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“I am enough of an artist to draw freely upon my imagination. Imagination is more impor-
tant than knowledge. Knowledge is limited. Imagination encircles the world.”

Albert Einstein
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Quantum entanglement is a fundamental phenomenon in quantum mechanics. En-
tangled particles behave as a single unit, regardless of the distance separating them.
Over the past few decades, photons have played a leading role in experimental re-
search on quantum entanglement. Entanglement was present in various degrees of
freedom, but photons’ polarization was most commonly used due to the ease of ma-
nipulation of this degree of freedom. The polarization of a single photon is described
by a two-dimensional Hilbert space — it allows one to physically realize a qubit.
It turns out that higher-dimensional Hilbert spaces open up wider possibilities for
transmitting and processing information, and the spatial degree of freedom of a pho-
ton can serve as a natural implementation of such “qudits”.This thesis focuses on in-
vestigating the transverse spatial profiles of single photons and two-photon spatial
entanglement. The thesis introduces experimental tools for fundamental research,
and at the same time can lead to technological advances of considerable importance
in the field of quantum communication and quantum imaging.

This thesis presents three main projects, which focus on characterizing the spatial
degrees of freedom of heralded single photons and entangled photon pairs.

In the first project, we explore the quantitative characterization of the spatial pro-
file of heralded single photons. However, this task is particularly difficult for single
photons, given their indeterminate global phase. To tackle this issue, we introduce
a self-referenced interferometric technique, relying on a single photon interfering
with itself, that enables the complete characterization of a two-dimensional proba-
bility amplitude of a single photon.

In the second project, we characterize spatially entangled photon pairs gener-
ated using spontaneous parametric down-conversion (SPDC). In order to achieve
this aim, we develop a hybrid intensified camera setup for observing their spatial
correlations with a high acquisition rate. This hybrid single-photon camera com-
bines an image intensifier with a high spatial resolution sCMOS sensor and a high
temporal resolution single pixel detector (photomultiplier tube). This combination
allows us to monitor and control the number of photons detected within each frame.
This camera setup facilitates spatially resolved detection of single photons while in-
creasing the data acquisition rate.

Lastly, we focus on a nonlinear Zou-Wang-Mandel (ZWM) interferometer where
we utilize a technique known as quantum imaging with undetected photons (QIUP)
for the characterization of quantum correlations. QIUP allows for image formation
without requiring the detection of light that has interacted with the object being im-
aged. Instead, it is rooted in the generation of entangled photon pairs in a quantum
superposition, originating from two distinct, spatially separated SPDC sources. In
this process, one photon from the SPDC pair (idler photon), interacts with the object
under investigation. Remarkably, this idler photon is never detected. Our setup fa-
cilitates the analysis of correlations of down-converted photon pairs without relying
on coincidence measurements. This is enabled by the fact that the spatial resolution
of QIUP is limited by the strength of momentum correlations. A stronger correlation
leads to a higher resolution. We employ this interferometric technique for charac-
terizing transverse momentum correlations of photons and also explore possibilities
of characterization of high-dimensional entanglement involving orbital angular mo-
mentum.

Collectively, these projects expand the toolbox for spatial characterization of sin-
gle photons and entangled photon pairs, contributing to the ongoing development
of quantum communication, quantum imaging, and entanglement research.
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Chapter 1

Introduction

Quantum entanglement is a fundamental phenomenon in quantum mechanics where
particles behave as a single unit, regardless of the distance separating them. In quan-
tum studies, photons are particularly valuable due to their unique characteristics [1,
2,3,4]. Photons, as quantized packets of energy, possess multiple degrees of freedom
—one of the pivotal degrees of freedom that my research focuses on is the transverse
spatial degree of freedom. This explores the spatial distribution of their wavefunc-
tion and the associated phase patterns. By thoroughly investigating this domain,
we aim to analyze both heralded single photons and the spatially entangled pho-
ton pairs. This exploration holds potential for advancements in applications such as
quantum imaging and wider areas of quantum information processing and commu-
nication techniques.

In particular, in this thesis, I present methods conceived for characterizing the
spatial degree of freedom of heralded single photons and entangled photon pairs.
The study spans from self-referenced interferometric techniques for characterizing
single photons (Chapter 2) [5], through a custom-built hybrid intensified camera
setup for examining spatial correlations of photon pairs (Chapter 3) [6], to a non-
linear interferometric method using quantum imaging with undetected photons to
study spatial correlations without relying on coincidence detection (Chapter 4) [7].
In all of the presented experiments, the key role was played by the careful manipu-
lation of the spatial degree of freedom.

Up next, we'll cover the main elements of quantum optics relevant to this thesis,
present the motivation for conducting this work, and introduce the central topics.
Further into this chapter, we provide essential theoretical prerequisites to aid in un-
derstanding the results discussed in the subsequent parts of the thesis such as the
generation of heralded single photons (Chapter 2) and photon pairs (Chapter 3 and
Chapter 4) using spontaneous parametric downconversion (SPDC) and spatially re-
solved single photon detection systems.

1.1 Generating photon pairs with SPDC

Sources based on Spontaneous Parametric Down-Conversion are frequently em-
ployed to generate photon pairs that exhibit specific frequency and spatial charac-
teristics. The interaction of a high-energy photon (usually called pump) with a non-
linear crystal during SPDC results in the production of two lower energy photons
(usually called signal and idler) (Fig.1.1). The properties of the generated photons
depend on both the pump mode and the crystal’s properties, making SPDC sources
a common choice for producing photon pairs and heralded single photons with de-
fined frequency and spatial attributes [4, 8, 9].
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1.1.1 Nonlinear optical process

Parametric downconversion is a nonlinear optical process. Central to the study of
nonlinear optics is the relationship between the electric field and polarization which
has been covered by many excellent textbooks [4, 2, 3]. I will provide here some
essential equations. In a medium, the degree to which it becomes polarized in re-
sponse to an electric field is termed its electric susceptibility (x). For simplicity, let’s
assume P and E are scalar quantities. For a linear optical process within the medium,
the polarization is described by:

P =¢pxE. (1.1)

However, when it comes to nonlinear optical processes, higher-order terms are in-
cluded to account for the nonlinear response of the medium. The polarization can
then be expressed as a power series in the electric field i.e., the polarization P in-
duced in the medium not only depends linearly on the electric field strength but
also contains components that depend on the second, third, and higher powers of
the electric field. It can be mathematically described as:

P=eo(xXVE+x@PE2+ YOE3 +..)). (1.2)

The electric displacement field D is then related to the electric field and polarization
as:
D =¢eoE+P = eoE +eoxVE + egxPE? + egxPE3 + - - -, (1.3)

where x? and x® represent the susceptibilities of the second and third-order re-
spectively. We denote, P? = ggx®E? as the second-order nonlinear polarization,
and so forth. Note that above, for simplicity, we assumed P and E are scalar quanti-
ties. When representing vector fields, X(l), X(Z), and so forth transform into second-
rank, and third-rank tensors, respectively. Using the above equations, let’s now see
how the wave equation in nonlinear optical media turns out to be.

Let’s assume zero charge density (o = 0), zero current density (J = 0), and that
the medium is magnetically isotropic, that is, B = pgH. Consequently, Maxwell’s
equations in the medium can be formulated as:

V-D=0, (1.4)
oH
V xE= —Ho—. (1.5)
V-H=0, (1.6)
oD
VxH-= T (1.7)

Further mathematical analysis when we express the curl of the curl of the electric
field as a function of the magnetic field H and the electric displacement D will pro-
vide:

AV x H)
Ho—5

9°D
= —yoﬁ
_ 0%(eoE + P)
R TP R

VXxVXE=—

(1.8)

This can be further condensed into the following expression:
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0’E 0°P
2 —
V(VE)—V E+ﬂ0£0ﬁ— —‘UOW

(1.9)
In the scope of linear optics, the divergence of the electric field V - E = 0, thus making
the first term of the last equation disappear. Nonetheless, this is not the case for
nonlinear optics. Even so, it can be demonstrated that even in nonlinear optics, the
contribution from the first term of the equation remains infinitesimally small. Hence,
we can simplify the equation to:

10°E _ 0°P

2 _ - e
VE—GoE “ g

(1.10)

This is a wave equation for the electric field in a nonlinear optical medium. In a

vacuum where P = 0, we retrieve the standard form of the wave equation. It is often

convenient to break down the polarization into its linear (P(') and nonlinear (PN)

components. The wave equation then takes the following form:
1+xM)o?E 92PN

V2E— X

& an M ap -

where n = Ve® = /1 + x( is the refractive index of the medium. The final equation
can be viewed as a homogeneous wave equation with an inhomogeneous driving
term [4, 8].

Now, let’s explore some typical second-order nonlinear optical effects. For sim-
plicity and clarity, we will assume that both the electric field and the polarization are
scalar quantities.

1.1.2 Parametric down-conversion as a source of photon pairs

Let’s take into consideration a real electric field, E(f), composed of two different
frequencies, expressed as follows:

E(t) = Eje~ 't 4 Epe 2! ¢ c. (1.12)

In this case, the second-order polarization, P(t), can be derived as:

PA(t) = egxPEX(t)
= 260X P (E1E; + EfEp) + e X P[| Eq [P 21! 4 | Ep|?e w2t (1.13)

+2F Epe@rtedt 4 o Frei@r—wdl] 4 cc.,

From this, the generation of sum frequency w; + w,, difference frequency w; — wy,
and second harmonic frequencies, 2w; and 2wy, can be clearly observed.

For the generation of difference frequency at w3 = wy, — w; from the field at fre-
quency w1, the presence of the field at w; is not necessarily required. In case it does
exist, the difference frequency generation is stimulated by the field at frequency wy.
This process has high efficiency and is referred to as optical parametric amplification
(oscillation).

Even without w», difference frequency generation is possible because the vac-
uum mode at frequency w, always exists. However, since this process is stimulated
by the vacuum mode, its efficiency is quite low, leading to what is called parametric
down-conversion.
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a
Laser
b Energy
conservation
- - - - T - c
signal, .
signal, gk idler,
S k
Ws |
pump, v
Wp - T - - pump,
kp
|dIe.r, Momentum
Wi conservation
Y

FIGURE 1.1: Spontanous parametric downconversion. (a) represents the scheme of down-
converted photon pair generation where high energy pump photon after interacting with a
nonlinear crystal (NLC) results in the production of two lower energy photons — signal and
idler respectively in x® process. (b) and (c) represent the constraints of energy and momen-
tum conservation in down-conversion that is the sum of the energies of the signal and idler
photons are equal to the energy of the pump photon and that the sum of the momenta of the
signal and idler photons are equal to the momentum of the pump photon. These conserva-
tion laws result in the two photons entangled in their time - energy, position - momentum,
and angular position - OAM degrees of freedom. The phase matching conditions in SPDC
can be tailored to ensure that both photons emerge in a direction aligned with the pump,
termed collinear phase matching. On the other hand, the two photons can be directed to di-
verge, known as non-collinear phase-matching. Depending on the requirements, the phase-
matching conditions can be set so that the polarizations of the two photons either align
(type-I down-conversion) or are perpendicular to each other (type-II down-conversion).

To observe second-order nonlinear effects, the medium must possess a non-zero
second-order nonlinear susceptibility. These effects, including the second-order non-
linear polarization, occur only in non-centrosymmetric crystals, i.e., those lacking
inversion symmetry. For instance, let’s consider a medium that is centro-symmetric
and has a finite value of x®. In this case, we would have:

P =eoxPEA(t), (1.14)
—P =gy (—E)?, (1.15)
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which implies x/? = 0. Hence, only non-centrosymmetric media can demonstrate
second-order nonlinear effects, including parametric down-conversions [9, 10].

1.1.2.1 Types of SPDC pair generation

The interaction of a high-energy photon with a non-linear crystal during SPDC re-
sults in the production of two lower energy photons (Fig.1.1).

A wide range of non-linear crystals can be used to generate these photon pairs,
such as Beta Barium Borate (BBO), periodically poled potassium titanyl phosphate
(PPKTP), Lithium Niobate (LN), and Potassium Dihydrogen Phosphate (KDP). For
illustration, let’s consider two cases — one with an experimental setup using a photon-
pair source with a BBO, and another with a PPKTP crystal both pumped with a UV
CW laser at 405nm.

Parametric down-conversion (PDC) is a process where a pump photon decays
into a pair of photons, often referred to as signal and idler photons. The interaction
between the original and resulting fields is made possible by the non-zero second-
order susceptibility of the crystal. The properties of the light emitted are defined by
both the energy conservation of the process and the phase-matching condition in the
crystal:

wWp = Ws + wj, (1.16)
k, = ks +k;, (1.17)

where w, represents the photon frequency, k, is the wavevector, and « = p,s,7 de-
note the pump, signal, and idler.

PDC occurs in two forms as mentioned before — spontaneous and stimulated. In
the spontaneous case, photon pairs are generated by decay processes. However, in a
stimulated scenario, the first photon pair is emitted spontaneously and then serves
as a seed for the lower-frequency field, stimulating the generation of other pairs. The
spontaneous regime typically has a low probability of generating multiple photon
pairs simultaneously.

There are different types of SPDC depending on the polarization of the pump
photon (input of the birefringent nonlinear crystal) and the polarization of the signal
and idler photons. In the case of type-0 SPDC, the polarization of the pump, signal,
and idler are the same, whereas, in type-I, signal and idler photons have the same
polarization but orthogonal to the pump, and in type-II, signal and idler photons
have orthogonal polarizations.

1.1.2.2 Examples of type-I and type-II SPDC

As an example, here we discuss a non-collinear type-I and type-II BBO crystal as
well as a collinear type-II PPKTP crystal pumped with a CW laser with a spectrum
centered at 405 nm, which generates non-classical light. This light manifests as in-
frared photon pairs, with both signal and idler photons of centered wavelengths at
810 nm.

In the context of the BBO crystal and type-I SPDC, phase-matching conditions are
met using a pump beam with the property of an extraordinary ray. The matching
can be categorized as follows:

e—0+0 (typeI)
e—o+e (type II)



Chapter 1. Introduction 6

For Type-I down-conversion in BBO, a pump beam generates an entangled pho-
ton pair — the signal and idler photons. These entangled photons possess opposite
momentum components in comparison to the pump photon but they have the same
polarization and appear diagonally within the emission cone with the pump pho-
ton at the center (Fig.1.2a). Furthermore, their propagation direction depends on
their individual frequencies, the refractive indexes of the crystal (represented as 7,
for ordinary and #, for extraordinary), the angle between the pump and the crystal,
and the conservation principles (Eq.1.16, and Eq.1.17). The strength of the down-
converted photons is also governed by phase-matching conditions, which are con-
nected to the crystal’s thickness (in our case it’s 1 mm thick BBO) and how fast they
travel through it. Since the speed at which light travels is influenced by the index of
refraction, Type-1, and Type-II SPDC each have different phase-matching conditions.

Type-| SPDC with BBO Type-Il SPDC with BBO

50

100 N 100

y (px)
y (px)

150 R _ 150

200 g3z B 200

150 200 250 2500 50 100 150

x (px) x (px)

0 50 100 200 250

FIGURE 1.2: Spontaneous parametric downconversion with BBO crystal. (a) and (b) repre-
sent the measured intensity distribution of the down-converted photon pairs in the far field
in type - I and type - II downconversion respectively.

In type-II down-conversion, the pump beam produces two down-converted pho-
tons. These photons can emerge anywhere on their respective cones, but they always
appear on opposite sides of the original pump beam direction. One photon will have
ordinary polarization, while the other will possess extraordinary polarization. At the
points where these two cones intersect — polarisation entanglement occurs (Fig.1.2b).

In the case of a PPKTP crystal pumped with a CW laser centered at 405nm
produces a pair of collinear downconverted photons with orthogonal polarisations
(type-1I). One photon aligns with the pump polarization and the extraordinary axis
of the crystal, while the other is cross-polarized along the ordinary axis. This setup,
therefore, results in photons with clearly distinguishable polarization states. The
spectral properties of the resultant photons depend on the pump’s spectral char-
acteristics, the crystal’s temperature, and the properties of any spectral filters used
in the setup. The energy difference between the two photons can be adjusted by
tuning the temperature of the crystal. In terms of spatial distribution, the design
of periodically poled crystals, like the PPKTDP, is often referred to as quasi phase-
matching conditions. This design results in the creation of daughter photons that
align collinearly to the pump mode. This alignment facilitates an efficient collection
of the photon pairs.
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1.2 Spatial correlation of SPDC pairs

In this thesis, while discussing parametric down-conversion, the main focus is on
spatial correlations. This process generates photon pairs that show spatial entangle-
ment [8]. The theoretical backdrop of SPDC, beginning with Klyshko’s foundational
work [11, 12], and developed further by Mandel and coworkers [13], serves as a
basis for this exploration.

Over the past twenty years, the study of spatial correlations in photon pairs pro-
duced by spontaneous parametric down-conversion (SPDC) has gathered significant
attention within the quantum physics community [8]. These spatial correlations, in-
trinsic to the SPDC process, have implications that stretch from foundational quan-
tum mechanics to practical quantum communication and information processing.
The vast dimensionality of the transverse spatial DOF offers two primary avenues
for exploration — projection onto discrete bases, exemplified by modal structures
such as the Laguerre-Gaussian modes [14, 15]. Additionally, analysis through a con-
tinuous basis is defined by the photons’ transverse position or momentum [16]. This
continuous mode of exploration provides a spectrum of spatial correlations, offering
insights into broader patterns and behaviors inherent to SPDC. A particularly in-
triguing observation has been the demonstration of Einstein—-Podolsky—Rosen (EPR)
type correlations in the transverse position and momentum of these photon pairs —
where FEinstein, Podolsky, and Rosen presented a paradox [17]. The EPR paradox
arises from a scenario where two entangled particles A and B, once separated, seem
to retain instantaneous correlations. If one measures the position of particle A, the
position of particle B becomes instantly determined, and similarly for momentum.
This presents a dilemma because, according to the Heisenberg uncertainty principle,
one cannot know both the position and momentum of a particle with absolute cer-
tainty. The paradox suggests that if quantum mechanics is correct, then it might be
incomplete, as it can’t describe these simultaneous determinate values. EPR’s argu-
ment thus challenges the foundational principles of quantum mechanics and raises
questions about the nature of reality, locality, and the completeness of quantum de-
scriptions [18]. The presence of EPR-type spatial correlations is indicated when the
inequality below is violated, as detailed in references [19, 20, 21]:

1
A(p1]p2)A%(q1192) > 5 (1.18)

In the context of quantum mechanics, we can consider the variable p to repre-
sent the position and g to be its Fourier conjugate, representing the momentum. The
conditional uncertainty in the position of system 1, given a measurement of system
2 at position p,, is denoted by A%(p1|p2). This represents the variance of the condi-
tional probability distribution P(p1|p2) for a well-defined value of p,. Likewise, the
variance in the momentum of system 1 conditioned upon a measurement of system
2 at momentum ¢; is given by A%(g1|g2). This denotes the variance of the conditional
probability distribution P(q1|g2). If the inequality (Eq.1.18) is breached, it suggests
the capability to predict the position p; or momentum g; from the respective mea-
surements of position p, or momentum g, better than one would naively expect
from the uncertainty principle. Moreover this information about the state of a dis-
tant system can be obtained irrespective of the spatial separation between the two
systems. This observation contrasts with classical expectations, where such correla-
tions would necessitate a local causal mechanism. In the quantum context, however,
this strong correlation between p; and p> or q; and g, without a clear causal link
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becomes the core of the EPR paradox.

