with no need for raster scanning or background subtraction.

SPAD array cameras with up to megapixel (1920 x 1080 pixels) resolutions have been demon-
strated [124]], but ready-to-use commercial devices tend to have less than 100 x 100 pixels. For
example, the Hermes SPAD camera from MicroPhotonic Devices has a resolution of 32 X 64
pixels, with a maximum frame-rate of 100kpfs. A major drawback of SPAD devices is their low
quantum efficiency. The pixels in most SPAD cameras have the timing and readout electronics
side-by-side with their photon-detecting region. This means that only a small sub-region of each
pixel can actually detect photons. This is typically less than 1% of the pixel area, but it can be
improved by putting small lenses in front of each pixel to focus more light at the active region.
This is called a micro-lens array (MLA). The Hermes camera has a photon detection probability
of around 5% for light at 810nm.

Other Technologies

In addition to EMCCD- and SPAD-based technology, single-photon-sensitive cameras based on
other technologies do exist. Intensified complementary metal oxide semiconductor (iCMOS)
devices have been used to measure photon correlations [[125], however they suffer from higher
noise and lower quantum efficiencies. Scientific CMOS (sCMOS) devices are CMOS-based
detectors whose noise has been drastically reduced. This technology has enabled cameras that
can resolve the number of photons that arrive at each pixel which has potential for quantum

imaging applications [126].
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Another important technology at the time of writing is the intensified Tpx3Cam from Amster-
dam Scientific Instruments. These cameras are event-based, like the event-based SPADs men-
tioned previously, but the technology is further developed. Time-tagging cameras can produce
a prohibitively large amount of data, especially at higher spatial and temporal resolutions. The
advantage of event-based detectors is that they only produce data when a photon is actually de-
tected, in the form of an (x, y, ) coordinate. The Tpx3cam is a silicon-based sensor made up of
256 X 256 pixels, each of which can be read out with a 1.6 ns timing resolution. The sensor itself
cannot detect single photons, so a photo-multiplying intensifier is needed for quantum imaging
applications. This camera has been used recently in a number of quantum optics experiments,
such three-dimensional imaging [[127], and more robust entanglement verification in scattering
media [[128]].

Finally, superconducting nanowire single photon detectors (SNSPDs) are another import tech-
nology. These consist of an extremely thin (i.e. nanometres) wire made of a superconducting
material. This wire is cooled below its critical temperature so that it is in the superconducting
regime, and a current is passed through it. It has no resistance due to its superconductivity so,
by Ohm’s law, no voltage is induced across the wire. However it is thin enough that a single
photon can contain enough energy to heat it above its critical temperate, causing it to lose its
superconductivity. This causes the resistance of the wire to rapidly return which, due to the cur-
rent passing through the wire, results in a spike in the voltage across it that can be read out as
a detection signal. SNSPDs have very low dark counts, high sensitivity over a broad spectral
range, short dead times between detection, and very fast timing resolution [[129,|130]. The state
of the art for an SNSPD array is 500 x 800 pixels, demonstrated by Oripov et. al. [131]]. However
they must be operated at cryogenic temperatures which makes them impractical to use in many
applications. Since they are not silicon-based, it is also difficult to integrate them on-chip with
readout electronics. Due to these drawbacks, SNSPDs are better suited to quantum sensing and

communications applications[132] than to quantum imaging.

2.3 Photon Pair Correlation Measurement With an EMCCD

Camera

In this section I describe the method we use to measure photon pair correlations, originally re-
ported in Ref. [121]]. This technique allows photon correlations to be estimated without the need
for detecting photons pair-per-pair. For photon pairs whose polarisation and frequency spectrum

are the same, their joint state |¢) arriving at the camera is given by

B)=" D ¢lii), (2.14)

i,jel1.N]
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where N is the number of pixels, i (j) denotes the i (j™*) pixel, |i, j) is the state in which one
photon is at pixel i and the other is at pixel j, and ¢;; is the discrete, position-basis wavefunction
of the pairs. The probability of finding one photon at position i and the other at position j is
G(Z) |y |2. Throughout this thesis the specific nature of this second order spatial correlation
functlon i.e. if it is discrete or continuous, will be made clear by use of subscript indices (G(Z))

or continuous parameters (G?(x, x,)), respectively.

The goal of this method is to find Gg) from direct intensity images. This is done by relating the

measured intensity statistics from a very large number of frames to the underlying probability

()}

distribution of the photon pairs. The /" frame of an acquisition is denoted {x;" },c(; ny» Where the

subscript i denotes the i of N pixels. We can also compute a ‘correlation image’ from the ['

U} (1)}

frame: {x; ijep.ny- For alarge number M of frames, and assuming stationary illumination,

the mean of the direct intensity images is

Moo M

M 0o
(x{") = lim — Z X = 3% P(x,), (2.15)
1=0 =0

where P(x;) is the probability of the camera sensor to return the value x; at pixel i for any given

frame. Likewise, the mean of the correlation images is

M
(x"xy = lim ﬁ > a0 = Z Z X%, P(x;, X;), (2.16)
=0 ._Ox =0

where P(x;, x;) is the joint probability of the sensor to return the values x; at pixel i and x; at
pixel j for any given frame. P(x;) and P(x;, x;) are dependent on the input state probability

.. . 2 .
distribution Gﬁj), and on the camera sensor response function.

To get an expression of Gg) in terms of the measured image, some assumptions must be intro-
duced. The first is that the camera response is uniform across the sensor. Physically, this means
that the probability # of a photon incident on the sensor being converted into a photoelectron is
the same for every pixel. It also assumes that dark count rate due to thermal fluctuations is the
same for every pixel. The second assumption is that the detector response function /, depends
linearly on the number of photoelectrons k generated at the sensor so that I, = Ak + x,,. The pa-
rameter A depends on the detector gain and the analogue-to-digital conversion. Finally, the third
assumption is that the detected state is a pure two-photon state as in this case the G® is equal to
the cross-correlation that is actually computed. For more information on these assumptions, see

Ref. [121]]. With these assumptions, we can write,

G = Ar s [(xx) = ()] (2.17)

where 7 is the mean photon pair rate. This equality is demonstrated in Ref. [[121] and is not
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trivial. In particular, it strongly relies on the assumptions made. For a given acquisition, A,
m, and #n are constant so simply act as scaling factors. In terms of the direct intensity images

measured at the camera, we can write

M M
G % > xOxP - # > xOx, (2.18)
] LI I
The physical interpretation of Equation [2.18]is as follows. Many pairs of photons are detected in
each frame and the first term in Equation [2.18| correspond to the correlations from these pairs.
These are not the only correlations represented by this term, however. Since there are several
pairs detected per image, and even single photons and noise, many of these correlations are
accidental, i.e., they are not correlations between photons from the same pair. The second term
of Equation [2.18|corresponds to an estimate of these accidental counts. The correlation time of a
photon pair is considerably smaller than time between frames, so we know that two photons from
a pair will never arrive across two different frames. Therefore, the correlations between a frame
and the subsequent frame can only be from photons that are not from the same pair. This gives
an estimate of the accidental correlations. Subtracting the second term from the first removes the
accidental correlations, leaving only an estimate of the genuine correlations that is proportional

to the joint probability distribution G},’.

2.3.1 Example of G'> Measurement in Practice

The previous section gives a mathematical description of a G® measurement, but it is also useful

to have a more practical description.

Let’s say we have a camera sensor with a resolution of N X N pixels, for a total of N pixels.
A typical acquisition can require anywhere between 10° and 107 frames. It is not practical - and
normally not even possible - to store this many frames for each acquisition, so instead we break
the processing down into smaller blocks of M frames, and continuously sum the results of each
block. The real and accidental coincidence terms from Equation are computed separately
and the subtraction is done after the acquisition. The m® block of frames results in two N X N
arrays corresponding to these terms, called R“™ and A respectively. These are summed for each
— m — m 2 _

block to get the final arrays so that R =3} R™and A = 3} A™, and finally G;;’ = R, — A;;.
The following is a step by step breakdown of the acquisition procedure:

1. Initialise empty N X N arrays corresponding to R and A. R™ and A™ will be added to

these arrays after each block, then discarded.

2. Fill the camera’s internal buffer with frames and download them as a block to the process-

ing computer.
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3. When the buffer has been emptied begin the next acquisition to fill the buffer. At the same
time, begin the processing on the most recent block of frames. See following for details

on processing.
4. Add R and A™ to R and A and delete the current block of frames from memory.

5. Return to Step 2 and repeat until the required number of frames have been processed.
6. Finally, compute G® = R — A.

The processing for each block is done as follows. The m™ block of M frames, labelled I, will
be in the form of an N X M array where each column is a frame that has been unwrapped into a
1-dimensional vector. From this, R"™ can be computed via an outer product. In practice, this is

simply a matrix multiplication with the array of frames:

R(m) — LI(’")I(’”)T’ (2.19)
M

where X7 denotes the transpose of X .

A™ is computed slightly differently. We define I ]('") as 1™ with the last frame (i.e. column)
removed. Similarly, we define 1. ;m) as 1™ with the first frame (column) removed. I 1('") and I ;’")

are both N X (M — 1) arrays. Now, the accidental coincidence matrix is computed as

pm = 1

(m) p(m)T (m) p(m)T
_m<ll 1" ). (2.20)

The two terms are the covariance matrix of a given frame with the next frame, and a given frame
with the previous frame. For N, x N pixel frames, G® is actually an N, X N, X N, X N element
4-d array. However, this processing gives G in an N x N form, where each column/row corre-
sponds to a 2d conditional probability distribution that has been unwrapped into a 1d column/row

vector with N = N, X N, elements.

2.3.2 Practical Considerations
Region of Interest

For N, N, >~ 150, the full G starts to be too large to store in memory for processing. There-
fore, for cameras with larger sensors, we reduce the beam to a suitable size and select a sub-area,

or region of interest (ROI), of the sensor from which to acquire frames.

Temperature Stability

The processing is done in parallel to the acquisition of the next block of frames. For an EMCCD

camera, the processing is faster than the acquisition, so the camera speed is still the limiting
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Figure 2.5: Example of charge smearing artefact from a correlation measurement with an
EMCCD camera. Minus-coordinate projection of a G® measurement. Neighbouring pixels in
each row are artificially correlated with each-other. It is predominately the direct neighbours but
the artefact spreads across many pixels in each row. The central value has been set to zero.

factor. This is usually limited by the minimum exposure time, but may also be limited by the
thermal performance of the camera. EMCCD camera sensors perform best at temperatures less
than —60°C. For cameras with larger sensors, such as the Andor Ixon Ultra 888, the temperature
may be unstable at high frame-rates which can greatly impact SNR. To counteract this, a rest

time between the acquisition of each block of frames can be added to allow the sensor to cool.

Saving Data

At the end of the processing we typically save R and A. The intensity images taken from the
camera are all discarded as they are processed. Therefore, it is also useful save an average-

intensity image that is simply the mean of all of the frames that have been acquired.

Correlations at the Same Pixel and Crosstalk

An individual pixel of an of EMCCD and SPAD camera cannot count the number of photons
that land on it. This is because, in both cases, the signal resulting from a single photon detection
event is not sufficiently distinguishable from the signal resulting from a two-photon (or greater)
detection event. Therefore, no correlation information between a pixel and itself can be extracted.
For this reason, we set the diagonal elements Gl(jzl)j to the mean of the neighbouring elements.
Alternatively, the diagonal elements could also be set to zero. In addition to this, most camera
sensors also suffer from crosstalk between pixels. The signal from each pixel of sensor should
be independent of each other pixel. However, in reality, the signal from one pixel can be affected
by other pixels. For example, pixels in the same row of an EMCCD sensor suffer from high
crosstalk. This cause of this crosstalk is an effect called charge smearing and is an artefact of

the readout process. Recall from Section that the charge from each pixel is shifted along



CHAPTER 2. INTRODUCTION TO EXPERIMENTAL IMAGING WITH PHOTON PAIRS 34

a register during readout. This process is imperfect and, for a given bin in the register, there
is often residual charge that is not shifted into the next bin when it should be. For the i bin,
corresponding to the i pixel, it contains a charge Q,, which is proportional to the intensity
detected by that pixel. During the clocking process, the charge from bin i is shifted into bin i + 1,
the charge from bin i — 1 is shifted into bin i etc. However, there is a residual charge R, left
behind in bin i that is proportional to Q,. When the charge is shifted, R; gets combined with the
charge from the previous bin Q,_; so we get Q,_; — O,_; + R,;. Since the signal that is read out
for pixel i — 1 is based on this value, it appears in the image as if pixel i — 1 is brighter than it
should be. The extra signal is proportional to the signal from the neighbouring pixel i. Since the
readout is done row-by-row, this creates artificial correlations between pixels on the same row, as
shown in Figure[2.5] Therefore, we set the correlation values between pixels in the same row to
the mean of the correlations between neighbouring rows. Alternatively, these correlations could

also be set to 0.

2.4 Interpreting the Measured G

The spatial correlations of the photon pairs are described by the quantity G®. As stated above,
for a measurement of two-dimensional transverse position or momentum correlations, this is a
4-dimensional object: for a photon at discrete location (7, j) and the other at (k, /) we have fo,)d
The 4-d nature of G'® makes it hard to visualise. In the previous section it is reshaped and
expressed as a 2-d matrix for convenience, but this unwrapped form still does not lend itself well
to visualisation. To aid us in visualisation and interpretation, there a number of projections that

can be used to extract 2-dimensional images.

Reduced-dimension G

At first it is actually more pedagogical to consider the case of a correlation measurement for only
one dimension of space - e.g. a detector with only one row of N pixels. In this case G is a 2-
dimensional matrix. Now, remember that G is simply a measured joint probability distribution
for the photon pairs. The i, j* element of G® gives the probability of detecting a photon at the
i"" pixel while simultaneously detecting another photon at the j pixel, i.e. P(i,j) = Gg). We
can also extract conditional probability distributions. The probability distribution for detecting
photon 1, given that photon 2 has been detected at pixel a is given by the a”* column of G, i.e.
P(ilj =a) = ij)za. Likewise for the conditional distribution of photon 2 given that photon 1
has been detected at pixel b is given by the b row of G®: P(j|i = b) = Gfi)b;j. Figure -
shows an example of two conditional distributions for photon pairs that are strongly correlated

in position.

The conditional distributions contain useful information, but lengthy acquisitions - typically 10
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Figure 2.6: Position-correlated G® for 1-dimensional transverse position measurement. a,
Experimentally measured G®. Full 2-d position data was acquired and G® for a single row of
pixels was extracted after measurement. Notice the bright diagonal which is due to the photon
pairs being strongly correlated in position. b, Conditional probability distributions extracted
from G». Black boxes highlight the extracted rows. Notice the peaks around the corresponding
pixels. ¢, Minus-coordinate (x, — x,) projection of G*® obtained by summing along the diagonal
direction. Notice that the SNR of the peak in this projection is much larger than the SNR of the
peaks in the conditional distributions. d, Illustration of the sum- and minus-coordinates. Data
obtained from processing 107 frames, acquired with the Andor Ixon Ultra 888 EMCCD at 2 ms
exposure time and an ROI of 100 x 100 pixels. The diagonal elements Ggl.z) correspond to the
correlations between a pixel and itself. EMCCD camera pixels cannot resolve photon numbers,
so these value are don’t give any real information. Therefore they are set to the mean of the
neighbouring elements.
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hours or more - are required to get a high enough signal-to-noise ratio (SNR) to see it in practice.
By exploiting the symmetries of the photon pairs we can obtain some distributions with better
SNR. From Equation [2.13] we can see that, for a short crystal, the photon pairs are strongly
correlated in position at the plane of the crystal. If an imaging system is used to optically relay
the plane of the crystal onto a camera, the photons will also be strongly correlated in position
at the camera. This means that, when a photon lands on pixel i, the other photon is very likely
to land on or nearby the same pixel. This means that correlations will be concentrated in the
diagonal and near-diagonal elements Gf;zj)zi. This can be seen in Figure . By summing along
this sum-coordinate direction, labelled x_, most of the high-valued elements will be summed
into the same locations. The result of this sum is shown in Figure [2.6c. We have projected the
G® along the sum-coordinate direction onto the minus-coordinate (x_) axis. The projection
shown in Fig[2.6f is therefore called the minus-coordinate projection. We denote this C~, and it

is computed for one dimensional correlations by

N
C = N+|l_| 2 GY . (2.21)
where {i_} € [-N + 1, N — 1], and term outside the sum is a normalisation factor that accounts
for the fact that the i"" off-diagonal contains N — |i_| elements. A similar projection can be
used when measuring the momentum correlations of the photon pairs. Instead of an imaging
system that relays the surface of an SPDC crystal onto a camera, imagine a Fourier-imaging lens
that images the Fourier plane of the crystal onto the camera, so we are measuring in transverse
momentum space. Now, since the pairs are strongly anti-correlated in transverse momentum, the

anti-diagonal and near-anti-diagonal elements ij)z _, will contain most of the correlations, as

N
seen in Figure 2.7a. These correspond to correlations between pixel i the opposite pixel N — i,
symmetric about the central pixel N /2 (assuming that the beam is well-centred on the camera).
In this case, we want to sum along this anti-diagonal instead to collect most of the correlations in
the same location in the projection. Now, we are projecting onto the sum-coordinate axis, so this
is called the sum-coordinate projection. This is denoted C*, and is computed for one-dimensional

correlations by
N

i
where {i,} € [-N + 1, N — 1]. Both of these projections can be seen as an average of all of the
conditional distributions, after re-centring the conditionals on their corresponding conditional

pixel.
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Figure 2.7: Anti-correlated G® for a 1-dimensional transverse momentum momentum
measurement. a, Experimentally measured G® with camera in the Fourier-plane of the non-
linear crystal. Full 2-d position data was acquired and G'® for a single row of pixels was ex-
tracted after measurement. Notice the bright anti-diagonal which is due to the photon pairs
being strongly anti-correlated in momentum. b, Conditional probability distributions extracted
from G®. Black boxes highlight the extracted rows. Notice the peaks around the opposite pixels,
symmetric about the centre pixel. ¢, Sum-coordinate (x; + x,) projection of G® obtained by
summing along the anti-diagonal direction. Negative values arise due to an over-estimate of the
global accidentals rate. Data obtained from processing 9 x 10° frames, acquired with the Andor
Ixon Ultra 897 EMCCD at 2 ms exposure time and an ROI of 121 X 121 pixels.
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Figure 2.8: Position-correlated G projections for a 2-dimensional transverse position mea-
surement. a, Average direct intensity image. b,c, Conditional distributions for (i = 69, j = 59)
and (i =40, j = 39), respectively. Notice the bright spots centred around the pixel that the dis-
tribution has been conditioned on. d, Minus-coordinate projection of measured G®. Since the
correlations were measured in 2-dimensional transverse position, this is a 2-d image. The bright
peak at the centre indicates that the pairs are strongly correlated in position. Again, notice that
the SNR in C~ is much higher than in the conditional images. Images are from the same dataset
as in Figure i.e. an acquisition of 107 frames with the Andor Ixon Ultra 888 EMCCD at 2
ms exposure time, with an ROI of 100 X 100 pixels. For the SNR calculation, the signal is taken
as the mean of a 3 X 3 area of pixels. For this conditionals, this is centred around the chosen
conditional pixel; for the projection, this is centred on the central pixel. The noise is calculated as
the standard deviation of the image with the peak and neighbouring area of 9 X9 pixels removed.
Then, SN R = signal /noise.
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Full 4-dimensional G

The aim of these examples was to give a more intuitive, visual description of the projections we
use to visualise G®. The underlying concepts are exactly the same for the full 4-dimensional
G®, but now the projections are 2-dimensional quantities. Figure shows examples of two
conditionals and a minus-coordinate projection. Figs.[2.8b and c¢ show the conditional distri-
butions, conditioned on pixels (59, 69) and (39, 40), respectively. These are now 2-dimensional
‘images’ that give the probability distribution of detecting a photon on the camera, given that
its twin was detected at the chosen pixel. The pairs in this example are strongly correlated in
position, so the conditionals distributions are narrow peaks centred on the corresponding pixel.
The bright, narrow peak at the centre of the minus-coordinate projection, shown in Figure [2.8d,
means that the pairs are strongly correlated in position. Likewise, Figure[2.9shows examples of
conditional images and a sum-coordinate projection for a G® that was measured in the far-field
of a nonlinear crystal. The acquisition time here was approximately 8 hours. The formulae for
the minus- and sum-coordinate projections are easily adapted to the case of a 4-dimensional G®

with N, X N, X N X N, elements. For the minus-coordinate projection:

N, N,
G = N, _1 li_| Ny_1 TH Z Z Gt -y (2.23)
and for the sum-coordinate projection
cr =1 1 i % G® (2.24)
e TN =TT N, = 1] 4 e 00, |

where now {i_,i,} € [-N,+1,N,—1]and {j_,j,} € [—Ny+ l,Ny - 1].

2.4.1 Discussion of the Effects of Acquisition Time on Signal-to-noise Ratio

For any imaging experiment the signal-to-noise ratio of the images is important. In most classical
imaging schemes with bright illumination it rarely causes any practical problems. However in
quantum imaging with SPDC, it becomes more of a factor. The SNR of a G® measurement scales
as \/ﬂ , where M is the total number of frames [[133]]. This can be seen by examining the photon
pair statistics. The probability of detecting one pair (i.e. one coincidence) is independent of any
prior or future detection events. Therefore, pair detections can be modelled by a Poissonian
distribution. For a given pair of pixels i and j, the probability P of detecting k coincidences
between these pixels in any given frame is
ket
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Figure 2.9: Anti-correlated G'® projections for a 2-dimensional transverse momentum mea-
surement. a, Average direct intensity image. b,c, Conditional distributions for (i = 80, j = 30)
and (i = 30,j = 150), respectively. Notice the bright spots centred around the pixel that is
diametrically opposite the pixel that the distribution has been conditioned on. d, Cropped sum-
coordinate projection of measured G'». The bright peak at the centre indicates that the pairs are
strongly anti-correlated in momentum. Images are from an acquisition of 9 x 10° frames with
the Andor Ixon Ultra 897 EMCCD at 2 ms exposure time, with an ROI of 200 X 200 pixels. The
SNR is calculated in the same way as Figure [2.§]
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where A is the mean of this distribution and is a function of the underlying pair production distri-
bution (i.e. |¥|? or |®|?), the system losses, and detector properties. For a Poisson distribution,
the variance o2 is also equal to A. Now, each frame samples from this distribution, so the mean

and variance of the number coincidences between i and j over M frames is
E, k] = Var,/[k] = AM. (2.26)

Finally, the noise in the detected coincidences between i and j is given by the standard deviation
o = y/Var,,[k] = v/ AM. The SNR is equal to the mean value E,[k] divided by this noise, so

we find

SNR = _mlkl__ aM = VM « VM. 2.27)
VVary, Kl \aM

The SNR scales as the square root of the number of frames. Therefore, there are diminishing

returns in SNR improvements for increasing the number of frames.

