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Abstract

This thesis explores the use of spatially entangled photon pairs to enhance imaging contrast
through weakly scattering media. Particular attention is paid to how the spatial correla-
tions of biphotons survive or degrade on propagation through a scattering medium, and to
how coincidence detection combined with post-selection on those correlations can separate
ballistic from scattered light. Because ballistic biphotons preserve their source correlations
while scattered pairs do not, retaining only the coincidences consistent with those correla-
tions enhances contrast relative to conventional single-photon imaging and simultaneously
rejects uncorrelated background. We demonstrate this enhancement, quantified through
the modulation transfer function, in two configurations — one in which both photons from
the pair are affected by the scattering medium, and one in which only a single photon is
scattered while its partner follows an undisturbed reference path, directly to a spatially-
resolving detector, which partially compensates for the resulting increase in shot noise by
combining events from several post-selection windows.

In the first chapter, a brief overview of the field is provided, introducing the concept of
contrast, the problem of scattering, and the degrees of freedom of light. The second chap-
ter develops the background necessary to understand the experiment: the quantization of
the electromagnetic field, quantum entanglement, spontaneous parametric down-conversion
and the spatial and temporal correlations of the biphoton state, and the quantum imaging
configurations that exploit them. In the third chapter, the experimental implementation
and results are presented, followed by the article reporting the method and its demonstra-
tion through weakly scattering media. Finally, the conclusions and outlooks are outlined
in the last chapter.
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Introduction

1.1 Overview

We do not see light so much as we see differences in light: a white cup is invisible against

a white cloth but leaps out against a dark table. This separation between a feature and

its background is what imaging science calls contrast, or visibility. If a feature reaches the
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detector with intensity Imax and its background with Imin [1],

V =
Imax − Imin

Imax + Imin

. (1.1)

The visibility value is between 0 and 1. For visibility near unity, the feature is extremely

sharp, which occurs when the minimum intensity reaches zero, Imin = 0. As the visibil-

ity falls toward zero, the image becomes unreadable and disappears into the background.

Therefore, any worthy imaging configuration, before anything else, must preserve the con-

trast of the feature in which it is imaging.

Scattering is one of the most common effects that acts to degrade the visibility, or

contrast, of an imaging system. In fog, turbid water, or biological tissue, part of the light

travels nearly straight through the scattering media and is more weakly influenced — the

ballistic photons — there are also photons that are scattered more strongly, experience

more influence from the scattering media and arrive from all directions carrying very little

information about the image. This stray, scattered light does not darken the image but

brightens it uniformly, raising Imin while Imax stays fixed, so the contrast collapses; it is

scattering, not absorption or diffraction, that limits how deep one can see into tissue [2].

Instead, this thesis uses quantum correlations of light to select ballistic photon pairs

and to filter out the photon pairs that are more strongly influenced by the scattering

medium [5]. Photon pairs from spontaneous parametric down-conversion are entangled in

their transverse positions, a resource exploited from ghost imaging [6] to imaging through

noise and stray light [7, 8]. The idea here is simple: ballistic biphotons keep stricter position
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correlation relations in comparison to biphotons that experience stronger scattering. By

recording spatially resolved coincidences, reject as much of the diffuse background as pos-

sible while constructing an image made up of primarily ballistic photons. The remainder

of this chapter sets out to lay the groundwork for the physics covered in the thesis.

1.2 Maxwell’s Equations

The classical description of light begins with Maxwell’s equations, which govern the coupled

behaviour of the electric field E and the magnetic field B [9]:

∇× E = −∂B
∂t
, (1.2)

∇×H =
∂D

∂t
+ J, (1.3)

∇ ·D = ρ, (1.4)

∇ ·B = 0. (1.5)

where D = εE and H = B/µ in a linear medium, and ρ and J are the charge and

current densities. In a source-free vacuum (ρ = 0, J = 0), these equations decouple into

wave equations for electric and magnetic fields,

∇2E− 1

c2
∂2E

∂t2
= 0, (1.6)
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∇2B− 1

c2
∂2B

∂t2
= 0. (1.7)

describing waves that propagate at speed c = 1/
√
µ0ε0 – here ∇2 is Laplacian. Substituting

plane-wave solutions into Maxwell’s equations reveals that the electric and magnetic fields

are both transverse to the direction of propagation k and orthogonal to one another. Their

amplitudes are related by B = E/c. Consequently, the electric field E, magnetic field B,

and wave vector k form a mutually orthogonal right-handed set of vectors. The direction

of energy flow is given by the Poynting vector, S = 1
µ0
E×B. These properties demonstrate

that light is a transverse electromagnetic wave consisting of coupled oscillating electric and

magnetic fields propagating through space at the speed of light. This is light in the classical

picture: a self-sustaining oscillation of the electromagnetic field. Maxwell’s equations are

the foundation from which every property of light used in this thesis descends, but they

describe light as a continuous wave and cannot account for the discrete way in which it is

emitted, absorbed, and detected.

1.3 Quantization and the Photon

At the turn of the twentieth century, classical physics hit a definitive wall in its attempts to

describe blackbody radiation. While Wien’s radiation law successfully modeled the high-

frequency spectrum, it failed completely in the infrared domain [10]. Conversely, treating

radiation classically as a continuum of standing waves led to a predicted energy density
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that diverged to infinity at higher frequencies. This unphysical contradiction implied that

any warm object should instantly radiate an infinite amount of high-frequency energy, a

profound systemic failure that became known as the ultraviolet catastrophe [11].

Max Planck resolved this crisis by fundamentally altering how matter and radiation

interact. By interpolating the successful regions of the competing classical models, he

demonstrated that the empirical blackbody spectrum could only be reproduced if energy

exchange with the electromagnetic field occurs in discrete, localized units proportional to

frequency, E = hν – here h is the Planck constant and ν is the electromagnetic field’s

frequency [12]. Albert Einstein subsequently extended this concept directly to the radia-

tion field itself, proposing that light does not merely exchange energy in packets, but is

physically composed of independent quanta—photons—each carrying distinct energy and

momentum [13].