Building on the implications of the EPR paradox, the concept of spatial entan-
glement has been explored and evidenced. By scanning detectors in two conju-
gate planes and studying intensity correlations, researchers have checked for non-
separability or EPR criteria [16, 19, 22]. Later, this also has been done with EM-
CCD [23, 24] and ICCD cameras [25, 26].

In SPDC sources, photon pairs exhibit unique behavior. Close to the source (in
the near field), signal and idler display a strong position correlation because both
photons originate from the same pump photon. In the far field, they show an anti-
correlation: if one photon is detected at a position p, its counterpart is likely detected
at position —p. This anti-correlation in the far field can be attributed to phase match-
ing, a manifestation of momentum conservation in the SPDC process (Eq.1.17). From
a mathematical perspective, the Hilbert space used to describe the spatial properties
of the two-photon states is essentially a tensor product of the individual Hilbert
spaces of each photon, represented as H; ® H. The assumption here is that these
photons are distinguishable, either by their direction of propagation or by their po-
larization.

Thus, the two-photon state can be described using the function [8]:

W) = [ [ doidppr,p2) loah 92)s (1.19)

where ¥(p,, p,) = (p;,p,|¥) is the normalized wave function, and |p;), and |p,),
specify the positions of the photons 1 and 2, — signal and idler respectively. Drawing
insights from prior research, a Gaussian model has been widely adopted and uti-
lized to depict the spatial structure of the photon pair emanating from the crystal.
The pump’s transverse spatial distribution is assumed to be a circularly symmetric
Gaussian function of x and y. So the spatial structure of the two-photon field can be
given as [19, 27, 24]:

Py +pof p1— pol?
\y(pl’pz) = Nexp |:_40_+2 eXp —ﬁ . (120)
Here, N = ml_ - acts as a normalization constant. The variable p; = (x;, y;) refers

to the transverse location of the i" photon, where i is either 1 or 2. The values o4
are the standard deviations of the Gaussians, and they represent the correlations in
momentum (given by ¢; ') and position (given by o_), respectively.

Further, while o is determined by the standard deviation of the Gaussian distri-
bution of the pump laser, denoted as ¢, with a corresponding wavelength A,, o is

defined as:

aLA
_ P
=\ 27

— L describes the length of the SPDC crystal, and « is an empirically determined
adjustment constant [24]. The model outlined in Eq.1.20 has been identified as the
two-photon SPDC field transverse wave function when the pump beam is Gaussian,
as documented in prior literature [28, 19, 27]. Finally, the practicality of simultaneous
photon detection is proportional to:

P(py, py) o \‘P(pl,pz)|2. (1.21)
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1.3 Detection systems for spatial correlation measurement

The task of characterizing photon pairs with correlated transverse spatial modes is
not straightforward. It typically requires detectors that can resolve individual pho-
tons both in time and position. Analyzing spatial entanglement often involves mea-
suring intensity correlations. One common method involves scanning single-pixel
detectors across conjugate planes, exploring the position and momentum correla-
tions [16]. However, over the years there have been quite a lot of advancements in
single photon detection technology. Key examples of such devices include electron-
multiplying charge-coupled devices (EMCCD) [23, 24], intensified CCD (ICCD) [25,
26], intensified scientific complementary metal oxide semiconductor (IsCMOS) cam-
eras [29, 30, 31], intensified high-speed Timepix cameras [32, 33, 34, 35], and single-
photon avalanche diode (SPAD) arrays [36, 37, 38, 39].

Let’s discuss briefly some of the above-mentioned devices in regard to detecting
individual photons with high spatial and temporal resolution.

1.3.1 EMCCD and ICCD or IsCMOS

Electron-multiplying CCD (EMCCD) cameras can achieve quantum efficiencies of
more than 90%. EMCCD cameras can detect single photons. They also produce
dark current which is unwanted signal from the camera itself, not from incoming
photons. Cooling the camera helps reduce this dark noise, improving its low-light
performance.

EMCCD, ICCD, and IsCMOS are imaging technologies designed for low-light
conditions, utilizing different mechanisms of operation. In EMCCD cameras, signal
amplification is achieved within the CCD chip. Electrons, generated from captured
photons, move across the chip and undergo impact ionization in regions with ele-
vated voltages, leading to an increased electron count and thus amplifying the sig-
nal. This amplification process, while efficient, introduces a measure of noise, yet
it remains relatively low according to Daigle 2009 [23]. For optimal performance,
EMCCD cameras are operated in low light and cooled to minimize thermal noise,
enhancing the detection of signals from individual photons.

On the other hand, Intensified CCD (ICCD) and sCMOS cameras utilize a pho-
tocathode to convert incoming photons to electrons [29]. These electrons are then
multiplied in a micro-channel plate (MCP), a separate electron-amplifying compo-
nent, before they hit a phosphor screen, which turns them back into photons. The
CCD or sCMOS chip then detects these photons. The electron multiplication within
the MCP introduces statistical noise, a characteristic of the stochastic multiplication
process [40]. Additionally, the incorporation of components such as the MCP and
photocathode can elevate the cost of ICCDs or IsSCMOS cameras. These components
can also degrade faster when subjected to bright light sources.

Both types of cameras, though different in operation, have been used to charac-
terize spatial entanglement of photon pairs produced in SPDC [24, 41, 30, 31, 25].

These cameras are designed with a focus on spatial resolution. Yet, they have
their limitations, especially when it comes to frame rate. Their frame rate, how-
ever, is constrained by the readout speed of the CMOS or CCD sensor. To detect
photons that are created simultaneously, the camera must be gated once for each
frame, setting a specific period to detect coincidences [29]. This gating is essential
for identifying the exact time relation between detected events. A notable down-
side is the low-duty cycle caused by this gating. The length of time the intensifier is
gated, known as the gating time, sets the detection window for coincident photons.
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Keeping the photon flux low, typically below one photon pair for every active win-
dow, reduces the risk of accidental coincidences. However, a drawback is that many
frames end up without any photon detections, leading to longer measurement times
to gather sufficient data. This often complicates tasks like coincidence imaging, es-
pecially when trying to map the spatial correlations of photon pairs from processes
like SPDC.

1.3.2 SPAD arrays

In recent years, Single-Photon Avalanche Diodes (SPADs) have gained significant
traction in the scientific community, predominantly due to their excellent temporal
resolution and efficiency in photon detection [42]. At their core, SPADs operate in
Geiger mode, making them exceptionally sensitive, and capable of detecting and
counting individual photons in low-light environments. Placing multiple SPADs
onto a single chip results in what is known as a SPAD array. These arrays, made
using standard CMOS technology, can monitor photon events over a larger area,
giving a detailed record of photon interactions across the sensor [36, 37].

So, how does a SPAD function? When a photon interacts with the diode, it sets
off an “avalanche’ current due to the substantial electric field across the diode. This
current is essentially an alert, signaling the arrival of a photon. As technology pro-
gressed, the need to not just detect, but also to timestamp these photon interactions
emerged — time-tagging SPAD arrays. These SPAD arrays can detect photons’ pre-
cise moment of arrival, often with an accuracy of picoseconds [38].

In comparison, while intensified CCD or CMOS cameras have the advantage of
high pixel counts and sub-nanosecond gating times, their low duty cycles result in
prolonged data acquisition times. In contrast, SPAD arrays excel in capturing rapid
temporal changes through asynchronous readout, but this method restricts their spa-
tial resolution. To achieve higher resolutions, on the scale of megapixels, a gating
mechanism is imperative for these SPAD arrays. Thus, the challenge lies in opti-
mizing both time and spatial resolutions concurrently. In summary, as technology
keeps evolving, tools like time-tagging SPAD arrays are pushing the boundaries, en-
abling the task of coincidence imaging such as the spatial correlation of photon pairs
produced via SPDC [39].

1.3.3 Timepix cameras

Timepix cameras are a specific type of hybrid pixel detector developed as part of
the Medipix collaboration, an initiative associated with CERN. They are designed
to capture and timestamp individual quantum events, such as photon or particle
interactions, with high spatial and temporal resolution [32, 33, 34]. The Timepix
camera operates based on a hybrid pixel detector, where each pixel functions inde-
pendently to both detect and process signals. For single photon detection, when a
photon strikes the detector, it generates an electronic signal within a specific pixel.
The Timepix chip then records the spatial location of this interaction and the ex-
act time of arrival. This is achieved by maintaining an electronic clock within the
camera, which timestamps each photon event down to nanosecond precision. The
combination of spatial and temporal data means that each photon can be precisely
located in both space and time. Thus, Timepix cameras can capture highly detailed,
time-resolved images of photon events, making them particularly useful for exper-
iments that require single-photon sensitivity and high temporal resolution (down
to tens of nanoseconds). Timepix cameras typically feature a 256 x 256 pixel which
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is still less than CCD or CMOS cameras. In recent work, researchers used such a
time-stamping camera to show position-momentum EPR correlations and quantify
the entanglement of formation [35].

With advancements in camera systems and photon sources, quantum-inspired
imaging techniques are becoming vital in research and development. They are be-
coming crucial components of the ongoing quantum revolution, alongside quantum
computing, quantum communication, and metrology.

1.4 One and two-photon interference

One of the fundamental properties of quantum mechanics is the quantum interfer-
ence effect which can be described in terms of indistinguishability — if an event hap-
pens in more than one alternative way and we can not distinguish between the alter-
natives in any way, then interference takes place. Going back to Young’s double-slit
experiment, Feynman spoke of interference as "has in it the heart of quantum me-
chanics. In reality, it contains the only mystery" [43].

r

Source lh
»
Detector

r

FIGURE 1.3: Sketch of the Young’s double-slit experiment.

1.4.1 Overview of classical coherence and the Young’s double-slit experi-
ment

Let’s start by revisiting the classical theory of coherence, using the Young’s double-
slit experiment as an illustrative example (Fig.1.3). In specific scenarios, one can
observe interference patterns on the screen. Let the source’s bandwidth be denoted
by Aw, and let the path-length difference between the two slits be given by Al =
|ly — I1|. Fringes have maximum visibility when Al < <& is satisfied. The bandwidth
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determines the visibility of fringes that gradually disappear when the path length
increases.

Here, the coherence length is defined as Al = z;, and the corresponding co-
Alcoh 1

herence time is At o =

Assuming that the polar1zat10n of the fields is uniform and that we can neglect
diffraction effects at the slits (assuming their sizes to have the dimensions of the
order of the wavelength of the light), the electric field at point » and time t on the
detection screen can be represented as a linear combination of the electric fields orig-

inating from the slits at earlier times t; =t — i andt, =t — 2

E(r, t) = K1E(r1, t1) + K2E(r2, 12). (1.22)

Here, E(r;, t;) stands for the complex electric field reaching the screen from the
i-th slit, and K and K; are complex factors depending on the path lengths /1 and I,
respectively.

Given that optical detectors measure average light intensity due to their long
response times, the intensity I(r) at point r can be represented as:

I(r) = (|E(r, t)\ ). (1.23)

For the purpose of this derivation, we assume normalized field intensities. Hence,
the factor Jeoc is effectively set to 1. (-) indicates time averaging. Assuming er-
godicity, this time average also serves as an ensemble average. In this context, the
ensemble average refers to the average over multiple realizations of the incident
light wave due to statistical variations inherent in the source.

Using Eq.1.22, the intensity can be broken down as:

I(r) = |K1[*(|E(r1, t1)?) + [K2|*(|E(ra, £2)|*) + 2Re [K{ Ko (E*(r1, 11)E(r2, 12))] . (1.24)

Let’s define individual intensities as Iy = |Ky|?>(|E(r1, t1)[?) and I, = |K2\ (|E(ra, t2)]?).
Introducing the normalized first-order mutual coherence function 'y( (r1, 1) as:

E*(r1)E(r
D1, 12) = (E*( 12) (r2)) _ (1.25)
VEC)P)([E(r2)P)
This allows us to express the measured intensity in a more compact form:
10) = I+ b+ 2y L [y (1, 72) | cos (¢ — Ap), (1.26)
where ¢ = arg(’y(l)(rl, 12)). The phase difference Ay is defined as:
Ap =1 — 1, (1.27)

with ¢; and ¥, representing the phases of the light waves arriving at the detection
screen from slits 1 and 2, respectively.
Interference will be observed when |y (r1, 2)|# 0.
The fringe visibility V is:
Imax - Imin
= 1.28
Imax + Imin ( )

The maximum and minimum intensities are:

o min = I+ 1 £ 2/ |01, 72)| (1.29)
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Therefore, the visibility can be written in a more simplified form as:

V= 2y LD [V (ry, 1)

1.30
Il + 12 ( )

For a complete coherence, |1 (rq, r2)|= 1 which implies visibility to be maximum:

2T
V= . 1.31
Il+12 ( 3 )

For no coherence, |y (ry, r2)|= 0 making visibility, V = 0

1.4.2 One-Photon Interference

As described previously, in the quantum description, light is treated as a collection
of photons. Single-photon interference can be understood using quantum mechan-
ics. When a photon travels through the double-slit, its state can be represented as a
superposition of the states corresponding to the transition through each slit. Mathe-
matically, if the photon travels through slit ry, its state is represented by |r;), and if it
travels through slit r,, its state is represented by |r2). The overall state of the photon
is then given by:

) =c1[r) +calr2), (1.32)

where ¢; and ¢, are probability amplitudes associated with the photon traveling
through slits r; and 7, respectively.

The probability of detecting a photon at point r on the screen is proportional to
[(r|p) ]2. The term (r|¢) quantifies the amplitude of detecting the photon at posi-
tion r on the screen due to its state’s superposition when passing through the slits.
When multiple photons are successively sent through the slits, an interference pat-
tern gradually forms on the detection screen. This pattern arises from the combi-
nation of the probability amplitudes c¢; and c; related to each slit, highlighting the
inherent quantum behavior of light.

1.4.3 Two-Photon Interference

Two-photon interference (a bi-photon interfering with itself) involves more complex
quantum states often described by entangled states. Imagine an experiment where
two photons, a and b, are simultaneously emitted and they each have a choice of two
paths to travel, denoted by r; and ry. Let’s consider an entangled state of these two
photons:

W) = \2 (|10, T2p) + |720, 710)) (1.33)

In this expression, r;, and r;, refer to the states of photon a and b passing through
slit 7, respectively. The state represents a superposition where either photon a goes
through r; and photon b goes through r,, or vice versa.

The property of this entangled state is that the photons are intrinsically linked;
neither photon in this setup has a well-defined path until a measurement is made.
Due to the nature of their entangled state, measuring the path of one photon imme-
diately reveals the path of its counterpart. The probability distribution of detecting
the two photons jointly will exhibit interference patterns that depend on both 2 and
b photons.
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Some of the popular two-photon interference experiments are the Hong-Ou-
Mandel effect [44], induced coherence without induced emission [45], and frustrated
two-photon creation experiment [46].

1.4.3.1 The Hong-Ou-Mandel (HOM) interference

B BL B BL
o%\ ° o \ o \ o%o
BS T. BS T BS BS

FIGURE 1.4: Hong-Ou-Mandel (HOM) interference with SPDC photons. (a) Experimental
setup depicting entangled photons from SPDC source directed to a beam splitter (BS) and
subsequently detected by Ds and D;. (b-e) Possible outcomes of photon paths after interac-
tion with the beam splitter, labeled with inputs A and B. The observed result is the photons
leaving together from the same output, showcasing quantum interference.

The Hong-Ou-Mandel (HOM) interference (Fig.1.4a), first observed by Hong,
Ou, and Mandel in 1987, stands as a foundational experiment in quantum optics
that delves into the intricate behavior of photon pairs at a beam splitter [44]. In
the setup, each photon is directed into a separate input port of the beam splitter,
leading to four potential outcomes: both photons could be transmitted (Fig.1.4b),
both could be reflected (Fig.1.4c), or one could be transmitted while the other is
reflected (Fig.1.4d and Fig.1.4e). The initial state of the photons can be represented
as |14,1p), where 14 and 15 signify a single photon in each input mode A and B,
respectively. As they pass the beam splitter, the state evolves to:

75 (124,05) +104,25)).

Here, |24,0p) corresponds to both photons exiting from mode A and none from
mode B, while |04,2p) indicates both photons exiting from mode B and none from
mode A. Intriguingly, the scenarios where both photons are either transmitted or
reflected are indistinguishable, leading to amplitude addition. At a beam splitter,
a reflected photon undergoes a m-phase shift due to the change in its momentum,
in contrast to a transmitted photon, which retains its initial phase [47]. This results
in destructive interference, causing the amplitudes of the two indistinguishable sce-
narios to cancel each other out when of equal magnitude. Consequently, the only
observed result is both photons leaving from the same output port. This behavior
occurs because only two of the four possible outcomes for the photons cancel each
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other out, ensuring they leave together. This cancellation process and the inability
to determine the exact path of each photon is a direct observation of the quantum
interference effect.

1.4.3.2 TheInduced Coherence without Induced Emission — The Zou-Wang-Mandel
Experiment

FIGURE 1.5: Schematic representation of the Zou-Wang-Mandel experiment demonstrating
induced coherence without induced emission. Two spontaneous parametric downconver-
sion sources (SPDC 1 and SPDC 2) generate photon pairs. The paths of the idler photons
from each pair, originating from SPDC 1 (path b) and SPDC 2 (path d), are overlapped,
making them indistinguishable and inducing coherence. Paths 2 and c represent the corre-
sponding signal photons from SPDC 1 and SPDC 2, respectively.