The above analysis assumes a constant pump power and constant exposure time for each frame.
Naively, one might think that increasing these quantities will also give an increase in SNR, and
with an ideal detector this is true. However with the method of Ref. [[121]], it is not the case.
Since we operate in a regime of multiple pairs per frame, we detect a large number of accidental
coincidences. These are estimated and subtracted as per Equation [2.18] however the quality of
this estimate is dependent on the number of pairs per frame. As we expect, if there are too few,
then each frame contains mostly noise resulting in a lower SNR. However if there are too many
pairs the number of accidentals will be too high and the SNR will also suffer. There exists then
an optimal photon flux, which can be predicted from the camera parameters [133]], but in practice

it is more efficient to find the optimal exposure time via a trial-and-error approach.

This is assuming a fixed pump power. Generally, it is best to maximise the pump power and then
minimise the exposure time, since the SNR scales with the number of frames (Eq.[2.27). For a

typical experiment we have a pump power of 100 mW and an exposure time of 2 ms.

2.5 Building a Quantum Imaging Experiment

A quantum imaging experiment consists of a source, an imaging system, and a camera. As
discussed previously, the source a nonlinear crystal. In all of the works described in this thesis
we have used a BBO crystal pumped by a continuous-wave laser with a frequency of 405 nm.
This generates photon pairs via SPDC with a central wavelength of 810 nm. We are typically only
interested in degenerate pairs, i.e. pairs whose photons have approximately the same frequency,
so a band-pass filter at 810 + 5 nm is used to remove non-degenerate pairs. A long-pass filter is
also used to filter the pump beam after it has passes through the BBO crystal. The camera and

detection methods have already been discussed at length. So far, however, I have not described
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Figure 2.10: Near-field and far-field imaging setups. a, Fourier-imaging of a nonlinear crystal
(NLC) placed at the front focal plane of lens f, with the camera placed at the back focal plane of
f,. Data presented in Figures [2.7| and [2.9] acquired in a FF imaging configuration. b, Imaging
of a non-linear crystal placed at the input plane of a 4- f system composed of lenses f, and f,.
Data presented in Figures [2.6|and [2.6|acquired in a NF imaging configuration. BP - band-pass
filter.

how we build an imaging experiment with photon pairs or how photon pair correlations can
actually be used to retrieve information about an object. In this section, therefore, I will introduce
the basic principles of imaging and I describe how we actually build and align a quantum imaging

experiment.

2.5.1 Elements of Fourier Optics

I will start with a very brief overview of the core concepts of Fourier optics that we use when
designing and building an imaging experiment. I closely refer to the textbook ‘Introduction to
Fourier Optics’ by Goodman [134]. The most important concept from Fourier optics is that an
ideal lens performs a 2-dimensional Fourier transform. More specifically, for monochromatic
light, the field at the back (i.e. output) focal plane of a lens is equal to the Fourier transform
of the field at the front (input) focal plane. Mathematically, the field at back focal plane E,, is
related to the field at the front focal plane E;, by

b 2ri ’
Eout(r’) = / Ein(r)e_ﬁr.r dl‘, (228)
where f is the focal length of the lens and 4 is the wavelength of the light. Notice that, for a
given wavelength, the effect of the focal length is to scale the profile of the output field by a factor
/- Such a Fourier-transforming lens is called a 2- f* system, since it consists of propagation by a
distance f, transmission through the lens, followed by another propagation by a distance f. An

example of a 2- f imaging system to image the Fourier plane of a nonlinear crystal is shown in
Figure [2.10.

Now, one of the properties of a Fourier transform is that F{F{E(r)}} « E(—r). If we put two
2-f systems back to back so that the output plane of the first system is the input plane of the

second, we can relay the field at the input plane of the first to the output plane of the second. For
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obvious reasons, this is called a 4- f imaging system or 4- f relay. If the first lens has focal length
f, and the second has focal length f,, the output field is

E,(")=E, <—ﬁr> : (2.29)
/2
where we have omitted the constant multiplication factor. We have magnified E;, by a factor
M = —f,/ f, and relayed it to the output plane. Relaying the electric field from a given plane to
another plane is the basis of imaging. We are interested in the intensity and/or phase of a field
e.g. at the plane of a sample, but we cannot put a camera in this plane. Imaging is the act of
transmitting the information from this plane to another plane, where we can place a detector. This
property of a 4- f system to magnify and relay a field to a desired plane makes it the main building
block for an imaging system. An example of a 4- f imaging system that images the surface of a
nonlinear crystal onto a camera is shown in Figure 2.10p. In addition to the 4- f imaging system
there are other two-lens systems that can be used. If the distance between the two lenses is
not equal to the sum of their focal lengths, the intensity at the input plane will still be relayed
and magnified to the output plane but the field will not. That is, |E,,,(r")|* = |E,, (M r)|2 , but
E, ") # E,, (Mr). The system introduces an additional phase to the field.

It is also useful to do imaging with a single lens. This is a classic result from ray optics, not
Fourier optics, but it is still worth mentioning here. From the thin lens approximation, for a lens
with focal length f, an object placed at a distance d, before the lens will create an image at a

distance d, after the lens, where d, and d, are related by
—=—+—, (2.30)

and the resulting image is magnified by a factor M = —d, /d,. A special caseis d, = 2f, so that
d, = d, and M = 1. This can be used to swap between imaging and Fourier-imaging without
altering any distances. If the lens in a 2- f system is replaced by a lens f’ = 0.5 f, then the field
at the input plane will now be imaged onto the output plane. It is important to note that, as with
non-4- f* two-lens systems, in such single-lens imaging systems it is not the field that is relayed
from the object plane to the image plane, but only its intensity. In both cases, since a camera is
sensitive only to the intensity of the field, this is generally sufficient for a simple imaging system.

However, it has its limitations in systems that measure the spatial phase of the field.

Lastly, for an imaging system comprised of multiple 4-f relays, there are multiple planes in
which the field is either equal to (up to some magnification) the input field, or equal to the (scaled)
Fourier transform of the input field. Throughout this thesis, the planes which contain an image
of the input field we will call near-field (NF) planes. In general, any near-field plane will be

separated from any other near-field plane by an even number of lenses. On the other hand, the
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planes which contain the Fourier transform of the input field are called far-field (FF) planes. This
name comes from Fraunhofer diffraction, which says that as the field from a plane propagates
to infinity, i.e. the far-field, the propagated field looks like the Fourier transform of the original
field. In general, any far-field plane is an odd number of lenses away from any near-field plane,

and an even number of lenses away from any other far-field plane.

2.5.2 Aligning a Quantum Imaging Experiment

The power of the light from SPDC is on the order of tens of picowatts making it invisible to the
naked eye and most cameras (hence the need for EMCCDs, SPADs, etc). Aligning a system di-
rectly with photon pairs is therefore very difficult. Instead, we use an alignment laser at the same
wavelength as the photon pairs. Actually, the alignment beam must only be strongly spatially co-
herent; strong temporal coherence is not necessary. For this reason, we use a super-luminescent
diode (SLED). This is effectively a diode laser in which the light only has a single pass through
the gain medium so no lasing occurs. SLEDs have high spatial coherence but have a relatively
broadband frequency spectrum. This allows a band-pass filter to be used to precisely match the
SLED frequency with that of the photon pairs.

Typically a filter with a bandwidth of 10 nm is sufficient to filter out the majority of non-
degenerate photon pairs. Care should be taken to ensure that the central wavelength of the filter
is well matched to the central wavelength of the pairs. If the filter is not symmetric about the
central wavelength of the pairs it will asymmetrically filter one photon in each pair more than
the other. This can result in a significant reduction in measured correlations without a drop in

the total intensity.

Photon pairs are very sensitive to the alignment so we mount both the crystal and the lens imme-
diately after the crystal on separate translation stages to finely control their positioning. Once the
system is mostly aligned by hand we then precisely align the final lens and crystal by optimis-
ing the photon pair correlation width via the sum- and minus-coordinate projections. The basic
concept is that the pairs are strongly correlated in the image plane of the crystal, and strongly
anti-correlated in the Fourier plane of the crystal. If the correct plane is not imaged well onto the
camera due to some misalignment, for example, then the measured correlation width will appear
broader. Conversely, minimising the correlation width is a good way to ensure the system is well
aligned. For more details on the effects of misalignment and aberrations on the pairs’ spatial

correlations, see Chapters [3|and 4

I will now describe how to align an imaging system to relay and magnify the NF or FF plane of

a nonlinear crystal onto a camera.

1. Co-align SLED and pump. To ensure the SLED will follow the same path as the pairs, it
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must be aligned with the pump beam. A dichroic mirror (DM) is used to superimpose the
pump onto the SLED. Two mirrors in the path of the SLED can fully control the position
and angle, whilst one mirror plus the DM are sufficient for the pump. The two beams
can be aligned with each other by ensuring they both pass through two distantly separated
irises. After they are co-aligned, do not move the DM or any mirror before it. Note that if

the SLED is at 810 nm, an IR viewing card will be necessary to see the beam.

2. Place mirrors. Now that the SLED is aligned with the pump, place the required mirrors
and align them with the SLED so that the beam follows the desired path. Try to keep the
beam as close to the centre of each mirror as possible. This is to avoid cutting any light

since, once the lenses are places, the beam at the mirrors may be substantially expanded.

3. Place lenses. Assuming you need to align n lenses, label them f|-f,, where f is the first
lens after the crystal, and f,, is the last lens, immediately before the camera. We start with

f,, and work backwards. The process is as follows:

(a) Place the camera in the desired position and ensure the SLED is well-centred on the
sensor. Put lens f, before the camera, and adjust it’s position to obtain the best pos-
sible focus. The best focus is found empirically i.e. by moving the lens and viewing
the focus spot width and intensity. The centre of the focused and collimated beams
should be at approximately the same position. To adjust this, change the lateral po-
sition of the lens. With all lenses, ensure they are perpendicular to the optical path.
We can swap between imaging and Fourier-imaging the beam by swapping lens f,
with one that has half the focal length, 0.5f,,.

(b) Swap lens f, with lens 0.5f,.

(c) Place lens f,_, and position this to achieve the best focus. Again, the beams should

be roughly centred at the same position on the sensor.
(d) To place lens f,_,, replace 0.5 f, with f, and find the best focus.

(e) For every subsequent lens, first swap f, < 0.5f, and then position the new lens to
get the best focus. Always make sure that the collimated beam and focused spots are
centred at around the same point at the camera. This ensures that the beam is passing

perpendicularly through the centre of each lens.

(f) Finish by placing the lens f,. Generally, this lens has a short focal length, typically
between 25 mm and 50 mm. This lens should be mounted on a translation stage for
fine control of its alignment. More precise alignment will be done in the following

step, but you should still aim for the best alignment possible by hand first.
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Figure 2.11: Example of a rotatable crystal mount. a, Image of full mount and translation
stage. The crystal is mounted on a circular lens mount and post. This itself is mounted horizon-
tally on a rotation mount to enable simple control over the crystal angle. Finally, everything is
mounted on a (manually actuated) translation stage for precise control over the crystal position.
b, Top-down image of the same crystal mount to show the crystal followed by a short-pass spec-
tral filter and short focal length lens (f;). The filter is tilted to direct the reflection of the pump
to a desired location.

4. Precisely align lens f, and crystal.

The photon-pair correlations are particularly sensitive to the positions of lens f; and the

crystal. The reason is that it is generally necessary to use a lens with a short focal length just

after the crystal. Indeed, this allows for a sufficiently large numerical aperture to collect

all the k-vectors emitted by the crystal. It is therefore important to align these well.

(a)

(b)

First, choose between the lens with focal length £, or 0.5 f, in order to image the front
focal plane of lens f, onto the camera. This configuration is called near-field imaging
configuration. Now we are imaging the plane in which we want to put the crystal.
The crystal is transparent to the SLED, but it will likely have dust/imperfections on
its surface. It can be put in roughly the correct plane by getting these imperfections
in-focus. If there are no visible imperfections, another option is use a cross target or
similar object that can be easily swapped with the crystal without moving the entire

crystal mount. For an example of the mount we have used, see Figure 2.T1]

Now that all of the lenses and the crystal are positioned, the SPDC light should be
visible on the camera. In the following steps we will measure and use the photon-
pair spatial correlations to precisely adjust the positions of the lens and crystal. From
here, remove as much background light as possible by covering the setup and turning

off all other light sources.
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(c) Now, put the setup in the far-field imaging configuration i.e. choose between the lens
with focal length f, or 0.5 f, in order to image the back focal plane of lens f; onto
the camera. We will align the lens f; first since, in the far-field configuration, the

correlation width does not depend on the distance between the lens and crystal.

(d) Tilt the crystal around its horizontal axis until a ring (or rings if the crystal is a Type
IT or paired Type I) is visible on the camera. Slowly tilt the crystal until this ring
is collapsed almost to a disk, and fits into a suitable ROI on the camera. A disk is

preferred because, for imaging, we want a uniform illumination profile.

(e) Find the position of the stage that optimises (i.e. focuses best) the sum-coordinate
p g p
projection. A short, i.e. <5 minutes, acquisition should be necessary to resolve a

signal in the projection.

(f) Once the peak of the sum-coordinate projection in the far-field imaging configuration
is optimised, move to the near-field imaging configuration. Now, repeat the process
above (skipping the step of tilting the crystal) for the position of the crystal instead
of the lens, and optimise the peak in the minus-coordinate projection of G instead.

2.6 An Example of Experimental Quantum Imaging: Pixel

Super-resolution

This section is based on the published article ‘Pixel super-resolution with spatially entangled
photons’ by authors Hugo Defienne, Patrick Cameron, Bienvenu Ndagano, Ashley Lyons, Matthew
Reichert, Jixuan Zhao, Andy R. Harvey, Edoardo Charbon, Jason W. Fleischer and Daniele Fac-
cio [1]. I was involved in this project at the beginning of my PhD. Hugo Defienne conceived of
the concept and wrote the majority of the paper. The data presented in Figures[2.13]and [2.14] was
acquired by Hugo Defienne. Subsection [2.6.2]is based on the theoretical explanation given in
the paper. My contribution to the paper was acquiring data for and performing the slanted edge

frequency analysis.

I will now describe an example of a quantum imaging experiment where the photon pair cor-
relations can be exploited to obtain additional information that would not be present in a direct
intensity image. This is the method of achieving pixel super-resolution with spatially entangled

photon pairs.

2.6.1 Encoding an Image in the Spatial Correlations

Up to this point I have described how to measure the G® for a photon pair source using an

imaging system, but I have not described how we can encode and extract information from an
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Figure 2.12: Diagram of a simple quantum imaging experiment. A laser at 405 nm pumps
a nonlinear crystal (NLC), and the remaining pump beam is filtered with a long-pass filet (LP).
The plane of the crystal is relayed to an object plane
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Figure 2.13: Image encoded in diagonal elements of G®. a, 1-d direct intensity image of a
grating object in the NF plane of a BBO crystal, measured with one row of pixels (i = 52). b,
G® measured with the same row of pixels. ¢, Diagonal elements of the 1-d G® shown in b
i.e. GEI.Z). d , Full 2-d intensity image of the grating. e Diagonal elements of full 4-d G? i.e
ng))(ij). An ROI of 121 x 121 pixels was used for all measurements. 1-d data was extracted
post-acquisition. All data from an acquisition of 1.7 X 107 frames with Andor Ixon Ultra 897
EMCCD with an exposure time of 2 ms.
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object in a quantum imaging system. Figure[2.12]shows a diagram of basic NF quantum imaging
setup. A 4-f system (lenses f, f5) is used to relay the photon pair field from the crystal plane to
the object plane. Since the photons are strongly correlated in position at the crystal, they will also
be strongly correlated in position at the object. The plane of the object is then relayed onto the
camera to perform the measurement. In fact, if one looks only at the direct intensity of a photon
pair source, it behaves exactly as a classical, incoherent light source (see Subsection [3.3.3]for a

more information). The intensity profile at the camera is then just an image of the object:
2
L; o [t(x;, y)I7 (2.31)

where (i, j) is the camera pixel centred at position (x;, y;) and 7 is the transmission profile of the

object.

With photon pairs, this is not the full story however; we must also look at how an object affects

; : @ _
the correlations. For perfectly correlated pairs, G;7} = 6;x)» Where

L [1 ferap=ck
IV 0 for (i) # (kD)

is known as the the Kronecker delta. Both pairs pass through exactly the same point in the NF
plane. If the object from above, #(x;, y;) is placed in a NF plane, as in Figure then both
photons will be attenuated by the same point in the object. Since they are perfectly correlated,

they both arrive at pixel (i, j) on the camera. This results in correlations of the form

G2, = 641G ¥ 1Ces 1P (232)

so that the diagonal elements are
G = |t(x, y)I*. (2.33)

ijij 1
The extra power of 2 arises because both photons of each pair are attenuated by the object.

The probability of one photon being absorbed by the object is proportional to |#(x;, y,)|>. The
probability of both photons being absorbed is therefore proportional to [¢(x;, y,)|*.

The profile of the object has been encoded in the diagonal of G®. In reality the photons are
not perfectly correlated; they have a finite correlation width that broadens the bright diagonal (or
anti-diagonal) of the G®. However, the object s still encoded in this broader diagonal, as demon-
strated in Figure[2.13] Here we see how the object modulates the correlations (Figure[2.13}) such
that an image of the object can be extracted by taking the diagonal elements (Figures [2.13f and
e). This diagonal image is usually the quantity of interest in a correlation-based quantum imaging

experiments, such as quantum image distillation [[70] and resolution enhancement [[135].
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As discussed previously however, the pixel resolution for quantum imaging is typically limited
to less than 150 X 150 pixels which will often negate the improved optical resolution afforded
by correlation imaging in the first place. The pixel super-resolution method reported in Ref. [1]]
offers a potential solution to this problem by artificially increasing the effective pixel resolution

using extra information present in the G®.

2.6.2 Additional Information Contained in the G®

From Figure[2.13pb we can see that the object is not only encoded in the main diagonal, but also
in some of the off-diagonals as well. As a reminder, the diagonal elements Gfl.z) correspond to the
correlations between pixel i and itself. With an object, this corresponds to pairs whose photons
both pass through the object at position x;, and is proportional to the square of direct intensity
image of the object as discussed above. The first off-diagonal elements Gl((zl)i D correspond to the
correlations between a pixel i and its neighbouring pixels i + 1. This corresponds to pairs that
are centred in between pixels i and i + 1. We can say that these photons sample the object at
position x,, », 1.e. halfway between x; and x,,,. The images extracted from the off-diagonals
therefore sample different positions within the object compared to the main diagonal image. The
diagonal and off-diagonal images, which have the same pixel-resolution as the camera sensor,

can be combined into a higher resolution image with twice the number of pixels.

The images can be combined by taking the sum-coordinate projection of the G®, which inter-
leaves the elements of the diagonal and off-diagonal images. To see this, recall from the definition

of the sum-coordinate projection from Equation [2.22] that the even elements are given by

N
_ 2 2)
Cit=2k =Gy +2 Z G o (2.34)
1=0
and the odd elements by
N
_ 2) )

Cit:2k+1 - 2Gk(k+1) +2 Z G(k—2/—1)k' (2.35)

=1

Now we introduce the assumption that the correlation width o is smaller than the pixel pitch A.
This means that the correlations between non-neighbouring pixels is negligibly small and can be

omitted, so we are left with

2)
Cit:2k Gie>
Cct = 2G%? (2.36)
i, =2k+1 k(k+1)* .

Therefore, the sum-coordinate projection is equal to a combination of the diagonal and first oft-

diagonal images. In reality, the G® consists mostly of noise which, when it is summed, dom-
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inates the true signal in the final high-resolution image. To avoid this the G® is filtered by
removing the weak correlation values. In this case it means setting all of elements outside of the
diagonal and off-diagonals to zero. These elements contain little to no correlation information

so this allows us to retain the object information while removing the excess noise contributions.

Lastly, recall that the diagonal elements do not actually contain any real correlation information
for most cameras. The values of these elements are estimated by taking the mean of the neigh-
bouring elements. However this means that, for a 1d measurement, the diagonal doesn’t contain
any more information than the off-diagonals. We can still extract more information in the case of
a 2d measurement. In 1d, there are two off diagonals corresponding to correlations between pixel
i and the pixels i + 1. In 2d there are now eight off-diagonals, corresponding to the correlations
between pixel (i, j) and all neighbouring pixels: (i, j+1),(i+1,/),(+1,j+1),(i—1,j+1). The
diagonal elements can be estimated from the off-diagonals in one direction e.g. j which gives
a high-resolution image the i direction. This way, two images with pixel super-resolution in the
horizontal and vertical directions can be retrieved. Unfortunately, it is not possible to increase
the resolution in both directions with an EMCCD camera due to charge smearing obscuring the
adjacent-pixel correlations along the rows. It should be noted that this pixel super-resolution
technique can also work in the far-field illumination configuration, where the object and camera
are in FF planes of the crystal. The main difference is that the object is now encoded in the anti-
diagonal and off-anti-diagonals of the G instead. A FF illumination scheme also circumvents
the need to estimate the diagonal elements, since the correlations are now between diametrically
opposite pixels. It is also possible to avoid this diagonal estimation in a NF configuration if the
pairs are separated and imaged onto two cameras (or two separate regions of the same camera),
as in Refs. [62, 64].