1.4 Degrees of Freedom

1.4.1 Polarization

For a plane wave propagating along the z-direction, the electric field is confined to oscillate

in the transverse xy-plane. The polarization of the wave is determined by the relative

amplitudes and phases of its transverse field components. Because the transverse plane is

two-dimensional, two orthogonal basis vectors are sufficient to describe any polarization

state. A convenient choice is the horizontal and vertical basis, eH and eV , corresponding to
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electric-field oscillations along the x- and y-axes. At the single-photon level, polarization

forms a two-dimensional Hilbert space and thus provides a natural physical implementation

of a qubit. An arbitrary polarization state may be written as

|Ψ⟩ = α |H⟩+ βeiϕ |V ⟩ , |α|2+|β|2= 1. (1.8)

where the coefficients α and β determine the probability amplitudes associated with the

horizontal and vertical polarization states, while ϕ specifies their relative phase. Particular

choices give the named states: diagonal |D⟩ and antidiagonal |A⟩ (linear, at ±45◦), and

left- and right-circular |L⟩, |R⟩, in which the field vector rotates at fixed magnitude about

the propagation axis. The circular states |L⟩ and |R⟩ carry spin angular momentum of +h̄

and −h̄ per photon along the propagation direction, respectively, where h̄ is the reduced

Planck constant.

1.5 The Poincaré Sphere

The polarization state of light resides in a two-dimensional Hilbert space, whose symmetry

is described by the group SU(2). Because SU(2) is closely connected to the rotation group

SO(3), polarization states admit a simple geometric representation on the surface of a unit

sphere. This construction, known as the Poincaré sphere, offers a powerful visual language

for understanding polarization and its evolution under optical transformations.

The polarization states are conveniently represented as points in or on a unit sphere —
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the Poincaré sphere — through four real quantities known as the Stokes parameters [1].

In terms of the transverse field components, these are defined as:

S0 = |Ex|2+|Ey|2, (1.9)

S1 = |Ex|2−|Ey|2, (1.10)

S2 = 2Re(E∗
xEy), (1.11)

S3 = 2 Im(E∗
xEy). (1.12)

where S0 is the total intensity and the normalized triple (S1, S2, S3)/S0 gives the position

on the sphere. The geometry is intuitive; The Ŝ1 axis corresponds to horizontal and vertical

linear polarization; the Ŝ2 axis corresponds to diagonal and antidiagonal polarization; and

the Ŝ3 axis corresponds to the left- and right-circular polarization. Every linear polarization

lies on the equator, and the two circular states are located at the poles of the Poincaré

sphere.

The Poincaré sphere is more than a bookkeeping device. The polarization transforma-

tions produced by wave plates and rotators correspond to rotations of the sphere, and a

polarization state carried around a closed loop on its surface acquires a geometric phase

equal to half the enclosed solid angle [38, 39]. This is the central object of Chapter 4, which

examines rotation about the Ŝ3 axis — a transformation that carries a state around a cir-

cle of constant latitude. Establishing the sphere and its axes here provides the geometric

vocabulary on which that chapter depends.
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Figure 2.4. The Poincaré sphere. Every pure polarization state maps to a point on the unit
sphere, whose Cartesian axes are the three Stokes parameters S1, S2, S3 (normalized to the total
intensity). Linear polarizations are defined to be located on the equator, and the left-circular
and right-circular states are defined to be at the bottom and top poles, respectively. Elliptical
polarizations are defined as polarization states that are not located solely on the equator or at
the poles.

1.5.1 Spatial Degree of Freedom

Beyond polarization, light also carries information in its transverse spatial profile. When

a beam propagates predominantly along the z-axis, its complex field envelope can be
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described within the paraxial approximation by

(︃
∇2

⊥ + 2ik
∂

∂z

)︃
E(x, y, z) = 0. (1.13)

where ∇2
⊥ denotes the transverse Laplacian. This equation follows directly from the

Helmholtz equation when the field envelope varies slowly along the propagation direc-

tion, and the optical field remains confined to small angles with respect to the optical axis.

Despite its apparent simplicity, the paraxial wave equation admits a rich family of solutions

with distinct spatial structures. These modes provide additional degrees of freedom that

can be exploited for applications ranging from classical beam shaping to high-dimensional

quantum information processing. Among its solutions, the Laguerre–Gaussian modes LGℓ,p

are of particular interest because they carry a helical phase front of the form exp(iℓϕ), where

ϕ is the azimuthal coordinate and ℓ is an integer. A photon in such a mode carries orbital

angular momentum (OAM) of

Lz = ℓh̄. (1.14)

along the propagation direction; the index p labels the radial structure of the mode and

is not a focus of this work. Unlike polarization, which spans only two dimensions, OAM

is in principle unbounded: ℓ may take any integer value, so a single photon can access an

arbitrarily high-dimensional state space. This is only an introduction to the spatial degree

of freedom: the full two-photon spatial wavefunction — the joint transverse state of the

entangled signal and idler photons produced by spontaneous parametric down-conversion

— is developed in detail in Chapter 2, and spatial correlations between photon pairs are

9



Introduction

exploited in Chapter 3.

Figure 1.4.2 Laguerre-Gaussian LGℓ,p modes for varying azimuthal index ℓ (columns) and
radial index p (rows).

1.5.2 Temporal Degree of Freedom

As a result of the photon being a localized excitation of the field, the time at which it

arrives is itself a degree of freedom. If the arrival window is divided into a set of non-

overlapping intervals — time bins — then, consequently, a photon occupying one time bin

is thus distinguishable from a photon occupying another. If a single photon may be placed
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in a coherent superposition of several bins,

|ψ⟩ =
d∑︂

k=1

ck|k⟩. (1.15)

where |k⟩ is the photon occupying the k-th time bin and the complex amplitudes satisfy∑︁
k|ck|2= 1. An unbalanced Mach-Zehnder interferometer splits a pulse into early and

late components separated by a fixed delay, and the relative amplitude and phase of those

components are set by beam splitters and phase shifters [15]. Because the bins do not

overlap in time they are naturally orthogonal, and a photon distributed over d bins spans

a d-dimensional state space. Time-bin encoding is robust against the polarization and

mode distortions that accumulate over long propagation distances, which has made it a

workhorse of fibre-based quantum communication.

1.5.3 Spectral Degree of Freedom

The final degree of freedom, conjugate to a photon’s arrival time and linked to it through the

Fourier transform, is its frequency. In direct analogy with the time bins above, a photon

can be distributed over a set of discrete frequency bins, each having a distinguishable

spectral mode.