In 1991, Zou, Wang, and Mandel demonstrated an experiment employing two
photon-pair sources, specifically spontaneous parametric downconversion sources
(SPDC), demonstrating the principles of path identity [45]. The paths of one photon
from each pair, originating from the different sources (SPDC 1 or SPDC 2 as shown in
Fig.1.5), are overlapped with each other so that it is impossible to distinguish which
source they came from. This is how coherence is induced between the idler beams
il and i2 (from paths b and d, respectively) from the two SPDC sources, without any
direct interaction between them. Specifically, in this setup, each pair of photons is
created in a superposition state from either of the two SPDC sources. For instance, if
SPDC 1 generates photons on paths a and b, and SPDC 2 on paths c and d, the paths
b and d are overlaid, yielding the path identity |b) — |d). The resulting state is

|>_1 1
G V2

If a phase shift of ¢ is introduced to path d, the state is modified to:

(la, d) +c,d)) = —=(|a) + |c))|d). (1.34)

) = —
v=7

In the states |a, d) and |c, d), the notations refer to the paths of the photons from
the SPDC sources. Specifically, |2, d) denotes the signal photon s1 on path a and the
idler photon 71 on path d, while |c, d) represents the signal photon s2 on path ¢ and
the idler photon i2 on path d. The expression |¢) = %(M) +]c))|d) indicates that the

idler photon (either i1 or i2) is definitively on path d, while the corresponding signal

(a,d) + e, d)) = \2(\@ +e9(c))|d). (1.35)
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photon is in a superposition of being either on path a (from SPDC1) or path ¢ (from
SPDC2).

This experiment demonstrates that the overlap of photon paths can induce co-
herence between photons from different sources, even without the photons directly
interacting. The induction of coherence in the Zou-Wang-Mandel experiment is a
direct consequence of making the paths of the idler photons from the two SPDC
sources indistinguishable. When the paths overlap and the origins of the idler pho-
tons can’t be determined, the system manifests coherence. This phenomenon high-
lights how quantum systems can exhibit coherence solely based on path indistin-
guishability. The detailed procedure and implications of this experiment are dis-
cussed further in chapter 4.

1.4.3.3 Frustrated downconversion: Interference in photon pair creation

M;
f
oL > > < EMp
) :
SPDC
D, M,

FIGURE 1.6: Schematic representation of the frustrated downconversion experiment: in-
terference in photon pair creation. A pump beam interacts with a single nonlinear crystal
responsible for spontaneous parametric downconversion (SPDC). On its first interaction, the
pump generates the forward-going signal-idler photon pair (s1, i1). These photons (s1 and
il) are then reflected back into the crystal by mirrors M and M;, respectively. Concurrently,
after being reflected by mirror My, the pump beam re-enters the crystal, producing a second
signal-idler pair (s2, i2). The resulting photons from the two interactions and their traversals
through the crystal are detected by the detectors D for the signal and D; for the idler. This
configuration leads to quantum interference effects in the photon-pair production.

In the context of two-photon interference, the frustrated downconversion exper-
iment presents an interesting case. Building on the seminal work by Zou, Wang,
and Mandel’s interference experiment, Herzog et al. demonstrated another fasci-
nating phenomenon involving quantum interference, where both paths of the pho-
ton pairs are distinguishable based on their passage direction through the nonlinear
crystal [46]. The experimental configuration, depicted in Fig.1.6, employs a single
nonlinear crystal. Both the pump beam and the resulting downconverted photon
pair (signal and idler photons) are engineered to make a double-pass through this
single crystal. The interesting aspect here is the phase manipulation, represented by
¢, which has the potential to either inhibit or enhance the creation of photon pairs.
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The resulting quantum state can be mathematically represented as:
L L
V2 V2

What makes this experiment notable is the potential for complete suppression
of photon-pair production due to destructive interference. Alternatively, when con-
structive interference occurs, the intensity of the SPDC photons can be maximized.
This maximum intensity is four times greater than what would be expected if the
photon pairs from each pass through the crystal were produced independently and
without interference. This enhancement stems from the coherent superposition of
the amplitudes from both passes. When these amplitudes constructively interfere,
the combined amplitude becomes twice that of a single pass. Given that the inten-
sity is proportional to the square of the amplitude, this doubled amplitude leads
to a four-fold increase in intensity compared to a scenario where only a single pass
occurs without interference.

It is noteworthy that the phase ¢ in Eq.1.36 is defined as ¢ = ¢, — ¢s — ¢;, where
¢; and ¢s are phases for the idler and signal beams, and ¢, is the phase for the pump
beam. Additionally, the symbols k,, k;, and ks denote the wavevectors associated
with the pump, idler, and signal beams, respectively. The phase-matching condition
ky — ki — ks = 0 ensures that the relative phases of these beams, as dictated by ¢,
remain in a specific relationship throughout the length of the crystal — serves as a
prerequisite to maintain this phase relation throughout the crystal length.

This experimental scheme is used and explained in more detail in chapter 4.

V) =

(ya,b> +ef¢|a,b>) = |a,b) (1 +el‘¢) . (1.36)
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Chapter 2

Characterization of the spatial
structure of single photons

Quantitative characterization of the spatial structure of single photons is an impor-
tant resource to facilitate free-space quantum optical communication [48, 49, 50, 51,
52], quantum computing [53, 54], quantum imaging [55, 25, 56, 26, 57], and quan-
tum metrology [58, 59, 60]. However, the complete characterization of the two-
dimensional spatial structure of a single photon presents a formidable challenge due
to the inherent indeterminacy of its global phase [61].

Among the solutions to this problem are techniques using weak measurements [62,
63, 64], tomographic techniques [65, 66, 67], and quantum two-photon interference [61,
68]. Unfortunately, classical interferometric methods renowned for their reliability
and precision have never been successfully applied to the characterization of a sin-
gle photon’s spatial wave function. However, both these weak measurement and
tomographic approaches lack the straightforwardness and precision that classical
interferometric methods are known for [69]. Quantum two-photon interference, as
demonstrated in recent works, involves overlapping an unknown photon that has an
arbitrary spatial phase profile with a reference photon possessing a constant phase
profile (flattened spatial phase profile) [61, 68]. However, this method requires the
reference photon to be identical to the unknown photon in all degrees of freedom
except the spatial one, making the experimental preparation of the reference photon
quite difficult.

In this chapter, an interferometric technique is introduced with the goal of achiev-
ing the complete characterization of the two-dimensional probability amplitude of
single photons [5]. The approach reconstructs the spatial phase of single photons by
utilizing the lowest-order interference fringes.

Contrasting with approaches that employ a reference photon for phase measure-
ment, the presented technique is based on a single photon interfering with itself [5].
This fundamental difference results in practical implications, such as the elimination
of the need for reference photon generation and coincidence detection, and exhibits
higher loss tolerance compared to methods like those described in [61].

The manuscript of the research work presented in this chapter has been pub-
lished in a peer-reviewed journal named Quantum [5].

2.1 Concept

To reconstruct the unknown spatial phase ¢(x,y) of a single photon beam with the
probability amplitude, ¥,(x,y) = |, (x,y)|e?™¥ the schematic interferometric sys-
tem is presented, as illustrated in Fig. 2.1. A spatial filter is placed in one arm of the
Mach-Zehnder interferometer, ensuring the filtered photon carries only a flat phase
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profile. Consequently, a reference beam is created, characterized by a probability
amplitude ¥,(x, y) = |,(x, y)|e'¥°, with ¢p as a constant spatial phase.

Preparation of |W >
a reference beam !'"

Measurement

Spatial
filter

Camera

|v.)

Unknown single
photon beam

FIGURE 2.1: Schematic representation of the experiment. An incoming beam of single pho-
tons with an unknown spatial phase profile is split at the beam splitter BS1 and the resulting
beams go through the two arms of a Mach-Zehnder interferometer. In the upper arm, the
spatial structure of the photons is erased when the beam passes through a spatial filter which
produces the reference beam ,(x,y). The unknown and reference beams are combined at
the beam splitter BS2 and photons are registered with the help of the single photon sensitive
camera. The spatial phase profile of the unknown beam is recovered from the recorded in-
terferogram.

The unknown and reference beams are overlapped at a beamsplitter (BS2), and
the positions of single photons are detected with a spatially resolving detector (Fig.
2.2(a)). After accumulating numerous photodetections, an interferogram is obtained
(Fig. 2.2(b)):

(WG = [pulxy) + e )P
= [pulx, )+l )l (21)
+ 2(9u (e, I [ihr(x, y)lcos(p(x, y) — ¢o)-
Notably, the last term in the equation contains the spatial phase profile ¢(x, y)

of the unknown photon. The unknown phase of the single-photon beam is recon-
structed using Fourier off-axis holography (described in section 2.4).

2.2 Experimental setup for spatial structure characterization
of a single photon beam

Our experimental setup consists of three parts: preparation of heralded single pho-
tons with a given spatial structure, reference beam preparation in a modified Mach-
Zehnder interferometer, and recording of the first-order interferogram by collecting
the positions of the accumulated photons (Fig. 2.3).
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FIGURE 2.2: Photon detection with an intensified sSCMOS (IsCMOS) camera and interfero-
gram formation. (a) A stack of captured frames with single photon detection events visible
as bright spots. (b) The interferogram (simulated) is obtained by creating a 2D histogram of
the positions of photodetections. The color bar represents the number of detection events.

2.2.1 Heralded single-photon source configuration

The spontaneous parametric down-conversion (SPDC) process is a widely used tech-
nique for producing single photons, essential in the field of quantum information
science. Within a nonlinear crystal, a high-energy pump photon originating from
a laser undergoes conversion into a pair of lower-energy daughter photons, com-
monly referred to as signal and idler photons.

Owing to conservation laws, such as energy and momentum conservation, the
generation of these daughter photons occurs in pairs. As a result, when one photon
(the signal photon) is detected, it confirms the existence of its counterpart (the idler
photon). While the detection process destroys the signal photon, it simultaneously
heralds the presence of the idler photon, thus confirming its availability for use in a
variety of quantum information applications.

This heralded single-photon generation method is vital for numerous experi-
mental and practical implementations in quantum communication, quantum com-
puting, and quantum sensing, where accurate control and knowledge of single-
photon states are indispensable.

Due to the probabilistic nature of the photon-pair creation via down-conversion,
only a small fraction of pump photons results in photon pair generation. As the
pumping power of the SPDC source increases, so does the likelihood of generating a
photon pair. However, this also increases the probability of producing multiple pho-
ton pairs within a brief, time window, which we refer to as simultaneously. Since the
desired outcome is the generation of single photon pairs, the multi-pair probability
is to be suppressed by operating the crystal at lower pumping powers.

In our experimental setup, as depicted in Fig. 2.3, heralded single photons are
prepared via collinear, type-II SPDC process [70]. We pump a PPKTP (Periodically
Poled Potassium Titanyl Phosphate) nonlinear crystal with a 405 nm laser beam from
a continuous wave diode laser. Signal and idler photons in a generated photon pair
have the same central wavelength (810 nm) but exhibit orthogonal polarization. Af-
ter generation, we separate the two photons using a polarizing beam splitter (PBS).
To ensure high spectral filtering, we pass the photons through an interference filter
with a 3 nm FWHM. To further refine the photon characteristics, we employ spatial
filtering by coupling the photons into a single mode fiber (SMF). Subsequently, an
avalanche photo-diode (APD) detects one of the photons, generating a short TTL



Chapter 2. Characterization of the spatial structure of single photons 21

sCMOS RL

LASER A/2 L1 PPKTP F1 PBS F2 FC

-_—- -

SMF F2

FC

AaA2 PBS AfaMN/2 PP 1

FIGURE 2.3: Experimental setup for a self-referenced measurement of a spatial structure of a
single photon beam with an unknown phase profile. The setup comprises three panels: one
for preparing heralded single photons with spatial structure, a second for creating a refer-
ence beam, and a third for recording the first-order interferogram by collecting the positions
of accumulated photons. (a) Preparation of an unknown single photon beam 1, (x, y). Or-
thogonally polarized collinear signal and idler photons generated in SPDC type-II process in
anonlinear PPKTP crystal, L1 - a lens with the focal length of 300 mm; after passing through
the Fl-long pass filter get separated by the PBS - polarizing beam splitter, F2 - bandpass filter
transmitting 810 nm =+ 5 nm, FC - optical fiber coupler; Photons are transmitted through the
SME - single-mode fiber, % - half-wave plate, %—quarter wave plate, PP (plane A) - phase im-
printing plane, APD - Avalanche photo-diode. (b) Preparation of the reference beam v, (x, v).
L2, L3 - lenses with focal lengths of 150 mm, and 250 mm respectively; PH - pinhole of size
200 um, plane B - the intermediate plane of the 4f system; plane C - image plane of the 4f
system. L4 - a lens with a focal length of 125 mm. (c) Measurement. The intensified sCMOS
camera system consists of an II - image intensifier, RL - Relay lens, and an sCMOS camera
(Andor Zyla 4.2). Plane D - Image plane of the camera, FPGA - field-programmable gate
array, GM - gating module.

pulse. This pulse serves as the trigger for our custom-built intensified sCMOS (Is-
CMOS) camera [71] via a gating module (Photek GM300-3N). The gating module
works at a mean trigger rate (the mean rate at which the trigger signal is generated
by the APD) of 200 kHz and is responsible for heralding the arrival of the other
photon from the pair, which we use as our heralded signal.

To ensure precise synchronization between the image intensifier’s gating time
and the signal photon’s arrival time, we transmit the signal photon through a 20 m
long spool of single-mode fiber. This compensates for any processing time delays
introduced by the APD and IsCMOS. The purpose of this setup is to achieve an
accurate temporal correlation between the camera’s operation and the arrival of the
signal photon for our experimental measurements.

2.2.1.1 Preparing structured single photons

To prepare the single photon beam with an unknown spatial phase profile, we em-
ploy phase masks positioned in plane A (as illustrated in Fig. 2.3a). To investigate
the influence of various phase masks on the single photon beam, we conduct a series
of experiments. Each experiment involves the application of different phase masks
to the single photon beam, allowing us to analyze their respective effects on the
beam’s spatial phase profile.
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For imprinting a 2D quadratic phase onto the beam, we incorporate a spherical
lens with a focal length of 125 mm in plane A. Similarly, to imprint a 1D quadratic
phase profile, we position a cylindrical lens with a focal length of 75 mm at a distance
of 17 mm before plane A. This extra propagation leads to an equivalent phase profile
in plane A, simulating the effect of a cylindrical lens with a focal length of 58 mm.

To imprint a spiral phase mask onto the beam, we place a spiral phase plate in
plane A. The spiral phase plate is a specific refractive optical element designed to
impart a helical phase structure to an incident light wavefront, converting it into a
beam with orbital angular momentum (OAM). When a light wave passes through a
spiral phase plate, the phase of the wave changes azimuthally around the center of
the plate, forming a twisted wavefront.

2.2.2 Modified Mach-Zehnder interferometer — preparation of the refer-
ence beam

In the modified Mach-Zehnder interferometer setup, the single photon beam with
its spatial phase enters the interferometer. Each arm of the interferometer comprises
4f imaging systems, utilizing lenses L2 and L3 of focal lengths 150 mm and 250 mm
respectively (with a magnification factor of 1.6). The object and image planes of these
4f systems are denoted as planes A and C, respectively. In one interferometric arm,
lenses L2 and L3 are accompanied by a pinhole placed in plane B, which serves as
a spatial filter removing high spatial frequencies. As a result after passing through
the pinhole the beam can be described approximately as a Gaussian beam, acting as
the reference beam [72].

However, for certain phases, such as the spiral phase, the beam to be character-
ized may only contain higher spatial frequencies. In such cases, the pinhole would
block all light in the filter arm. To address this, the pinhole needs to be transversely
shifted to optimize the transmission through the arm with the spatial filter. This shift
introduces an additional linear phase to the reference beam, which does not affect
the reconstructed phase.

The reference and signal beams have orthogonal polarizations. To observe inter-
ference between these beams, first, they are spatially overlapped at PBS4 — ensur-
ing that both beams travel the same path in space. For two orthogonally polarized
beams to interfere, they need to be in the same polarization state. Then their po-
larizations are rotated using waveplates. By introducing the half-wave plate and
orienting its optical axis at 22.5° relative to the initial polarization direction of one of
the beams, both beams’ polarizations are rotated by 45°. For the vertically polarized
beam, this rotation shifts its polarization to 45° relative to the vertical axis, and for
the horizontally polarized beam, it similarly shifts its polarization to 45° relative to
the horizontal axis. Consequently, both beams end up having diagonal polarizations
but in the same direction. The subsequent polarizing beam splitter (PBS5) can then
project them onto a common linear polarization direction allowing them to interfere
(see Fig. 2.3 b, c). Additionally, plane C is imaged onto plane D, which corresponds
to the photo-cathode of the image intensifier. This is done by the lens L4 of focal
length 125 mm.

2.2.3 Photon detection — observing self-referenced hologram

In our experimental setup for photon detection and the observation of the self-
referenced hologram, each photon that illuminates the image intensifier has the
potential to eject a photoelectron, leading to a macroscopic charge avalanche and



Chapter 2. Characterization of the spatial structure of single photons 23

generating a bright flash on the phosphor screen located at the back of the image
intensifier. To capture these flashes, we employ a relay lens comprising two photo-
graphic objectives (Fig. 2.3¢c) to direct the bright flashes onto the sSCMOS sensor.

We use the intensified camera in the photon counting mode in which we fit a
Gaussian function to the image of each flash detected by the sCMOS camera and
store its central position and amplitude [29]. This technique effectively eliminates
readout noise from the sCMOS sensor, as well as allows for achieving sub-pixel spa-
tial resolution of photon detection. This will be explained thoroughly in the next
chapter which is dedicated to our camera (Chapter 3).

During our experiment, the sCMOS sensor is set to acquire data at a rate of 9Hz,
with a specified region of interest of 1000 px x 1000 px. The image intensifier re-
mains open for about 20 ns after each trigger. To handle situations where two trigger
signals occur in a close proximity (less than 3 us apart), we implement an FPGA to
discriminate the second signal — that is the FPGA discards the second signal when-
ever there are two triggers arriving very close to each other since two signals com-
ing closer than 3 ys make the gating module operation uncontrollable. This ensures
optimal operation of the gating module, maximizing the photon count rate and con-
firming that the photons detected by the camera are genuinely heralded.