2.6.3 Demonstration of Pixel Superresolution and Image Frequency
Analysis

Figures [2.14] a-c show an example of an object - a horizontal grating - where there appears to
be an improvement of the resolution in the sum-coordinate projection image. To verify that we
have actually sampled more of the object and not just artificially added pixels we use the tools
of Fourier analysis. The Fourier transform of an image gives the spatial frequency content of
that image. In this case, since the object only has structure in one direction, we use the 1-d
Fourier transform. Figure shows the frequency content of a direct intensity image, a G
diagonal image, and a sum-coordinate projection image. A fundamental concept in sampling
theory is the Nyquist-Shannon limit [[136]]. This states that the maximum frequency in a signal

that can be sampled without aliasingﬂ is equal to half the sampling rate. Practically, this means

! Aliasing is the introduction of artefacts into a signal due to discrete sampling. The most common example of
this is the illusion of wheels spinning backwards on camera when they are rotating with a frequency near the camera
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Figure 2.14: Demonstration of G® pixel super-resolution. a, Direct intensity image of grat-
ing object with a period close to twice the camera pixel pitch i.e. the Nyquist-Shannon limit.
b, Image of the grating from diagonal elements of G®. ¢, Sum-coordinate projection of G
after filtering elements with no correlation information. d, Vertical spatial frequency spectrum
of images a-c and spectrum of a direct intensity image captured using a camera with half the
pixel pitch (i.e. twice the pixel resolution). The rightmost peak in the projection image spec-
trum (yellow) is due to the extra frequency information recovered by doing the sum-coordinate
projection. This is corroborated by the peak in the double-resolution intensity image spectrum
(purple) at the same location. The leftmost peak in the diagonal image spectrum (red) is due to
aliasing of frequencies in the object that are above the Nyquist-Shannon limit. All data is from
an acquisition of 5 x 10° frames, using the Andor Ixon 897 EMCCD camera with an exposure
time of 2 ms and an ROI of 100 X 100 pixels. The data was then binned into 2 X 2 macropixels
before processing the G to emulate a camera with a lower pixel resolution.
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that structures smaller than twice the pixel pitch will not be properly resolved by a camera. We
see this in Figures [2.14p,b,d, where the grating appears to contain extra frequencies that are not

really present.

Slanted-edge Experiment

My primary contribution to this project was in performing an alternative frequency-analysis ex-
periment to verify the super-resolution concept. This was based on the slanted-edge method to
recover the system’s modulation transfer function (MTF) [[1377,|138]]. The MTF is the modulus of
the optical transfer function (OTF), denoted H (v,, v,), which describes how the spatial frequen-
cies of an object signal are modulated by the image system and is a characteristic quantity of the
system. The MTF can be measured by imaging a sharp edge, typically a razor blade, with the

imaging system. For a sharp enough edge, we can assume that its transmission can be described

1 forx>0
tH(x) = (2.37)
0 forx<O.

as a step function

Then, the image of the edge at the camera will be blurred by the point-spread function (PSF) of
the system. The resulting blurred image of an ideal edge object gives the edge-spread function
(in the direction of the edge) of the system. Then, the derivative of the edge-spread function
is equal to the 1-d point-spread function in the the direction of the edge. Finally, we can take
the Fourier transform of this PSF to retrieve the MTF of the system. There is a slight problem
with this method, however, as the image we measure at the camera is a discrete sampling of
the edge profile. If the sampling rate is lower than the maximum frequency of the MTF, then
we cannot retrieve the full information. This is where the slanted edge is useful. If we use an
edge that is at a small angle relative to the horizontal axis, then each column of pixels effectively
samples an image of the edge that is shifted by a distance less than the pixel pitch. By re-centring
and summing the edge-spread function captured by each column we can combine these shifted
samples to greatly increase the sampling rate and accurately measure the system MTF. The results
are shown in Figure [2.15]

The slanted edge method gives a different measure of the frequency content to the Fourier trans-
form of the grating object images. While it is always useful to have two separate measurements
of the same quantity for confirmation, the slanted edge method is not actually best suited to our
specific experiment. To understand why, it is important to highlight the difference between op-
tical resolution and pixel resolution. The optical resolution of an imaging system tells us that
the smallest feature size (i.e smallest detail) that is resolvable assuming an ideal camera whose
pixels are infinitesimally close together (i.e. one with an infinite spatial sampling rate). This is

limited by factors such as the lenses, system geometry, and the wavelength of light being used.

framerate.
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Figure 2.15: Slanted edge frequency analysis. a, Direct intensity image of slanted razor blade
object. b, Modulation transfer functions for direct intensity, G*® diagonal, G'® projection, and
double-resolution direct intensity images. Curves show the intensity of spatial frequency com-
ponents relative to the DC (i.e. non-oscillating) value. Data from an acquisition of 6x 10° frames
with the Andor Ixon 897 EMCCD at a 2 ms exposure time, with an ROI of 120 X 120 pixels.

Mathematically, it is given by the width of the system PSF. Pixel resolution on the other hand is
given by the size, or more accurately the spacing, of the camera pixels i.e. the sampling rate of the
measurement. These are two independent quantities that can both limit the minimum resolvable

feature size.

The primary purpose of the slanted edge method is to quantify the optical resolution of an imag-
ing system without being limited by the camera’s pixel resolution. Since we are interested in
quantifying the increase in pixel resolution, it is not necessarily the best tool. However, when
the pixel resolution is the limiting factor over the optical resolution, it still gives a measure of the
spatial frequency content of the pixelised image. We can see from Figure that the MTF
has a cutoff at a higher frequency which confirms that the sum-coordinate projection images

genuinely contain more spatial information.

2.6.4 Application to Other Quantum Imaging Techniques

This pixel super-resolution method has the benefit that it can be applied in many other pre-existing
quantum imaging techniques. It does not require any experimental modification; the only require-
ment is to process the data in a different manner. Figure [2.16|shows the results of applying pixel
superresolution to other quantum imaging applications, namely quantum image distillation [70]

and entanglement-enabled holography [65].
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Figure 2.16: Pixel super-resolution applied to other quantum imaging techniques. a-c,
Quantum image distillation (Ref [[70]). a, Direct intensity image with desired object (number
14 and thin bars, light) illuminated with photon pairs plus undesired background light (number
10 and thick bars). b, ‘Distilled’ image containing only desired object, reconstructed from diag-
onal elements of G®. ¢, ‘Distilled” image with enhanced resolution obtained by projecting the
measured G® onto the sum-coordinate axis. d-e, Entanglement-enabled holography. a, Direct
intensity image of sample - a piece of a bird feather. e, Phase image of sample. f, Super-resolved
phase image of sample. Data from Ref. [1].



2.7 Discussion

The aim of this chapter was to introduce a quantum imaging ‘toolkit’; a collection of concepts,
techniques and equipment that I have used to build and run all of the experiments described in
this thesis. This is not a comprehensive list -as we saw in Chapter [I| quantum imaging covers a
broad range of techniques - but it gives the foundation for this thesis. SPDC is the go-to source
for photon pairs because, despite its low power, it requires a relatively simple experimental setup
- a continuous-wave laser and a crystal - and it can generate spatially multi-mode states that are
essential for imaging. Single photon sensitive cameras allow for rapid, parallel measurement of
these multi-mode states, enabling the capture of the rich information that is contained within the
photon-pair correlations in the form of the spatial G». Pixel-superresolution was chosen as an
example because it illustrates the main concepts of imaging with photon pairs. Specifically, it
demonstrates that images can be encoded in the pairs’ spatial correlations, and that the correla-
tions genuinely do contain extra information that can be extracted by performing the appropriate

projection on the G®.

The diagonal projections are particularly useful. As discussed in this chapter, they allow the
correlation width of the pairs to be evaluated in a fraction of the time it would take to characterise
the full G®». As we will see in the next chapters, the sum- and minus-coordinate projections
actually capture a wealth of information about the pairs’ correlations and how they are affected
by the environment in which the pairs propagate. The focus of this chapter was on introducing the
practical, experimental concepts of quantum imaging. In the follow chapter I introduce another
experimental concept: that we can shape and control the photon pair correlations. Along with
the practical consideration, I also introduce the theoretical framework that we use to describe the

propagation and shaping of photon pair states.



Chapter 3
Shaping the two-photon wavefunction

This chapter is based on the work presented in Ref. [4]] titled 'Shaping the Spatial Correlations
of Entangled Photon Pairs’ by authors Patrick Cameron, Baptiste Courme, Daniele Faccio, and
Hugo Defienne. This is an invited paper for a tutorial issue of the Journal of Physics: Photonics

on the topic of wavefront shaping. The manuscript is currently in review.

3.1 Introduction

As I have discussed in the previous chapters, one of the main benefits of imaging with photon
pairs is that it allows us to beat the classical limits of resolution [27] and sensitivity [[68], [139].
Many new methods based on exploiting the correlations of photon pairs have been enabled in
the last decade with the advent of EMCCD and SPAD camera technology, and with easy-to-
implement photon pair sources based on SPDC (see Chapter [2). However, these sources are
still very low intensity, and camera technology is still limited in terms of temporal resolution,
detection efficiency, and acquisition speed. While improvements to all of these factors are very
likely to happen in the future, quantum imaging concepts are not yet compatible with real-word

applications.

While we wait for brighter sources and faster cameras, we can focus on developing other aspects
of quantum imaging methods. In this regard, it is interesting to take inspiration from concepts
in classical microscopy. In fact, microscopy is already quite compatible with quantum imaging.
Most quantum imaging methods require precise control over the source of illumination, as this is
typically where the ‘quantum’ aspects originate from. Also, due to the sensitivity requirements
of single-photon or photon-pair measurements, they must also be done in controlled, low-light
environments. Microscopes in lab environments clearly allow for both of these requirements,
and so microscopy is an obvious direction for quantum imaging. Luckily, there is already a vast

amount of research and development dedicated to improving classical microscopes, the concepts

57
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Figure 3.1: Schematic of a liquid crystal SLM pixel. a, Liquid crystal orientation with no
voltage applied across electrodes. b, Liquid crystal orientation with an applied voltage.

of which can potentially be adapted to quantum imaging. In particular, in this chapter I will focus

on the concepts and techniques of light shaping.

Light shaping can refer to a large number of techniques and methods to control one or more of
the degrees of freedom of light. Pulse shaping aims to manipulate the temporal properties of
a beam, while polarisation shaping controls the electric field vector. Here we are only doing
spatial light shaping; controlling the spatial properties of the electric field, restricted to linearly
polarised light. To perform this shaping, a device that can control the wavefront, i.e. the phase
profile, of a light beam is used. These devices are known as Spatial Light Modulators (SLMs).
While there are many devices based on different technologies and principles, in this thesis I have

used only liquid crystal SLMs.

SLMs are arrays of liquid crystal cells whose birefringence can be controlled on an individual
pixel level. The liquid crystals are made up of long molecules that tend to become aligned to-
gether, leading to optical anisotropy. For a single pixel, the liquid crystals are contained in a
layer between two electrodes. If a voltage is applied across these electrodes then the liquid crys-
tal molecules become oriented along the direction of the electric field. The refractive index of
the liquid crystal layer depends on this orientation and can therefore be controlled by the applied
voltage across the electrode. The crystals’ anisotropy also means they are birefringent so their
refractive index also depends on the polarisation of the incident light. For linearly polarised,
monochromatic light, the refractive index and therefore optical path length of each pixel can be
precisely set. This can be used to imprint (almost) arbitrary phase profiles on an incident beam.
Figure shows a schematic diagram of an SLM pixel.

Such control has many applications, especially in imaging and microscopy [140]. Examples
include structured illumination microscopy [[82]], which aims to improves imaging resolution by
illuminating the sample with a specifically tailored pattern of light, adaptive optics [83]] and wave-
front shaping [141]], which use SLMs to correct for optical aberrations and scattering, and even
contrast-enhanced and quantitative phase imaging methods [142, |143]]. Clearly, light shaping is

an extremely powerful tool, and it is interesting to see how it can be used to improve quantum
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Figure 3.2: Experimental setup for shaping the two-photon correlations. Spatially entan-
gled photon pair at ~ 810 nm are produced via Type I spontaneous parametric down conversion
(SPDC) using a collimated, continuous-wave laser at 405 nm and a thin f—Barium Borate nonlin-
ear crystal (NLC). Pump photons are filtered out by a long-pass filter (LP) at 650 nm. A band-pass
filter at 810+5 nm before the single-photon sensitive camera filters out any non-degenerate pairs.
a, Diagram of a near-field (NF) imaging configuration. The plane of the NLC is imaged onto the
camera using two 4-f relays (f, — f, and f; — f,). The spatial light modulator (SLM) is placed
in the Fourier plane, or far-field, of the crystal. In this configuration, the photons are correlated
at the camera, and anti-correlated at the SLM. b, Diagram of a far-field (FF) imaging configura-
tion. The Fourier plane of the BBO is imaged into the camera with two 4f relays (f, — f; and
f4—f5). The SLM is placed in the near-field plane of the NLC. In this configuration, the photons
are anti-correlated at the camera, and correlated at the SLM. ¢,e, Direct intensity images from
the camera in the NF imaging and FF imaging configurations, respectively. d, Minus-coordinate
projection of the measured G in the NF imaging configuration. f, Sum-coordinate projection
of the measured G in the FF imaging configuration. ¢,d are from an acquisition of 2.5 X 10°
frames. e,f are from an acquisition of 6 X 10° frames. M - mirror.

imaging applications. In this chapter I describe two simple photon-pair shaping experiments that
illustrate some of the important differences between classical and quantum shaping, as well as
the theoretical framework we use to describe photon-pair-based imaging. I also discuss some
interesting applications of such two-photon shaping that go even beyond imaging. For exam-

ple, we will see that this type of control can also be very useful for quantum communications

(Subsection 3.5.1)).

3.2 Experiment

When shaping and detecting correlated photon pairs, there are two main configurations that can
be used. These are the near-field (NF) and the far-field (FF) imaging configurations. Figure

a,b shows schematics of these two configurations. These are named for the optical plane in
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which camera is placed. In the far-field case, the lenses are such that the plane of the crystal
surface is conjugate to the SLM. Similarly, in the near-field case the Fourier-plane of the crystal
is conjugate to the SLM plane. Due to the phase matching conditions in the SPDC process, the
photons at the plane of the crystal are strongly correlated in transverse position (r) and strongly
anti-correlated in transverse momentum (q). Both of these types of correlations can be exploited,

hence the two experimental configurations.

In both cases, the source of photon pairs is a thin BBO crystal that is pumped by a continuous-
wave (CW) laser with a wavelength of 405 nm via Type I SPDC. This generates photon pairs
centred at 810 nm. Immediately after the crystal a 650 nm cutoff long-pass filter is used to filter
the pump photons while allowing the photon pairs to propagate through the rest of the system.
After propagating through the system the pairs are detected using an EMCCD camera, and the
spatial correlations are measured using the method described in Ref. [121]] and in Section[2.3] In
both cases, an SLM placed in a Fourier plane of the camera is used to control the light. Finally,
a band-pass filter at 810 + 10 nm is placed immediately before the camera to ensure that only

approximately degenerate photon pairs are detected.

The near-field (NF) imaging configuration is shown in Figure [3.2h. As the name suggests, the
crystal surface is imaged onto the EMCCD camera and the SLM is positioned in a Fourier plane
of the crystal. Figure [3.2] ¢ shows an example of the intensity at the camera. The shape of
this is mostly dependent on the intensity profile of the pump. Figure d shows the minus-
coordinate projection of the measured G'» of the photon pairs. The bright, narrow peak, as seen
in Figure [3.2d, tells us that the pairs are strongly correlated in position. Physically, this means
that when a photon from a pair is detected at a position (x,, y,), it is very likely that its twin will
be detected within a very small area around the same pixel (x,,y,) & (x;,¥,). No phase mask

was displayed on the SLM to perform this measurement.

The far-field (FF) imaging configuration is shown in Figure [3.2b. Here, the EMCCD is now
in a Fourier plane of the crystal and the SLM is positioned instead in a conjugate plane of the
crystal’s surface. Figure[3.2]e shows an example of the intensity at the camera. Here, the classic
SPDC ring can be seen. The thickness of this ring is proportional to the bandwidth of the pairs,
and the radius is dependent on the angle between the optical axis and the normal to the crystal
surface. Figuref shows the sum-coordinate projection of the measured G®. It represents the
probability of measuring two photons from a pair on two anti-symmetric pixels of the camera
(xy,y,) and (x,, y,), with the barycentre positioned at (x, +x,, y, +,). In this case, the presence
of an intense peak at the centre indicates strong spatial anti-correlation. This tells us that, when
a photon from a pair is detected at a position (x,, y,), it is very likely that its twin will be detected
within a very small area around the diametrically opposite pixel (x,, y,) & (—=x;, —,). No phase

mask was displayed on the SLM to perform this measurement.
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3.3 Classical and Quantum Shaping Theory

I will now introduce the theoretical framework that we use to describe photon pair imaging exper-
iments. Since this idea of shaping is inspired from classical imaging, it is interesting to compare
classical and quantum shaping. A convenient way to do this is to work with the spatial correla-
tion functions, specifically the first and second order functions G and G'» [144]]. The quantities
that we measure in experiment can be written in terms of these functions, and they can be used
to derive expressions for propagation through optical systems. First we introduce the relevant

measured quantities, and how they are written in terms of the correlation functions.

For classical imaging and shaping, the quantity of interest is the intensity of the electric field,

I(r) = |E(r)|>. It can be written in terms of the first-order spatial correlation function of the
field as

1(r) = GO(r,r) G.1)
= (EOMED(r)). 3.2)

Here, (...) denotes an ensemble average, and E® and E© are, respectively, the positive and
negative frequency components of the quantum operator associated with the electric field. In
practice, the intensity is typically measured by accumulating photons at each pixel of a camera.

The camera signal at each pixel is therefore proportional to the intensity at that pixel.

As we have seen, when working with photon pairs we are instead more interested in the second-
order spatial correlation function of the intensity, G(z)(rl, r,). It can be written in terms of the

second-order spatial correlation function of the field as:

G(r,,r,) = (EO @) EC (1) EP(r) EM(r,)). (3.3)

In classical imaging, information is typically encoded and transmitted in the intensity of the field.
The interest of photon-pair imaging is the richer information available in this G®. In practice, we
measure GP(r,, r,) by detecting photon coincidences between pairs of spatial positions r; and r,.
It can also be reconstructed using the method described in [121] and in Section [2.3] It gives the
probability of simultaneously detecting a photon at position r; and a photon at position r,. As we
will see, if we have a pure two-photon state with spatial wavefunction ¢, the intensity correlations
can be related to this wavefunction as G®(r,r,) = |p(r;,r,)|>. We see the same relationship
between G® and ¢ in the two-photon case as we see between I and E in the classical case. We

will see by the end of this section that we can shape these two quantities in similar manners.

Since we want to see how we can shape the distributions I and G?, it is useful to know how they

propagate through an imaging system. Any linear system can be fully described by its complex
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PSF. This is written A(r’, r), where the coordinates in the input plane are represented by r, and the
coordinates in the output plane by r’. Given the PSF, the correlation functions can be propagated

through a linear system as:
GO/, r,)) = / G(r,, ry)h*(r,, v, r,)dr,dr, (3.4)
and

GO,/ vy, ry,r)) = /G(Z)(rl,rz,r3,r4)h*(r1’,rl)h*(r2’,rz)

h(rsy', r3)h(ry, rydrdr,drydr,. (3.5)

These expressions are the most general form for describing how the first and second-order cor-
relation functions propagate through a system. If we know the form of the correlation functions
at the input and we know the PSF describing the system, then we can derive expressions relating
the input and output states. In the following we will consider the simple shaping configuration
introduced in the previous section, and shown in Figure [3.2] In this experiment, we say that the
input plane is immediately before the SLM, and the output plane is that of the camera. Since the

action of the SLM is simply to impart a phase profile 8(r) onto the beam, the PSF can be written

h(',r) = hy,, (x',r) exp [i0(r)], (3.6)
with .
hy,, (', 1) = exp —2’?3" ] : 3.7)

where f is the focal length of the lens immediately after the SLM, A is the wavelength of the light
being used, r and r’ are the transverse coordinates in the SLM and camera plane, respectively.
Note that the normalisation coefficient of 4,,,, has been omitted for clarity. Now that we know

the PSF of our system, let’s consider some different states of light that are of interest to us.

3.3.1 Shaping Coherent Light

First we consider a well-collimated laser at the input. In the ideal case, a laser is a perfectly
spatially coherent source. The first-order correlation function for such a source is given by [[144]]

G(l)

coh

(ry,1,) = E*(ry) E(T,), (3.8)
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where E(r) is the electric field at position r and * denotes the complex conjugate. Thus, from

equations [3.2) and [3.4] the intensity after the system is given by

2

I,,@)= ‘/E(r)h(r’,r)dr (3.9)
Using equation [3.6|and simplifying, we get the intensity at the camera
, 2
I,(w) = ' [f [E@)] * F [e"“”]l (%) : (3.10)

where F[...] is the 2-dimensional Fourier transform, and u = r’/fA. The * denotes the 2-

dimensional convolution operation such that

Lf *g](r’)=/ f(r)g’ —r)dr. (3.11)

This is the expected result from Fourier-optics and says that the field measured at the camera is
simply the (scaled) Fourier transform of the mask on the SLM. The intensity correlation function

for a coherent source is
GP(r,ry) =1,,,(x)I,,,(r,). (3.12)

Clearly, if the intensity is known, then the intensity correlations can be fully reconstructed so

they do not contain any additional information when the light is perfectly coherent.