This is also the degree of freedom behind a technology that touches nearly every-

one. Wavelength-division multiplexing (WDM) [16] sends many independent data channels

down a single optical fibre, each carried on its own wavelength, and it is this multiplexing
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that lets the optical-fibre backbone of the internet — including the submarine cables that

carry the great majority of intercontinental traffic — multiply the capacity of each link by

orders of magnitude without laying new fibre [17, 16]. The same principle extends to the

single-photon level, where frequency-bin encoding provides a high-dimensional alphabet for

quantum information that is naturally compatible with this existing fibre infrastructure.

12
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Quantum Entanglement and

Biphoton States

This chapter develops the theory needed for the experimental chapters. It quantizes the

electromagnetic field, introduces entanglement, the states of quantum optics, describes the

spontaneous parametric down-conversion (SPDC) process and the biphoton state with its
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spatial and temporal correlations, and reviews the quantum imaging configurations used

in Chapter 3.

2.1 Field Quantization and Optical Coherence

Optical coherence is characterised by a hierarchy of normally ordered field correlation

functions [18]. The first order describes the detection of a single photon. Writing Ê(+) and

Ê(−) for the positive- and negative-frequency parts of the field operator, defined explicitly

below, the first-order correlation function is

G(1)(r1, r2) = ⟨Ê(−)(r1)Ê
(+)(r2)⟩. (2.1)

whose diagonal

G(1)(r) ≡ G(1)(r, r) = ⟨Ê(−)(r)Ê(+)(r)⟩ ∝ I(r). (2.2)

is the mean photon flux density at r, the quantity accumulated by an intensity-recording

detector. Throughout Chapter 3, and following the notation of the manuscript reproduced

there, the singles image is denoted g(1). It is the distribution of all single-photon detection

events registered on the camera, with no coincidence gating applied, and it is related to

the first-order correlation function through

g(1)(r) =
G(1)(r)

maxr′ G(1)(r′)
. (2.3)
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that is, the diagonal of the first-order correlation function normalized to its maximum.

The superscript records the order of the correlation: a first-order measurement involves a

single detection event, whereas the second-order coincidence images Γs and Γpost introduced

in Chapter 3 involve two photons. The singles image should not be confused with the

normalized temporal coherence g(1)(τ) = G(1)(τ)/G(1)(0) [cf. Eq. (4.1) of Ref. [18]] obtained

by scanning the delay of an interferometer; no such measurement is performed in this work.

The second-order correlation function is the central observable of correlation imaging

[18, 20]. The use of intensity correlations to probe light dates back to the seminal stellar

interferometry of Hanbury Brown and Twiss [19]. In Glauber’s analysis of photon coin-

cidence detection, the rate at which two ideal detectors at transverse positions r1 and

r2 register photons in coincidence is proportional to the normally ordered field average

[Eq. (2.17) of Ref. [18]]

G(2)(r1, r2) = ⟨Ê(−)(r1)Ê
(−)(r2)Ê

(+)(r2)Ê
(+)(r1)⟩. (2.4)

evaluated here at equal times.1 This joint detection rate is the quantity recorded experi-

mentally, and for a two-photon state it is fixed by the biphoton amplitude:

Γ(xi,xs) ≡ G(2)(xi,xs) ∝ |ψ(xi,xs)|2, ψ(xi,xs) = ⟨0| Ê(+)(xs)Ê
(+)(xi) |Ψ⟩. (2.5)

1Glauber’s general definition [Eq. (3.7) of Ref. [18]] carries four independent spacetime arguments; the
form above is its specialization to the arguments actually measured in coincidence detection [Eq. (2.17) of
the same reference], evaluated at equal times. In the experiments of Chapter 3 the detection is integrated
over a coincidence window of 10ns, far longer than the biphoton correlation time, so the temporal depen-
dence is traced out by the measurement and only the spatial arguments survive. The temporal correlation
is used solely as a gate to reject uncorrelated background, not as a scanned variable.
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Normalising by the singles rates at the two detection points, in the manner of Eq. (4.3) of

Ref. [18], gives the dimensionless

g(2)(r1, r2) =
G(2)(r1, r2)

G(1)(r1)G(1)(r2)
. (2.6)

which measures the degree of correlation between the two detection events relative to

statistically independent detections: g(2) = 1 for uncorrelated events, and g(2) > 1 where

joint detections are enhanced. For spatially entangled pairs from spontaneous parametric

down-conversion [21, 22], Γ is strongly peaked when the detected coordinates satisfy the

source correlation and falls away from it. This correlation structure acts as the primary

physical resource exploited to extract image information from coincidence measurements,

as first demonstrated in two-photon (“ghost”) imaging [6].

For spatially entangled photon pairs, typically generated through spontaneous para-

metric down-conversion [21, 22], g(2) is strongly peaked for correlated detection events

and approaches unity for uncorrelated positions. This distinct correlation structure acts

as the primary physical resource exploited to extract image information from coincidence

measurements, as first demonstrated in two-photon (“ghost”) imaging [6].

The correlation functions and two-photon states are written in terms of field opera-

tors whose explicit mathematical meanings are established in this section. The classical

electromagnetic field is quantized by expanding it in a complete set of modes labeled by

wave vector k and polarization σ, and promoting each mode amplitude to an operator
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[20, 23, 24]:

Ê(r, t) =
∑︂
k,σ

√︃
h̄ωk

2ε0V
εkσ

(︂
akσe

i(k·r−ωkt) + a†kσe
−i(k·r−ωkt)

)︂
. (2.7)

where εkσ represents the polarization unit vector and V denotes the quantization vol-

ume. The creation (a†kσ) and annihilation (akσ) operators add and remove one quantum of

excitation—one photon—from a given mode, and obey the fundamental bosonic commu-

tation relation [23, 24]:

[akσ, a
†
k′σ′ ] = δkk′δσσ′ . (2.8)

The eigenstates of the number operator nkσ = a†kσakσ form the Fock (number) state basis

|nkσ⟩ [24], with akσ|nkσ⟩ =
√
nkσ|nkσ − 1⟩ and the vacuum state defined by akσ|0⟩ =

0. The single- and two-photon Fock states are uniquely relevant for correlation imaging

applications. The two-photon amplitude, written later as Ψ(r1, r2), is precisely a matrix

element of these field operators evaluated between the two-photon state and the vacuum.