We observe approximately on average 25 dark counts per one-second camera
frame. Accidental coincidence counts represent another source of noise, occurring
when photons that are not heralded, reach the image intensifier during the gate
opening time. The accidental coincidence rate can reach up to 3 Hz. To enhance
the signal-to-noise ratio (SNR), one could use an image intensifier that allows for
shorter gate lengths (ideally the gate opening time should go down to the jitter of
the detector of the order of 1 ns), effectively reducing dark counts and accidental co-
incident counts without compromising the signal level. Due to technical limitations
of the gating module and FPGA electronics, we had to use longer gating time which
in our case was 20 ns.

2.3 Experimental results

For our experimental setup, we used the following phase masks to produce beams
with unknown spatial phase profiles: a spherical lens, a spiral phase plate, and a
cylindrical lens as it was mentioned earlier. Separate measurements were carried
out for each phase mask to quantitatively reconstruct the spatial phase profiles of the
beams. This was accomplished through the evaluation of interferograms obtained
from detecting 1 x 107 — 2.5 x 107 heralded single photons on an intensified sCMOS
camera [29], where an average of 200 to 600 photons were detected every second.
The resulting interferograms for the 2D quadratic and spiral phases are depicted
in the first row of Fig. 2.4 (Fig. 2.4a and Fig. 2.4d) while their respective 2D recon-
structed phases are displayed in the second row of Fig. 2.4 (Fig. 2.4b and Fig. 2.4e).
The specific approach used for phase reconstruction can be found in the section 2.4.
The statistical uncertainties of the reconstructed phase and intensity were calculated
using a simulation: The phase retrieval process was repeated 1000 times, each time
with the number of photons at each pixel drawn from a Poisson distribution based
on the average photon count at that pixel. We could then calculate the mean and the
uncertainty of the phase at each pixel from these 1000 trials. The statistical uncer-
tainties for the single pixel of the reconstructed 2D phases are below 2* and 2T for
the 2D quadratic phase and spiral phase in a radius of 50 pixels with maximum vis-
ibility and photon count rate respectively. The averaged values of the reconstructed
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FIGURE 2.4: (a) the recorded interferogram for 2D quadratic phase; (b) the reconstructed
phase for 2D quadratic phase; (c) plots of the theoretical quadratic phase (blue solid line)
and the reconstructed phase (dots) averaged over middle 50 columns of the plot in b with
standard deviation in case of spherical phase mask applied. In the middle part, standard
deviation is smaller than 125—76 ; (d) the recorded interferogram for spiral phase mask; (e) the
reconstructed phase for spiral phase mask; (f) plots of the reconstructed phase in case of
spiral phase mask with standard deviations versus the azimuthal angle « and a fitted linear
function.

2D quadratic phase taken from the central 50 columns of Fig. 2.4b are shown in Fig.
2.4c, with statistical uncertainties obtained from the simulation. The corresponding
theoretical plot is also provided (Fig. 2.4c - blue line). The middle part shows a
standard deviation smaller than ZZ. The result is largely consistent with theoretical
expectations, despite the limitations imposed by systematic errors. As predicted, the
reconstructed phase for the spiral phase plate is linearly dependent on the azimuthal
angle (Fig. 2.4f).

Fig. 2.5a and Fig. 2.5b display the recorded interferogram and the corresponding
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FIGURE 2.5: (a) Measured interferogram with 1D quadratic phase, (b) Retrieved phase, (c)
Retrieved phase and amplitude with error-bars. The error-bars are scaled to 3 times their
actual value for the retrieved phase and 5 times for intensity. There is a theoretical plot for
comparison with the retrieved phase based on ¢(x) = 7}\—’]‘3 ; where A is the wavelength of the

photon and f is the focal length of the cylindrical lens used as a 1D quadratic phase object.
In all the plots, x and y denote the positions at the plane A (Fig. 2.3).

reconstructed phase when a 1D quadratic phase mask is utilized. The single pixel
uncertainty of the reconstructed 2D phase in Fig. 2.5b is below Z7 in a region with
a radius of 50 pixels. Fig. 2.5c illustrates the plots of the reconstructed phase and
intensity profile of the single photon beam, with each point representing an average
of 50 pixels from the center of Fig. 2.5b. The theoretical phase (Fig. 2.5c — blue
line) for the 1D quadratic phase is also plotted, using the expression ¢(x) = %‘(Z,
where A is the photon’s wavelength and f is the focal length of the cylindrical lens
used as the 1D quadratic phase object. The plot in Fig. 2.5c displays a good match
between the experimental and theoretical phases. An additional linear phase was
required between the reference and unknown beam in the interferometer for the data
analysis. The interference visibilities for the 2D quadratic, spiral, and 1D quadratic
phases were found to be approximately 69%, 78%, and 77% respectively.

2.4 Fourier Off-Axis Holography — spatial structure recon-
struction for single photons

To reconstruct the spatial structure of the single photon beam, we use Fourier off-
axis holography [73]. We add the extra linear phase for the sake of our data analysis
process.

The experimental design we employed involves introducing a linear phase in
the interferometer by manipulating the orientation of the beams, causing an overlap
only at the 4f image plane and the ultimate image plane (designated as planes C and
Din Fig. 2.3). This tilt in the beams, hence adding a linear phase to the interferogram,
helps the data analysis. We obtain a reference measurement of this linear phase,
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which is subtracted during the final phase reconstruction, making the interpretation
of the measured interferograms simpler.

Let’s start with the first-order interferogram, which is gathered by capturing the
positions of the collected photons, as presented in Eq. (2.2):

’1P(X,y)|2 = [pu(x,y) +¢r(x/y)|2
= IlPu(x,y)\er!lPr(x,y)!z (2.2)
+2|‘Pu(xr]/)"l/)r(x/y)lcos(ql’/(x/y) - (PO)/

where, ¢y represents the interferometric phase offset, and the spatial phase ¢'(x, y)
between the interfering beams can be written as:

¢'(x,y) = (a1x + a2y) + p(x, ). (2.3)

In this equation, (a;x + axy) signifies the linear phase introduced in the interferome-
ter, and ¢(x, y) symbolizes an arbitrary phase that we intend to reconstruct.

The first step in the analysis involves performing a 2D Fourier transform on the
gathered data. Corresponding to the Fourier transform properties, adding a linear
phase leads to separating the phase-dependent component of the signal with respect
to the phase-independent component in the Fourier plane’s center.

The Fourier transform of Eq. (2.2) results in:

FLpe, Pl = Zlgulx, ) P+¢(x, y)*]
+ Fp(x, Y]ky + a1, ky +a2) (2.4)

+ ZIp* (ks — ay, Ky — 1),

Here, p(x,y) = [$u(x, y)| X |P:(x, y)| ¥ exp{(—i(¢(x, y) — ¢0))}, with the first term on
the right-hand side containing only phase-independent parts.

It is necessary to ensure that the linear phase magnitude is high enough to facil-
itate the separation of the three parts of Eq. (2.4) in the Fourier domain. Through
filtering in the Fourier domain, it is possible to retain only one of the three terms
from Eq. (2.4), while preserving all information regarding the phase. As a re-
sult of this analysis, we obtain .#[p(x,y)] and its inverse Fourier transform yields
[ (x, )| x| (x, y)| X exp (i(@'(x, ) — ¢o))-

It is then feasible to retrieve the phase ¢'(x, y) by extracting the argument of the
complex number from each pixel. The final result is calculated from the wrapped
phase using a 2D phase-unwrapping algorithm [74], keeping in mind the need to
remove the additional linear phase. The 2D phase-unwrapping algorithm system-
atically scans through the wrapped phase map, pixel by pixel, resolving the discon-
tinuities by adding or subtracting multiples of 27r. This reconstructs a continuous
phase map.

The linear phase removal is accomplished by repeating the entire procedure for
the reference measurement, which doesn’t involve a phase mask, thereby retrieving
the linear phase, (a1x + ayy). By subtracting this reference linear phase and disre-
garding the constant phase offset ¢y, we finally attain the sought-after imprinted
phase ¢(x, y) (Fig. 2.6).

For achieving optimal reconstruction results, it is critical to ensure high visibil-
ity interference fringes, which necessitate intensity profiles of both the reference and
unknown beams to be matched. This precondition, common to most interferomet-
ric techniques, is met in our experiment by using the waveplates before the Mach
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FIGURE 2.6: Fourier off-axis holography. Fourier off-axis holography involves executing a
2D Fourier transform on the gathered interferogram. The interferogram in shown in (a) and
the 2D Fourier transform is shown in (b). Initially, a linear phase is added to separate com-
ponents in the Fourier domain. By filtering only one phase independent term is retained,
ensuring phase information retention ((c)). After obtaining the inverse Fourier transform,
the imprinted phase is extracted pixel-wise from the argument of the resultant complex
number (shown in (d)). Reference measurements without a phase mask help remove any
added linear phase. This phase is then unwrapped using a 2D phase-unwrapping algorithm
(retrieved unwrapped phase shown in (e)). The summary of the phase retrieval algorithm is
described on the top-right corner of the figure.

Zehnder interferometer and the polarizing beam splitter together (Fig. 2.3). This
is verified by independently checking the intensity profiles of both beams with a
single-photon sensitive camera. Separate measurements of both beams’ intensity
profiles permit the adjustment of the splitting ratios of both beamsplitters (BS1 and
BS2 in Fig. 2.1), an essential step to counteract the variable loss induced by the spa-
tial filter, contingent on the object’s phase.

2.5 Conclusion

In conclusion, we have developed a self-referenced interferometric method that can
successfully reconstruct both the spatial phase and the amplitude profile of an uniden-
tified single photon beam. The unique aspect of our technique is its independence
from a reference photon, making our system resilient and relatively easy to em-

ploy [5].
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Contrary to techniques that hinge on the assessment of a two-photon probability
distribution, such as the method presented in [61], our approach eliminates the need
for coincidence detection. As a result, the self-referenced holography technique is
considerably less complex from a technical standpoint and more tolerant of losses.
Unlike the method described in [61], our method is currently sensitive to interfero-
metric phase fluctuations. However, this challenge could be resolved by employing
common path designs [72]. If the loss induced by the spatial filter cannot be ac-
commodated, then shearing interferometry [75] can be utilized as an alternative to
spatially filtered references.

Our method proves to be versatile, not limited to one-dimensional phase recon-
struction, and capable of characterizing any single photon beam with an unknown
pure spatial state, including those with orbital angular momentum modes [76]. Given
its simplicity, this measurement scheme has the potential to be widely applicable in
quantum communication and imaging sectors. Techniques analogous to ours could
be employed to characterize the spectral degrees of freedom of photons [77]. Fur-
thermore, similar methods could potentially be valuable in matter-wave interferom-
etry [78, 79]. An important direction for future research would be to explore if our
method could be extended to mixed [80] or entangled states.

J.S. conceived the idea. W.S. and S.K. built the experimental setup, performed
the experiments, and analyzed the results. R.L. supervised the project. J.S. and R.L.
designed the experiment.
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Chapter 3

High dimensional quantum
correlation measurements with an
adaptively gated hybrid single
photon camera

High-dimensional quantum correlations have emerged as a crucial resource for quan-
tum technologies, necessitating efficient measurement techniques [81, 82, 83]. Spa-
tial correlations, with their inherent high dimensionality and ease of manipulation
via basic optical components, are particularly interesting in the fields of quantum
imaging [84, 55], metrology [85], and the testing of fundamental principles of quan-
tum mechanics [86]. However, characterizing spatially correlated photon pairs re-
quires detectors that are highly sensitive and capable of resolving individual pho-
tons both in time and position which poses a significant challenge. These measure-
ments demand high acquisition rates for statistically significant data, as well as good
temporal resolution for observing coincidences. In recent years, various types of
single photons cameras have emerged which include electron-multiplying charge-
coupled devices (EMCCD) [41, 87, 24, 23, 88], intensified scientific complementary
metal oxide semiconductor (IsCMOS) [29, 30, 31] or intensified CCD cameras [25,
26], single-photon avalanche diode (SPAD) arrays [89, 38, 39, 90], and intensified
high-speed Timepix cameras [91, 92, 33, 93]. However, there exists a trade-off be-
tween temporal and spatial resolution, as faster cameras tend to have lower spatial
resolution and vice versa. While intensified cameras offer high pixel numbers and
sub-nanosecond gating times they are hindered by low-duty cycles, necessitating
long measurement times for adequate statistics [94, 29]. Conversely, time-tagging
single-photon avalanche diode (SPAD) arrays provide continuous readout and high
temporal resolution, yet their pixel counts are orders of magnitude lower than those
of cameras.

Addressing the aforementioned limitations, this chapter outlines an overview of
a hybrid single photon-sensitive camera with an adaptively gated image intensifier
that combines a high spatial resolution sCMOS sensor and a high temporal resolu-
tion detector —a photo-multiplier tube (PMT). Our goal is to detect and register indi-
vidual photons, which is achieved by incorporating an image intensifier. The inten-
sifier can transform a single photon into a burst of photons, maintaining its temporal
and spatial information. With our hybrid camera setup, we can precisely control the
number of photons registered by utilizing feedback from a high-temporal-resolution
detector.

Here we describe how the hybrid camera is constructed and its working principle
followed by using this hybrid camera to measure spatial correlations of photon pairs
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generated in the type-I SPDC process. We also study the data acquisition rate of this
camera in comparison to an IsCMOS camera [6, 95].
A manuscript about the research work of this chapter has been submitted [6].

3.1 Photon detection scheme with a standard intensified cam-
era

Intensified cameras are usually assembled in three parts: image intensifier, relay
lenses for imaging, and CCD/CMOS sensor. Let’s begin with how an image intensi-
fier works.

3.1.1 Image intensifier

Fig. 3.1 depicts the parts of the image intensifier. The image intensifier is composed
of a photocathode, a micro-channel plate (MCP), and a phosphor screen located at
the back of the intensifier. When a photon strikes the image intensifier, it initiates
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FIGURE 3.1: Schematic of the image intensifier. The image intensifier consists of a photo-
cathode, a microchannel plate (MCP), and a phosphor screen located at the back of it. When
a photon is registered by the image intensifier, it is turned into a photoelectron by the pho-
tocathode. The gating voltage is there to gate the image intensifier. When the photoelectron
enters the MCP, it creates a macroscopic charge avalanche due to reflection from the channel
walls. MCP gain voltage controls the amplification process in the MCP and MCP-phosphor
voltage accelerates the electron cloud further. In the end, the electron cloud turns into a
burst of photons on the phosphor screen. The image intensifier used in this experiment is
Hamamatsu V7090D-71-G272.

the emission of a photoelectron from the photocathode with a probability described
by the quantum efficiency (QE) coefficient. For photons of the wavelength of 800 nm
where we operated, it has the quantum efficiency, QE = 20%.

This photoelectron’s path depends on the voltage between the photocathode and
the MCP. Positive voltage sends it towards the MCD, where it enters one of nearly 9
million channels. It gets accelerated by the constant voltage across the plate and re-
flects from the channel walls to create a macroscopic charge avalanche. Such a cloud
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of electrons is driven by the voltage between the MCP and the phosphor. When it
impinges the phosphor screen (P47 type), it triggers the excitation of the phosphor
molecules. This excitation causes them to radiate light. The light intensity reduces
gradually, as described by the function, I(t) = Ae~*, A representing the decay con-
stant. This results in a bright flash at the output phosphor screen. The brightness of
the light can be adjusted by changing the MCP’s voltage (MCP gain voltage in Fig.
3.1), with higher voltage producing brighter light.

3.1.2 Relay lenses

The bright flashes from the phosphor screen are imaged onto an sCMOS sensor by a
relay lens composed of two photographic objectives: the image intensifier lens and
the camera lens.

The image intensifier lens is crucial in collecting light from the image intensifier.
It is positioned so that the phosphor screen lies on its focal plane. The lens has two
key parameters: its focal length and F#. F# denotes the lens’s f-number or aperture
setting. A lower F# corresponds to a wider aperture, capturing more light from the
phosphor screen. Given the image intensifier’s active area (10 x 13.5 mm), focusing
across the entire area is challenging. Thus, we focus on a specific section of the active
area to reduce distortion. However, a smaller F# may result in increased distortion
due to its limited depth of focus. Our camera setup uses the Canon 50mm f/1.0 L
DSLR lens, which offers good optical properties even at F# = 1.0, capturing 20% of
central light. The lens is attached to the image intensifier with a custom 3D-printed
bracket ensuring proper alignment.

The selected camera lens is a manual Canon lens with an F# of 0.95 and a focal
length of 50mm (Canon 50mm f/0.95 Dream Lens). This lens is configured to pro-
duce a sharp image of distant objects on the camera sensor. By ensuring that objects
at infinity are focused crisply on the sensor, we simplify the alignment of the other
components in the setup. When an infinite object’s image is accurately formed on
the camera chip, it indicates that the lens is at its focal distance from the chip. This
straightforward correlation is why we opted for a manual lens in this context.

3.1.3 sCMOS camera

The camera used here is a high-resolution sCMOS sensor that captures and digitizes
the positions of photons as they interact with the Image Intensifier (II). It registers
light emitted from the phosphor screen of the II. Given that both the camera lens and
the II lens possess a 50mm focal length, the system achieves a 1:1 magnification. The
active area of the camera should therefore be at least as big as the active area of the
II.

From an electronic perspective, the camera requires a connection to a computer,
which, in this setup, is achieved using a dual Camera-Link cable. It’s essential for
the camera to signal the commencement and termination of the exposure for its first
row and to indicate when the entire sensor is detecting light. Our objective is to have
the II operational when the camera’s entire sensor is engaged in light detection. To
accomplish this synchronization, we utilized a custom FPGA in conjunction with
a LabVIEW program. In this arrangement, the sCMOS camera functioned as the
primary signal generator, with the II operating as a responsive device, triggered
only during full-sensor light capture by the camera.