3.3.2 Shaping Incoherent Light

At the opposite extreme to coherent light we have incoherent light. In the case of a perfectly
incoherent source, e.g. an extended thermal source, the first-order correlation function has the
form

GV (r,,r,) = I,(r)6(r; —1,), (3.13)

mnc

where 6(r) is the Dirac-delta distribution and 1,,(r) is the intensity profile of the beam. As before,
we find an expression for the intensity after the system:

L, ("= / I,(®)| A, 1)|*dr. (3.14)

Since |h| is a constant for our system, we get

(') = / I,(r)dr. (3.15)

In other words, the SLM effectively does nothing to incoherent light in this configuration. The
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intensity correlations for an incoherent source are given by the Siegert relation [[145]]

G2 (r,.r,) =1, (x)I,.(r,) + |1,,.(r)8(r; — ). (3.16)

inc

3.3.3 Shaping Entangled Photon Pairs

Now let’s consider a two-photon state. Here we will see that entangled photon pairs exhibit both
coherent and incoherent properties, depending on the quantity that we look at. We want to see
how our state propagates from the input to the output of the system. The state at the input plane

- the plane immediately before the SLM in the example of Figure [3.2]- is written

lp) = //¢(r1,r2)|1‘1,l‘2) dr,dr,, (3.17)

where ¢(r,,r,) is the position-basis wavefunction which describes the state, and ry, r, are the
transverse position vectors for photon 1 and photon 2 respectively. In this simplified notation,
Ir;,ry) = |rp),  [r,), denotes the state in which photon 1 is at position r; and photon 2 is at

position r,. The G for such a state is given by

G;L)irs(rl’ 1'2) = / ¢*(r19 r)d)(rz’ r)dr- (318)

and direct intensity is then
Ly (ry) = / o, )| dr. (3.19)

Additionally, one can compute the second-order field correlations as:
2
G (01, Ty, T3, 1) = 7 (), 1) (3, 1), (3.20)
giving the intensity correlations :

GO (ry,1y) = |p(r. Ty’ (3.21)

pairs

From here we can see that the direct intensity is simply the marginal sum of the intensity corre-
lations i.e. I(r;) = [ G®(r;,r)dr. Now, using equations and 1, and Gﬁl)irs can be

expressed in the output (i.e. camera) plane as

2
dr,, (3.22)

Ipairs(rl,):/'/‘l)(rl’rz)h(rl,’rl)drl

and
2

G[()i)m(rl’, r,) = ' / P(ry, rp)h(r,  v)h(r,, r,)drdr, (3.23)
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where r,” and r,’ are the transverse positions in the camera plane, ¢(r,,T,) is the two-photon
wavefunction in the SLM plane and 4 is the PSF.

Now we consider the two shaping configurations shown in Figures [3.2a and b. In both cases,
the imaging system from the SLM to the camera, A, is the same (up to a different magnification
factor), but the input states are different. We start with the configuration of Figure [3.2h. Here,
the SLM is positioned in the Fourier plane of the crystal. In our experimental conditions the
collimated pump beam diameter is much larger than the crystal thickness. Therefore, we assume
that photon pairs can be considered to be near-perfectly anti-correlated in the plane immediately
before the SLM. That is, the wavefunction ¢(r;,r,) & ¢,(r; — r,)é(r; + r,) [146], where ¢, is
the amplitude envelope of the two-photon wavefunction in the crystal Fourier plane. It is linked
to the intensity measured in the SLM plane as I(r) = |¢,(r)|>. In practice, it takes the shape
of a disk or a ring, as shown in Figure [3.2]e, and its spatial phase is assumed to be uniform.
After performing the change of variables r, = (r; + r,)/2 and r_ = (r; — r,)/2, the intensity

correlations in the camera plane can be expressed as

(3.24)

2
GAr,.r') = Hf [#o0)] % F [e“”“‘)]] ( fr l)

where y(K) = 0(k) + 6(—K) and all global constants are omitted for clarity. Now we consider
the configuration in Figure[3.2p. Here we are imaging the crystal plane onto the SLM. Since we
have thin crystal and a large pump diameter, we can assume that the photon pairs are perfectly
correlated, i.e. ¢(r;,r,) =~ qb(’)(r1 + 1,)0(r; —r,) [146], where ng) is the amplitude envelope of
the two-photon wavefunction in the crystal plane. It is linked to the intensity measured in the
SLM plane as: I(r) = |¢6(r)|2. In practice, it takes the shape of the pump beam, as shown in
Figure [3.2]c, and its spatial phase is assumed to be uniform. Then, the intensity correlations at

the camera are given by

2

2 /
G(z)(r+,r ) = H]_— [¢O(r)] " }—[elze(k)]l (;/1> (3.25)

Additionally, we find that the intensities I are uniform in both configurations. Thus, as would be
the case for a perfectly spatially incoherent source, the phase programmed on the SLM does not
modulate the intensity measured in the Fourier plane. Indeed, in our experimental conditions,
the spatial coherence length in the SLM plane is very small, notably smaller than the variations in
phase programmed on the SLM. By changing the crystal and the illumination conditions [147],
it would be possible to work in an intermediate regime with partially spatially coherent light,

allowing modulation of both the intensity and the intensity correlations.

Comparing equations [3.10} [3.25| and [3.24] we see that the spatial intensity correlations can be

shaped in a manner that is almost equivalent to spatial intensity shaping in the classical case.
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Under our experimental conditions, F[E(r)], Fl¢,(r)] and F [¢6(r)] are very sharply peaked.
Therefore, they can be considered as Dirac-Delta distributions, allowing for the simplification of
the equations to focus on the role played by the SLM:

e Classical: I = |.7-" [e/®)] 2,

2
’

e Pairs - NF imaging: G® = | F [eiw(r)]

, 2
e Pairs - FF imaging: G® = ) F [eIZG(r)]

With entangled photon pairs we find that, depending on the configuration, the shaping behaves
slightly differently. In the case of near-field imaging, we see that the phase on the SLM affects
the projection in the form of the function y(r) = 6(r) + 6(—r). In the case of far-field imaging,
we see that the projection is affected by a 26(r) phase term. As a reminder, the SLM is always in
a far field plane relative the camera and the names of the configurations come from the position
of the SLM relative to the crystal. In both cases the photon pairs effectively ‘see’ a phase mask
that is different from the mask that is actually displayed on the SLM. In the case of NF imaging,
the pairs’ spatial correlations are modulated by an effective mask that is equal to the real phase
mask plus a spatially inverted version of it. Intuitively this makes sense, as the photons in each
pair are modulated by symmetrically opposite pixels on the SLM. In the FF imaging case, the
spatial correlations are modulated by twice the real phase mask. Again this makes sense as, in
this case, both photons in each pair are modulated by the same SLM pixel. In the following
section I show some experimental results which demonstrate these two-photon shaping effects.

3.4 Experimental Results

As discussed in the previous chapter, the spatial G® that we measure is a 4-dimensional ob-
ject, and is therefore inconvenient for us to visualise. Therefore, we project the G® onto 2-
dimensional images. In fact, we see that these projections are extremely convenient for viewing
the spatial correlations. In SectionI introduced the discrete-variable projections C;: and C".

Now we are interested in the continuous-variable projections, which are defined as

C(r)= / G®(r_,r,)dr, (3.26)
S

for the minus-coordinate projection, and

C*(r,) = / GP(r_,r,)dr_ (3.27)
S
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Figure 3.3: Shaping the two-photon correlations in a near-field (NF) imaging configuration.
A phase grating (a) is displayed on the illuminated region of the SLM. Line plot shows a single
row of the grating. Red dashed circles are illustration of approximate position of SPDC ring
on the SLM. Grating width is exaggerated for illustrative purposes. The actual period used in
acquisition was 75 pixels. b, Magnitude of correlation peaks as a function of grating lateral offset
p. Crosses are data points, solid lines are sine fits. Data is normalised for each order individually
to allow better visual comparison. ¢-e, Minus-coordinate projections of G for f = 0(¢), f = 35
pixels (d), and g = 70 pixels (e) peaks (cropped). Correlations for each grating offset are from
an acquisition of ~ 1.8 x 10° frames.
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Figure 3.4: Shaping the two-photon correlations in a far-field (FF) imaging configuration.a,
Phase grating displayed on the illuminated region of the SLM. Line plot shows a single row of
the grating. b, Magnitude of correlation peaks as a function of grating amplitude a. Crosses are
data points, solid lines are sinusoidal fits. Data is normalised for each order individually to allow
better visual comparison. Classical data (purple) has scale of intensity, rather than correlations.
¢,d Sum-coordinate projections of G» for grating amplitude « = z/6 (¢), « = x/2 (d) and
a = 27/9 (e). Correlations for each grating amplitude are from an acquisition of ~ 5 x 10°
frames.
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for the sum-coordinate projection, where G® is expressed here in the rotated basis (r,,r_) and
S is the integration area. (r,,r_) are related to (r,r,) by
1
r, = E(r1 +r,)

1
r.= E(r1 —T,) (3.28)
The projections expressed in the usual basis (r;, r,) are
C(r)= / GP(r,r + 2r_)dr (3.29)
s

and
C*(r,) = /G(z)(r, 2r, —r)dr. (3.30)
s

Clearly, due to the symmetries of the measured G®, these projections allow us to directly view

the modulated correlations with no loss of information:

2

) | F @] (NP (3.31)

2

C*r) o |F [0 (P (3.32)

Figure [3.3| shows the results for the NF imaging configuration, where we are imaging the sur-
face of the crystal on the camera (Figure [3.2h). As a simple demonstration, we use a 7 /2-
modulated phase grating pattern, shown in Figure [3.3p. According to Equation [3.24] the pho-
ton pairs in this system ‘see’ the actual grating plus a spatially inverted version. Therefore, if
0(r) + 6(—r) = constant, then we expect to see no modulation of the minus-coordinate projec-
tion. To demonstrate this, the grating is displayed on the SLM and translated laterally, measuring
C~ at each lateral shift. Figure [3.3b shows the values of each diffraction order as a function of
lateral shift. If the grating is positioned such that one of the steps is at the centre of the SPDC
beam, then we have y(r) = /2 = constant and we expect no modulation in the ideal case.
Figure [3.3 shows the minus-coordinate projection measured in such a case. Even though we
do not observe a complete extinction of higher orders, mainly due to the fact that the phase pat-
tern is not perfectly asymmetric in practice, the measurements in Figure confirm that these
higher orders are minimised while the zero order is maximised. Instead, if the grating is posi-
tioned 1/4 of a grating period away from this, then we get w(r) = 26(r), and the correlations
should be maximised in the first-order diffraction peaks. This can be seen in Figure[3.3d. At the
intermediate grating positions, y(r) contains higher frequency components, and we see second-
order diffraction peaks. Furthermore, it’s interesting to note that replicating this experiment with
classical coherent light would not yield any change in the intensity-measured diffraction pattern.

Indeed, a lateral shift in the phase pattern in the Fourier plane would only influence the spatial
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phase component of the diffraction pattern, which the camera is not sensitive to.

According to Equation [3.25] we expect a different phenomenon in the case of the FF imaging
configuration (Figure [3.2b). As before, we put a phase grating on the SLM (Fig [3.4p) but, since
we instead have the 26(r) phase term, lateral translation has no effect on C*. Instead, we vary
the amplitude of the phase grating a from 0 to 2z radians, and measure C* at each step. Figure
[3.4b shows the values of the diffraction orders at each grating amplitude. As a comparison, we
also performed the same experiment using classical coherent light and recorded the first-order
diffraction peak intensity in function of a (pink curve). As expected, it follows a sinusoidal
pattern reaching its maximum at « = =x. In the case of entangled photon pairs, we see the
oscillation but, since C* is modulated by twice the phase mask, the frequency of this oscillation
is doubled. Figures [3.4k-e show examples of the sum-coordinate projections measured for «

equals to 7 /6, 7 /2 and 2z /9, respectively.

These results show that we are able to control the intensity correlations of photon pairs, but what
is the physical interpretation of this? The first thing to note is that, in these experiments, the
direct intensity measured on the camera does not depend on the SLM phase mask. This is due
to the incoherent behaviour that the photon pairs have when we are only looking at intensity.
Thinking of photons as particles, this means that the probability of a detecting a photon at any
given pixel does not change with the different phase masks. Instead, by modulating the G®, we
are manipulating the joint probability of simultaneously detecting two photons at two specific
camera pixels. Considering this, we can interpret our experimental results. In the case of Figure
[3.3, there is no longer a sharp peak at the centre, but two peaks at some distance either side. This
means the photons no longer arrive strongly correlated in position at the camera, instead arriving
some constant distance apart. Similarly, in the case of Figure [3.4d, the phase mask prevents the
photons from arriving at the camera strongly anti-correlated in position. Ultimately, this means
that we can control the collective behaviour of photon pairs without changing their individual

behaviour.

This shaping is not limited to simple phase grating patterns. Figure[3.5|shows the resulting minus-
coordinate projections for helical phase masks displayed on the SLM in a near-field imaging
configuration. As in the classical case, imparting a helical phase results in correlations in the
shape of a ring whose radius is dependent on the number of times / that the helical phase changes
from 0 to 27:[1_-] In fact, a helical phase is an interesting case where, due to the rotational symmetry,
the phase mask 0(r) = 6(—r) (4+const.), so the effective phase mask is equal to twice the SLM
phase, i.e. w(r) = 260(r). Note that this double phase effect is for the joint two-photon state:
each photon acquires an OAM of /, so the two-photon state acquires an OAM of 2/.

11 is also known as the orbital angular momentum number, since a beam with a helical phase carries OAM in
discrete values proportional to /.
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Figure 3.5: Correlation shaping with helical phase masks. Minus-coordinate projections and
and corresponding phase masks for / = 1 (a), / = 2 (b), and / = 3 (¢). Data from acquisitions of
2.5 x 10° frames with Andor Ixon Ultra 888 camera at an exposure time of 2 ms.

3.5 Application of Two-photon Shaping

3.5.1 Quantum Communication: Entanglement Recovery Through a

Scattering Medium

One example where two-photon shaping can be applied is in field of quantum communications. In
general, quantum communications is the name given to methods for sending a quantum state from
one place to another, with the motivation being that sending information encoded in quantum
states can be more secure than doing so classically [148]. Traditionally, this quantum information
is encoded in two-level systems called qubits. Some typical two-level systems are the spin of an
electron (|1), ||)), or the polarisation of a photon (| H) , |V')). If two photons are then entangled

in their polarisations, we say this is a state with two-dimensional entanglement.

The two-photon states we get from SPDC are actually entangled in multiple degrees of freedom
due to the phase matching conditions within the nonlinear crystal. When considering the spatial
degrees of freedom (position-momentum), the two-photon states produced in this way are said to
be entangled in high dimensions [[149]]. This is because each photon in the state can existin a large
number of spatial modes. Such states, called qudits, have been shown to have a higher robustness
to noise [150], better loss tolerance [[151]], and greater information capacities [101]] compared
to qubits. Therefore, they are of great interest for communications applications where all of
these benefits would be extremely valuable. One major hurdle to overcome, however, is that this

entanglement can be disrupted and become unusable if the photons encounter optical aberration
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Figure 3.6: Experimental setup for entanglement recovery through a scattering medium.
Spatially entangled photon pairs are produced by Type I SPDC by illuminating a BBO crystal
(0.5 mm thickness) with a vertically polarised collimated laser diode at 405 nm. Simultaneously,
horizontally polarised collimated light emitted by a superluminescent diode (SLED) is co-aligned
to the pump beam using a dichroic mirror (DM). A long-pass filter (LP) with cutoff at 650 nm
filters the pump photons after the crystal, and a band-pass (BP) filter at 810 + 5 nm filters the
classical beam. A two-lens system f,-f, images the surface of the crystal onto an SLM which
itself is imaged onto a scattering medium by lenses f5- f,. In the momentum-basis configuration,
a single lens Fourier-imaging system (f, or f) is used to image the far-field of scattering layer
onto either a SPAD camera (without movable mirror) or onto a CCD camera (with movable
mirror). In the position-basis configuration, a movable lens f5 is inserted to image the scattering
layer onto the cameras. Figure adapted from Ref. [2]
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or scattering that mixes spatial modes, as is the case in transmission through atmosphere or
through multimode fibres. Using wavefront shaping, we demonstrate that this scrambling can be
negated and entanglement can be restored through a thin scattering medium. Such an application
of two-photon shaping is described in details in Ref. [2]. I participated in this work by analysing

experimental data, producing simulations, and contributing to the writing of the paper.

Experimentally, the presence of entanglement is typically verified by computing a criterion for
the correlations measured in multiple degrees of freedom. In this case, the criterion was the one

derived by Giovanetti et. al [152]] which states that separable systems satisfy the product:
1
Ar_Ak, > 5 (3.33)

where Ar_ = A(r; — r,) and Ak, = A(Kk, + K,) are uncertainties which correspond to the
two-photon correlation widths of the G‘» measured in position and momentum, respectively. In
other words, for a non-entangled state, there is a lower bound to the product of the position and
momentum uncertainties, as we expect from the uncertainty principle. If the product of these
uncertainties, i.e. correlation widths, is below this bound then we can say that the photon pairs
are entangled in the position-momentum degrees of freedom. In fact, these widths are simply
the widths of the peaks visible in the projections C* and C~, where the variable k is used to
highlight that it represents measurements in momentum-space. Therefore, this verification can
be done by measuring the width of the minus-coordinate projection while imaging the near-field
of the crystal and the width of the sum-coordinate projection while imaging the far-field of the

crystal.

In Ref. [2], the scattering medium was a thin layer of parafilm stretched over a glass slide,
placed in a near-field plane of the nonlinear crystal. An SLM was placed in another near-field
plane of the crystal to compensate for the scattering layer. If the scattering layer is assumed to
be sufficiently thin and non-absorbing, then we can express the projections in this configurations

as

2
C(r) o | F [¢0)]| (Imaging NF) (3.34)

CH(r,) o | F [g(e)] # F [e200+5)] )2 (Imaging FF), (3.35)

where 6(r) is the phase mask on the SLM as before, and S(r) is a function corresponding to
the unknown phase imparted by the scattering layer. The first thing to notice is that the minus-
coordinate projection doesn’t depend on the scattering layer. This is because it is a phase-only
object and the camera is insensitive to phase. If it were placed in a different plane, or was suf-
ficiently thick, it would modulate both projections. Secondly, notice that when 8(r) = —S(r),
the effect of the scatterer is negated entirely. When 0(r) # —S(r), the spatial correlations are

affected and will diverge from the ideal case, meaning Ak will increase and, beyond a certain
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amount of scattering, the entanglement verification will fail.

Clearly, we want to display a phase mask # = —S on the SLM. However, .S is different for every
scattering layer, and is effectively random, so finding the optimal € is not trivial. Luckily, the
techniques of wavefront shaping exist to solve this exact problem. There are two main approaches
to finding the best correction pattern on the SLM. The first is to optimise the intensity at a target
camera pixel when illuminating the system with spatially coherent (laser) light, as demonstrated
by Vellekoop and Mosk [[86]. The second, which is the method we use, is to directly measure
the transmission matrix of the scatterer and use this to compute the ideal phase mask using the
techniques introduced by Popoff et. al. [109] where the transmission matrix can be seen as the

discrete version of the PSF.

While the transmission matrix measurement could be done directly with photon pairs in theory,
the low SNR and long acquisition times of correlation measurements make this very challenging
(see Subsection [5.3.3). Therefore, the transmission matrix is actually measured using a SLED
at 810 nm, as used for alignment. Finally, since we are working with the transmission matrix
which is a discrete quantity, we also work practically in a discrete, matrix-based formalism. In
this formalism the two-photon state ¥ is propagated with matrix multiplications. For a system

with an SLM followed by the scatterer we have
Yo = TDY"D'T’, (3.36)

where D is a diagonal matrix representing propagation through the SLM and ¥°“ is the matrix
associated with the two-photon state at the output. Satisfying the criteria that 6 = —S can
be ideally done by shaping the SLM so that D = T~!. This would give ¥ = W, thereby
recovering the entanglement that was scrambled by the scatterer. For practical reasons, detailed
in Ref. [2]], we use the transpose conjugate of the transmission matrix to program the SLM i.e.
D =T". Figures —f show examples of the sum-coordinate projections measured after a thin
scattering medium with and without applying a correction on the SLM. The experimental setup

used to obtain these results is described in Ref. [2]], and is also shown in Figure [3.6]

3.5.2 Quantum Imaging: Adaptive Optical Imaging with Entangled
Photons

Two-photon correlations shaping can also be used in an imaging context to do AO. We have
demonstrated this in a work reported in Ref. [3[]. It is described in detail in the whole of the
following chapter (Chapter [)), and so I only briefly mention it here. AO aims to correct for
optical aberrations in imaging systems to improve imaging performance. Typically, an SLM
is used to optimise a so-called ‘guide star’ i.e. some structure or emitter in the object that is

assumed to be point-like. However, in the absence of a guide star, the optimisation target can be
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Figure 3.7: Application of two-photon shaping: Entanglement transmission through a scat-
tering medium. a-c, Minus-coordinate projections in the near-field imaging configuration with:
a, no scattering layer; b, scattering layer and no correction; ¢, scattering layer and correction. In
this configuration, the scattering layer is in the plane being imaged so we see no distortion of the
minus-coordinate projection. e-g, Sum-coordinate projections in the Fourier-imaging configu-
ration with: e, no scattering layer; f, scattering layer and no correction; g, scattering layer and
correction. In this configuration, the scattering layer is in the Fourier-plane of the camera so we
see a speckle pattern in the sum-coordinate projection.d, Photograph of the scattering layer (a
layer of parafilm on a microscope slide). h, Correcting phase mask on SLM, found by inverting
the classically measured transmission matrix. Figure reproduced from Ref. [2]
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unclear. The concept of this quantum-assisted adaptive optics is to use the spatial correlations
of SPDC photon pairs as an effective guide star. Optimising the maximum value of the relevant
G® projection with an SLM will also optimise the imaging performance of the system, with
some interesting benefits and differences compared classical, image-based AO. For a complete

description of this work, see Chapter {4

3.5.3 Fundamental Quantum Effects: Investigating Entangled Two-photon
Absorption

Another application for two-photon correlation shaping is the investigation of entangled two-
photon absorption. This is an ongoing project that I have been involved in. I contributed to the

experimental design and construction and to some of the data analysis.

Fluorescence is the process by which a molecule absorbs a photon at one wavelength and, after a
short delay, emits a photon at a different wavelength. Usually the molecule absorbs a photon of a
specific energy, @, and enters an excited state. Some of this energy is dissipated as heat, and the
rest is emitted as a photon with energy w, < w,. However, if two photons with energies @, and w,
arrive simultaneously at the same location in material, they can be absorbed if o, + w, > @, as
shown in Figure [3.8. This is called two-photon absorption (TPA). If the two absorbed photons

are independent, then the rate of absorption I}, , is proportional to the square of the photon flux.