In contrast, a second critical class of states consists of the coherent states |αkσ⟩ [25, 26],

which are eigenstates of the annihilation operator such that akσ|αkσ⟩ = αkσ|αkσ⟩ [23].

These states describe the output of an ideal laser and serve as the classical benchmark

against which the quantum advantage of entangled-photon imaging is rigorously measured.
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2.2 Entanglement and Quantum States

The quantum description of light permits the existence of states that have no classical

analogue. The most important, of which this thesis concentrates on, is entanglement. The

quantum description of entanglement follows: a state of two or more photons that cannot

be written as a product of individual single-photon states [24]. For two photons labelled

signal (s) and idler (i), a separable state takes the product form:

|Ψ⟩ = |ψ⟩s ⊗ |ψ⟩i. (2.9)

with each photon in a definite state of its own.

Entangled states do not permit such factorization. The canonical examples of entangled

states are the four polarization Bell states [20, 24, 27],

|Φ±⟩ = 1√
2
(|H⟩s|H⟩i ± |V ⟩s|V ⟩i) , (2.10)

|Ψ±⟩ = 1√
2
(|H⟩s|V ⟩i ± |V ⟩s|H⟩i) . (2.11)

each a superposition of two product terms that cannot be factored into a single product

versions of |ψ⟩s⊗|ψ⟩i. Neither photon carries a polarization of its own before measurement,

yet the two outcomes are perfectly correlated (anti-correlated). The consequence is that a

measurement of the signal photon in the basis {|H⟩, |V ⟩} immediately fixes the result for

the idler photon. The four Bell states, moreover, are mutually orthogonal and normalized,
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and therefore together they span the four-dimensional Hilbert space of the two photons’

joint polarization.

2.3 Spontaneous Parametric Down-Conversion

Spontaneous parametric down-conversion (SPDC) is the second-order nonlinear optical

process (χ(2)) used in this thesis to generate the photon pairs required for correlation

imaging [22, 28]. In SPDC, a pump photon is converted probabilistically inside a nonlinear

crystal into two lower-energy photons, conventionally labelled signal and idler [29, 30]. For

the present work, the importance of SPDC is not simply that it produces pairs of photons,

but that the spatial and spectral structure of the generated two-photon state is a direct

product of both the pump field and the phase-matching conditions of the nonlinear (χ(2))

crystal [31]. Those source properties determine the correlations that are later exploited to

improve image recovery in the presence of scattering.

The SPDC process is first constrained by energy conservation [28],

ωp = ωs + ωi. (2.12)

where ωp, ωs, and ωi denote the angular frequencies of the pump, signal, and idler fields,

respectively. In the degenerate situation, the two down-converted photons share the pump

energy equally, such that ωs = ωi = ωp/2. Efficient SPDC also requires momentum
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conservation, expressed as the phase-matching condition [28]:

k⃗p = k⃗s + k⃗i. (2.13)

Realistically, this condition within the nonlinear crystal is satisfied only within a finite

bandwidth, so it is more useful to work in terms of a phase mismatch. Decomposing the

mismatch into longitudinal and transverse components gives [28]

∆kz = kp,z − ks,z − ki,z, (2.14)

∆k⃗⊥ = k⃗p,⊥ − k⃗s,⊥ − k⃗i,⊥. (2.15)

This decomposition is physically important for imaging. The mismatch condition for the

longitudinal component governs how phase accumulates across the finite crystal length

and, therefore, controls the phase-matching bandwidth. The mismatch condition for the

transverse component, however, determines which emission angles and transverse momenta

are efficiently generated. Together, they fix the angular distribution of the photon pairs

and therefore the spatial mode structure available to the imaging system.
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Figure 2.1. Spontaneous Parametric Down-Conversion (SPDC) process. A pump
photon incident on a second-order nonlinear (χ(2)) crystal spontaneously splits into two lower-
energy photons, the signal and idler. The process conserves energy, ωp = ωs+ωi, and momentum,
kp = ks + ki (the phase-matching condition). Figure from [32].

Birefringent phase matching in a uniaxial crystal admits two polarization configura-

tions, conventionally labelled Type-I and Type-II [33, 34]. In Type-I phase matching, the

signal and idler are generated with identical polarization, defined as orthogonal to that of

the pump polarization; in a negative uniaxial crystal, this corresponds to an extraordinary-

polarized pump decaying into two ordinary-polarized photons, e→ o+o. In Type-II phase

matching, the pair carries mutually orthogonal polarizations, one ordinary and one extraor-

dinary, e→ o+ e. The specific configuration realized is determined by the combination of

ordinary and extraordinary refractive indices that satisfies the phase-matching condition

k⃗p = k⃗s+ k⃗i, and is tuned in practice through the orientation of the crystal’s optic axis and

its temperature. This distinction changes both the accessible phase-matching geometry

and the method used to separate the two photons after the crystal. Type-I sources are
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attractive when brightness and symmetric spatial structure are prioritized, whereas Type-

II sources provide a natural polarization label that simplifies routing into distinct optical

arms, at the cost of additional birefringent walk-off and temporal mismatch [35].

A second distinction is between the collinear and non-collinear emission geometries

[22]. In collinear SPDC, signal and idler photons propagate approximately along the pump

axis; in non-collinear SPDC, they emerge at distinct angles set by the crystal and phase-

matching condition. For imaging systems, non-collinear operation is advantageous, as it

provides a direct geometrical separation between the two photons, making it easier to send

one through the object or scattering channel while directing its partner to a reference arm,

and it eases the burden on downstream optics for pump rejection and path separation.

SPDC is an intrinsically low-efficiency process, operated in the low-gain regime [30].