Chapter 3. High dimensional quantum correlation measurements with an

adaptively gated hybrid single photon camera 32
Image intensifier
S R 7 relay lens sCMOS
Photo-
| cathode __MCP_ PO0rEER"

i

I :

1 I

: I
Photonv{» e #l—= i

|

I

|

|

|

|

|

| S

.
ng  MCP _MCP
Giting oin_phosphor
3 ucﬂtage voltage

PN ;. NINE < digital
pulse generator

FIGURE 3.2: Intensified camera for coincidence imaging. The phosphor screen of the image
intensifier is imaged onto the sSCMOS camera by a relay lens composed of two photographic
objectives. The image intensifier gate time is adjusted and simply synchronized with the
sCMOS acquisition. The gate-triggering pulses of 150 ns duration are sent by a digital pulse
generator Stanford DG-645.

3.1.4 Scheme for coincidence imaging with the standard intensified (IsC-
MOS) camera

Standard intensified cameras provide high spatial resolution, but their frame rate is
slow. Due to the use of CMOS sensors, the time interval between consecutive frames
is generally about six orders of magnitude longer than the minimum gating time of
an IsCMOS camera. IsCMOS cameras can typically achieve frame rates between
50 Hz and 200 Hz at the full spatial resolution, with gate lengths in the nanosecond
range. For instance, an IsSCMOS camera Andor iStar can obtain a frame rate of 50 Hz
at a full spatial resolution with a gate length of 2 ns.

To analyze the spatial correlations of photons generated simultaneously with
such a detection system, it is crucial to gate the camera once per frame, which allows
us to access the temporal relationship between detected events. In this scenario, we
only register photons within the intensifier gating time which establishes the coin-
cidence window for photon detections, and it is necessary to maintain the average
photon flux per entire frame significantly lower than one photon per coincidence
window to minimize accidental coincidence detections.

For coincidence imaging, we gate the image intensifier externally by sending
nanosecond time-scale pulses from a digital pulse generator manufactured by Stan-
ford Research Systems, model DG-645 (Fig. 3.2) [29, 94].

3.2 Hybrid intensified camera (HIC)

The hybrid intensified camera we present, as depicted in Fig. 3.3a, employs readily
available off-the-shelf components and integrates an image intensifier akin to those
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used in typical intensified cameras. However, in addition to that, our design incor-
porates one high spatial resolution sCMOS camera and a fast photo-multiplier tube
(PMT).

(a) Image intensifier
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FIGURE 3.3: (a) Schematic of the hybrid camera setup. The output light of the image inten-
sifier gets separated into two paths by a beam splitter: one part illuminates the fast detector
(PMT) and another part is imaged onto the high spatial resolution detector (sCMOS cam-
era). Based on the information from the fast detector (PMT), FPGA can control the gating
time of the image intensifier, therefore controlling the number of registered photons. Image
intensifier (Hamamatsu V7090D-71-G272); BS — beam-splitter; L1, L2, L3 — lenses; PMT —
photomultiplier tube (Hamamatsu R1924A); Dis — Discriminator; sCMOS (Andor Zyla 4.2
sCMOS camera); FPGA - field-programmable gate array (NI myRIO-1900); GM - gating
module (Photek GM-300-3N). (b) One captured sCMOS frame with single photon detection
events visible as bright spots.

In the hybrid camera design, we place a flat glass plate to split the light from the
image intensifier output into two detectors (shown in Fig. 3.3a). Since the photomul-
tiplier tube is a single-pixel detector and effectively requires a much lower intensity
of light, the majority of light should be diverted to the camera. Also, to ensure opti-
mal imaging quality, the camera is placed on the go-through path, while the PMT is
placed on the reflected path since the PMT does not require perfect imaging. Using
the uncoated, thin glass plate at a 45-degree angle, about 10% of the light is directed
towards the PMT that delivers high temporal resolution, whereas the remaining 90%
is captured by an sCMOS camera that provides high spatial resolution.

The image intensifier lens produces a collimated beam with a 72 mm aperture,
as detailed in section 3.1.2. A Canon EF 1.8 F#, 50mm lens is used in the PMT path.
With its 50mm focal length, the system has a 1:1 magnification, allowing efficient
light collection on the PMT with a 22 mm diameter photocathode, comparable to
the image intensifier’s active area. Additionally, since this lens came with a trans-
lation stage, for convenience, this lens can be adjusted via software and positioned
perpendicular to the beam’s optical path from the beam splitter (BS).

We image the phosphor screen of the image intensifier onto the sCMOS cam-
era with the set of lenses L1 and L2 as described in the section 3.1.2. Each bright
flash on the sCMOS camera (Fig.3.3b) signifies one corresponding photon incident
on the image intensifier. We eliminate the readout noise and achieve sub-pixel spa-
tial resolution by fitting each detected flash with a Gaussian function and recording
its central position and amplitude [94, 29].
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Our hybrid camera offers exceptional spatial resolution, surpassing the compo-
nent sCMOS camera and limited only by the number of channels in the MCP of the
image intensifier, providing almost 9 megapixels of spatial resolution. Using the fast
detector PMT, we employ a feedback loop that enables us to adaptively regulate the
exposure (opening) time of the image intensifier and record a pre-selected number
of photons on each frame.

3.2.1 Working principle of the adaptive gating method

The hybrid camera is designed to capture photon events in real time. As illustrated
in Fig. 3.4a, the image intensifier (II) is opened simultaneously with the start of sig-
nal recording on both the sCMOS and PMT. The fast detector, PMT, provides nearly
instantaneous readout, enabling the setup to count the number of detected photons
on the image intensifier much faster than the sCMOS camera’s framerate. As the
image intensifier can be gated with nanosecond resolution, feedback from the PMT
could in principle disable the image intensifier after detecting the desired number of
photons within nanoseconds. This allows us to capture a consistent number of pho-
tons in each frame. However, the gating and signal analysis introduce a delay at the
nanosecond scale, resulting in a delay of roughly 100 ns for deactivating the image
intensifier after reaching the condition of detecting the set number of photons. The
delay can be reduced to a few tens of nanoseconds with custom electronics.

To register only events originating from the image intensifier, we employ a fast
analog discriminator to reject noise and digitize the PMT signal, flagging each de-
tected photon with a pulse on the discriminator output.

For fast, delay-free electronic control of gating the image intensifier, we use a
FPGA that records signals from both the discriminator and the camera acquisition
(Fig. 3.3a). As the sCMOS camera operates in a rolling shutter mode, where the top
row starts acquiring signals first, and each subsequent row starts with a slight delay,
we need to monitor the state of all rows to ensure recording all image intensifier
photon detection events on the camera. To ensure all photons are registered when
the camera is fully open, the FPGA registers a "Fire All" signal, indicating that all
rows of the sSCMOS camera are recording light.

Once the "Fire All" signal is detected, the FPGA opens the Image Intensifier (II)
gate and keeps it open until either the set number of photons is detected or the "Fire
All" signal becomes low, indicating that some rows of the camera have stopped the
acquisition. Terminating the image intensifier’s acquisition after registering a set
number of photons prevents the latter photons from being detected, ensuring that
a predetermined number of photons are captured in each frame. With our system,
the gating time of the image intensifier is dynamically adjusted to match the event
detection rate in real-time, resulting in varying intensifier gate opening durations at
each frame, but with the same number of photons detected. This demonstrates the
possibility of actively controlling the gating time during data acquisition, enabling
an in-frame feedback loop.

In Fig. 3.4b, we present both the sSCMOS camera frame and an oscilloscope screen
displaying a single intensifier gate opening duration, during which 5 events are reg-
istered on both the PMT and sCMOS camera. After detecting 5 photons, acquisition
by image intensifier ends preventing any subsequent photons from being detected.
With this feedback control, in each frame, the gate opening time of the image inten-
sifier is adjusted in such a way that 5 photons are registered. This demonstrate the
ability of our system to capture and analyze photon events in real-time.
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FIGURE 3.4: Hybrid intensified camera — working principle. (a) Illustration of the adaptive
time gating algorithm with counting events. This is an example of registering 5 pre-selected
events: the yellow trace represents the raw signal from the fast detector (PMT). The blue
trace represents the sCMOS camera frame exposure while it registers the 5 events. The green
trace represents the signal controlling the state of the image intensifier — the high signal
corresponds to the image intensifier being opened. The red trace represents the 4 events
as counted by the FPGA. The image intensifier closed after registering 5 photons, therefore
preventing any further registration of photons. (b) Both the sCMOS camera frame and an
oscilloscope screen displaying a single intensifier gate opening duration, during which 5
detected events are registered on both the PMT and sCMOS camera.

3.3 Brightness correlation of photon detection events with
the two detectors for the time of arrival measurement

The hybrid camera configuration effectively addresses the low-duty cycle limitations
commonly observed in standard intensified cameras by integrating a second detec-
tor with high temporal resolution. Both the sCMOS camera and the high temporal
resolution photomultiplier tube (PMT) record the brightness of the phosphor screen
flashes, enabling temporal information to be assigned to the photons captured by
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FIGURE 3.5: Hybrid camera configuration designed for precise photon arrival time mea-
surement through photon brightness comparison. (a) In this configuration, to control the
image intensifier’s exposure time, a precise delay generator is activated after the sCMOS
camera frame is fully exposed. Simultaneously, the PMT signal is captured using a digital
oscilloscope. For a detailed view of the image intensifier’s internal structure, refer to the
inset. (II - image intensifier; BS — beam-splitter; L1, L2, L3 — lenses; PMT — photomultiplier
tube; sSCMOS — sCMOS camera; GM - gating module; OSC — oscilloscope; DDG - digital
delay generator.) (b) The captured signals are presented as examples - the top row display-
ing zoomed-in sSCMOS camera frames, and the bottom row showing corresponding PMT
signals. Due to the image intensifier’s approximately 20% quantum efficiency in converting
photons to bursts, both detectors are capable of measuring photon bursts from each individ-
ual photon, enabling the correlation of events.

the camera frame. In this scenario, in our experimental setup (Fig. 3.5a), the light
beam from the image intensifier is divided using a beam splitter and simultaneously
recorded by the sSCMOS camera and the photomultiplier tube (same as before).
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When the camera initiates full-frame image acquisition, it sends a "Fire All" sig-
nal, indicating that all rows of the sCMOS sensor are capturing data. This signal
triggers the digital delay generator (Stanford Research DG645), opening the image
intensifier and initiating data recording from the photomultiplier on a digital oscil-
loscope (Teledyne LeCroy 610Zi) for a precisely determined time.

Consequently, our setup produces frames from the sCMOS camera and corre-
sponding voltage waveforms from the PMT, as depicted in Fig. 3.5b. By fitting
appropriate functions to the amplitudes of both signals, we can accurately extract
the brightness of individual events, facilitating correlation in both the temporal and
spatial domains [96]. This approach enables precise time-tagging of individual pho-
tons. Our hybrid camera method serves as a proof-of-concept, demonstrating the
potential of achieving nanosecond time-tagging for photon detections in a multi-
megapixel spatial resolution sensor.

3.3.1 Time of arrival measurement - time-tagging possibilities of single
photons

Correlating the brightness of events recorded by both HIC detectors allows precise
determination of the arrival time for each photon captured on the sCMOS camera
frame. This capability can be easily combined with adaptive gating, enabling the
acquisition of frames with a predetermined number of accurately timestamped pho-
tons.
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FIGURE 3.6: Brightness correlation for time tagging capabilities of the hybrid camera. (a):
sCMOS and PMT brightness correlation map of recorded single photon frames, plotted in
logarithmic scale. The color scale represents the number of occurrences, with black indi-
cating at most 1 occurrence. (b): Single photon time tagging accuracy as a function of the
percentage of rejected frames for two (blue), three (green), four (orange), five (red), and six
(black) photon frames.

To assess the time tagging capabilities and evaluate accuracy in frames with mul-
tiple photons, we constructed a synthetic data set using camera frames containing
only a single photon. For each of these single photon frames, we recorded two
corresponding numbers representing the PMT and sCMOS brightness. Fig. 3.6a
illustrates the distribution and linear correlation of these brightness values. Subse-
quently, we created n-photon frames by randomly drawing n-element tuples with-
out repetition from the set of single photon frames. To maintain high-time tagging
accuracy, we rejected pairs or tuples when the phosphor flashes exhibited similar
brightness values. Each tuple could thus either possess correct or incorrect time
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tagging or be neglected due to the proximity in brightness values. The 0% rejected
frames shown in Fig. 3.6b indicate no discarding of events based on brightness crite-
ria, resulting in 90% time tagging accuracy for frames containing 2 photons. It is pos-
sible to achieve 80% accuracy for 3-photon frames while neglecting 20% of frames,
with negligible impact on measurement time. It is worth noting that the majority
of events exhibit relatively low brightness. To achieve a more uniform brightness
distribution, appropriately sweeping the image intensifier voltage can help reduce
the percentage of rejected frames.

3.4 Experimental setup for characterizing momentum corre-
lation of photon-pairs in type-I SPDC with adaptively
gated HIC

Here we investigate the far-field distribution of the type-I SPDC light and observe
the momentum anti-correlation of the generated bi-photon state with our hybrid
camera setup (Fig.3.7a). In type-I SPDC, due to the phase-matching conditions, the
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FIGURE 3.7: SPDC - I demonstration. (a) nonlinear crystal ()2) is pumped with a UV laser
generating signal, s and idler, i photons in a cone-like structure in which their transverse
momenta are opposite to each other. (b) The measured intensity distribution of the down-
converted photons in the far field, where k, and k; are the detected transverse momenta
respectively.

signal and idler photons are emitted in a cone-like structure in which their trans-
verse momenta are opposite to each other. This phenomenon can be understood by
considering the conservation of momentum in the transverse plane. When a pump
photon (UV) is converted into a signal and an idler photon (NIR), the conservation
of transverse momentum requires that the sum of the transverse momenta of the sig-
nal and idler photons equals the transverse momentum of the pump photon. Since
the pump beam typically has a narrow transverse momentum distribution centered
around zero, the signal and idler photons have approximately equal and opposite
transverse momenta in order to satisfy the conservation requirement. This results in
the cone-like emission pattern observed in type-1 SPDC, leading to a symmetric dis-
tribution around the central axis (Fig. 3.7a). In Fig. 3.7b, we see the typical far-field
SPDC type-l intensity pattern (ring) which we measured.
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3.4.1 Generating type-I SPDC light

The apparatus we use for our experiment is depicted in Fig.3.8. Spatially entangled
photon pairs are produced via a non-collinear, type-I spontaneous parametric down-
conversion process in a 2 mm long B-barium borate (BBO) nonlinear crystal pumped
with a 405 nm laser beam of approximately 20 mW from a continuous wave diode
laser. The spatially filtered pump beam is focused onto the BBO crystal with the
lens L, of focal length 400 mm. Both signal and idler photons generated as a pair
by the pump beam of diameter 480 um (1/¢?) in the crystal plane are of the same
central wavelength (810 nm). Both photons have the same polarization. After the
crystal, a combination of two long-pass filters is used to block the pump beam. In
the far-field configuration, these degenerate photons propagate through a composite
Fourier system with an effective focal length of f, = 120 mm which is represented by
the lens L, in Fig.3.8. This composite system is made of three lenses of focal lengths
75 mm, 125 mm, and 200 mm respectively. The Fourier plane of the output of the
BBO crystal is imaged onto the photocathode of the image intensifier which we are
gating adaptively. Before detection, the photon pairs emitted around the degeneracy
are spectrally selected by a narrow-band (810 £ 2 nm) interference filter (IF). In order
to meet the phase-matching condition SPDC process, a half-wave plate (A/2) is used
to set the polarization of the pump.

BBO Hybrid
Camera

FIGURE 3.8: Experimental setup for momentum correlation characterization of photon-pairs
generated via type-I SPDC source. Pump laser (cw) — 405 nm; BBO — beta-barium borate (2
mm long); L1 and L2 - lenses of effective focal lengths of 400 mm and 120 mm respectively;
LPF - a combination of two long pass filters; IF — Interference filter centered at 810 nm with
the bandwidth (FWHM) of 2 nm.

3.4.2 Photon transverse momentum correlation measurements with adap-
tively gated HIC

The experimental results of photon transverse momentum correlation measurements
with our hybrid camera setup are shown in Fig. 3.9a-c. We verified the correctness of
the gating by measuring the momentum correlations of signal and idler photons in
the Fourier space. Since we only want to observe single photon-pair creation events,
we set our camera for single photon detection. The camera should close after de-
tecting the first photon because photons are created at the same time and the ones
arriving at the camera are delayed by no more than a nanosecond.

The correlated photons have opposite transverse momenta and therefore lie on
opposite sides of the center of the beam creating a ring. We can visualize it on two
graphs, one per dimension (Fig. 3.9a-b). These intense anti-diagonal patterns are
formed because the signal and idler photons possess opposite transverse momenta.
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As a result, when the signal photon’s transverse momentum increases in one direc-
tion, the idler photon’s transverse momentum increases in the opposite direction,
and vice versa. In a one-dimensional plot, this relationship manifests as a line with
the negative slope (Fig. 3.9a-b), which represents the anti-correlation of the trans-
verse momenta.
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FIGURE 3.9: Results of photon transverse momentum correlation measurements. (a-b) Mea-
sured two-photon momentum correlations between signal and idler photons along k, and k;
— the subscripts 1, 2 represent signal and idler generated in SPDC. Correlation plots are rep-
resented after background correlation subtraction (i.e., coincidence counts after accidental
coincidence correction). (c) Measured correlation peak at the center of the transverse mo-
mentum sum-coordinates projection. The central peak is fitted with a Gaussian function to
obtain its center and widths (standard deviations) along both k; and ky, where oy is 24.43

mm~! and oy is 22.67 mm—1.

To retrieve the two-photon momentum correlation, we remove the background
noise. We measure this background noise by measuring the correlations between
two photons detected on consecutive frames (accidental coincidences). Later we
subtract this correlation. The peak of the correlation at the center of the sum coor-
dinate projection (Fig. 3.9¢) is a signature of strong anti-correlations between two
photons imposed by momentum conservation (phase-matching) in the pair produc-
tion process via SPDC. The presence of this peak indicates that the signal and idler
photons have nearly equal and opposite transverse momenta in both the x and y
directions. While a narrower peak is indicative of stronger anti-correlations and,
thus, stronger entanglement, a broader peak suggests weaker anti-correlations and
entanglement.

We obtained correlations for approximately 194 spatial modes in the momen-
tum basis. To estimate the number of correlated modes, we divided the area of the
intensity ring by the square of the correlation length. The correlation length cor-
responds to the size of the spatial mode in the far field, which we determined by
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fitting a Gaussian function to the correlation peak in the sum coordinate and ex-
tracting the standard deviations 0, and oy. This result indicates how many distinct
spatial modes are in the intensity ring, which represents the spatial distribution of
the down-converted photons [97].