This quadratic scaling with photon flux can be used to achieve improved resolution and imaging
depths in scanning and fluorescence microscopy [153]. This is because the size of the TPA
region is proportional to the square of the illumination profile. For the same reason, TPA is also
used in lithography to achieve smaller feature sizes [[154]]. TPA is also used in spectroscopy to
access otherwise forbidden electronic states [155]]. However, the quadratic scaling also makes
TPA unsuitable for low-light applications.

Entangled two-photon absorption (ETPA) is a specific case of TPA in which the two absorbed
photons are entangled. This means that the photons are no longer independent, and in fact the
entangled two-photon absorption rate I' ;- , is predicted to scale linearly with photon flux [[156].
Consider spatially correlated photon pairs from SPDC. The photons are correlated so that they
will always arrive as a pair at the same position in space (in a NF plane of the crystal). In addition
to this linear scaling in the low-flux regime, SPDC photon pairs are also spectrally correlated. For
these reasons, there is strong interest in using ETPA for low-light spectroscopy applications [[157,
158].

While an enhancement from using entangled photons has been reported [159H161]], there is still
much debate around the advantage it is expected to offer in the low-flux regime [[162, 163|]. The

aim of our project is to offer a new angle to investigate ETPA by demonstrating a novel method
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Figure 3.8: Schematic of entangled two-photon absorption experiment. a, Energy level
diagram of two-photon absorption. b, Illustration of ETPA experiment. A grating is displayed
on the SLM which allows the spatial separation Ax between signal and idler to be controlled.

for measuring and quantifying the rate of ETPA.

Figure [3.8b shows an illustration of this method. The concept is to use an SLM to control the
spatial correlations of photon pairs that are illuminating a two-photon absorbing sample. For
this, we work in near-field imaging configuration where the sample and camera are in optical
planes conjugate to the nonlinear crystal. As we have seen in this chapter, we can modulate the
spatial correlations of photon pairs with an SLM without modulating the overall intensity profile
of the beam. This can be used to probe the effect of spatial correlations on ETPA while keeping
the total photon flux on the sample the same. By displaying a phase grating on the SLM, the
separation of the photons at the sample, Ax, can be precisely controlled, as in Figure [3.3] With
no grating on the SLM, we expect I'; 5, to increase since the photons are arriving at the sample
strongly correlated. Then, if a phase grating is displayed, we expect ', to decrease. We can
measure this difference by taking the ratio of the peaks of the minus-coordinate projections in

both cases.

This method could add a new perspective on the ongoing debate by providing a way to mea-
sure ETPA based on quantum correlations. The experiment is ongoing, with only preliminary
results secured thus far. However, it provides an alternative approach to investigating ETPA and

highlights well the diversity of applications of two-photon shaping.

3.6 Discussion

In summary, we have shown how one can shape the correlations of a spatially entangled two-
photon state with both a theoretical description and an experimental demonstration. By using a
Fourier-optics-based formalism, we have shown that the two-photon correlations can be shaped

in an analogous manner to coherent classical states, with some important differences. Depending
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on the state at the SLM, the photon pairs ‘see’ a different version of the phase displayed on the
SLM. For a correlated state, it is modulated according to twice the phase mask and, for an anti-
correlated state, it is modulated by the combination of the phase mask and its spatial inverse. We
demonstrate this experimentally, showing that there are in fact cases where we see no modulation
of the correlations even when a non-flat phase mask is displayed on the SLM. In the context of
my thesis, I have focused solely on two simple configurations, i.e., NF and FF imaging. However,
one could imagine more complex situations, for instance, positioning the SLM in an intermediate
plane that is in neither the NF or FF of the crystal, or even by using multiple SLMs is different
planes. It would be interesting in the future to study these configurations. In particular, they
could allow for modulation so that correlations will change depending on the spatial region of

the beam they occupy.



Chapter 4

Adaptive Optical Imaging with Entangled
Photons

This chapter is based on the work presented in Ref. [3]] titled ‘Adaptive Optical Imaging with
Entangled Photons’ by authors Patrick Cameron, Baptiste Courme, Chloé Vernicre, Raj Pandya,
Daniele Faccio, and Hugo Defienne. This paper has been accepted for publication in the journal

Science.

4.1 Introduction

In all imaging applications there is a finite limit to the size of features that can be resolved. For
an imaging lens with focal length f and aperture diameter D, this is typically expressed as the
Rayleigh criterion [164]:

AL~ 12202 4.1)
D

where Al is the smallest resolvable distance, and A is the wavelength of the light being used.
While this is not a fundamental physical limit, it encapsulates well the main factors affecting
spatial resolution. For a given imaging system, f and D are fixed, and the resolution is limited

by the wavelength of the light being used, called the diffraction limit of light.

Label-free microscopes are essential for studying biological systems in their most native states.
Unlike fluorescence microscopes, they do not require the samples to be stained with fluorescent
markers. In standard label-free microscopes, the sample is illuminated with an external source
and the same light is collected to form its image. The contrast mechanisms correspond to the
change in phase and amplitude of the light diffracted by the sample. As discussed in Chapter 1]
the use of non-classical light sources can enhance imaging performance in a number of ways,

and such quantum-enhanced imaging techniques are particularly well-suited for microscopy. To

79
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Figure 4.1: Principle of Adaptive Optics. a, Illustration of the correction of a distorted wave-
front using a corrective device such as a spatial light modulator (SLM) or deformable mirror. b,
[lustration of a deformable mirror. A flexible mirror membrane is mounted on actuators that can
deform the mirror to control the wavefront of the reflected beam. ¢, Illustration of a spatial light
modulator. The refractive index of individual pixels can be controlled to modulate the wavefront
of the reflected beam.

summarise the relevant points, entangled-photon imaging has been used in bright-field imaging
configurations to enhance spatial resolution [1, 27,56, |165]], achieve sub-shot-noise imaging [31]]
and improve the contrast in the presence of noise and losses [70,|73]. In phase imaging, they can
be utilised to augment the contrast in both confocal 58] and wide-field [60, [166] differential
interference contrast (DIC) systems, and are at the basis of new modalities including quantum
holography [65}167], reconfigurable phase-contrast microscopy [[79] and 3D-imaging [[127]. Fi-
nally, they can also improve time-gated imaging protocols, such as optical coherence tomography
(OCT), by reducing dispersion [[168, 169] and enhancing depth sensitivity [61]]. However, all of
these enhancements are based on the assumption that the system is diffraction limited. In many
practical situations this is not the case, as it is common to have optical aberrations present in the
imaging system. Generally speaking, the field of adaptive optics (AO) aims to correct for these

aberrations to optimise the resolution of an imaging system.

AO originated in astronomy to improve the resolution of ground-based telescopes [170]. The
light from stars and other astronomical objects has a flat wavefront which can be ideally focused.
However, once it reaches the Earth, variations in the density, and therefore refractive index,
of the atmosphere introduce distortions to this wavefront. This results in blurred images and
reduces the resolution of the telescope. If the shape of these distortions can be measured, e.g.
with a Shack-Hartmann sensor, then an SLM or deformable mirror can be used to compensate for
them, thereby restoring the imaging performance and recovering a diffraction-limited resolution.

Figure 4.1 shows an illustration of the principle of adaptive optics.
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The concepts of AO were soon applied to improve the resolution of classical microscopes. In-
stead of originating from the turbulent atmosphere, aberrations in microscopy are typically caused
by variations in the refractive index of the sample itself, known as specimen-induced aberration.
In addition to this, the optical elements within the microscope itself can introduce systematic
aberrations. In many cases it is not actually practical to directly measure the distortions. Instead,
a point-like source or structure called a guide star is identified in the sample. Since it is point-
like, the image of this guide star should, by definition, look like the point-spread function of the
microscope. Therefore, it can be used as an optimisation target to correct for aberrations. In
the past decades, AO has played a major role in the development of advanced imaging systems,

particularly fluorescence microscopes [171}|172].

In the absence of a guide star, however, the PSF and thus the aberration information is not directly
accessible. This is typical for most label-free and linear microscopy systems. To circumvent this
issue, wavefront sensorless, image-based AO methods have been developed [172-174]]. They
are based on the principle that the image, resulting from the convolution between the specimen
structure and the PSF, has optimum quality only when the aberrations have been fully com-
pensated. In practice, an image metric is first defined and then optimised by acting with the
wavefront shaping device. The appropriate choice of the metric depends on the image formation
process of the microscope used and the nature of the sample. The most commonly used metrics
include the total output intensity [175]], image contrast [176], low frequency content [|177] and
sharpness [|178,/179]. In recent years, this has enabled aberration correction in several label-free
microscope modalities, such as bright-field [177], quantitative phase-contrast [180], differential
interference contrast (DIC) [181]] and OCT [[182].

One of the primary hurdles in achieving effective image-based AO lies in the requirement to
define distinct metrics for each microscope modality and for varying specimen types. Further-
more, certain metrics may introduce systematic errors. For instance, when capturing volumetric
samples, a defocus correction based on an image sharpness metric can yield multiple solutions

corresponding to different transverse planes within the sample.

In this Chapter I describe a novel method called quantum-assisted adaptive optics (QAQO) that
exploits the spatial correlations of entangled photon pairs to correct for aberrations, as introduced
in Ref. [3]. This method harnesses the fact that the PSF of an imaging system is directly encoded
in the spatial correlations of photons pairs that have propagated through it. This allows direct
optimisation of the PSF without the need for a guide star in the sample. The performance of
QAO is independent of the imaging modality and structure of the specimen under investigation,

and can outperform classical AO methods in some conditions.
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4.2 Concept and Theory Behind Quantum-assisted Adaptive

Optics
a Camera Intensity C Correlations
Photon }

Pairs

m[
d Aberration e Intensity f Correlations
Camera

Photon } ‘ v

Pairs

W n
Figure 4.2: Concept of Quantum-assisted Adaptive Optics (QAQO). a, An object is illumi-
nated by spatially entangled photon pairs and imaged onto a single-photon sensitive camera. The
imaging system between the object and the camera is not represented for clarity. Photon pairs are
strongly correlated in the object plane. Without optical aberrations, a (b) sharp intensity image
of the object is acquired and photon pairs are still correlated at the camera plane. Photon pairs
correlations are visualised by (¢) measuring the spatial second-order correlation function, G,
and projecting it onto specific coordinates. Such a G® projection is proportional the system’s
point-spread function (PSF) and shows a narrow peak at its centre. d, With aberrations present,
the system is not limited by diffraction and the pairs are no longer correlated at the camera plane,
resulting in a () blurred intensity image and a (f) distorted G® projection. In QAO, aberrations

are corrected using a spatial light modulator (SLM) to maximise the central value of the G
projection.

In our QAO scheme, spatially-entangled photon pairs generated via SPDC are incident on an
object (f) which is then imaged onto a single-photon sensitive camera (Figure 4.2]a). From this,
we have information from two quantities in parallel. From Subsection[3.3.3]we know that the light
from SPDC behaves like spatially incoherent light if we measure only direct intensity. In the most
general case, this intensity has the form given in Equation I(r') = / do(r)|A(r’, r)|%dr
where ¢, the the intensity envelope of the photon pairs. If the PSF is shift-invariant (the same
at each point of the sample) then, as in classical incoherent illumination, the intensity image (1)
produced at the camera simply results from a convolution between the magnitude-squared PSF
(h) and the object as

I =|h?* |t 4.2)

Simultaneously, the photons are also pair-wise correlated, and exhibit strong spatial correlations
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which arises from their entanglement [[183]]. Therefore, in addition to this intensity information,
the intensity correlations will also contain information about the system. Modifying to include
the effects of the object ¢, Equation [3.22]can be extended to describe the intensity correlations at

the output of our imaging systems as

2

G?(r],r}) = '/ B(ry, v )i(r () h(r], r)h(r,, ry)drdr,| | 4.3)

where, as before, ¢(r;,r,) is the position-basis wavefunction of our two-photon state. This is
clearly a complicated function that depends on the PSF, the object, and the spatial correlations
of the photon pairs at the source, and may not seem particularly practical. However, under spe-
cific experimental conditions, we will see that the sum-coordinate projection of this G® can be
approximated as:

C*(r,) ~ K |[h * BC2r))|, (4.4)

where K is a constant representing the photon-pair transmission rate through the object and is
independent of 4. Equation4.4]says that the PSF of the imaging system is directly encoded in C*
via an autoconvolution. Therefore, maximising the central projection value C(')F =C*r, =0)
is equivalent to maximising the sharpness of the PSF. This in turn is the same as optimising the
imaging performance (see Eq. 4.2)). Thus, we can do AO by optimising the photon-pair spatial
correlations. Importantly, Equation |4.4] also says that the only influence of the object ¢ on this
projection is in the global factor K. This means that, under the right conditions, the shape of C*
does not depend on the structure of the object we are imaging. In other words, C*(r, ) can be used
as a ‘universal guide star’ that quantifies imaging performance independently of the structure of

the sample under observation.

4.2.1 Derivation of Equation 4.4

In this section, I describe the steps used to derive Equation4.4] which is central to understanding
the QAO process. Starting from Equation [4.3] we can introduce some assumptions on the state
and on the aberrations that allow it to be simplified, eventually yielding Equation4.4] The initial

assumptions are as follows:

1. We assume that the PSF is shift-invariant. Mathematically, such a PSF can be written as
h(r’,r) = h(r’ —r). Physically, this means that for point source at location r, the output
will simply have the shape of the PSF centred at this point. Although it will simplify our

calculations, this assumption is not strictly necessary.

2. We assume that the input plane (i.e. sample plane) is positioned in a Fourier plane of
the crystal. This imaging configuration is the one in which we chose to operate in our

study. A diagram of the experimental setup is shown in Figure 4.6 We chose to work in
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this configuration because it presents certain practical advantages, especially for efficiently
measuring correlations with a camera. A full description of the experimental setup is given
in Section [4.3] However, it should be noted that it is also possible to use an alternative
configuration in which the crystal’s surface is imaged onto the object. Such a configuration
is theoretically described in Subsection4.2.3] It has not been explored experimentally in

the context of my thesis but could be in the future.

Here, we thus image the Fourier plane of the crystal onto the object. In this plane the
photons are almost perfectly anti-correlated and the two-photon wavefunction can be ap-

proximated as:
¢(ry, 1) = 6(r) +71,). 4.5)

The assumption that the pairs are perfectly anti-correlated in the sample plane is justi-
fied under our experimental conditions, since the crystal is illuminated by a collimated
beam (0.8mm diameter), and its thickness (0.5mm) is much smaller than the correspond-
ing Rayleigh length (~ 1m) [[118}/146]]. Note that, in Equation the photon pair illumi-
nation beam is assumed to be infinitely large. To account for the fact that, in reality, the
beam has a finite diameter, we can simply modify the definition of object # and include

edges #(r) — t(r)rect(r /a), where a” is the illumination area.

Under these assumptions, Equation #.3] becomes:

2

GO(r],r)) = ‘// 8(ry + 1)t(r)1(r)h(r; — r)h(; — r)drdr,| . (4.6)

Then, using the following change of variables:

1
r, = E(r1 +1,),
1
r = E(r1 —TI,), “4.7)

the intensity correlations can be expressed as:

2
GO x') = ‘ // S(rH(r, + 1), — A, + ¥ — (r, + T )h, — ¥ —(r, —r_))dr,dr_

2

= ’/ ta )t(=r_)a(r’ +r’ —r A’ -1’ +r )dr_ (4.8)
From there, we use another change of variables: r = r’ +r’ —r_. This gives
2
GOl r') = '/ 1’ +r’ —r)y(-r, —r’ +r)Ar)hQr, —r)dr (4.9)
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Using again the change of variable i.e. (r;,r,) = (r,,r_), and recalling the definition of the
sum-coordinate projection C* (Equations and [3.30), we can express it as:

C*(r,) = / G?(r,2r, —r))dr,

— // G(Z)(I’I, ry)o(r, — (2r, —ry))dr,

_ / G (r,.x_)dr.. (4.10)

Equation .10] can then be expanded as:

2
C*(r,) = / '/ t(r,+r_+r)r(-r, —r_+r)h@)hQ2r, —r)dr| dr_

= ///t(r++r_+rA)t(—r+ —r_+r)A(ry)hQr, —1,)

(rp+r_+rg) 1" (=r, —r_+ry) h*(rg)h*2r, — rp)dr drgdr_

//[/ r,+r_+ry)t(-r,—r_+r)r(r +r_+rg)

(—r -r_+ rB) dr lh(rA)h(2r — 1 )h*(rg)h*2r, — rg)dr,rg
= / K(r,,rg)h(ry)hQ2r, —r,)h*(rg)h*(2r, — rg)dr,ry, 4.11)

where the effects of the object # are grouped into the function K. Using the change of variable

r=r,_ +r_-—r,, K(ry,rp) can be simplified as:

K(ry,rg) = /t(r++r_ —ry)t(-r,—r_+r,)
r*(r,+r_—rg) " (-r, —r_+ry) dr_

= /t(r)t(—r)t (r+ @, —rp)t(-r—(ry —rp))dr. 4.12)

As a result, we have shown that C*(r_) can be written:

C*(r,) = / K(ry,rg)h(ry)h(2r, —ry)h*(rg)h*(2r, —rg)dr,dry. (4.13)

where

K(ry,rp) = /t(r)t(—r) " (r+ (@, —rp)) t* (-r — (ry —ry)) dr. (4.14)

Equation [4.13] is the most general form of C*. The only assumption we have made about the

aberrations is that they are shift-invariant which, as stated above, is not strictly necessary up to
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Figure 4.3: Simulations of sum-coordinate projections C* with and without an object. a,
Sum-coordinate projections C* obtained in the presence of aberrations with strength f,, = 0.9
without object (blue curve), with a simple object (red curve) and with a more complex object
(green curve). The absolute-squared of the PSF is also represented by the dashed-black line. All
curves are plotted after normalisation to their maximum value. b, Simple and more complex
object used in the simulations. ¢ - Blue curve, Similarity values obtained by comparing the
sum-coordinate projection simulated with an object and this without object. To obtain a similar-
ity value, 400 correlation values were calculated using the Matlab function corrcoef between
the reference sum-coordinate projection (no object) and 400 sum-coordinate projections gener-
ated for 20 different randomly generated aberration patterns and 20 different randomly generated
objects. Random aberrations are used here to show the effect of the aberration strength in gen-
eral. ¢ - Red curve, Similarity values obtained with the same process but using the absolute
value squared-PSF as the reference.

this point. To obtain Equation 4.4 we must introduce another assumption. If we assume that
the optical aberrations present in the system are sufficiently weak, Equation 4.13|can be further
simplified. Indeed, if the aberrations are weak - meaning there is no scattering or absorption -
then the PSF A is quite narrow i.e. non-negligible only close to 0. This implies that the term
h(r,)h(2r, —r,)h*(rg)h*(2r, — ry) is non-negligible only for small values of |r,| and |rg|. In
this case, the values |r, — rg| are also small, and Equation simplifies into:

K(ry,rg) ~ / |t (r)t(-r) |’dr = K. 4.15)

Under this assumption, K is now a constant that does not depend on r, and ry, and therefore can
be taken out of the integral. Equation.13|can now be simplified and expressed as a convolution,
allowing us to obtain Equation [4.4] The validity of the weak aberration hypothesis is confirmed

by the simulations in the following section.

4.2.2 Justification of Weak-Aberration Assumption

Here I will show some simulated and experimental results which justify the assumptions made
in the preceding derivation. Effectively, Equation 4.4] says that the shape of the sum-coordinate
projection does not depend on the structure of the object ¢ if the aberrations are sufficiently weak.

We can confirm this by comparing C*s acquired with different objects. Figure 4.3| shows some
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Figure 4.4: Experimental data of sum-coordinate projection with and without the presence
of an object. First row (a,b,c) acquired with no induced aberrations. Second row (d,e,f) acquired
with weak aberrations. Third row g,h,i acquired with different weak aberrations. First column
(a,d,g) shows direct intensity images with the object, a 100um resolution target grid. Second
column (b,e,h) shows sum-coordinate projections acquired with the object present. Third column
(c,f,i) shows the sum coordinate projection without the object present. Each intensity and sum-
coordinate image acquired from 107 frames, taking ~ 5 hours. All experimental results were
acquired using the setup detailed in Figure {4.6] in which the aberrations were induced using a
second SLM placed at plane A2. a.u. - arbitrary units.
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results from simulations of Equation4.13] Here, we consider only one dimensional objects and
fields, so that r — x. Aberrations are modelled as random phases. The strength of the aberra-
tions, which we call here f, is defined as the inverse of the correlation length of this random
phase. Itis controlled by modulating the Fourier-spectrum of an initial random phase (generated
using Matlab’s rand () function) by a Gaussian filter of width ;.. = 1/ f,,,- General details on
the simulations can be found in Appendix [B] Figure #.3p shows the normalised sum-coordinate
projections with different objects (Fig [4.3b) for fixed, low-strength aberrations. It also shows
the absolute value squared of the PSF for comparison. These simulations demonstrate that, for
low aberrations, the object has a negligible effect on the shape of the sum-coordinate projec-
tion. To be more quantitative, Figure shows the similarity C* with and without objects
for increasingly strong aberrations. C* is computed with and without an object and the corre-
lation coefficient between these cases is computed via Matlab’s corrcoeff () function. For
each value of f,,, 20 random aberrations and 20 random objects were generated, and the aver-
age correlation coefficient for each of these was computed. As the aberration strength increases,
the projection with an object becomes less similar to the reference projection without an object.
However, for low-strength aberrations, there is no appreciable difference between them. This is

the regime in which Equation §.4]is valid.