The usable operating point is set by a trade-off between coincidence yield and the onset

of multi-pair emission, which acts as a background in correlation measurements. Common

nonlinear media include beta-barium borate (BBO), potassium titanyl phosphate (KTP),

and periodically poled KTP (PPKTP); BBO remains a standard bulk crystal for birefrin-

gent phase matching, while KTP-based materials are attractive when stronger nonlinearity

or quasi-phase matching is desired. In all cases, crystal choice, crystal length, pump focus-

ing, filtering, and collection geometry jointly determine the brightness and mode structure

delivered to the experiment.
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2.4 The Biphoton State and its Correlations

A useful starting point for the spatial description is the Type-I two-photon detection ampli-

tude derived for a monochromatic pump [22]. Under quasi-collinear, frequency-degenerate

conditions, and in the thin-crystal limit where the longitudinal phase-matching envelope

is broad over the relevant transverse-momentum range, the two-photon amplitude reduces

to the compact form

Φ(q⃗s, q⃗i) ∝ v(q⃗s + q⃗i) sinc(∆kzL/2) . (2.16)

where q⃗s and q⃗i are the transverse wave vectors of the signal and idler, L is the crystal

length, v(q⃗s + q⃗i) is the pump angular spectrum, and the sinc term encodes the finite

phase-matching bandwidth. This expression is central for imaging: the pump structure

is transferred to the biphoton state through the sum coordinate q⃗s + q⃗i, while the crystal

length limits the allowed transverse-momentum bandwidth through the phase-matching

term [36]. A thinner crystal broadens the phase-matching envelope and allows the pump

profile to be mapped more directly onto the generated two-photon field.

The coincidence detection rate between detectors at positions r1 and r2 is proportional

to the joint detection probability. For a two-photon state |Ψ⟩,

Rc(r⃗1, r⃗2) ∝
∫︂ ∫︂

dr⃗ ′
1 dr⃗

′
2 |⟨0|Ê(r⃗2)Ê(r⃗1)|Ψ⟩|2 T (r⃗ ′

1)D1(r⃗1, r⃗
′
1)D2(r⃗2, r⃗

′
2). (2.17)

where T (r⃗) is the object transmission function placed in one arm and D1, D2 describe the
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efficiency and spatial resolution of the two detectors. The image is reconstructed from the

dependence of Rc on detector position. The two-photon state generated by Type-I SPDC

in the thin-crystal approximation can be written in the transverse position representation

as

|Ψ⟩ =
∫︂ ∫︂

dr⃗s dr⃗i ϕ(r⃗s, r⃗i) â
†
s(r⃗s) â

†
i (r⃗i) |0⟩. (2.18)

where â†s and â†i create signal and idler photons at transverse positions r⃗s and r⃗i, and

ϕ(r⃗s, r⃗i) is the two-photon amplitude [31]. In the near field at the crystal output plane,

transverse momentum conservation produces a tight position correlation,

ϕ(r⃗s, r⃗i) ≈ δ(r⃗s − r⃗i) f(r⃗s). (2.19)

where f(r⃗s) is the pump beam profile: if the signal photon is detected at r⃗s, the idler is

found at the same transverse position, and the correlation directly maps the pump shape

[35, 37]. In the far field, obtained by Fourier transforming the near-field amplitude, the

structure becomes a momentum anti-correlation,

ϕ̃(q⃗s, q⃗i) ≈ δ(q⃗s + q⃗i) g(q⃗s). (2.20)

with g(q⃗s) determined by the pump angular spectrum. The anti-correlation q⃗s+ q⃗i = 0 is a

direct consequence of transverse momentum conservation. This complementary structure

— position correlation in the near field, momentum anti-correlation in the far field — is

the signature of Einstein–Podolsky–Rosen entanglement in the spatial degrees of freedom,
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and by imaging at different propagation distances one can access whichever balance of

correlations a given imaging task requires.

Figure 2.2. Far-field SPDC intensity profile. In the far field, the down-converted photons
are anti-correlated in transverse momentum: a signal photon detected at q⃗s defines its conjugate
pair at the opposite point q⃗i = −q⃗s due to momentum conservation.

The strength and dimensionality of the spatial entanglement are quantified by the
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Schmidt decomposition of the two-photon state [36],

|Ψ⟩ =
∑︂
k

√︁
λk |ϕk⟩s |χk⟩i. (2.21)

where the λk are Schmidt coefficients satisfying
∑︁

k λk = 1, and |ϕk⟩s, |χk⟩i form orthonor-

mal bases for the signal and idler. The Schmidt number,

K =
1∑︁
k λ

2
k

. (2.22)

quantifies the effective number of entangled modes: K = 1 corresponds to a separable

state, and larger values indicate stronger high-dimensional entanglement [31]. For SPDC

in the thin-crystal limit with a Gaussian pump, K is set by the ratio of the pump beam

size to the crystal-determined correlation length, so a larger pump or thinner crystal yields

higher-dimensional entanglement and, in turn, improved imaging resolution and field of

view.

Temporal correlations arise from energy conservation and the process’s finite band-

width. Photon pairs are created simultaneously within the coherence time of the pump,

which is inversely related to the pump bandwidth; for a narrow-band pump, the signal and

idler are strongly correlated in time, with correlation times ranging from below a picosec-

ond to nanoseconds depending on the applied spectral filtering [36]. Two distinct time

scales must not be conflated here. The biphoton correlation time is a property of the state:

the width of the joint temporal amplitude of the pair, set by the phase matching and the
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spectral filtering; for the 10 nm filters at 810 nm used in Chapter 3 it is of order ≈ 0.2 ps.

The coincidence window τc is a property of the apparatus: the interval within which two

detection events are registered as a pair, set in practice by the 7 ns timing resolution of

the camera and chosen in Chapter 3 as 10 ns. The window exceeds the correlation time by

about five orders of magnitude, so every true pair falls comfortably inside it; its size does

not determine whether pairs are found, but how much uncorrelated background is accepted,

with the accidental rate increasing in proportion to τc. These temporal and spatial corre-

lations are precisely the resource that enables background rejection when imaging through

a scattering medium; how these correlations evolve and degrade as they pass through such

a medium is explored quantitatively in Chapter 3.

2.5 Quantum Imaging with Biphotons

The correlations derived above can be turned into images in several configurations. The

foundational demonstration was ghost imaging [6], in which the photon pairs are divided

into two paths, one photon passes through the object while the other photon from the

pair travels to a spatially resolving detector that never views the object. The image is

reconstructed from the pattern of coincidences between the two detectors rather than

from either detector alone. Because only correlated pairs contribute to the coincidence

signal, uncorrelated background photons — from ambient light, detector dark counts, or

scattered radiation — are suppressed or rejected, providing contrast enhancement in high-

noise environments where conventional single-detector imaging might fail.
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In biphoton, or coincidence, imaging, the object information is encoded in the second-

order correlation function G(2) rather than in the mean intensity, and the imaging system

is designed such that the spatial correlation of the source matches the numerical aperture,

magnification, and mode structure of the optics. The shared feature between these imaging

configurations is correlation-based filtering or post-selection: by accepting only light that

arrives in correlated pairs, the system intrinsically rejects diffuse, uncorrelated light and

thereby enhances contrast. It is this principle, applied to propagation through weakly

scattering media, that the experiment of Chapter 3 develops and demonstrates.