When a photon hits the photocathode of the image intensifier, it has the po-
tential to release an electron. This electron is then accelerated towards the MCP,
and upon collision with the MCP wall, secondary electrons are produced, initiating
the avalanche gain process. However, some of these electrons can deflect and re-
enter neighboring channels, triggering additional avalanches. Such events, known
as cross-talk, can lead to strong artificial correlations when recorded in the same
camera frame. To address this issue, we exclude photons detected within a proxim-
ity of 100 pixels from each other. Implementing this subtraction technique is crucial
when working with an MCP to ensure the removal of these false correlations from
our data [98].

3.5 Comparison between the schemes with and without adap-
tive gating of intensifier

We conducted a performance comparison between the adaptively gated hybrid cam-
era setup and a non-adaptive setup using an intensified sSCMOS camera, where the
image intensifier is gated once per camera frame. The time interval between con-
secutive frames is typically 6 orders of magnitude longer than the minimum gating
time of an intensified SCMOS camera[94, 29] (an intensified SCMOS camera can typ-
ically achieve a frame rate of around 100 Hz at full spatial resolution with a gate
length in the nanoseconds range).

In the standard non-adaptive approach, we externally gate the image intensifier
using signals from a digital pulse generator [29, 94]. In contrast, the adaptive gating
approach employs a feedback loop to determine the duration of the gating window.
This technique allows for the observation of a single photon triggering the adap-
tive exposure and any additional photons detected within the coincidence window,
which is the time between the first photon detection and the closing of the image
intensifier (approximately 150 ns in our case). We compared adaptive gating with
standard (non-adaptive) gating with a gating time of 150 ns to achieve similar prob-
abilities of registering false coincidences as in the adaptive case. Additionally, we
conducted measurements using two other gating window sizes (500 ns and 5 ps) as
reference points when comparing our adaptive gating method to the non-adaptive
approach with a 150 ns gating window.

The experimental results, presented in Fig. 3.10, compare the measured his-
tograms of frame numbers with specific photon counts for the adaptive gating ap-
proach (purple bars) and standard non-adaptive gating cases (green, red, and blue
bars for 150 ns, 500 ns, and 5 us gating windows, respectively). In both cases,
the objective is to observe single photon-pair creation events. In the case of non-
adaptive gating, we observed that the majority of recorded frames were empty (see
green bars), which was necessary to maintain low signal levels and prevent acciden-
tal coincidence detections, mostly originating from separate photon-pair generation
events.

The comparison of experimental outcomes for the number of detected photons
per frame in both adaptive and non-adaptive methods (Fig. 3.10) demonstrates the
potential of the adaptive gating approach to enhance data acquisition rates. As our
focus is on observing single photon-pair creation events, we set our camera for single
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FIGURE 3.10: A comparison of frame numbers with specific photon counts between adap-
tive gating and non-adaptive gating scenarios. The experiment involved generating single-
photon pairs through SPDC and registering them using an identical setup. Ideally, trigger-
ing a single photon detection on the camera would lead to the observation of two photons,
as they naturally appear in pairs, resulting in the highest bar in the setup. However, the
probabilities of registering one, two, or more photons were influenced by losses and the low
quantum efficiency of the image intensifier. The success rate for adaptive gating, where one

and two-photon frames were considered as indicators of success, reached approximately

77.6% frames triggered correctly. In contrast, the non-adaptive gating approach, using a

150 ns gate window, achieved a significantly lower success rate of only about 13.7%.

photon detection. The image intensifier gate closes after detecting the first photon,
as, in SPDC, photons are generated simultaneously. Assuming no losses in the setup
and a 100% quantum efficiency of the detector, we would anticipate most counts to
be pairs from the SPDC, with only a small number of multi-photon events consist-
ing of additional noise photons or multiple pair detections. However, due to factors
such as electrical noise and dark counts, the PMT detects some false events that are
not registered by the sCMOS camera, resulting in some empty frames in the his-

togram for adaptive gating (Fig. 3.10). Furthermore, the low (below 20%) quantum

efficiency of the image intensifier and optical losses mean that coincidences are not
always observed; hence, we consider one and two-photon frames as indicative of
the adaptive gating success.

Consequently, we achieved a success rate of approximately 77.6% frames trig-
gered correctly, while the non-adaptive gating (with a 150 ns gating window) sce-
nario yielded a success rate of only 13.7%; an improvement of around 5.6 times.
Moreover, increasing the gating window size in the non-adaptive approach results
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in an increased false coincidence rate despite the lower number of empty frames
present (see Fig. 3.10).

3.6 Conclusions

In conclusion, our study presented a single-photon sensitive hybrid camera that al-
lows for adaptive control of the image intensifier to select the number of detected
photons. The key advantage of this approach is a significant increase in data ac-
quisition speed compared to standard non-adaptive approaches. The possibility of
gate-time adjustment to the rate of photon detection through a fast feedback loop
based on FPGA was also demonstrated, providing more precise control over the
acquisition process.

Furthermore, our active approach surpasses the probabilistic approach, which
can only predict the expected value of a parameter, such as the opening time of the
image intensifier. The approach is based on the continuous counting of photons in
real-time and using the information on their number to terminate the ongoing ac-
quisition process. This technique benefits from the dual measurement nature of the
device and allows for fine-tuning of the acquisition time immediately after photon
detection by the fast detector.

Our study also showed the effectiveness of our detection technique in observing
quantum optical effects, such as the SPDC process. This highlights the potential of
our camera in fundamental quantum information science and its prospective appli-
cations, including quantum plenoptic imaging [84, 99], quantum walks of correlated
photons [100, 101], quantum correlations in scattering media [102, 103], and Boson
sampling [104].

Finally, the challenges faced by conventional intensified cameras, such as intensi-
fied CCD and CMOS, have been overcome by our hybrid camera. This was achieved
by adding a fast feedback loop and offering a multi-megapixel resolution that is un-
obtainable by the current SPAD arrays. The unprecedented capability of our camera
to detect single photon events with high spatial and temporal resolution makes it
highly suitable for various imaging applications, especially those requiring the de-
tection of single photon-pair creation events.

The electronics part, optomechanics, and software for the camera control were
developed by Jerzy Szuniewicz. Grzegorz helped with electronics and camera setup
building and Alexander Krupinski-Ptaszek contributed to part of data analysis. San-
jukta Kundu contributed to alignment, preparing the entangled photon pair source,
performing measurements, analyzing data, and writing the manuscript.
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Chapter 4

Nonclassical interference of
spatially entangled photon-pairs

This chapter is mainly devoted to studying the momentum correlations of photon
pairs generated in the SPDC process, using a novel technique named quantum imag-
ing with an undetected photon (QIUP) [56]. Unlike the last chapter, which relied
on direct coincidence detection, this approach involves a nonlinear interferometer.
We begin with reviewing two kinds of nonlinear quantum interferometers in the
low-gain regime based on induced coherence without induced emission, which are
known as Zou-Wang-Mandel (ZWM) type interferometer [45] and frustrated two-
photon creation interferometer (FTPCI) [46] — rooted in the generation of entan-
gled photon pairs in a quantum superposition, originating from two distinct, spa-
tially separated SPDC sources. We provide the theoretical background for both of
the aforementioned interferometers and discuss the fundamental differences. We
mainly focus on the frustrated type interferometry for our experimental investiga-
tion. Later in this section, we provide a brief overview of how to reconstruct the
properties of objects without requiring the detection of light that has interacted with
the object being imaged [56, 105]. In this process, one photon from the SPDC pair
(idler photon), interacts with the object under investigation. Remarkably, this idler
photon is never detected. This is why it’s called quantum imaging with undetected
photons (QIUP). Later on, we characterize the momentum correlations of the two-
photon pair by detecting only one of them (without coincidence detection) using the
FTPI setup. We will see that the visibility of the interference pattern of signal beams
depends on the momentum correlation between signal and idler photons [7] and
discuss the future prospect of characterizing Einstein-Podolsky—Rosen (EPR) type
correlations using such a setup for proving position-momentum type entanglement.
A manuscript about the research presented in this chapter is in preparation.

4.1 Overview of nonlinear interferometers in the low-gain
regime

Quantum technology has the potential to revolutionize imaging applications, with
several promising imaging techniques that harness the unique properties of quan-
tum systems. These techniques, such as interaction-free imaging [106], ghost imag-
ing [107, 108, 57, 25, 55], and quantum imaging with undetected photons (QIUP) [56,
105], offer unprecedented imaging capabilities that surpass the classical limits of sen-
sitivity [109, 110, 111, 112], spatial resolution [113, 114], and phase metrology [115,
116, 117].

QIUP is a novel imaging technique that operates without directly detecting the
photons that illuminate the object. Instead, it is rooted in the generation of entangled
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photon pairs in a quantum superposition. In this process, one photon from each
pair (idler photon), interacts with the object under investigation, encoding essential
information from the object within its quantum state. Remarkably, this idler photon
is never directly detected.

Conversely, the other photon of the pair (signal photon) does not interact with
the object but shares a strong quantum correlation with its idler counterpart. Con-
sequently, the signal photon carries crucial information about the object, despite not
interacting with it. The imaging process in QIUP capitalizes on this correlation by
solely detecting the signal photons. By doing so, the image of the object is effectively
reconstructed without ever directly measuring the photons that interacted with the
object itself.

The concept of QUIP is based on induced coherence without emission [45] and
this method is fundamentally different than the interaction-free or ghost imaging
techniques since it does not require coincidence or post-selected measurements to
obtain the image [56, 118].

In the field of quantum imaging with undetected photons, the majority of non-
linear interferometers employed thus far adopt one of two key configurations. The
first configuration is founded upon a quantum interference experiment pioneered
by Zou, Wang, and Mandel, as showcased in Fig. 4.1. On the other hand, the alter-
native configuration is inspired by Herzog’s frustrated two-photon interferometry,
which is illustrated in Fig. 4.2. Both of these two nonlinear interferometers are in the
low-gain regime. These two distinct configurations have been extensively utilized in
QIUP, contributing to advancements in the field of quantum imaging technologies.

411 Zou-Wang-Mandel type interferometer

One of the fundamental principles of quantum mechanics states that if an event can
happen in multiple alternative ways and there are no means to distinguish between
these alternatives, interference will occur. In 1991, a team consisting of Zou, Wang,
and Mandel, with valuable insights from Jeff Ou, set out to investigate the rela-
tionship between quantum indistinguishability and interference [45, 119, 56, 120].
They accomplished this by creating an interferometer that couldn’t be explained by
classical wave optics models. Prof. Mandel and the group took the concept of indis-
tinguishability to a new level. Instead of dealing with superpositions of individual
photons, they focused on superpositions of the origin of photon pairs themselves. To
achieve this, they utilized the idea proposed by Jeff Ou, which involved making the
paths of one photon from each pair produced by the different SPDC sources overlap
or identical, such that it cannot be distinguished from which source they originated.

In their experimental configuration (depicted in Fig. 4.1), two similar nonlinear
crystals, NL1 and NL2, are subjected to optical pumping by two mutually coher-
ent, classical pump beams. This process led to parametric down-conversions in both
crystals, resulting in the emission of a signal photon and an idler photon from each
crystal. We consider a regime in which it is very unlikely to generate more than
one pair at a time. When the paths of the idler photons from NL1 and NL2 are
aligned, interference occurs between the signal photons from each crystal at beam
splitter BS2. This interference arises because the aligned paths of the idler photons
induce coherence in the signal photon paths, even in the absence of induced emis-
sion from NL2. When the trajectories of the idler photons from both crystals overlap,
it becomes indistinguishable as to whether the photon pairs originated from NL1 or
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FIGURE 4.1: Schematic demonstration of a Zou-Wang-Mandel type interferometer — quan-
tum imaging with undetected photons [56]. The setup involves pumping (purple beam) two
nonlinear crystals to create a photon pair (of green and red). By making the idler photon’s
path indistinguishable, interference occurs at a beam splitter, BS2 with the green photon’s
(signal photons) superposition of the upper or lower path. Introducing an object into the
overlapped idler path partially distinguishes the origins, which will be observable in the
interference pattern. Remarkably, the image can be constructed without detecting any idler
(red) photons. This concept differs significantly from conventional ghost imaging, which
requires detecting both photons and can be done classically.

NL2. Interference between signal photons, s1 from NL1 and s2 from NL2, is influ-
enced by their undetected idler counterparts. A lack of coherence from the idler
photons diminishes the interference contrast observed at the output of BS2.

A decade later, the concept was expanded to include the imaging of an object
without the need to detect the photons that interacted with the object directly. As
described in the reference [56, 121], the signal-idler photon pairs generated in NL1
and NL2 can be represented as |c), |d); and |e), | f),; states respectively (where ¢, d, e,
and f represent the spatial modes of the photons). When the idler from NL1 passes
through an object O with a real transmittance coefficient T and phase shift -y, the pair
undergoes a transformation from |c), |d); to [56]:

Te' |c), |d); + V1 — T2 |c), |w);, 4.1)

where the lost idler amplitude is represented by a state |w),. If the idler from NL1,
after passing through the object, perfectly aligns with the idler amplitude created at
NL2 (i.e., |d); = |f);), a modulation in the interference pattern of the signal photons
(s1, s2) is observed, representing the spatial features of the object O. By tracing
out the idler modes, the resulting detection probabilities of signal photons at both
outputs (|g), and |h),) are [56]:

Pe/m =[1£Tcosvl] (4.2)

To obtain the image, the interferometric phase scanned, and for each pixel, the vis-
ibility and phase of the interference signal were extracted. The image of the object
is encoded in visibility. Constructive interference is seen at one output of the beam
splitter and destructive interference is observed in the other output. As a result,
fringes with visibility of T can be observed at either output, despite the fact that the
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signals combined at BS2 originate from different sources. By subtracting the outputs
of BS2, the interference contrast is increased. On the other hand, adding the outputs
provides the intensity profile of the signal beams.

4.1.2 Frustrated two-photon creation interferometer (FTPCI)

We focus on the frustrated two-photon creation interferometer (FTPCI) type configu-
ration for our experimental purposes (Fig. 4.2) [46]. In this nonlinear interferometer
type, only one crystal is used instead of two, achieved by double-passing the crys-
tal. Both the pump and the signal and idler photons are reflected back through the
same crystal. Thus the two possible ways of photon pair creation, i.e. forward and
backward, can interfere. This type of a nonlinear interferometer bears a resemblance
to the Michelson interferometer. For instance, we can modulate the idler]l beam (il)
by a spatial light modulator to imprint a phase mask to idler (il1) photons. The mod-
ulation imposed on il is seen in the interference fringe pattern of signal photons (sl

and s2).
\M S

LASER pump
uv
Mp

Vi

FIGURE 4.2: Schematic representation of the frustrated two-photon interferometry. This
nonlinear interferometer is formed by double passing the crystal — pump and both signal
and idler photons get reflected back by mirrors (M,, M;s, M;) and pass the same crystal
twice. Interference arises from photon pair creation in either the forward (first) or backward
(second) pass of the pump through the same crystal [46]. Modulating forward-generated
idlerl beam (i1) using an object or spatial light modulator reveals interference fringe patterns
in signall (s1) and signal2 (s2), resulting from induced coherence without induced emission.

Camera

Let’s consider that |a), |b), is the signal-idler pair generated at the forward prop-
agation of the pump and ¢, is the phase difference accumulated by the pump beam
between the two emission processes and ¢s and ¢; are the phases accumulated by
the first signal and idler respectively. If we reflect the forward-generated signal-idler
modes back through the crystal such that they overlap with the backward-generated
signal-idler modes, the resulting two-photon state becomes:

ale?r + &N |a) |b).; (4.3)
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where « is the amplitude for emitting the photon pair into the spatial modes |a), |b);.
The intensities I; (signal count rate) and I; (idler count rate) vary identically and they
will be proportional to [1 + cos(¢s + ¢; — ¢p) 1.

4.1.3 Experimental setup for frustrated two-photon interferometry with
type-1 SPDC crystal

Here we introduce a frustrated two-photon-based interferometer. Initially, we de-
cided to start with a rather simple setup to investigate the role of spatial correlations
of photon pairs in non-linear interferometers and to study quantum imaging in such
a setup without coincidence detection.

LASER EMCCD
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FIGURE 4.3: Frustrated two photon interferometer with type-I nonlinear crystal. (a) A
405 nm CW laser pumps a type-I nonlinear crystal, BBO. A mirror M is placed at the Fourier
plane of BBO with respect to an achromatic lens Ly of focal length 75 mm. Generated non-
colinear signal-idler pair and the pump beam get reflected back, recombined, and back prop-
agated through BBO. The short pass dichroic mirror DM (SP) separates the pump from the
signal-idler pair of 810 nm into different beam paths directing all the generated both forward
and backward signal-idler photons toward the EMCCD camera. s1, s2, and i1, i2 photons are
spectrally filtered with the bandpass filter of 3 nm bandwidth before detection. The Fourier
plane of the BBO crystal is imaged onto the camera with a lens L; of focal length 75 mm.
(b) We observe the interference of the s1 with s2 and i1 with i2. Spatially dependent circular
fringe interference pattern results from imaging system defocusing in the BBO crystal facili-
tated by achromatic lens Ly.

This setup utilizes a type - I SPDC two-photon pair source made of a 2 mm long
BBO crystal (Fig. 4.3a). The crystal is pumped by a spatially filtered 405 nm laser
beam of approximately 10 mW from a continuous wave diode laser. The pump
beam is focused onto the BBO crystal using a lens L, with a focal length of 400
mm. Upon reaching the crystal plane, the pump beam, with a diameter of 480 ym
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(1/¢€2), produces signal and idler photon pairs in the type I process (s, il - forward
generated) of identical central wavelengths (810 nm) and polarization.