Figure[d.4]shows experimental justification that, in this study, we operate in such a low-aberration
regime. These results are acquired using the experimental setup shown in Figure {.6] which will
be described in detail in Section[4.3] Sum-coordinate projections were measured with varying
levels of aberration (implemented with an SLM and staying in the range of low-aberrations), with
and without an object present. The main effect of the object is to decrease the maximum value of

the measured C* while the shape remains effectively the same, as expected from Equation

4.2.3 QAO with Photons Correlated in Position

In the derivation of Equation[4.4] we assumed that the object is in the Fourier-plane of the nonlin-
ear crystal and so the photons arrive with near perfect anti-correlations at the object. As explained
above, this is the illumination configuration that we have chosen to focus on in my PhD work.
However, we know that the photons from SPDC exhibit strong position correlations in addition
to these momentum anti-correlations. Therefore, it is also possible to arrive at a similar result if
we consider the case of an object (and camera) in a plane conjugate to the crystal. In this section,
we derive the Equations to use QAO for such a configuration. As before we can assume that the

PSF is shift-invariant, and also that photons are perfectly correlated in position:

P(r;,ry) X 6(r; —1y). (4.16)
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Starting from Equation and performing the same change-of-variables, namely (r,,r,) —

(r,,r_), we obtain:

2

GO0, r') = ’ / t(r)*h(r’ +r’ —r )h@’ —r’ —r )dr, (4.17)
From there, we use another change of variables: r =r’ +r’ —r,, to obtain:
2
GO, r') = ' / 1’ +r' —r)Yh(r)h(r - 2r))dr (4.18)
Then, recalling the minus-coordinate projection of G®, defined as:
C(r.)= /G(2)(r1, r; +2r_)dr, (4.19)
and using again the change of variable i.e. (r,r,) — (r,,r_), one can express C~ as:
C(r.)= / G? (r,,r_)dr,. (4.20)
Then, we can expand and simplify the previous equation as follow:
C(r)= // K_(r,,rg)h(r)h(r, —2r_)h*(rg)h*(rg — 2r_)dr,drg, (4.21)
where:
K _(ry,rg) = /t(r)2 t (r +(r, — rB))2 dr. 4.22)

Equation 4.21] is the most general form of C~. Under the same weak aberration hypothesis as

before so that |r, — rg| is small, Equation [4.22] simplifies into:

K _(ry,rg) ~ / |t (r) |*dr = K_. (4.23)

Under this assumption, K_ is now a constant that can be pull out of the integral in Equation4.21]

Finally, the minus-coordinate projection can be expressed as:
C™(r_) = K_|[h x h]2r)]|%, (4.24)

where we use * to denote the 2-dimensional correlation product, such that

[f*g](r’)=/ f(X)g(r’ +r)dr. (4.25)
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Equation 4.24] has a very similar form to Equation [4.4] and shows that, in principle, QAO can

work equally with correlated or anti-correlated photons.

The choice of which configuration to use is solely a practical one. We preferred to work in the
anti-correlated (i.e. far-field imaging) regime due to technical restraints of the cameras. Most
single-photon sensitive cameras cannot detect coincidences between a single pixel and itself. If
photons are strongly correlated, it is very likely that they will arrive together at the same pixel.
Much of the correlation information is then lost, as these coincidences cannot be measured. This
can be somewhat circumvented if the correlations are spread over a few pixels. However, most
cameras - including EMCCD and SPAD cameras - also suffer from pixel crosstalk, which further
reduces the ability to detect coincidences at nearby pixels. For these reasons, we chose to operate

in the anti-correlated regime i.e. illuminating the object with anti-correlated photon pairs.

4.2.4 QAO with Entangled vs Classically Anti-Correlated Photons

At this stage, it is interesting to discuss whether entanglement is truly necessary to perform QAO,
or if classical correlations would be sufficient. To compare the results, let’s go through the full

reasoning with classically anti-correlated photons.

We consider a hypothetical experiment exploiting photons that are only classically anti-correlated,
with no entanglement. We assume the existence of a point in the sample plane emitting perfectly

anti-correlated photons, modelled by the following joint probability density function:
po(r;, 1) = 6(r; +r,) (4.26)

When propagating photons through the imaging system, the blurring process caused by the sys-
tem PSF can be described by introducing a random variable N to their initial positions in the
object plane:

r,>r,+N,kel,?2 (4.27)

Since both photons are influenced by the system independently, it is necessary to introduce a
distinct random spread term for each of them. Their probability density function is determined
by the PSF of the imaging system: Py (n) = |h(n)|?. Applying basic statistics, we obtain the
probability density in the image plane:

Pi(r;, 1’;) = // po(ry, r2)|t(r1)h(r; - r1)|2|t(r2)h(r£ —r1,)|%drydr,, (4.28)

where 7 is an object. Following the same mathematical reasoning as in Section 4.2.1] we obtain

the following result:

p(x'.x) = / 1’ + 1’ —r)t(—r’ —r’ +1)h(r)h(2r, —r)|*dr. (4.29)
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Figure 4.5: Comparison of the sensitivity of QAO with entangled vs classically correlated
photons. Variation of the central values (blue) C*(0) and (black) C.,(0)" in function of the
aberrations strength. C*(0) o« |[A * h](0)|? in the case of entangled photons, and C:;(O) x
|h|> % |h|*(0) in the case of classically correlated photons. As a comparison, the red curve
shows also the variations of |4|?(0), which corresponds to the case of classical AO.

Finally, we define the classical analogue to the sum-coordinate projection

Ch(r,) = / pi(ry,2r, —r)dr; = / p; (r,.r_)dr_, (4.30)
and obtain:
Crr,~ K, // |h(r)h(2r, —r)|*dr
~ K, [|h? = |h)*@2r,)], (4.31)
where
K, = / |t (r)t(-r) |*dr. (4.32)

As one can see, classically anti-correlated photons would lead to a result that is similar but
formally different from that obtained with entanglement. However, the QAQO algorithm could still
work, just in a less efficient manner. Indeed, simulations show that |4 * A|? is more sensitive to
the deformations of the PSF than |A|? * |h|?, as demonstrated in Figure As aresult, the same
holds for their central values i.e. C*(0) and CC“;(O). We observe that the central value decreases
more rapidly when increasing the aberration strength with entangled photons than with classical
correlations. This increased sensitivity is a genuine advantage provided by entanglement. In

addition, the red curve shows the variation |A(0)|?, corresponding to the case of classical AO,
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which is even less sensitive. This sensitivity comes from the fact that 4 is complex, i.e. it
has magnitude and phase. C* is sensitive to the phase of 4 since the autoconvolution is done
before the absolute-value is taken, while in the classical case it is done after. Intuitively, one can
see this extra sensitivity as arising due to the relative phase acquired by entangled photons, to
which classically correlated photons are not sensitive. Furthermore, one can demonstrate through
similar calculations that pairs of classically correlated photons (i.e., p,(r;, r,) = 6(r; —ry)) lead
to a similar result but with a correlation product instead of a convolution product: C(r_) o
[|h|2 * |h|2] (2r_). Comparing this with Equation we can see that correlated pairs also
result in a phase sensitivity that is not present with classically correlated pairs.

In addition to this fundamental difference, there are some practical considerations to take into
account. Other than SPDC, a source of strongly anti-correlated photon is unknown, so such a
source would need to be engineered. A simple way to do this would be to rapidly scan two focused
points of light in the object plane, in an anti-correlated manner. However, QAO would not be
necessary in this case, since each of these scanned points would allow the PSF to be directly
measured at the output. Thermal light is a widely used form of classically correlated light, but
here the photons are correlated in position, where the correlation measurement suffers from the
inability to resolve single-pixel correlations and from pixel crosstalk, as discussed in the previous

section.

4.3 Experimental Details

In this section, I will now describe the experiments that utilise the QAO technique, and present

experimental results demonstrating its effectiveness.

4.3.1 Experimental Setup

Figure .6 shows the experimental setup. Spatially entangled photon pairs are SPDC in a thin
p-barium borate (BBO) crystal cut for Type I phase matching. Using lens f/, the output surface
of the crystal is Fourier-imaged onto the sample. Subsequently, the sample is imaged onto the
camera using two 4 f imaging systems, namely f,- f; and f,-f5. Specimen- and system-induced
aberrations can be introduced in the imaging system in planes Al and A2, respectively. An
SLM, used to correct for aberrations, is placed in a Fourier plane of the sample. Photon pairs
transmitted through the system are detected at the output using an EMCCD camera. This is
utilised for measuring both conventional intensity images and photon correlations, following the
technique described in Ref. [121]] and in Section [2.3]

The following sections detail the results of aberration correction with QAO in various experi-

mental conditions, and with various samples as test objects.
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Figure 4.6: Experimental setup for QAQ. Spatially-entangled photon pairs centred at 810 nm
are produced via Type I Spontaneous Parametric Down-Conversion (SPDC) using a 405 nm
collimated continuous-wave laser and a 0.5mm-thick f-barium borate nonlinear crystal (NLC).
Blue photons are then filtered out by a low-pass filter (LP) at 650 nm. The sample is illuminated
by the photon pairs while being positioned in the Fourier plane of the crystal (f; = 100mm). It
is subsequently imaged (with a magnification of 1) onto the electron-multiplying charge-coupled
device (EMCCD) camera using two 4-f imaging systems, f, — f; and f, — fs. The spatial
light modulator (SLM) used to correct aberrations is positioned in a Fourier plane of the sample
between f, and f5. For clarity, it is depicted in transmission, but in practice, it operates in
reflection. Optical aberrations can be introduced at either the optical planes A1l (near the sample
plane) or A2 (Fourier plane). Note that plane A1l is deliberately placed at a small distance from
the object plane to introduce sufficient aberrations. To detect only near-degenerate photon pairs,
a band-pass filter (BP) at 810 + 10 nm is positioned in front of the camera.
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4.3.2 Modal-based Optimisation Approach

To correct aberrations, we employ a modal-based adaptive optics algorithm that utilises C; as a
feedback parameter, where C; = C*(r, = 0). In this work, the Zernike polynomials are used as
the modal basis for correction, since they form an orthonormal basis on the unit disk and result

in a smooth phase mask [184]]. The phase masks 8(y, p) are generated using

Minax

0(w.p) = Z Za 21w p). (433)

=Ny, M=—n

where a,,, is the coefficient for the m, n'™ Zernike polynomial Z", and y = arctan2(y, x), p =
\/m are the 2-dimensional radial coordinates. Note that Z" = 0 when m + n 1s odd, so
the total number of modes is given by N = %[(nmax + D,y + 2) = n,,,(n,,;, + 1] with the
condition that n,,. > n,, > 0. The correction is done modally, meaning the best correction
for each Zernike mode is found independently of each other mode. To reduce the errors due
to any crosstalk between modes, the correction is repeated starting from the phase mask found
during the previous iteration. In this work, we consider all modes with radial numbers n < 5
and azimuthal numbers |m| < n, excluding piston, tip, and tilt. For each Zernike mode Zm,
we record five sum-coordinate projections with distinct, known bias amplitudes (e, ). In each
measurement, the correcting SLM phase 6,,, is thus modulated according to the equation:

0 =0y +a,,Z", (4.34)

nm
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Figure 4.7: Modal optimisation of C;". For each Zernike function, we find the coefficient a¢""”
that maximises CS’ , then add this to our correction mask. a, Value of the peak of the sum-
coordinate projection plotted as a function of correction strength for each of the n=2 Zernike
functions. Solid line shows the fitted Gaussian function for each mode. b,c,d, C*(r) after opti-
mising C; for Zg, zZ; 2 ZZQ, respectively. Data taken with Nuvu Cameras HNu 128 EMCCD.
a.u. - arbitrary units
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where 6,,,_, represents the optimal phase correction obtained for the previous mode. Such a
phase modulation approach is commonly used in classical modal AO [174].

For each mode mn, a set of sum-coordinate projections is acquired for a range of correction
coefficients a,,,. The maximum value for each projection is fitted as a function of «,,,, and the
value of a;»" that maximises the projection peak is calculated. Figures {.7b-d and Figure #.8h
show examples of acquisition and fitting for different modes. We use a Gaussian model to fit the
data.

From experimental observations, we assume that the correlation peak C, can be written as a

function of correction coefficient a,,, with the form
Col@y,) = f+ Aexp [~ (a,, - aory]. (4.35)
o

That is, C (,,,) is a Gaussian that is centred at the best correction a<””. f represents the noise
floor of the measurements, since C(;L typically never goes to 0, as can be seen in Figure . A
is the amplitude of the Gaussian function, and o is the width, both of which are dependent on
acquisition time for C*(r,). MATLAB’s curve fitting functionality is used to perform the fits,
and the value of a“®” is extracted.

Figure 4.7| shows in more details another example where the aberrations consist of three modes:
ZZO, Z; 2, Z; (defocus, vertical astigmatism, and oblique astigmatism). The coincidence image
peak was calculated for a range of 10 different values of & for each mode, plotted in Figure .
In principle, the fitting can be done with as few as two points per mode plus one value for zero
correction, allowing for correction with only 2N + 1 points [185]. In practice we take more
points per mode and update the correction mask after each mode which improves the SNR of

C, - This increase in SNR after correcting each mode can be seen in Figures 4.7p-d.

4.4 Results

4.4.1 Correction of System-induced Aberrations

To illustrate our method, we placed a biological sample - a honeybee mouthpiece on a microscope
slide - in the sample plane and captured its intensity image in transmission (Figure 4.8p). In
the absence of aberrations, the sum-coordinate projection exhibits a distinct and sharp peak, as
shown in Figure 4.8d. However, when aberrations are present, the image becomes blurred, and
the correlation peak is spread and distorted, as depicted in Figures[4.8b and (.8, respectively. In
this demonstration, we induce aberrations by introducing a second SLLM at plane A2 that displays
a low-frequency random phase pattern. This configuration, with low-order Zernike modes in the

camera Fourier-plane, most closely emulates a scenario with system-induced aberrations.
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Figure 4.8: Results of QAO correction. a-c, Intensity images of a biological sample (bee head)
acquired in transmission (a) without aberrations, (b) with aberrations before correction, and (c)
after correction. Using the aberration-free intensity image as a reference, we find structural sim-
ilarity values of SSIM = 77.89% and SSIM = 98.41% for the uncorrected image and the
corrected image, respectively. d-f, Correlations images C*(ér* = r, + r,) measured (d) with-
out aberrations, (e) with aberrations before correction, and (f) after correction. g, Optimal phase
pattern obtained after correction and displayed on the SLM. h, Values of the sum-coordinate pro-
Jection peaks C; * in function of the coefficient a,,, for two Zernike modes Z; =3 and Z, ! (crosses).
a®%r = —0. 2253 and a(7" = 0.6881 are the two optimal correction Values for each mode re-
turned by the fit (solid hnes) Each intensity and sum-coordinate projection was obtained from
10° frames, approximately equivalent to a 2 min-acquisition. The white scale bar is 400 ym.
Data taken with Nuvu Cameras HNu 128 EMCCD. a.u. - arbitrary units
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For a practical example of the modal correction, the values of C” obtained from the sum-coordinate
projections for the modes Z7 3 and Z; are shown in Figure . The positions of the maxima,
denoted a7} and a}7”, representing the optimal corrections for their respective mode, are de-
termined using Gaussian model described by Equation [4.35] After several optimisation steps,
a narrow peak is recovered in the sum-coordinate projection (Figure 4.8f) and a sharp image

appears in the intensity (Figure [4.8k).

Visual comparison with the aberration-free images shows a clear improvement after correction.
Quantitatively, one can use the structural similarity index measure (SSIM) as a metric for image
similarity. This metric takes into account properties of the human visual system. The SSIM

between images A and B is calculated using

Cupg +C)2o 45+ Cy)

SSIM = — 2 2, 2 ’
(uy + Uy +C))oy +0o,+Cy)

(4.36)

where 4, up are the means of images A and B, ¢4, 0 are the standard deviations of A and B,
and o, is the cross-covariance between A and B. C; = 0.01L and C, = 0.03L are regulari-
sation constants where L is the dynamic range of image A. SSIM values can be expressed as a
percentage similarity. For full details see Ref. [186].

Using the aberration-free image as a reference (Figure {.8h), we find SSIM= 77.89% for the
uncorrected image (Figure 4.8c) and SSIM = 98.41% for the corrected image (Figure [4.8b).
Note that here, although the object is illuminated by a source of entangled photon pairs, whose
quantum properties are crucial for measuring C* and thus correcting aberrations, the imaging
process itself is purely ‘classical’ as the output image is obtained through a simple intensity

measurement.

4.4.2 Defocus Correction with 3D Sample

QAO offers several advantages compared with classical AO. Firstly, as demonstrated in Fig-
ure {.8] it does not require a guide star. All photon pairs forming the image possess information
about the system aberrations at every point, because these are encoded in their spatial corre-
lations. Additionally, as demonstrate in Subsection {.2.2] the performance of QAO does not
depend on the sample properties or the imaging modality. The spatial correlation structure is a
property of the illumination itself, and is only affected by the system aberrations. This implies
that QAO will converge irrespective of the observed sample type, ranging from nearly transpar-
ent samples (e.g. cells) to denser ones (e.g. layered minerals), regardless of their complexity or

smoothness of structure.

In this aspect, QAO thus surpasses all image-based AO techniques, where the chosen metrics and

optimisation performances depend on the properties of the sample. In this section we show that,



CHAPTER 4. ADAPTIVE OPTICAL IMAGING WITH ENTANGLED PHOTONS 98

a | PIB -+ — Contrast -+ — Low freq. 4+ — Quantum |
T T T T T T T T T
e B e s B
3
2 o8 i
©
E o6l
[=]
£
5 04r
5
g 0.2
0 + +-l- 1 H HE |
- T3 -2 -1 0 1 2 3 4
Defocus Coefficient (a,)
No Correction PIB Contrast
X (pixel) 100 X (pixel) 1 x (pixel)
b LI o) d 1
~< ~< ~<
) ) )
x 3 x
o o o
100 100 100
zt z? z?
@ @ %)
2 2 2
2 2 2
S S S
£ £ £
o o o
Z =z 0 =z 0
y (pixel) 00 1 y (pixel) 100 1 y (pixel) 100
Low Freq. QAO Reference
x (pixel) 100 x (pixel) 100 1 x (pixel) 100

tf

E

100
y (pixel) 00

[

(13xid) A

100

Norm Inten5|ty

-

(1oxid) A
Norm. Intensity
o —
= (19xid) A =
o
Norm. Intensity (=]
ng

-

y (pixel) 100 y (pixel) 100

Intensity (arb. units) Correlations (arb. units><105)
HEE—— 00 ]
2000 4500 -2 12

&

Figure 4.9: Comparison between QAO and classical image-based AQO. a, Values of three
image quality metrics (namely power in bucket, image contrast and low frequencies) and C; in
function of the defocus correction coefficient «,. Data is given by the crosses, and the fits used to
find optimal values (a;™) are given by solid lines. In this experiment, the object is 3-dimensional
(three thin copper w1res) b-g, Intensity images (grayscale), central regions of C* (inset) and
intensity profile for a single column (line plot) for various defocus corrections on SLM: b, without
correction (a)" = 0 and SSIM = 76.39%); ¢, Optimal correction found using a ‘Power in Bucket’
metric (a" = —3.1427 and SSIM = 50.56%); d, Optimal correction found using a ‘Image
Contrast’ metric (a‘“" = —3.1427 and SSIM = 52.29%); e, Optimal correction found using a
‘Low Spatial Frequenc1es metric (ag;" = —0.2677 and SSIM = 72.61%); f, Optimal correction
found using QAO (ag;" = 1.6622 and SSIM = 96.83%); g, No aberration. Vertical red lines
show selected column for profile plots. Each intensity image and sum-coordinate projection were
obtained from 10° frames, approximately equivalent to a 2 min-acquisition. The white scale bar
1s 400um. Data taken with Nuvu Cameras HNu 128 EMCCD. a.u. - arbitrary units
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in certain imaging situations, image-based approaches can lead to systematic error in aberration
correction, whereas QAQ converges to the correct solution. We consider a situation where the
sample has a 3-dimensional structure, which is very common in microscopy. In such a case, it
is known that it is not possible to correct for defocus aberrations properly. Indeed, when using
an image quality metric, it may optimise for the wrong focal plane within the sample. Since the

sample structure has no effect in QAO, defocus correction is possible.

Here we show a simple proof-of-principle experiment to demonstrate this defocus correction.
We chose an object consisting of three copper wires, each with an approximate thickness of 0.15
mm, and spaced approximately 5 mm apart along the optical axis. We then induced defocus
aberration with strength agge’ = —2 by placing a second SLM in plane A2. Sum-coordinate pro-
jection and intensity images are acquired for a wide range of defocus corrections («,, € [—5, 5])
programmed on the correction SLM. At each step, values of three standard AO image quality
metrics are calculated from the intensity image: power-in-bucket [175]], image contrast [[176],
and low frequency content [177]]. In addition, CJ is also retrieved from the sum-coordinate pro-

jection. For an image I, the chosen metrics are defined as follows:

Power-in-Bucket: This metric is simply the sum of each pixel within a circular region of the

image. The diameter of this region was chosen to be 100 pixels, i.e. the full width of the image.

Nx Yy
Mpg = Z Z IijTij (4.37)
i=1 j=1
where
1, if(—=N_/2>*+(—-N,/2?><r
= ( /2 +(G—=N,/2) 438)
0, otherwise,
with r = 50.

Contrast: This metric is the difference between the maximum and minimum values of the in-
tensity normalised image:
M

contrast

= max(/) — min([/) (4.39)

Since the illumination does not cover the full ROI, only the values within the same circular region

7 as defined for the power-in-bucket are considered.

Low Frequencies: This metric is introduced in [[177], where they show that optimising the low

spatial frequency content of an image will optimise the image sharpness. The Fourier transform
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of the image is computed, and the sum of the low-frequency values are taken as the metric:

Nx Y

My =2 X ayFllly, (4.40)

=1 j=1

where F[ 1] is the 2-dimensional fast Fourier transform of the image I, and a is an annulus where

1, ifrP<G-N_/2?+(—N,/2)?><r?
= <G =N/D+( = N,/2P <7, wan
0, otherwise,

with ry =4 and r; = 10.

Figure[4.9]a shows the four corresponding optimisation curves. First, we observe that the various
classical AO metrics return different optimisation coefficients, highlighting their dependency on
the object’s structure. Then, by examining the intensity images captured while programming
each optimal correction phase pattern (Figs.[d.9b-e), it becomes evident that none of these metrics
properly corrected the aberrations. Indeed, the aberration-free image in Figure 4.9 clearly shows
that only the bottom wire is in the focal plane, which is not the case in any of the intensity images
shown in Figures d.9b-e. It should be noted here that the goal is to optimise the image quality
in a specific plane. This is desirable for example in sectioning microscopy techniques where the

aim is to acquire images at different, known planes in the sample.