Figure 2.3. Schematic for Ghost Imaging. Photon pairs generated by spontaneous paramet-
ric down-conversion are separated into two arms; the signal photon interacts with an object and
afterwards is collected by a single-pixel (“bucket”) detector with no spatial resolution, meanwhile
the idler photon, which never interacts with the object and is incident uninterruptedly onto a
spatially-resolving detector or camera. The imaging systems are not shown in the sketch.
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Entanglement-Enhanced Imaging in

Scattering Environments

This chapter is based on the following preprint:

A. D’Errico, J. Hubble, R. Abolhassani, N. Dehghan, Y. Klein, Y. Zhang, and E. Karimi,

“Contrast-enhanced imaging through weakly scattering media with spatially entangled pho-
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tons,” arXiv:2605.28998 (2026).

A. D’Errico and Y. Klein conceived the project. A. D’Errico developed the simulation

framework. J. Hubble, R. Abolhassani, N. Dehghan, and A. D’Errico, with contribu-

tions from Y. Klein and Y. Zhang, designed and assembled the experimental apparatus

and performed the measurements. Y. Zhang developed the software for extracting post-

selected correlation images, with contributions from A. D’Errico. A. D’Errico, Y. Klein,

J. Hubble, and R. Abolhassani analyzed the data. The manuscript was initially drafted

by A. D’Errico, J. Hubble, and R. Abolhassani. E. Karimi supervised the research and

provided overall guidance throughout the project.

3.1 Scattering Media

Imaging techniques — from microscopy and light detection and ranging to astronomy —

can be degraded by unknown inhomogeneities in the medium between the source and the

detector, with the loss of quality expressed as reduced resolution, reduced contrast, or both.

Whether the medium is a turbulent atmosphere, fog, a multimode waveguide, or biological

tissue, propagation is altered by phase aberrations, scattering, and loss of coherence. The

common challenge, shared by classical and quantum optical imaging alike, is to devise tech-

niques that counter these undesired effects and recover image quality. Existing approaches

fall into a few broad families: filtering techniques, which isolate the components of the
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light field that still carry residual information about the object; numerical methods, which

use knowledge of the physical properties of the medium to recover effective point-spread

functions; and correction methods, in which the medium is experimentally characterized —

for instance through its transmission matrix — and its effect compensated with a spatial

light modulator.

Figure 3.1. Conceptual Illustration of Scattering Media. In weakly scattering media
(thickness d no greater than a few times the mean free path ℓs), ballistic light can be separated
from scattered light. Ballistic photons carry the image; ballistic biphotons additionally preserve
their spatial entanglement, allowing scattered pairs to be removed by correlation post-selection.

The extension of these strategies to the few-photon regime is driven by the growing reach

of quantum imaging, which exploits entangled two-photon states and spatially resolved

coincidence detection. Two-photon correlations in different degrees of freedom have been
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studied extensively in complex media, revealing the migration of entanglement into specific

sets of scattering modes, characteristic features in the resulting correlation speckles, the

survival of polarization entanglement through tissue, and enhanced effects such as the

coherent back-scattering of entangled pairs; spatiotemporal correlations have likewise been

turned into adaptive-optics schemes that operate directly at the single-photon level.

In classical optics, filtering works by distinguishing and isolating the different paths

light takes through the medium. One separates ballistic photons, which propagate essen-

tially undisturbed and still carry a faithful picture of whatever lies beyond, from scattered

photons, whose optical paths are modified one or more times by scattering centres and

which arrive carrying no picture of anything; photons whose paths are only weakly per-

turbed relative to the ballistic ones are termed “snake” photons. Such filtering is effective

only in the weakly scattering regime, where the medium thickness d is at most of order

the mean scattering length ℓs — in practice d ≲ 5 ℓs — so that the ballistic contribution

remains significant. Under pulsed illumination, scattered light can be rejected by time

gating, which exploits the fact that ballistic photons are the first to reach the detector;

under continuous-wave illumination, spatial or coherence filtering is used instead; and ei-

ther may be combined with polarization filtering, since scattered photons can accumulate

a polarization different from that of the input radiation.

It is useful to describe the action of the medium on the field directly. A thin object or

layer is represented by a complex transmission function

t(x, y) = a(x, y) eiϕ(x,y). (3.1)
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with an amplitude term a(x, y) and a phase term ϕ(x, y). For a transparent or semi-

transparent medium the amplitude is simply attenuated, a(x, y) < 1; for a medium that

is principally refractive the amplitude is left essentially unchanged and the field instead

acquires a spatially varying phase, set by the local optical path length — a variation in

thickness or in refractive index across x and y imprints a corresponding phase ϕ(x, y), so

that a medium of varying thickness scatters the phase with a defined transverse profile. In

thin scattering media this phase scrambling is the dominant effect: scattering manifests

as transversely varying random phase shifts rather than amplitude loss, which is precisely

why such media can be emulated experimentally by random phase masks placed in planes

conjugate to the object.

This is also exactly the regime in which the conventional rejection strategies above

become ineffective or impractical. Time gating demands ultrashort pulses or broadband

light of very low coherence length, because the temporal delay a thin layer imposes on

scattered light is too small to resolve; polarization filtering offers little benefit in the absence

of significant anisotropy; and spatial filtering rejects scattered light only at the cost of

resolution. Yet even a thin scattering layer can substantially reduce image contrast, so an

alternative means of discriminating ballistic from scattered light is required.

Here, we address this problem using spatially entangled photon pairs as the illumina-

tion source. The approach exploits the fact that propagation through a scattering medium

degrades the spatial correlations between entangled photons, whereas pairs that follow

ballistic or near-ballistic, “snake”-like paths can largely preserve their initial correlations.