A mirror (M) is placed at the Fourier plane of the BBO crystal with respect to the
lens Ly, reflecting the pump, forward generated signal (s1), and idler (il) photons
back. Ly is an achromatic lens with a focal length of 75 mm, which images the BBO
crystal onto itself with the help of mirror M. The reflected (back-propagated) pump
beam generates another signal-idler pair (s2, and i2). A short-pass dichroic mirror
(DM) is employed to separate the signals (s1, and s2), and idlers (i1, and i2) from
the pump beam, directing them toward the EMCCD camera. The BBO’s Fourier
plane is imaged onto the EMCCD using a lens L, with a focal length of 75 mm.
When perfectly aligned, a uniform interference pattern, resulting from the interfero-
metric phase shift between the forward-generated (s1, i1) and back-propagated (s2,
i2) photon pairs, should be observable as either a bright or dark spot on the camera.
The spatially dependent interference pattern, characterized by circular fringes as de-
picted in Fig. 4.3b, arises due to the defocusing of the imaging system. This defocus-
ing occurs during the first photon pair creation and subsequently during the second
photon pair creation, by moving the achromatic lens L f axially due to which there
is some residual quadratic phase. By placing a quarter-wave plate (1/4) designed
for UV light between the crystal and the mirror, M, the polarization of the reflected
pump beam is adjusted. This leads to the absence of the phase-matching condition
for the SPDC process during the second pass (backward) of the pump beam through
the crystal. As a result, the interference fringes disappear, thereby confirming that
the observed fringes are indeed of the FTPI type.

414 Quantum Imaging with Undetected Photons: frustrated interferom-
etry and Type-II SPDC crystal

For quantum imaging with undetected photons, we considered a different experi-
mental setup using the colinear type - Il SPDC process (Fig. 4.4). In the setup, a
405 nm UV laser light, which has undergone spatial filtering (SF), is used to pump a
2 mm long nonlinear periodically poled potassium titanyl phosphate (ppKTP) crys-
tal maintained at a temperature of 32°C. Focusing of the pump beam into the pp-
KTP crystal is achieved with a lens L,; of a focal length of 300 mm. This process
results in the degenerate, collinear, orthogonally polarized signal and idler photon
pair generation of wavelength 810 nm. To separate the pump beam from the 810 nm
signal-idler beams, dichroic mirrors DM as well as long-pass (LP) and short-pass
(SP) filters are utilized, directing the beams along distinct optical paths. A polariz-
ing beam splitter (PBS) is then employed to separate the orthogonally polarized idler
and signal photons. In the interferometer configuration, end mirrors for the pump,
signal, and idler paths are represented by mirrors M, Ms, and M;, respectively. The
pump beam passes through the crystal twice, generating photon pairs during each
pass. In the low pump power regime, the probability of simultaneously generating
two pairs of photons is negligible. The mirror M; is mounted on a piezo stage in
order to scan the interferometric phase. A quarter-wave plate (A /4) designed for UV
light is positioned in the pump path prior to the mirror M, to adjust the polarization
of the reflected pump beam. This is for switching the backward emission off. The
imaging system comprises lenses designated as L, Ls, L;, and L;, each with a focal
length of 200 mm. In the paths for the pump, signal, and idler, the lenses L, Ls,
L; are utilized to image the crystal onto itself using a 4f setup. Additionally, with
the lens L, in the detection path, the EMCCD is positioned at the Fourier plane of
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FIGURE 4.4: Experimental setup for quantum imaging with undetected photons. Laser light
(UV of 405 nm) after being spatially filtered (SF) pumps the nonlinear crystal (ppKTP). A lens
L1 with a focal length of 300 mm focuses the pump beam in the PPKTP crystal and generates
signal and idler (810 nm) beams either in the forward direction or backward direction after
reflection. Dichroic mirrors DM (Long pass — LD, short pass - SP) separate the pump from the
signal-idler pair of 810 nm. A polarizing beam splitter separates the orthogonally polarized
idler and signal photons. The mirrors My, Ms, and M; are the interferometer end mirrors in
the pump, signal, and idler paths, respectively. Ms is mounted on a piezo stage to precisely
move the mirror in one direction to scan the interferometric phase. In the idler beam path
of the interferometer, a knife edge is used as an object in front of the mirror M;, in such
a way that a part of the idler beam, i; is blocked. The object (knife-edge) and the camera
are placed in the Fourier planes of the nonlinear crystal (PPKTP) where the photon pairs
(signal and idler) are emitted. On the EMCCD camera, we only detect interference fringes of
the signal photons (s; and sy) using the polarizer because idler photons are blocked by the
polarizer. Due to induced coherence, the modulation imposed on i1 is still seen in the signal
fringes enabling us to certify position-momentum type entanglement in the SPDC process.
Lenses (Ly2, Ls, L;, Ly) form the imaging system with focal distances of 200 mm. Th lenses
Lo, Ls, L; are utilized to image the crystal onto itself and with the lens L;, the EMCCD is
positioned at the Fourier plane of the crystal. Before detection, a narrow bandpass filter is
used to spectrally select light centered at 810 nm with bandwith of 2 nm. The quarter-wave
plate (A/4) is used to adjust the polarization of the reflected pump beam so that the phase-
matching condition for the SPDC process was met during the second occurrence.

the crystal. In the setup, idler photons, labeled as i; and i, generated during ei-
ther the first or the second pass, are effectively blocked and go undetected. This is
achieved using a polarizer positioned in front of the EMCCD. The polarizer’s ori-
entation is chosen such that it permits only the signal photons, denoted as s; and
sy, to pass through. As a result, any interference fringes observed on the EMCCD
are exclusively due to these signal photons, with no contribution from the idler pho-
tons. A knife edge is placed as an object in front of the mirror M; within the idler
beam path of the interferometer, resulting in the partial obstruction of the idler beam
(undetected photons).
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The object (in this case, a knife edge) and the camera are located at the Fourier
planes of the nonlinear crystal where the down-converted photon pairs are pro-
duced (Fig. 4.4). The photon pair created in the first pass of the pump beam needs to
be aligned accurately to overlap with the photon pair generated during the second
pass. The interference of the idler photon with itself is then observed by detecting
the signal photons (s1 and s2) using an EMCCD camera.

To build this interferometer, precise alignment is crucial to avoid any off-centered
or tilted elements so that the trajectories of idler photons generated forward and
backward overlap. During the measurement process, the idler photons (il) gener-
ated during the first pass of the pump through the crystal are spatially modulated
using a knife-edge type object or a spatial light modulator (SLM). This modulation
results in spatial interferometric fringes. A well-designed spatial modulation of the
idler photons, along with imaging of the signal photons, allows for the observation
of QIUP without the need for coincidence detection of signal and idler photons.
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FIGURE 4.5: Zero delay adjustment in the folded interferometric geometry among the three
interferometric paths respectively. We used a separate laser operating under the threshold
to align all three interferometric arms to be within the zero delay.

To ensure the indistinguishability of photon pair emitted as the pump beam
passes through the crystal twice, it is crucial to maintain the same time delay be-
tween the arrival of the signal and idler generated for each pass at the crystal. This
requires adjusting the pump, signal, and idler’s optical path lengths to achieve a
zero-delay condition. To simplify the task of achieving zero delay across the three
paths, we utilize an additional laser with a wavelength of 780 nm (Fig. 4.5), oper-
ating below its threshold. While the spatial coherence is still maintained, the spec-
tral linewidth of the laser becomes broadened under this condition. This broader
linewidth reduces the coherence length, making it easier to identify the zero-delay
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condition with a higher tolerance for small deviations in path lengths. This approach
is particularly useful in such experiments where precise alignment or path length
matching is challenging.

During the first pass of the pump laser (H-polarized), it generates signal and
idler photons with V and H polarizations, respectively. The range of possible de-
lays between H - and V - polarized photons is from 0 to 7, where T corresponds
to the delay for the crystal length, L = 2 mm. When the signal and idler are back-
reflected, the delay varies between 0 and 27. The back-reflected pump beam gener-
ates the photon pair for a second time. Consequently, the path difference between
the forward and backward-generated horizontally polarized idler photons ranges
from 0 to 7. This results in a path difference of approximately 180 ym, calculated
as (1.84 — 1.75) x 2mm ~ 180 um (Fig. 4.6a). In our experiment, the coherence
length of the UV pump laser is approximately 500 ym. Meanwhile, the photons’
coherence length is determined by the 3 nm filtering applied, leading us to estimate
their coherence length at about 200 ym.
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FIGURE 4.6: Path difference introduced due to the birefringence of the PPKTP crystal and a
thick PBS. (a) represents the delay acquired between signal and idler photos generated dur-
ing forward and backward propagation in the frustrated two-photon interferometer setup;
T corresponds to the delay introduced during the propagation through the full length of the
nonlinear crystal L; H, and V are the polarizations of signal and idler photons, respectively.
(b) represents the entire imaging system from the NLC to PBS, lens, mirror, and back to the
lens, PBS, and NLC again. This is for a simpler visualization of the imaging system in the
interferometer and to calculate the path delay introduced by the thick PBS between the sig-
nal and idler arm in the interferometer.

LFor our ppKTP crystal (Raicol for OPO of 405—810 nm; 7 — 112213504; 1 x 2 x 2, AR@810/405
nm), the parameters for type-II SPDC are as follows:

Refractive indices: ny (pump) = 1.840581922 (Apymp = 405 nm); n; (signal) = 1.844367226 (Asiga =
810 nm); ny (idler) = 1.756053347 (A4, = 810 nm).
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We observed that using a cube PBS (1 inch thick in our case) introduces a trade-
off between establishing a proper imaging system and achieving zero delay simulta-
neously. From the ABCD matrix calculation (Fig. 4.6b) for the crystal being imaged
onto itself, with the two mirrors M, and M,; located at the Fourier planes of the crys-
tal, we determined that the mirrors should be further than the focal length distance,
f, from the lens Ls or L; by an amount denoted as 4z for proper imaging due to
refraction at the walls of the PBS.

The ABCD matrix for the PBS with a refractive index of n (1.5) and a thickness of
b (2.54 cm) is given by:

1 b/n
and the ABCD matrix for a thin convex lens is given by:
1 0
iy 1) (&9

To calculate 6z, we consider the entire imaging system from the non-linear crys-
tal (NLC) to PBS, lens, mirror, and back to the lens, PBS, and NLC again:

o 1o W i s 3
AR B RS R R e B

-1 2(f—a—b/n—c)
N T

We aim to understand the trade-off and determine the optimal position of the mir-
rors for our imaging system. Without a thick PBS, normal imaging in air results

m: 1 0
[ 0 _1} , (4.7)

f=a+b/n+c, (4.8)

X

which implies:

rather than just f = a + b + c. This leads to the following relationship:
(airp)=a+c=f—b/n 4.9)

where
(airg) =a+c=f —b. (4.10)

air, and airg represent the effective optical path lengths for imaging through the PBS
and in air (without the PBS), respectively. Consequently, we have:

8, = (airy) — (airg) = (b—b/n)=bx (1 —1/n) =b/3 ~ 8.47mm. (4.11)

Therefore, the mirrors Ms and M; should be placed at an additional distance of
07 (8.47 mm) from the lenses L, L;, respectively.

On the other hand, to calculate the optical path lengths of the three interferomet-
ric paths and achieve zero delay, the mirrors M, and M; should not be positioned at
2f from the crystal. Instead, they should be moved closer by an amount of 2.54 x
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(1.5-1) = 1.27 cm, with 1.5 being the refractive index (r.i.) of the glass material of the
PBS and 1 representing the r.i. of air. However, this positioning is not in the proper
imaging plane, resulting in a trade-off. Consequently, we opted for a plate PBS to
better serve our experimental objectives.
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FIGURE 4.7: Experimentally observed spatially dependent interference fringes of signal pho-
tons (s1 and s2) in QIUP setup. Circular fringes are produced by slightly shifting the imaging
lens L; axially (defocusing) in the idler arm in the interferometer causing residual quadratic
phase (a); placing a knife edge in the vicinity of the mirror M; blocking the idler beam par-
tially causes washing out fringes in the blocked part (b); where linear fringes are due to
tilting the idler mirror M; (c); (d) is an average of cross-cuts through middle 50 rows of the
image (c).

To generate spatially dependent fringes, such as circular fringes illustrated in
Fig. 4.7a, the imaging system in the idler beam is intentionally defocused. This is
achieved by slightly translating a lens, denoted as L; in Fig. 4.4, along the beam prop-
agation axis causing a residual quadratic phase in the setup. The partial obstruction
of the idler beam, i1 by the knife edge is also evident in the fringes displayed in Fig.
4.7b. By tilting the idler beam, parallel fringes (Fig. 4.7c) are produced and subse-
quently captured by the camera where Fig. 4.7d is 1D representation when we take
an average over 50 middle rows of Fig. 4.7c.

4.1.4.1 Relationship between momentum correlation and fringe visibility

In the conventional approach, measurements of transverse momentum correlations
between two photons rely on coincidence detection, where individual detectors are



Chapter 4. Nonclassical interference of spatially entangled photon-pairs 55

utilized to resolve the transverse momentum of each photon [122, 16, 123, 24]. The
transverse momenta are proportional to the transverse component of the wave vec-
tor for the signal and idler photons (gs and g;). In such traditional methods, by
varying the positions of the detectors, one can determine the conditional probability
distribution (P(g;|gs)) for detecting a photon with a specific momentum, under the
condition that the momentum of the other photon is already known. The variance
A%(g;|qs) derived from this conditional probability distribution provides a quantita-
tive measure of the momentum correlation strength of the photon pair [7].

However, with the QIUP setup (Fig. 4.4), we can measure the transverse momen-
tum correlations between two photons while detecting only one of them by using
induced coherence without induced emission [7]. As described earlier, the EMCCD
camera collects the superposed signal photons (forward and backward generated —
sl and s2) while none of them ever interacted with the object. It has been shown
in [7] that the detected intensity pattern is:

1013 & Pug) [ P@ila:)(1 + cos[9:(a) + oD, @12)

where, ¢ — constant phase terms across the beam cross-section; ¢;(q;) — phase ac-
quired by the idler beam for different transverse components; P(q;|qs) = P(qi, 4s)/ Ps(qs)
— the conditional probability density of detecting an idler photon with the transverse
component of the wave vector, g; given the signal photon’s transverse component of
wave vector as gs.

The visibility of the interference pattern is determined by varying the phase (¢)
and calculating v(ry,) = [Imax(74,) — Imin(7g,)] / [Imax(7g,) + Imin(rg,)], at each pixel. It
can be inferred from Eq. 4.12 that, for a given ¢;(q;), the visibility depends solely on
the conditional probability density P(g;|qs). Consequently, the measured visibility
can be used to determine A?(g;|gs).

The EMCCD camera, placed behind a lens system, captures the superposed sig-
nal beam (sl and s2). Through the lens, modes of the signal beam with different
transverse wave vectors, s are recorded at distinct positions on the camera. Idler
beam (i1) with different transverse components accumulates distinct phase shifts,
denoted as ¢i(g;) resulting in a spatial modulation in the interference fringes of su-
perposed signal beams (s1 and s2). When the detected signal photon and the unde-
tected idler photon are perfectly correlated in momentum, i.e., P(q;|qs) o 6(q; + gs),
from Eq.4.12, we see that the intensity at any point on the camera depends on the
phase introduced on exactly one g;. As a result, the interference visibility becomes
1. Conversely, when the momentum correlation is imperfect, meaning the two pho-
tons are not strongly correlated in their momenta, the detection of a signal photon
at a particular point on the camera no longer precisely determines the momentum
of its partner idler photon. Instead, the phase acquired by several g; aids intensity
modulation of the signal beam at one point on the EMCCD. This varies within a
range determined by the momentum correlation — leading to reduced visibility of
the observed interference fringes when the momentum correlation is weak. Our
current method is slightly different from [7] and can be easily applied to position
and momentum correlation measurements.

In the following section, we will experimentally demonstrate the momentum
correlation between the detected and undetected photons and also describe that it
can be a measure of the spatial resolution in our QIUP system.
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4.14.2 Momentum correlation and spatial resolution in QIUP

In our QIUP experimental setup, the object (knife edge) is placed in the undetected
beam, and its complex transmission coefficient manifests in the interference pat-
tern [56, 124]. As mentioned before, the interference visibility is proportional to
the absolute value of the transmission coefficient [119]. The amplitude and phase in-
troduced by the object can be extracted from the interference pattern [56]. We show
later that the observed transverse momentum correlation is connected to the imag-
ing resolution — the momentum correlation playing a dominant role in determining
spatial resolution. As a result, a stronger correlation would lead to a higher spatial
resolution [124].

As depicted in Fig. 4.4, a knife edge placed at the Fourier plane of the crystal
partially blocks the undetected beam. We arranged the setup in such a way that
it does not produce any spatial fringes, such as circular or linear fringes. Instead,
we observe only a single bright spot on the camera due to constructive interference,
with the knife edge partially blocking it. All other parameters of the imaging system
(distances, focal lengths, etc.) are consistent with those explained in Fig. 4.4 and
section 4.1.4, including the distance between the object and the camera.

Our experimental investigation of resolution is centered on purely absorptive
objects. In our imaging system, the magnification factor is 1. Since the object is
also situated at the Fourier plane of the crystal, the undetected photon with a given
transverse momentum reaches a unique point on the object plane. This means that
when the momentum correlation is ideal, the interference pattern recorded at that
point contains information about only one point on the object. For instance, when
the transmission coefficient at a point is zero, the measured visibility at that point is
also zero.

However, if the momentum correlation is imperfect, a single point on the camera
no longer corresponds to just one point on the object. This is due to the momentum
of undetected photons varying over a range when the detected photon is detected
with a specific momentum. The range broadens as momentum correlation weak-
ens. As a result, information from multiple points on the object appears at a single
point on the camera, indicating that a weaker momentum correlation diminishes the
spatial resolution.

As the camera captures the intensity variations of the detected beams while the
interferometric phase, ¢, is modulated by a piezo scan of mirror M, the correspond-
ing changes in the interference patterns become visible. We recorded a total of 360
interference patterns for 671 phase variation, each associated with a distinct value of
¢ =d1, P2,..., P360. One transverse momentum of the undetected photon corresponds
to information about one point on the object. This information is subsequently cap-
tured by the camera, where a single pixel registers one transverse momentum of the
detected photon. Consequently, by analyzing the recorded interference patterns on
a pixel-by-pixel basis, information about each point on the object can be indepen-
dently extracted.