On the other hand, QAO converges to the correct solution, as seen in the intensity image shown
in Figure (SSIM = 96.83%). Interestingly, we also note that the optimum value found with
QAO is ay™ = 1.622, which differs slightly from the value of 2 (opposite of agé’” = —2) that we
would be expect to find. This is because QAO corrects not only for the intentionally introduced
defocus aberrations in the A2 plane, but also for those inherent in the imaging system. This is also
shown by the fact that the correlation peak in Figure .9/ f (inset) is slightly narrower than the one
in Figure 4.9]g (inset). This demonstration uses a very simple three-dimensional sample: three
spaced wires. However, QAO can in principle be used with more complex three-dimensional
samples as long as we remain within the regime of weak aberrations. Such samples are typically
studied with optical tomography methods, where QAO can therefore be used after adapting the

mathematical formalism to account for the thickness of these objects [[127]].

4.4.3 Correction of Specimen-induced Aberrations

The demonstrations up to this point have introduced aberrations using an SLM in plane A2
(Fig[4.6). These results act as a good proof-of-principle of QAO, but are not necessarily rep-
resentative of a general AO scenario. It is also important to test the performance of QAO in

cases with unknown, specimen-induced aberrations. To approximate the effects of specimen-
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Figure 4.10: Correction of Specimen-induced Aberrations. These results were obtained us-
ing the experimental setup in Figure .11 but in a classical imaging configuration. Aberrations
were induced by inserting the PDMS in plane Al. a,b and ¢, Direct intensity images acquired
without aberrations, with aberrations and after QAO correction, respectively. d,e and f, Sum-
coordinate projections acquired without aberrations, with aberrations and after QAO correction,

respectively. The white scale bar represents 400um. Data taken with Andor Ixon Ultra 897 EM-
CCD. a.u. - arbitrary units
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Figure 4.11: Experimental setup for QAO applied to a quantum imaging experiment.

induced aberrations we use a 1-cm thick layer of polydimethylsiloxane (PDMS), a clear polymer
with a smooth but non-flat surface (shown in Figure 4.12). The PDMS layer is placed a short
distance after the sample, corresponding to plane Al in Figure .6 This emulates a layer of
inhomogeneous clear tissue or sample support that is typically the source of sample-induced
aberrations in practical microscopy. Figure .10] shows the results of applying QAO to correct
for PDMS-induced aberrations. In this experiment, the sample is a mosquito pupa. The results

clearly show that correction for specimen-induced aberrations is possible with QAO.

4.44 QAO Applied to a Quantum Imaging Setup

Finally, in order to showcase its potential for quantum imaging, QAO is applied to a ‘quantum’
variant of the bright-field imaging setup depicted in Figure Such a quantum variant is de-
tailed in Figure4.11] In such a scheme, only one photon of a pair interacts with the object, while
its twin serves as a reference. For this, the sample is placed on only one half of the object plane
(x > 0), as observed in the intensity images shown in Figures #.12]a and b. To interpret this spe-
cific arrangement with Equation we theoretically define the object such that #(x < 0) = 1
and #(x > 0) describes the object. Then, the final image R is obtained by measuring photon
correlations between all symmetric pixel pairs of the two halves, i.e. R(r) ~ G®(r,-r). This
image, shown in Figure 4.12]e, is the equivalent of the diagonal-encoded images introduced in
Subsection[2.6.1] for an object illuminated by anti-correlated pairs. As demonstrated in previous
studies [65, 73, |1635]], such a quantum scheme offers some advantages over its classical counter-
part, including an enhanced transverse spatial resolution and increased resilience against noise

and stray light.

In the presence of aberrations, however, we show that this imaging technique becomes highly
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Figure 4.12: Application of QAO to quantum imaging. a, Intensity image formed by one
photon of a pair used as a the reference photon. b, Intensity image formed by the other photon
used to illuminate the sample, here a bee’s leg. ¢, 1-cm-thick piece of PDMS inserted in plane
Al in the setup in Figure [4.6/to induce aberrations. d, Optimal phase pattern obtained after cor-
rection and displayed on the SLM. e-g, Anti-correlation images R(r) ~ G®(r, —r) obtained (e)
without induced aberration (signal-to-noise ratio: SNR= 29), (f) with aberration (SN R = 3),
and (g) after aberration correction (S N R = 15). Insets show the sum-coordinate projection in
each case. Each sum-coordinate projection to achieve QAO was obtained from 2.2.10* frames,
approximately 3 minutes of acquisition, and each anti-correlation image was obtained from 10’
frames, approximately 24 hours of acquisition. Note that the EMCCD camera used here is differ-
ent from this used in Figures 4.8]and[4.9] and has a frame rate of just 130 fps. The total intensity
(i.e. total number of photons) measured on the camera was the same in the presence of aberra-
tions before and after correction. The white scale bar represents 400um. Data taken with Andor
Ixon 897 Life EMCCD.
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impractical and thereby loses all its purported advantages. For example, Figure {.12[f shows
an anti-correlation image acquired after inserting a 1-cm-thick layer of PDMS, (shown in Fig-
ure 4.12]c) on both photon paths in plane Al to induce optical aberrations. Not only is the
resulting image blurred, leading to a complete loss of the expected resolution advantage, but
also its signal-to-noise ratio is greatly reduced, rendering the sample almost indiscernible. We
can compute the SNR by calculating the mean divided by the standard deviation of the pixel val-
ues in a bright (i.e. object-free) region of the image. In the presence of the PDMS, we find the
SNR =~ 3. After applying QAO, we retrieve an anti-correlation image in Figure g that has a
spatial resolution closer to that without aberrations and of much better quality (SNR= 15). The
inset of Figure {.12lg shows the corresponding sum-coordinate projection, exhibiting a much
narrower and more intense peak, and Figure #.12]d shows the optimal SLM phase pattern.

Aside from the loss of spatial resolution, the SNR has a large impact on the acquisition times of
correlation-based quantum imaging experiments. In fact, recall from Chapter 2] that the SNR is
proportional to the square-root of the acquisition time. The acquisition time with aberrations, T,

that is needed to match the SNR of the corrected case is then

SNR, 2 15\2
Tr (o) T, = (-) T, = 25T,, (4.42)
SNR 3

corr

where T, is original acquisition time. In our experiment, T, ~ 24 hours, meaning the required
acquisition time to match SNR is on the order of 25 days. Clearly, this is beyond impractical,
and in the vast majority of cases is too long to wait for one image to justify any quantum imaging
benefits. QAO could therefore enable photon-pairs-based experiments that until now have not
been feasible due to time constraints. Even if the correction process takes one full day, this would

still give a total experiment time of two days, which is a considerable improvement.

Finally, when comparing carefully the sum-coordinate projections without aberrations (inset in
Figs.[.12]e) and after correction (inset in Figs.[4.12]g), we observe that QAO also corrected for
a small PSF asymmetry present in the initial system. Compensating for this asymmetry results
in a more uniform output image (Figure 4.12|g) than that obtained in the aberration-free case
(Figure 4.12]e). By using QAO, we show a significant improvement of the output image quality
in terms of resolution, SNR, and uniformity, effectively restoring the operational capability of

this quantum imaging technique.

4.5 Discussion

We have introduced a QAO method that eliminates the need for a guide star. By optimising
the spatial correlations of entangled photon pairs, we can directly optimise the system PSF and

compensate for optical aberrations. QAO circumvents certain limitations linked to conventional



CHAPTER 4. ADAPTIVE OPTICAL IMAGING WITH ENTANGLED PHOTONS 105

image-based AO, and is particularly well-suited for classical and quantum full-field, label-free

and linear microscopy systems.

In our study, we demonstrate QAO in the regime of weak optical aberrations. We use artifi-
cial layers to simulate aberrations commonly encountered in real-world microscopy systems,
including system-induced (e.g. astigmatism, defocus, comatic aberrations due to objectives, and
misalignment) and weak specimen-induced aberrations (e.g. translucent tissues surrounding the
sample, immersion liquid, and sample support). Within this regime of weak aberrations, there
are no fundamental barriers preventing the use of QAO in other, more advanced label-free imag-
ing systems. For instance, QAO could improve current image-based approaches used in optical
coherence tomography [187], be combined with 3D imaging techniques, some of which already
utilised entangled photon pair sources [127]], be employed in phase imaging and high-numerical
aperture imaging schemes and adapted to reflection geometries by employing multiple SLMs.
As with classical AO, the effectiveness of the correction found with QAO will always depend
on the imaging modality and the nature of aberrations present. For instance, spatially variant
aberrations will restrict the field of view in the corrected image, although this limitation might
be circumvented by utilising alternative AO designs like conjugate and multi-conjugate AO [188,,
189]. Finally, it is important to note that QAO is not yet adaptable in fluorescence microscopy,

but this could change in the future with the emergence of photon-pairs emitting biomarkers [[190].

In practice, the main limitation of QAO is its long operating time. Using an EMCCD camera,
acquisition times of the order of one minute are required to measure one sum-coordinate projec-
tion. This means that correcting for multiple orders of aberration can take up to several hours.
However, this technical limitation can be overcome by employing alternative camera technolo-
gies, some of which are already available commercially. For example, SPAD cameras have been
employed to capture sum-coordinate projections at speeds up to 100 times faster than EMCCD
cameras using similar photon pair sources [191, 192]. Another promising technology is the
intensified Tpx3cam camera, which has recently been utilised for similar correlation measure-
ments [128], 193], 194]. As technology advances, we anticipate that acquisition times will soon
be reduced to seconds, leading to corresponding correction times in the order of minutes. In
addition, here we chose Zernike polynomials as the basis set for aberration representation, even
though they may not be optimal [195]. In particular, if the aberrations are more complex, wave-
front shaping approaches using Hadamard or random bases should be considered [2, |86, 110,
1131196].

In our demonstration, QAO employs entanglement between photons. Indeed, replacing our
source by classically-anti-correlated photons would yield a formally different output measure-
ment i.e. C}; = |h|* % |h|* (Section4.2.4). Such a metric could still be used for AO, but is gen-
uinely less sensitive compared to entangled photons (Figure[d.5]). Another benefit of photon pairs

is their second-order coherence. This allows for coherent information - for example phase - to



be extracted simultaneously to incoherent intensity information, which is not possible with clas-
sically correlated photons. In addition, producing such near-perfect classical anti-correlations is
challenging in practice. One potential approach could use thermal light, that is naturally position-
correlated, and adapt the output measurement by using the minus-coordinate projection of the
G®. This measurement will have lower contrast and sensitivity than entangled photons and will
face issues with camera crosstalk, but could benefit from a higher brightness. Finally, it should
also be noted that prior studies [[104-107,|112] have explored the use of entangled photon pairs
to correct specific types of optical aberrations, but without employing AO.

In summary, we have demonstrated that QAO works for bright-field imaging (classical and quan-
tum) and that it can also extend to more complex label-free modalities, such as phase imaging
and reflection configurations. Another crucial point is that QAO can be used in all the quantum
versions of these systems [60, 61,79, 166, 168, 169]. This could prove very useful because, as
shown in the bright-field case in Figure .12} such quantum schemes are extremely sensitive to
optical aberrations, to the point of preventing them from working. QAO thus has the potential
to optimise the operation of any imaging system based on photon pairs, and could therefore play

a major role in the development of future quantum optical microscopes.



Chapter 5
Future Directions

In this chapter I discuss some potential future directions in which to take the concepts that I
have developed during my PhD. One of these directions is the extension of quantum imaging
and shaping to experiments using Type II SPDC. As a reminder, Type II SPDC generates pairs
in which the polarisation of the signal photon is orthogonal to that of the idler. This allows the
pairs to be easily separated while maintaining their spatial distributions, which could enable more
complex imaging schemes. I describe how the two-photon imaging and propagation theory can
be extended to experiments in which the photons in each pair propagate through different systems.
I then introduce the concept of ‘non-local’ or remote aberration correction for which I have some
preliminary results. Lastly I discuss some other potential directions in which to take the work in
this thesis.

5.1 Imaging with Type I1 SPDC

The main difference when imaging with Type II SPDC is that the two photons in each pair will,
in general, not propagate through the same system. Since the signal and idler photons have
orthogonal polarisations, i.e. H and V', a polarising beamsplitter (PBS) can be used to easily
separate them. Actually, the signal and idler from a Type I source can also be separated using
a d-shaped mirror in the far-field (as in Ref. [61]]) but using a Type II source with a PBS is
(moderately) easier to implement, and both the signal and idler beam retain their full angular
spectrum. Figure [5.1] shows an example of a Type II experiment in which the signal and idler

beams are separated and pass through different systems.

The mathematical formalism introduced in the previous chapters can be easily adapted to de-
scribe this. Since the signal and idler photons now propagate through two different systems, we

now use two different point-spread functions A, and h,. The two-photon propagation equation

107
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Laser
405nm

Figure 5.1: Experimental setup for imaging with Type II SPDC. A Type I BBO crystal (NLC)
is pumped with a 405 nm CW laser generating pairs containing photons with orthogonal (H
and V) polarisations. The remaining pump photons are removed with a 650 nm long-pass filter
(LP). The photons in each pair are then separated using a polarising beamsplitter (PBS1). In
the horizontal polarisation path there is plane A in which aberrations can be inserted, and in
the vertical polarisation path there is an SLM. The SLM only modulates horizontally polarised
light so a half-wave plate (HWP1) is used to rotate the polarisation of the photons. A second
halfwave plate (HWP2) after the SLM is used to rotate the photons back to vertical so the two
paths can be recombined with a polarising beamsplitter (PBS2). Both beams are imaged onto
the camera with lenses f3-f5. The lenses are such that the SLM and aberration are in an optical
plane conjugate to the crystal surface, and the SPAD is in a far-field plane. Distances between
lenses are not to scale. Lens f5 can be swapped for a lens 0.5 f5 to image the crystal surface and
measure the near-field correlation. An 810 + 5 nm band-pass filter (BP) is used to select only
degenerate photon pairs.
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(Equation [3.23)) then becomes

2

G2(r],r) = ‘/ B(ry, 1R (r], r)hy(r), v))dr dr,| . (5.1)

In a Type II experiment the signal and idler beams can be directed onto different regions of the
camera, or in fact onto separate cameras. Figures[5.2p and b show the signal and idler far-field
intensities on two separate regions of the camera, captured with the experimental setup shown in
Figure 5.1} Due to the additional 4-f imaging system in the SLM path (lenses f,., f,,) the idler
beam is spatially inverted relative to the signal beam. The photons are therefore correlated in the
far-field and anti-correlated in the near-field so the relevant projection in each case is swapped.

Figure shows the minus-coordinate projection of the G® between the two regions.

Figure [5.2c shows the intensity at the camera in the NF configuration, and Figure [5.2¢ shows
the sum-coordinate projection. The distortion in this projection is likely due to aberrations such
as coma in the imaging system. The reason it does not affect the correlations in the far-field is
likely because the physical origin of the aberrations is close to a Fourier plane of the imaging
system. Such coma aberration in the imaging system will need to be corrected in the future to
obtain cleaner results, for example, by slightly changing the system configuration and placing
the PBS just before the camera. The camera used in this example is the Hermes SPAD Array
from MicroPhotonic Devices. This camera has 32 X 64 pixels and a maximum achievable frame-
rate of approximately 65 kfps when performing simultaneous correlation computations. In the
following section I describe the concept for a remote aberration correction method that is an

extension of the quantum-assisted adaptive optics method introduced in Chapter 4]

5.2 Remote Aberration Correction

5.2.1 Concept

Figure[5.1]shows the experimental setup for remote aberration correction. In this system there is
some optical aberration in the path of one photon, which we say is the signal photon, and in the
path of the idler photon there is an SLM. The lenses are such that the aberration and SLM are both
positioned in image planes of the nonlinear crystal. After they are separated by PBS1 the signal
and idler photons pass through different systems which we label 4, and h,, respectively. The
photons are initially strongly correlated, i.e. r; = r, and k;, % —k,. However, as in Chapter {4
the aberrations will degrade these correlations. The concept of remote aberration correction is
to manipulate the idler photon with the SLM such that strong correlations are recovered. To see
why this works, I will apply the theoretical tools that were developed in Chapter [3|using the new
two-photon propagation equation, Equation If we take our input state as the signal and idler
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Figure 5.2: Intensity and projections for Type II SPDC. a,b, Direct intensity images of ver-
tical (a) and horizontal (b) beams in the far-field imaging configuration. Beams were directed
to left and right halves of the SPAD camera. ¢, Full direct intensity image taken in the near-
field imaging configuration. Beams were superimposed in the near-field. d, Minus-coordinate
projection of G® between horizontal and vertical beams. Note that even though this is a FF
imaging configuration this is the minus-coordinate projection because the extra 4- f relay in the
SLM path inverts one beam relative to the other, resulting in photons that are correlated in po-
sition. e, Sum-coordinate projection of G® measured in the NF configuration. As before, the
extra 4- f causes the photons to be anti-correlated instead of correlated. All data captured using
the MPD Hermes SPAD camera with an exposure time of 1 us. FF data (a,b,d) from an acqui-
sition of 6 X 10° frames taking approximately 5 minutes. NF data (c,e) from an acquisition of
5.9 x 107 frames taking approximately 45 minutes. Black pixels are abnormally hot pixels that
have been artificially set to zero.
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fields in the planes immediately before the SLM and plane A, respectively, then we can write
¢(ry,1,) & @y(r; + 1,)0(r; — r,). If we assume that the aberrations are low-order then they can
be expressed as a random phase mask S(r) in the image plane of the crystal. The PSFs for each

system are then

hy(r{,r) = exp [iS(rl) - %rlril (5.2)
and .
h,(r},T,) = exp [i@(rz) + %rzrél , (5.3)

where 0(r) is the phase mask displayed on the SLM and the relative plus sign in the expression
for h, represent the additional 4-f relay that spatially inverts the idler beam. Now, plugging these
expressions for ¢, h,, and h, into Equation [5.1] the intensity correlations at the camera are

2

G(2>(r{,r£) = '/ ¢o(r)exp [i (O(r) + S(r))] exp l—%r(r{ - ré)] dr| , (5.4)
or, in the rotated basis r_,r_,
. 2
GP(r,,r.) = Hf[fbo(r)] * F [e’(e(r”s(r»]] <ﬁ> (5.5)

From this expression of the G, it is clear that the minus-coordinate projection has the form

2

C_(r) « (5.6)

l}"[%(r)] « F [e““””“”]]

Equation [5.6] is remarkably similar to Equation [3.35] which was used in Ref. [2] to show how
correlations can be recovered through a scattering material. If we have (r) = —S(r) then the
second Fourier term disappears and we are left with diffraction-limited correlations. However,
unlike the case of Ref. [2]], the aberrated photons never interact with the SLM and the photons
that are controlled with the SLM never encounter the aberrations. This is what we call remote

aberration correction, since the correction is done on photons that never see the aberrations.

5.2.2 Preliminary Results

In Ref. [2] the SLM mask 0(r) was computed after learning the transmission matrix of the scat-
tering medium classically. However, learning the transmission matrix requires an SLM to be
situated in the same path as the aberration as well as a classical coherent light source. We wanted
to demonstrate a different approach where there was truly no shaping of the signal photon. For
this, we applied QAO optimisation to find the best correction mask. A layer of PDMS was placed
in Plane A and the G® measured in the FF imaging configuration. Figure shows the minus-
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Figure 5.3: Preliminary results of Remote Aberration Correction. a, Minus-coordinate
projection with PDMS layer in horizontal path and a flat phase mask on the SLM. b, Minus-
coordinate projection after applying QAO to correct for the aberration. ¢, SLM phase mask
found by optimising C;. Data from acquisitions of 6.5 X 10° frames at 100 us exposure time.

coordinate projection for a flat phase on the SLM. The QAO method was then used to optimise
C,; . Figure @P shows C~ after optimisation where there is a clear improvement compared to

the initial image, suggesting that this is a promising direction in which to take this work.

5.3 Future Directions

5.3.1 Entanglement Recovery with Remote Aberration Correction

The current goal of the Type II experiment is to do entanglement verification through aberration,
as demonstrated in Ref. [2], with two main differences: (i) The correction mask will be found
by optimising the quantum correlations and will not require a classically-measured transmission
matrix; (ii) the correction will be done remotely. However, optimising the correlations puts a
limit on the complexity of aberrations that can be corrected. Even with the SPAD camera, it will
be challenging to correct for high-order aberrations using the optimisation method introduced in
Chapter @ This is because, as the order of the aberrations increases, the number of modes that
must be corrected also increases. On top of this, the measurable change in signal for each mode
will also decrease as the number of aberration modes increases. For the future of this project,
it will be necessary to improve both the optimisation method and the detection in order to work

with complex aberrations.

5.3.2 Improving the QAO Optimisation process
Changing the Optimisation Target

One direction is to find a different optimisation target that more efficiently uses the information

that is contained in projections. All of the demonstrations of QAO shown in this thesis were based
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on optimising the central value of the sum-coordinate projection, C;. We know that this target
will work, but in using it we effectively discard the information contained in all of the other pixels
of the projection images. A much more efficient use of the information would be to define an
optimisation target that is a function of all of the pixels in the projection. One possible candidate
is the second central moment or (spatial) variance of the projectiorﬂ The second central moment
of a distribution is just the variance of that distribution. In language of statistics, C* represents
a probability density function. The random variable whose distribution this function describes
is the location of one photon relative to its twin, denoted by the position vector r . The second

central moment y, of this distribution can be computed via

Hy = / (r+ - ﬂ)2C+(r+)dr+7 (57)

where y is the expected value of r_, i.e. the centroid of C*. We can see from this definition that
U, 1s the average distance squared between each point r, and mean position u, weighted by the
value of C* at that point. For a discrete, normalised projection C;j“. with N, XN, elements, u,

can be computed via

N, N

Hy = ﬁ Z: :+ <(i —H )+ - ﬂy+)2> C;, (5.8)

where -
n = ﬁ : Z:jiC;; (5.9)

and NN
u, = ﬁ Z ijc; (5.10)

are the expected values of x_ and y, . The second central moment uses the information contained

in every pixel of the of the projection so could be a more efficient metric to use.

Improving the Iterative Algorithm

Another area where there is room for development is the optimisation algorithm itself. The
sequential algorithm we use works well for correcting a relatively low number of modes, however
for higher orders of correction it becomes slow. Here it would make sense to take inspiration from
the field of classical AO, where there is a wide body of research on more sophisticated algorithms
such as parallel gradient descent [[197], genetic algorithms[198|] and more [172]]. In addition to
these traditional optimisation approaches, the massive development in machine learning in recent

years is providing an alternative method for finding optimal aberration correction [[199].