The object is imaged with spatially entangled photons, and coincidences are recorded with
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their transverse positions resolved: ballistic biphotons retain the source correlation, so

their detected coordinates remain related by xi ≈ xs + ξ and populate the diagonal of

the spatial-correlation matrix, while scattered biphotons lose this relation and spread to

off-diagonal events. By post-selecting only the coincidences whose detected transverse coor-

dinates remain consistent with the correlations present before propagation, we suppress the

scattered-biphoton contribution and preferentially retain ballistic pairs, enhancing contrast

relative to a single-photon detection strategy. The temporal correlation acts in concert:

because only photons arriving within a narrow coincidence window are counted, uncorre-

lated background — ambient light, detector dark counts, and stray scattered photons from

other pairs — is strongly suppressed at the same time. Combining temporal coincidence

detection with spatial post-selection on the quantum correlations in this way enhances

the imaging contrast of objects embedded in weakly scattering media; Sections 3.2 and

3.3 quantify the improvement through the modulation transfer function, finding gains of

up to roughly three-fold over non-post-selected coincidences and five-fold over classical

single-photon imaging.

Chapter 2 derived the complementary structure of the spatial entanglement in two

Fourier-related planes: in the near field—any plane in which the crystal is imaged—the

two photons are correlated in position, being found at the same transverse location, while

in the far field—any plane in which the Fourier transform of the source plane is formed,

such as the focal plane of a lens—they are anti-correlated in transverse momentum, and are

therefore found at opposite positions with respect to the beam axis (Figure 2.2). These two

planes play distinct roles in the experiment. The scattering screens act in far-field planes,
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where the pair is anti-correlated: the two photons of a pair strike the random mask at

separated, roughly opposite points, and so acquire independent random phases whenever

their separation exceeds the phase correlation width wA of the mask—the origin of the

scattering-strength criterion wq/wA defined in Section 3.2. Detection, by contrast, takes

place in the near field: the camera sits in an image plane of the crystal and of the object,

where a ballistic pair—one whose photons traversed the masks without being scattered—

still arrives position-correlated, xi ≈ xs, while a scattered pair does not. The post-selection

xi ≈ xs+ξ therefore tests, pair by pair, for the near-field correlation that only the ballistic

subset preserves.

3.2 Biphoton Imaging

Spatially correlated pairs are generated by spontaneous parametric down-conversion in a

1,mm-thick Type-I β-barium borate (BBO) crystal pumped by a pulsed 405, nm laser;

the frequency-degenerate photons at 810, nm are selected with 10, nm bandpass filters. A

relay-imaging system re-images the crystal plane onto the object location, where the two

photons overlap, while in the far field, the pair is spatially anti-correlated so that each

photon samples a different region of the scattering screens. Two reflective liquid-crystal

spatial light modulators (SLM1 and SLM2) introduce the random phase patterns that play

the roles of the scattering planes S1 (before the object) and S2 (after it). These are S1

and S2, which are located in the Fourier plane before and after the object, respectively.

Signal and idler are probabilistically separated into two optical paths and imaged onto two

35



Entanglement-Enhanced Imaging in Scattering Environments

regions of a time-stamping camera (Tpx3Cam) fitted with an image intensifier; the camera

records the position and arrival time of each detected event with nanosecond resolution.

Coincidences are identified in post-processing by retaining pairs of detections that occur

within a 10 ns coincidence window.

Accidental coincidences are pairs of detections that satisfy the temporal coincidence

condition but do not originate from the same SPDC pair. They can arise from photons

belonging to different pair-generation events, from background or detector events, or when

one photon of a generated pair is lost through finite optical transmission or detection ef-

ficiency and the detected photon is then paired with an unrelated event. The probability

of such accidental associations increases with the measured singles rates in the two detec-

tion regions and with the width of the coincidence window. The 10, ns temporal window

therefore suppresses accidental coincidences by restricting the interval over which unrelated

detections may be associated, but it does not remove those that fall within the accepted

window. No explicit accidental-coincidence or detector-background subtraction is applied

to the coincidence images reported here; residual accidentals remain in the measured co-

incidence distribution and are further suppressed by the subsequent spatial post-selection.

The object imaged throughout this section is a simple amplitude target: three dark

lines drawn with a black marker on a fragment of transparent plastic, placed in the image

plane of the crystal. Its appearance on the camera in the absence of scattering, which

features three dark stripes on a bright background, serves as the ground truth against

which all reconstructions are compared.
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The scattering strength quoted throughout this chapter is the ratio wq/wA, where wq is

the width of the far-field anti-correlation of the pair (set by the phase matching, Chapter

2) and wA is the width of the disorder-averaged autocorrelation of the random phase

masks. For wq < wA, the two photons of a pair sample essentially the same phase and

their correlation survives; for wq > wA, each photon in the pair, on average, acquires an

independent random phase and the near-field correlation broadens. Experimentally, wq/wA

is estimated from this broadening: the near-field correlation width is measured with (w−)

and without (w−,0 = 2/wq) the scattering masks applied, and the measured ratio is inverted

through the semiempirical relation

w−

w−,0

=

√︄
1 + 3

(︃
wq

wA

)︃2

, (3.2)

obtained from numerical simulations of the biphoton propagation; in the correlation-

imaging configuration, where only one photon is scattered, the relation is corrected to

w−

w−,0

=

⌜⃓⃓⎷1 + 3
(︂

wq

wA

)︂2

2
. (3.3)

The estimate agrees qualitatively with a direct comparison between the phase-matching

intensity measured on the SLM plane and the applied holograms.
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Figure 3.2. Contrast enhancement with static scattering medium between object and
camera (wq/wA ≈ 3.4). A single, fixed random phase mask is applied on SLM2, between the
object and the detector; no scattering acts before the object, so the strong spatial correlations are
preserved on the object plane. Post-selected coincidences reveal the object features with markedly
enhanced contrast relative to both the singles image (g(1)) and the non-post-selected coincidence
image (Γs); a contrast enhancement is already visible in Γs, since the two photons are correlated
on the object plane. From the Fourier spectra, the MTF is estimated at 3.05% (g(1)), 5.3% (Γs),
15.6% (Γ(3)

post).