The image is formed by modulating the spatially independent interferometer
phase, ¢ as mentioned before. To assess the phase shifts and visibility of the interfer-
ence observed on the camera, we apply sinusoidal fits to the intensity data for each
pixel individually. In Fig. 4.8, we show some examples of pixel intensity variation
with phase scan. These sinusoidal fits allow us to extract the amplitude and phase.
From this, we calculate the visibility, V' = (Inax — Iin)/(Inax + Lnin), corresponding
to each pixel, where I,;,,, = (offset + amplitude) and I,;, = (offset - amplitude). The
amplitude describes the maximum absolute variation from the sinusoidal function’s
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FIGURE 4.8: Illustration of the imaging process involving the EMCCD camera recording the
detected beam intensity when the interferometric phase ¢ is varied — intensity changes as
the phase is modified. By analyzing the recorded interference pattern pixel by pixel, inde-
pendent information about each point on the object can be extracted. A sinusoidal function
is fitted to the interference pattern obtained from each single pixel at different phases. This
fitting process is exemplified for a few pixels. From the obtained fit, the visibility corre-
sponding to each pixel is extracted.

mean value, spanning half the distance between its peak and trough. On the other
hand, the offset provides a baseline or mean around which the function oscillates.
Using these parameters, we form the visibility image of the knife edge, as depicted
in Fig. 4.9.

Now to study the resolution of the imaging system, we evaluate a characteristic
distance, o from the visibility image of the knife edge — which can be considered as
the edge-spread function (ESF) [124]. The knife edge that is placed parallel to the
y-axis can be mathematically represented as:
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FIGURE 4.9: Experimental result for spatial resolution measurement. This figure represents
the reconstructed visibility image of an absorptive sharp object (a knife edge).

0, forxg < xj,

T(xo0,yo0) = { (4.13)

1, forxp > x;

We take a cross-section of the position-dependent visibility image and average
over 20 rows, and fit it with the given function (ESF):

V(x) 1 —erf[(x — M x xp)/0], (4.14)

where erf is the error function, and M is the magnification of the system and is de-
fined by [56, 105, 124]:
_ f c/\d

M Fh’ (4.15)
where f. is the the focal length of the lens L, placed before the EMCCD, f, is the
the focal length of the lens L; in the undetected beam path, A; and A, are the wave-
lengths of both detected and undetected photons. In our experiment, wavelengths
of both detected (A;) and undetected photons (A,) are 810 nm. Also, the focal length
(fu) of the lens L; in the undetected beam path and the focal length (f.) of the lens
Ly, placed before the EMCCD in our setup are the same (200 mm) — which gives the
magnification, M of our system as 1.

Quantitatively, we assess the parameter ¢ as the characteristic distance on the
camera plane, where the visibility increases from around 24% to 76% of its maxi-
mum achievable value. Fig. 4.10 illustrates the visibility cross-section, presenting
the data points, error bars, and the fitted function. The measured value of ¢ using
the described method is (352 £ 16.4) um. To validate this result, we compare it with
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FIGURE 4.10: Experimental result for quantitative measurement of the spatial resolution, ;.
This plot shows a cross-section of the reconstructed visibility image of a sharp edge object

from Fig. 4.9 — averaged over 20 rows. We fit the data with an error function and measure
the characteristic distance o for which the value of visibility rises from 24% to 76%.

the value obtained from the formula for ¢ given in the reference [124]:

_ fc)\d
o= ﬁnwp' (4.16)

From the experiment, we find that the measured pump waist at the crystal plane
is approximately 108 pum, which yields a calculated value of ¢ to be 337 ym. This
shows a good agreement with the measured ¢.

Observing Fig. 4.10, we can notice that the visibilities at the pixels obstructed by
the knife edge register slightly above zero. This occurrence is a result of the fitting
process, where intensity variations are analyzed with a sinusoidal function during
the phase scan (Fig. 4.8). The presence of noise in the fitting procedure leads to
visibility values that exceed zero.

It is essential to emphasize that ¢ alone does not directly measure spatial res-
olution. While ¢ represents a distance measured on the camera, spatial resolution
pertains to the minimum resolvable distance at the object. To quantify spatial resolu-
tion, we divide ¢ by the magnification factor M, as shown in Eq. 4.17, which derives
from combining Eq. 4.16 and Eq. 4.15.

fu)\u

o
— = . 4.17
M \ﬁnwp (417)
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This expression reveals that the measured spatial resolution value depends on the
wavelength of the undetected photon. Although our system employs photons with
the same wavelength for both detected and undetected photons, achieving a shorter
wavelength for the illuminating light (undetected light) can substantially improve
the resolution. This emphasizes the significance of the undetected photon’s wave-
length in optimizing spatial resolution.

Additionally, in the context of SPDC, spatial correlation theory and considering a
Gaussian pump beam with a waist of wy, the conditional probability governing the
momentum correlation between detected (signal) and undetected (idler) photons is
described as [125]:

zw% zw;za
P(qilgs) cexp | =|qs +qil =~ | = exp | —[q,[" =~ |, (4.18)

In this equation, g, represents the transverse component of the pump wave vec-
tor. Notably, a larger pump beam waist (w,) leads to a more significant correlation
between the signal and idler photons. As a result, the spatial resolution improves,
as shown in Eq. 4.17. Thus, the size of the pump beam waist plays a crucial role
in enhancing the imaging system’s ability to resolve finer details. Therefore, o is a
direct measure of the transverse momentum correlation between the signal and the
idler.

Note that in the method described above using a knife edge for measuring mo-
mentum correlation between downconverted photon pairs by detecting only one
of them can be more faster by using phase-shifting digital holography [126, 127]. In
such a case we only need to record four images (with global phases A¢ = 0, 7/2, 7, 377/2)
and from these four frames only we could extract the information of the object (¢ in
our case as well) — which will lead to measuring the momentum correlation of pho-
ton pairs in a much simpler and straightforward way. Phase-shifting holography
method with a knife edge is different and simpler than the method described in [7].

4.2 Investigating OAM modes of photon pairs in the nonlin-
ear interferometric setup

We extended the characterization of the transverse momenta correlation of signal
and idler photons to a discrete degree of freedom — the orbital angular momentum
(OAM) of light.

Orbital angular momentum (OAM) in light beams is associated with a spiral
phase structure in the transverse plane, defined as ¢/'?, where I represents the wind-
ing number, and ¢ is the azimuthal angle. Due to the inherent periodicity of phse,
only those OAM states with integer values of / form a complete orthogonal basis in
the Hilbert space. Although this space is in principle infinite-dimensional, in prac-
tice, only specific subsets can be accessed experimentally.

When discussing spontaneous parametric down-conversion (SPDC), the bi-photon
states produced are characterized by a number of OAM modes with non-negligible
contribution, commonly denoted as the spiral bandwidth [128, 129]. The spiral
bandwidth plays a crucial role in dictating the entanglement properties and the
possible quantum states the photons can occupy. The spiral bandwidth defines the
range of OAM modes that are generated in the SPDC process. Each distinct OAM
mode (characterized by a different winding number 1) represents a possible state in
which the photon can be found. So, if the spiral bandwidth encompasses N distinct
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FIGURE 4.11: Experimental setup for OAM entanglement certification. This is a slightly
modified version of the setup described in Fig. 4.4. Here we have two spatial light modula-
tors (SLM) — one for the 405 nm pump laser, and another one for 810 nm SPDC light. For now
we keep the pump beam as Gaussian (i.e., | = 0 for the pump) and use the SLM instead of the
mirror M;, to imprint higher-order OAM modes to the idler photons (il beam) generated in
the first pass of the pump beam through the crystal. Without coincidence detection, we only
detect interference fringes of the signal photons, s1 and s2. Due to the induced coherence,
we can see spiral fringes.

OAM modes, this means that the entangled photon pair can exist in a superposition
of these N modes. To illustrate, if the spiral bandwidth includes OAM modes from
I = —1tol = +1, then there are three possible modes, and the entangled pair can
be described by a superposition of these three states. Furthermore, the extent of this
bandwidth is not arbitrary. It is influenced by various factors, including the pump’s
waist, the phase-matching conditions, and the modes chosen for detection.

A photon carrying a phase structure dependent on the azimuthal angle, symbol-
ized as €'?, possesses an OAM quantified as Ili. Notably, the OAM state space is
both discrete and infinite-dimensional.

We investigate OAM modes of signal-idler pair in such a nonlinear interferom-
eter by building a slightly modified version of the setup shown in Fig. 4.4. In this
setup (Fig. 4.11), in the idler beam path of the interferometer, a spatial light modula-
tor (SLM) is used instead of the mirror M;, where we spatially modulate (imprinting
the phase corresponding to higher-order OAM modes, ) the idler photons generated
in the first pass of the pump through the crystal (i1). Without coincidence detection,
we only detect interference fringes of the signal photons (s1 and s2). Induced coher-
ence allows the modulation imposed on il to be observed in the signal fringes. This
has future implications for certifying OAM entanglement in the SPDC process. The
interference visibility of the signal photons in the interferometer offers indirect in-
sights into the OAM modes and spiral bandwidth. Using the SLM, we imprint extra
OAM modes, I, onto the il beam. Subsequently, we record the interference fringes
of signals, s1, and s2, as shown in Fig. 4.12.



Chapter 4. Nonclassical interference of spatially entangled photon-pairs 62

a =0 b =1
d =3 e =4
9 =6 h =7 =8

FIGURE 4.12: Experimental results of spatially dependent interference fringes of signal pho-
tons (s1 and s2) in QIUP setup while adding extra OAM, | modes to the forward going idler
(i1) — from [ = 0 to I = 8. Spiral fringes are due to some residual quadratic phase along with
added extra [-values (a—i). We see that with increasing I, the visibility of the fringes drops.

In the context of the OAM basis, entanglement implies that the OAM state of the
idler photon is correlated with that of the signal photon. A maximally entangled
state signifies that any modification in the OAM state of the idler photon results in
a related change in the OAM state of the signal photon [130]. When increasing [ val-
ues are added to the idler (i1), and there’s a drop in interference visibility, it suggests
that the OAM modes of the signal photons are affected in such a way that they no
longer overlap well - that is the introduced OAM modes might be beyond the spiral
bandwidth determined by the phase-matching conditions. Nonetheless, the obser-
vation of interference fringes at higher [ values indicates persistent entanglement
across several OAM states, pointing to multi-dimensional entanglement.

Notably, the addition of an SLM to the QIUP setup could enhance the applicabil-
ity of our experiment which includes complex phase imaging and digital holography
(for instance, phase stepping or off-axis holography) [127].
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4.3 Conclusions

The main aspect of our investigation was measuring the momentum correlation be-
tween the signal and idler photons without relying on coincidence detection. This
method also enabled us to measure spatial resolution in QIUP. One noteworthy out-
come of our experiment was the demonstration that a known object can be used to
deduce the properties of photon pairs. This approach allowed us to obtain informa-
tion about one photon by solely detecting its partner and offering perspectives on
photon pair-based imaging. Additionally, our investigation can be extended to mea-
suring position correlation alongside momentum correlation, leading to insights into
EPR-type correlations between the signal and idler without relying on coincidence
detection for certifying position-momentum type entanglement.

In summary, we explored the role of spatial correlation in non-linear interferom-
eters and imaging with undetected photons. We aimed to characterize the spatial
resolution of the system, where both the object and camera were situated in the far
field of the photon-pair source, a nonlinear crystal.

We could also extend our method to the discrete degrees of freedom to certify
high-dimensional (OAM) entanglement. This work could also lead to an impact on
the field of twisted photons, and high-dimensional quantum information [131, 83].

The project about EPR-type correlation for position-momentum entanglement
measurement between the signal and idler without relying on coincidence detection
is in collaboration with Prof. Mayukh Lahiri, and Balakrishnan Viswanathan from
Oklahoma State University for theory and Prof. Gabriela Barreto Lemos from Fed-
eral University of Rio de Janeiro for experimental ideas and discussions. I built the
setup in the Quantum Imaging Lab at the University of Warsaw to do the aforemen-
tioned experiment. In total in Warsaw, I built two setups of the nonlinear interferom-
eter. Additionally, I built another modified version of the setup in the Experimental
Quantum Optics group at Tampere University led by Prof. Robert Fickler for the
collaborative project on high-dimensional quantum entanglement.
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Chapter 5

Conclusions and outlook

5.1 Thesis summary

In summary, this thesis presented methodologies to characterize the spatial prop-
erties of single and entangled photon pairs. These methodologies arise from three
distinct experiments and can find applications in the fields of quantum communica-
tion, quantum imaging, and entanglement research.

The first experiment introduced a self-referenced interferometric technique to
reconstruct both the spatial phase and amplitude profile of photons from a single
photon source with an unknown spatial profile. Inspired by the classical hologra-
phy technique, our approach eliminates the need for a reference photon by utiliz-
ing the phenomenon of single-photon interfering with itself. This way our method
offers both robustness and simplicity. We utilize a heralded single-photon source
with an unknown spatial phase, in conjunction with a modified Mach-Zehnder in-
terferometer with a spatial filter in one of its arms. The spatial filter flattens the
unknown spatial phase and the filtered beam interferes with the unfiltered beam
passing through the other arm of the interferometer. From the lowest-order interfer-
ence fringes, we quantitatively reconstruct the unknown phase of the single photon
beam. The single-pixel uncertainties of the reconstructed 2D phases are measured.

27

For the 2D quadratic phase object, the uncertainty is below 3j. The spiral phase

object has an uncertainty below Z%. The 1D quadratic phase object also has an un-
certainty below 2Z. All these uncertainties are observed in a region with a radius of
50 pixels, which has maximum visibility and photon count rate. This ensures high-
resolution phase reconstruction. By avoiding measurements of a two-photon prob-
ability distribution, our technique does not require coincidence detection, making
it simpler and more tolerant to losses. This method’s flexibility is evident as it can
characterize any single photon beam with an unknown pure spatial state, including
those with orbital angular momentum modes. This study’s results are relevant for
quantum communication and imaging.

In the second experiment, we characterize momentum correlations of photon
pairs generated in type-I spontaneous parametric down-conversion process by uti-
lizing a custom-built adaptively-gated hybrid intensified camera (HIC). This HIC
combines sCMOS sensor and a high temporal resolution detector, PMT with an
adaptively-gated image intensifier, facilitating spatially resolved single-photon count-
ing. A notable feature is its increased data acquisition speed compared to standard
non-adaptive methods. Using a fast feedback loop based on FPGA, our method
achieves real-time photon counting, allowing immediate adjustment of acquisition
time after photon detection. This configuration enables control over the number
of photons detected within each frame. For this study, correlations were obtained
for about 190 spatial modes on the momentum basis. With a spatial resolution of
nearly 9 megapixels and nanosecond temporal resolution, this HIC setup fills a gap
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between the temporal resolution of time-tagging SPAD arrays and the spatial capa-
bilities of intensified cameras, with potential applications in quantum imaging and
related fields.

The third experiment focused on measuring the spatial correlation of down-
converted photon pairs in non-linear interferometers without using coincidence de-
tection, unlike the traditional methods where the transverse momentum correlation
between two photons is measured by the coincident detection of both photons by
scanning the relative positions of two individual detectors that resolve the transverse
momentum of the respective photon. We used a technique called quantum imaging
with undetected photons (QIUP) [56, 105] based on the phenomenon of induced co-
herence without induced emission [45]. QIUP is an imaging technique where one
can reconstruct the properties of an object to be imaged without ever detecting the
photons that interact with it. Instead, it is rooted in the generation of entangled
photon pairs in a quantum superposition, originating from two distinct, spatially
separated SPDC sources. In this process, one photon from the SPDC pair (idler
photon), interacts with the object under investigation and is never detected. We
show how this information can be used to obtain spatial correlation measurements
of the photon pairs. Therefore, our setup facilitates the analysis of correlations of
down-converted photon pairs without relying on coincidence measurements. This
is enabled by the fact that the spatial resolution of QIUP is limited by the strength of
momentum correlations. A stronger correlation leads to a higher resolution and vice
versa. We can further employ this interferometric technique for position-momentum
entanglement verification by measuring EPR type correlation [17, 18] and also ex-
plore possibilities of certifying high-dimensional entanglement (OAM).

5.2 Outlook

5.2.1 Self-referenced interferometric technique:

The ability to reconstruct spatial phase and amplitude profiles of single photon
beams can be instrumental in enhancing the reliability and efficiency of quantum
communication systems. Given its versatility in characterizing various photon beams,
this technique can potentially improve the accuracy of quantum imaging methods.
The technique’s adaptability to both one and two-dimensional phase reconstruction
and other complex states, like orbital angular momentum modes [76], suggests it
could be valuable in broader quantum state characterization endeavors. Addition-
ally, this technique can also find its applicability in matter-wave interferometry [78,
79]. It could also be interesting to extend our method to characterize mixed or en-
tangled states [80].

5.2.1.1 Hybrid intensified camera (HIC):

The HIC’s unique combination of spatial and temporal resolution makes it a versa-
tile tool for quantum imaging applications. The capability of the HIC to adaptively
control image intensification can speed up the photon detection process. The in-
creased speed in data collection makes the HIC a valuable tool for quantum optical
experiments that require statistically significant data in short time frames. This HIC
setup provides a multi-megapixel resolution, which is currently unachievable with
the time-tagging SPAD arrays and it overcomes the challenges faced by conventional
intensified cameras by adding a fast feedback loop. This leads to its functionality
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in fundamental quantum information science as well as other applications, for in-
stance, quantum imaging [84, 99], quantum walks of correlated photons [100, 101],
Boson sampling [104], and studies of quantum correlations in scattering media [102,
103].

5.2.1.2 Spatial Correlation in Non-linear Interferometers:

This experiment highlights the ability to utilize a known object to infer properties of
photon pairs, presenting a new direction in quantum imaging. This method becomes
especially valuable in situations where it’s challenging to observe both photons si-
multaneously. Furthermore, the results offer insights into investigating EPR-type
correlations, setting the stage for advanced entanglement studies, including those in
high-dimensional systems.

This methodology can potentially be extended to other degrees of freedom, such
as spectral degrees. In [132], it has shown that imaging resolution depends on the
wavelengths involved. This could lead to applications in the mid-infrared range,
where images can be captured using standard near-IR cameras. Additional research
has been done on detecting the infrared absorption lines of carbon dioxide molecules
using visible light [118].

In the context of imaging resolution, the limit is actually determined by the wave-
length of the undetected light passing through the object. This suggests that it may
be possible to achieve a resolution defined by a wavelength shorter than that of
the detected light [124]. Lastly, it's worth noting the differences between QIUP and
ghost imaging. Specifically, QIUP doesn’t require coincidence measurements and,
unlike ghost imaging, cannot be explained by classical theories [56, 105].
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