Thank you to Ilya Karuseichyk for this suggestion.
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Region-specific QAO correction

Finally, something that has not yet been explored is the potential for region-specific correction
with QAO. In the case of higher-order aberrations, the PSF of the system is no longer shift-
invariant. Therefore, the correction mask that optimises one region of the field-of-view may
not optimise another. Maximising the projection peak will give the best average improvement
across the entire image, but may not give the best correction for a specific area. It would be
interesting, therefore, to try to apply a region-specific QAO correction. Instead of computing
C for the full G®, we could take the projection of the subset of the G® corresponding to the
desired region. Then, maximising this sub-projection should give the best correction for this
region. There are some limitations to this. Firstly, since we are computing the projection from a
smaller region, the signal-to-noise ratio will be reduced, necessitating longer acquisition times.
Also, such region-specific correction is best suited to near-field imaging schemes where the pairs
arrive correlated in position. In the far-field, since the pairs arrive diametrically opposite points,
any sub-region would also need to be symmetric about the beam’s centre, limiting the practicality

in this configuration.

5.3.3 Towards fully-Quantum Wavefront Shaping

A natural direction to take these concepts in the long term is towards fully-quantum wavefront
shaping i.e. correcting for a scattering medium without using any classical light. There are
two main approaches for wavefront shaping. There is the optimisation approach first demon-
strated by Vellekoop and Mosk [86] and the transmission matrix approach initially developed
by Popoft [85]]. In fact, QAO is effectively a fully-quantum wavefront shaping technique that
is based on an optimisation approach. Due to practical limitations we have only demonstrated
QAO in the low-order regime, but there is no fundamental restriction that would prevent the use
of QAO to correct for scattering given bright enough sources and fast enough detectors. I discuss

this idea here.

I described in Subsection [3.5.1] (Ref. [2]) how transmission-matrix-based wavefront shaping can
be applied to photon pairs to allow entanglement to be transmitted through a scattering layer.
However, this approach relies on prior characterisation of the scatterer using a separate classical
source. Again, this is due to practical limitations of the sources and detectors, but theoretically
the transmission matrix of a scattering medium could be measured with photon pairs. It would
therefore be interesting to develop quantum wavefront shaping techniques further so that the

classical characterisation is not necessary.

The classical characterisation process involves measuring speckle patterns caused by the scat-
tering layer. A typical characterisation may involve measuring the electric field for each mode
of an input basis. Typically the Hadamard basis is used. An SLM transforms the input state - a
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collimated Gaussian beam in the case of Ref. [2] - into the desired input mode. For each input
mode the resulting output speckle is measured one by one. Using a 4-phase holographic recon-
struction, the complex speckle for each input mode is measured. Each of these complex speckles

is then a column of the transmission matrix (TM).

Interestingly, the photon pairs we generate with SPDC are already spatially multi-mode. This
could be exploited to do a parallel measurement of the TM. For example, using a Type II source,
the signal photon could be transmitted through the scatter layer and the idler used as a reference.
With no scattering medium, the photons will be strongly correlated (or anti-correlated) upon
detection. The conditional distributions of the signal photon for a given idler location will be a
sharp peak about the corresponding location. With the scattering layer present, these conditionals
will be speckle patterns instead. The idler locations give the input modes and the conditional
signal distributions, which make up the columns of the measured G'», give the output speckles.
If the full field is measured via a holographic measurement then the resulting complex G will

actually be equivalent to the classically measured transmission matrix.

Currently, however, the practically achievable SNR of the G® measurement is simply too low.
For example, consider the data shown in Figure[5.2d which is from a 5 minute long acquisition.
The average SNR for each conditional of G® is 19.15. It s clear from the figure that the photons
are strongly correlated in position here which means that the majority of the signal in each con-
ditional is concentrated in a few pixels. If each conditional were a speckle pattern instead, the
signal would be distributed across the whole image. If the speckle covered the full sensor then
- on average - the signal at a given pixel will be reduced by a factor of 1/1024. For a 5-minute
acquisition time we can estimate that the SNR will be on the order of 19.15/1024 ~ 2x 1072 i.e.
the signal would be too weak to be detected. Of course, one could acquire more frames, but to
even achieve an SNR of 2 would require a 10000-fold increase in acquisition time. Clearly, we

must wait for brighter sources and faster, more efficient cameras for this to be viable.

5.4 Discussion

There are a number of potential directions that this work could take. The preliminary results
shown in Figure [5.3| suggest that remote aberration correction is viable and could be to demon-
strate remote recovery of entanglement through aberrations. This could be a relatively low risk,
short term objective for the experiment as we know that, for low order aberrations, the QAO
optimisation works well. Following this, an obvious long-term aim for the project is to extend
the remote correction to the case with high-order aberrations, i.e. scattering. This could be done
in a number of ways. One option is to first characterise the scatterer with a classical beam, as
in Ref. [2]. However, as discussed above, the SLM and scattering medium are not in the same

beam paths so this would likely require some experimental modification.



To solve this issue, it may be possible to do wavefront shaping by optimising the classical align-
ment SLED that is co-aligned with the pump. By using a polariser and half-wave plate to set the
SLED polarisation to 45°, the beam can be split equally between the SLM and aberration arms
in the experiment. For a flat SLM we should expect to see a focused spot corresponding to the
SLM arm on one region of the camera, and a speckle corresponding to the aberration arm on
another region of the camera. Now, if we find the SLM mask that causes the focused spot to be-
come a speckle that matches the aberration-arm speckle, we know that this phase mask matches
the phase of the aberration. The negative of phase mask should therefore be the phase that opti-
mises the photon pair correlations. However, while this may be interesting to investigate, remote
aberration correction will have a broader range of applications if it does not rely on an auxiliary
classical beam. To do this, the QAO optimisation process must be further developed to enable

correction of scattering media.

We have seen that there are a number of avenues for improving QAO. A possible low hanging fruit
is to find an optimisation target the uses the information from the projections more efficiently.
Finding a more sophisticated optimisation algorithm will likely also be essential for applying
QAO to correcting for scattering media. It is also worth noting that these improvements would

not be specific to remote aberration correction and would improve QAO as a whole.

Remote wavefront shaping, i.e. remote correction of scattering media, is well-suited for applica-
tions in quantum communications through turbulent channels. However, the concept of remote
correction of light has other interesting implications, for example in the field of microscopy.
Consider a high-resolution, high numerical aperture microscope. These are relatively compact,
sensitive devices that may not be easily modified to include an SLM to do AO. Instead of re-
building the microscope to accommodate the SLM, remote shaping could allow for the SLM to
be separate from the microscope. If a Type II SPDC source is used for illumination, then the
signal could be sent through the microscope as normal, and the idler could be separated and sent

to a bench-top setup where the SLM and any accompanying optics could be easily aligned and
modified.



Chapter 6
Conclusion

The field of quantum imaging aims to improve and develop imaging technologies by exploiting
the quantum-mechanical properties of light, offering advantages such as enhanced resolution and
noise performance. The advent of single-photon sensitive cameras, as well as brighter sources
of quantum light, has enabled many new developments in recent years, and we are now seeing
quantum imaging techniques move closer and closer to real-word applications. While improved
detectors and sources are certainly a key step towards this, it is also interesting to take inspiration

from classical imaging techniques to see how quantum imaging methods can be improved.

In that respect, the initial aim for my PhD was to investigate and develop techniques for quantum
imaging in scattering media. How can the techniques of classical wavefront shaping be applied
to imaging with entangled photon pairs and, perhaps the more interesting question, how can the
properties of such photons be exploited to improve wavefront shaping techniques? This goal has
changed and shifted throughout my PhD, but it is still fair to say that the underlying motivation
has remained more or less the same. How can classical light shaping concepts be applied to
quantum imaging, and how can quantum imaging concepts be used to enhance classical imaging

techniques?

To that end, I have presented in this thesis my work on the development of photon pair correlation
shaping. Firstly, I have outlined the experimental techniques that we use to generate and image
entangled photon pairs. In the work presented here we use the method of Defienne et. al. [121]]
along with EMCCD or SPAD cameras to measure the spatial correlations of photon pairs. With
these methods I have demonstrated how a spatial light modulator can be used to shape and control
photon pairs’ spatial properties, and I have outlined a general theoretical framework to describe
this. These results show that the way in which we can control the photon pair correlations is very
similar to how we control classical, coherent light. For a simple case with an SLM in the Fourier

plane of the camera, there are two standard configurations that each give slightly different results:
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e Near-field imaging: The surface of the nonlinear crystal is imaged onto the camera. The
SLM is in the far-field plane where the photons are anti-correlated in position. The photon
pairs ‘see’ a phase mask that is equal to the mask on the SLM, 6(r), plus a spatially inverted

version of the mask. The spatial correlations are modulated according to F[e¥®], with
w(r) =6(r) + 0(-r).

o Far-field imaging: The Fourier plane of the nonlinear crystal is imaged onto the camera.
The SLM is in the near-field plane where the photons are correlated in position. The
photon pairs ‘see’ a phase mask that is equal to twice the phase mask on the SLM. The

spatial correlations are modulated according to F[e?®].

It is important to emphasise that it is the correlations that are shaped, not the intensity. In fact,
photon pairs generated by SPDC behave as if they are incoherent when measuring only their
intensity and their higher order coherence is only revealed when measuring their correlations.
This correlation shaping has potential applications in quantum communications [2] (Subsec-
tion [3.5.1), fundamental physics research (Subsection [3.5.3)), and quantum and classical mi-
croscopy [3] (Chapter ).

In the main project of my PhD we developed a novel method to measure and correct for aber-
rations in an imaging system called Quantum-assisted Adaptive Optics, as reported in Ref. [3].
Here, we exploit the fact that the point-spread function of an imaging system becomes encoded
in spatial correlations of photon pairs that propagate through said system. This can be quanti-
fied by taking the appropriate projection C* or C~ of the measured two-photon joint probability
distribution, called the G®. By finding the corrective phase mask that optimises this projection,

we show that this corrects for the aberrations and restores imaging performance.

One of the key benefits of this method is that the optimisation is (almost) entirely independent of
the structure of the sample, unlike image-based AO methods. It is also not restricted to quantum
imaging techniques; once the correction has been found, the images are direct, brightfield inten-
sity images. Finally, many quantum imaging and communications experiments rely on strong
spatial correlations for a suitable SNR and are very sensitive to aberrations. We show that QAO
could be used to improve acquisition times up to a factor of 25, thereby enabling previously

unfeasible experiments.

Finally, the work presented here could be taken in multiple directions. The following are some

examples of potential routes this work could take:

1. More efficient QAO optimisation. Make more efficient use of the information contained
G® projection, for example by optimising the second order central moment of the spatial

correlation distribution. Short-term.

2. Remote Aberration Correction. Correct for aberrations in the path of one photon in a



pair by acting on the other. Short/medium-term.

3. Improve QAO optimisation algorithm. Develop a more sophisticated algorithm to find

the best correction mask. Medium-term.

4. Region-specific QAO. In the case of shift-variant PSF, use QAO to find best correction in

a specific region of field of view. Medium-term.

5. Extend QAO to scattering media. This would likely rely on improving the optimisation
algorithm first. Medium/long-term.

6. Fully-quantum transmission matrix measurement. Measure the transmission matrix

using only quantum light, i.e. photon pairs. Long-term.

To conclude, during my PhD I have developed methods to apply light shaping techniques to
quantum imaging. I have demonstrated how the correlations of entangled photons can be con-
trolled using spatial light modulators. Then, using these principles, I have demonstrated a novel
scheme to correct for optical aberrations that may have potential benefits in classical microscopy.
Quantum imaging is still in its adolescence, and there are many avenues for development and im-

provement that are yet to be explored.






Appendix A

Details on SLM Calibration

Here I will give a step by step method to calibrate the pixel response of an SLM. Example Matlab

code for this process is given in Ref. [200]. This method requires a camera, a static scattering

medium that produces a speckle, and a spatially coherent light source (here we use the SLED). It

is assumed that the SLM is functioning and can display arbitrary grayscale images. It is simplest

to control the camera and SLM using the same software, e.g. with the same Matlab or Python

script. The SLM does not need to be perfectly aligned to perform this calibration step. The

calibration is in two steps: the speckle correlation measurement, and the data processing. The

measurement goes as follows:

1.

Align the SLM and camera so that the SLED/laser is incident on the SLM and is visible on
the camera. It is convenient to have Fourier-imaging lens between the SLM and camera,

but the alignment of this lens does not need to be extremely precise at this stage.

. Ensure that the SLM is blank, i.e. displaying a flat phase mask, and place the scattering

medium after the SLM. It should be placed so that a wide speckle is shown on the camera.
Save an image of this speckle; it will be used as the reference image, denoted 1;(r). An

example speckle is shown in Figure [A.Th.

. Randomly select approximately half of the pixels in the illuminated region of the SLM. It

is best to group the pixels into larger macropixels. This region of the SLM is called the

active region. The region containing the pixels that remain at zero is the passive region.

. Now, for each grayscale value (i.e. integer G from 0 to 255), set the selected pixels to this

value, display this mask on the SLM, and save an image of the speckle at each step. This
image is denoted I,(r), where G is the grayscale value. An example image of the speckle

for non-zero grayscale values is shown in Figure[A.Tp.

. Calculate the correlation coefficient, M, between each image (I;(r)) and the reference
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Figure A.1: Speckle patterns. a, Reference speckle pattern measured with a flat phase pro-
grammed on the SLM. b, Speckle pattern measured with random subset of SLM pixels set to
the gray value G = 117. Images were acquired with with Thorlabs Zelux 1.6 MP Monochrome
CMOS camera. The SLM is an Holoeye Pluto NIR-II.

image (/,(r)). Here, this is done in Matlab using the function corr2.

6. Plot the correlation coefficient M as a function of grayscale pixel value, as shown in Fig-

ure [A2h.
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Figure A.2: Pixel response of SLM measured via speckle correlation. a, Speckle correlation
computed between a reference speckle and speckles from each pixel grayscale value. b, Rescaled
speckle correlation vs pixel grayscale value. Grayscale values corresponding to z /2, 7,37 /2
phase shifts are indicated. Solid red line is the cosine that the data would follow if the pixel
response was linear. ¢, Actual phase shift applied by the SLM, computed from the inverse cosine
of the rescaled speckle correlation data. Solid red line is a straight line to illustrate the non-
linearity of the pixel response.

As shown in Figure[A.2h, the correlation as a function of the grayscale level G closely resembles

that of a cosine. A cosine is what we would expect to observe if the SLM was already perfectly
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calibrated. More precisely, it should be:

2r
M = A+ Beos (322G ), Al
255 @1
where A/ and B are two constants. Indeed, the intensity at a position r on the camera results

from the interference between a speckle s, generated by the passive part of the SLM and a speckle
s 4 generated by the active part. When we phase-shift the active part with respect to the passive
part by a global phase 6, then the intensity measured on the camera can be written as follows:
Io(r) = |sp|® + |s4|% + 2]sps,lcos (a,(r) — ap(r) + 0), where ap(r) and a,(r) are the phase
components of s ,(r) and Sp(r), respectively. Calculating the correlation M between I, and I,
using Matlab’s corr2 function involves spatially averaging the products /,(r) and I,(r’) for all
pairs of positions r and r’. Assuming that each speckle is well developed, then phases a, and «,
are randomly distributed between 0 and 2z across all the camera pixels, leading to the following

results:

M(0) = (I y(x)Iy(x")),
= ([Is 41> + [spO ]+ [Is .0 + |5 @)1y o
+ 2([Is .01 + 15,,(0) 1|5, (0|5 p(x")c0s (@, (") = ap(x’) +0)),
+ 2([Is 40" * + [5p(x") ][5 ,(0)]] 5 p(r)cOs (@, (r) = ap(r))),
+ 2(]5,(0)s p(X)5 4, ()5 p(x")|cOs (a4 () — ap(r — o, () + ap(r’)) ),
+2([5,,(r)sp(r)s 4,(x")s p(x")[cOs (0)),
= A + Bcos(0). (A.2)

If the SLM is perfectly calibrated, then 6 = %G, leading to equation|A.1} However, in practice

this is never the case, and the relationship between 6 and G i.e. 8 = f(G), is not so simple. It is

precisely this function f that we are aiming to experimentally measure and determine here.

To achieve this, we then start form the correlation curve measured in Figure [A.2h. Firstly, it is
necessary to ensure that the SLM implements sufficient phase shifting, i.e. if the cosine is cut off
before reaching a maximum, then the pixels are not modulating all the way to 2z. Generally, an
SLM will come with software to control the voltage that is applied across the pixels. If possible,
use this to adjust the maximum applied voltage so you get one full oscillation, erring towards
more than a full oscillation. Once a calibration curve with more than one oscillation is obtained,
the curve is unlikely to be a perfect cosine because f is generally not linear. f is determined

using the following procedure:

1. Rescale the data so that M ranges between -1 and 1. Figure [A.Zb shows such a re-scaled

curve (blue).
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2. Record the gray values G of the first maximum, labelled G,,; the minimum, labelled G _;
and the second maximum, labelled G,,. Record the G values where M = 0 (or closest).
Label the lower G, and higher G, /,. See Figure[A.2b.

3. Splitthe datain halfat G, so we have M,,,, = M(G,;,) for G, ;, € [G,, G, ]and M, =
M(G,,,) for G, € (G, +1,Gy,].

right

4. Compute Y}, ,, = arccos(M,,,,) and Y, ,,

shown in Figure[A.2c. This is the pixel response of the SLM i.e. the function f.

= —arccos(M,,,,) + 2z, and plot Y vs G, as

5. FitY,,,
quadratic polynomials for the models. In the example code, to improve the fit consistency,
we shift the right data so that the first point is at the origin. Thatis, we fit Yr’ig w = Yeight
afunction of G, , = G, — G,. The results can be re-shifted after the fit. Figures b

show examples of fitted models.

and Y.

+ign: &8 functions of G, ,, and G

rign> Tespectively. Itis usually sufficient to use

—7T as

6. Now you have two models describing the pixel response from 0 to G, and G, to G,,. If
they are quadratics, they are of the form

Y, i = a,G* + a,G + a;. (A.3)

m

For the right-side model, if the fit was done with shifted data, then the coefficients can be
redefined:
a,=a;, a,=-2G,a,+a, a3=-0a,G,+a,G>+Y (A.4)

with ¥, = max(Y),,,) ensuring the fits can be merged at G,,. We use these models to create
the function f (e.g. in the form of a Matlab function) that transforms a grayscale level G

into its corresponding phase value.

7. Similarly, we need to create a function corresponding to f~!. For this, the models must be

inverted. If they are quadratics, then

—a, + \/ai —4a,(a;-Y)

model — 261
1

G (A.5)
Now you can define a function that computes G ,,,4.1_j.r, for Y € [0, 7], using the co-
efficients for the left side fit, and G,,y40/_i05, for Y € [z, 27] for the right-side fit. See
Figure[A.3[ for the final combined model.

8. At the end of the calibration, we have two functions corresponding to f and f~! which
represent the grayscale values programmed onto the SLM and the actual phase shift that

the SLM implements. To check the calibration, repeat the speckle measurements above
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Figure A.3: Quadratic fits of the measured SLM pixel response. a,b, Data points and fitted
functions for the left and right data, respectively. ¢, Combined inverse function that maps the
target phase to the grayscale pixel value that gives this phase.

with grayscale values G, = G,,,,4,,(Y), with Y being a linear vector of phases from 0 to

2r. If the calibration was successful, this should result in a perfect cosine shape.



Appendix B

Details on Simulations

Throughout my PhD I have also performed simulations of the experiments described in the main

body of this thesis. I give details on these simulations here.

All simulations are performed in 1 spatial dimension i.e. r — x. These simulations are per-

formed with Matlab. We first choose the number of spatial elements, i.e. the spatial discretisa-

tion, N. The main components are described in the following:

Spatial coordinates: This is an N -element column vector that determines the size of the
space being simulated, i.e. it ranges from x,,, to x,,,.. Typically it is generated using
N).

linspace(X,,,, X

Classical electric field: An electric field is written analytically as E(x). This takes the
form of an N-element column vector whose i element is denoted E,. For example, for a

Gaussian beam with amplitude A, width o, E is defined as

E; = Aexp(—x’/20%). (B.1)

Two-photon state: The two-photon wavefunction written analytically as ¢(x,, x,). In sim-
ulations it is represented as an N X N array ®. For a state with perfect spatial correlations

we have ®;; = g,;.

Object: In Matlab, an object ¢ takes the form of a vector with N elements. Each element
takes a value between 0 and 1 representing the transmittance of the object at that location.

Its also convenient to encode this object in a diagonal matrix O;; = t,.

Phase mask: An SLM or layer of aberration imparts a phase to the incident field. This
is represented as a complex diagonal array (i.e. one whose non-diagonal elements are 0),

which I will denote D. For a phase profile 8, = 6(x,), the i"" diagonal element (i.e. element
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D,)is
D;; = exp(if,), (B.2)
where the non-subscript i is the imaginary number i = V/—1, and all other elements

e Fourier lens: Recall that the field at the back focal plane of a lens is related to the field at
the front focal plane by E_,(2x'/f 1) = F[E,,(x)] where f is the focal length of the lens.
This 2- f system is represented by an N X N complex array F, where the ij"" element is

given by
ij N fﬁ i .

e Coherent Propagation: For an electric field, propagation is done performing a matrix
multiplication. For example, the field at the output plane of a system comprised of object
t, followed by a 2- f lens system, a layer of aberration D then another 2- f lens is computed
via

E™ = FDFOE™. (B.4)

The two-photon wavefunction at the output plane of the same system is computed via:
®* = FDFO®"(FDFO)", (B.5)

where AT denotes the matrix transpose of A.

e Point spread function: In Matlab, the point spread function h(x’ — x) takes the form
of an N X N element array, denoted T'. This array can be found by taking the matrix
multiplication of all of the arrays composing the system, in order. For the example system
above we would have T = FDFO. Propagation can be written more succinctly as e.g.
d = THTT

e Incoherent propagation: The intensity at the output plane of a system described by T for

an incoherent input 1™ is found by

I = |T]*1™. (B.6)
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