The detected coincidence distribution is Γ(xi, xs) ∝ |ψ(xi, xs)|2 in the source/object

image plane. An ordinary coincidence image is the marginal Γs(xs) =
∑︁

xi
Γ(xi, xs); in the

presence of scattering, its contrast is strongly reduced, because most scattered pairs fall

off the diagonal while ballistic pairs concentrate on it. The post-selected image keeps only

the diagonal band,

Γpost(x; ξ) := Γ(xi = xs + ξ). (3.4)

which preferentially retains the ballistic biphotons while rejecting scattered pairs. This

causes far fewer events to survive the post-selection process, and for Γpost to carry higher
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shot noise. The noise can be recovered without discarding the contrast by noting that

different offsets ξ produce only a rigid translation of the same post-selected image; summing

n× n appropriately shifted images,

Γ
(n)
post(x) =

∑︂
ξx,ξy=1,...,n

Γpost(x− ξ, ξ). (3.5)

increases the event count while preserving the enhancement. There is consequently a trade-

off in the choice of n — larger n improves the signal-to-noise ratio but gradually dilutes

the contrast — and an optimal value lies in between.

Before turning to the results, it is worth stating why three reconstructions are com-

pared. The singles image g(1) is the classical benchmark: it is what any intensity-recording

camera would measure, and each claimed enhancement must be measured against it. The

coincidence image Γs isolates the effect of the temporal correlation alone. For a pure

two-photon state detected with unit efficiency and no background, the two would be iden-

tical. This occurs because the marginal of the joint distribution reproduces the singles

distribution exactly,

Γs(xs) =
∑︂
xi

Γ(xi,xs) ∝
∫︂
dxi |ψ(xi,xs)|2 = G(1)(xs). (3.6)

Experimentally they differ, because the singles additionally register events with no

detected partner: residual background light, detector dark counts, and photons whose

twin was lost to absorption or finite detection efficiency. Coincidence gating removes this
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uncorrelated contribution, and that is the origin of the modest improvement of Γs over g(1).

The improvement is only modest because the temporal gate rejects uncorrelated light but

not scattered biphotons, which remain correlated in time and continue to contribute to Γs.

Separating those requires a second, independent filter acting on the spatial correlation—

the post-selection ξ = xs+ . . . defined above. The three images therefore form a controlled

comparison: g(1) sets the classical baseline, Γs adds the temporal filter, and Γpost adds

the spatial one. The two filters are complementary (the temporal window suppresses

background, while the spatial window suppresses scattering), and the stepwise comparison

attributes the observed contrast enhancement to each mechanism separately.
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Figure 3.3 Contrast enhancement with dynamic scattering media before and after
object (wq/wA ≈ 3.4). Random phase patterns are displayed on SLM1 (before the object) and
SLM2 (after the object) and varied over the acquisition, so the recorded coincidences average
over several independent scattering realizations. The singles image g(1) and the non-post-selected
coincidence image Γs show only faint object features, and Γs improves only marginally on g(1).
The post-selected image Γ

(6)
post, by contrast, recovers the line structure clearly. From the Fourier

spectra, the MTF is estimated at 5.5% (g(1)), 6.1% (Γs), and 12% (Γ(6)
post).

Contrast is quantified through a modulation transfer function (MTF), defined as the

ratio between the dominant non-zero and the zero spatial-frequency components of the

Fourier transform of the recorded image,

MTF =
max , |FT [Iscatt](k ≈ k0)|,
max , |FT [Iscatt](k ≈ 0)|,

. (3.7)
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with k0 the spatial frequency of the object’s periodic structure. From the Fourier spectra,

the MTF is estimated at 5.5% for the singles, 6.1% for the coincidences, and 12% for the

post-selected coincidences. Thus, post-selection more than doubles the contrast relative to

direct imaging and nearly doubles the contrast relative to non-post-selected coincidences.

The 1D cross-sections in the same figure confirm that the differences between the three

profiles exceed the estimated counting uncertainty. The shaded error bands are calculated

assuming Poissonian photon-counting statistics. For each point i in the one-dimensional

profile, the counting uncertainty is estimated as
√
Ni, where Ni is the number of detected

counts contributing to that point. After normalization by the total number of counts Ntot

in the corresponding profile, the uncertainty used for the plotted profile is

σi =

√
Ni

Ntot

. (3.8)

The shaded bands correspond to ±3σi around each profile value. The quoted MTF

values are obtained independently from the Fourier spectra of the reconstructed images.

The two scattering planes play distinct roles, and comparing the dynamic and static

cases makes this explicit. The mask S1, placed between source and object, scrambles the

two-photon correlation itself, eroding the advantage that correlated illumination would oth-

erwise provide; the mask S2, placed between object and detector, reduces image contrast

in the same way as it would for ordinary incoherent illumination. For intensity imaging,

only S2 matters, whereas for coincidence imaging, both S1 and S2 act. One might therefore

expect that introducing S1 would destroy any benefit of using correlated photons — yet
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the dynamic result of Figure 3.3, where both screens are active, shows that this is not

so: the surviving ballistic biphotons still carry recoverable correlation, and post-selection

extracts contrast beyond what intensity imaging allows. The static configuration of Figure

3.2 isolates the role of S2. With no scattering before the object, the strong source corre-

lation is preserved at the object plane, so coincidence imaging already enhances contrast.

We observed an MTF of 5.3% against 3.05% for the singles, approaching the two-fold en-

hancement expected of correlated illumination in the absence of scattering. Post-selection

then nearly triples this again to reach 15.6%, representing a five-fold enhancement over

the singles and the largest relative improvement among the cases studied.

3.3 Correlation Imaging/Single Photon Scattering

In many quantum-imaging schemes, including ghost and correlation imaging, only one pho-

ton of each pair interacts with the object and the surrounding medium while its partner

travels an undisturbed reference path. For a fixed scattering medium, this is often the

preferable arrangement, since the correlation broadening is less severe when only one pho-

ton is scattered than when both traverse the same screens. To demonstrate the method

in this geometry, a beam splitter placed in the far field of the crystal separates the signal

and idler into an object arm and a reference arm immediately after generation. In the

object arm, the photon passes through SLM1, the object at the crystal’s image plane, and

SLM2; the reference photon propagates directly to a separate region of the camera with-

out encountering any scattering. Spatially resolved coincidences between the two arms are
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recorded as before, and the same post-selection and window-summing procedure is applied.

The object is the same three-line amplitude target used in the two-photon configuration,

allowing a direct comparison between the two geometries.
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Figure 3.4. Correlation imaging with dynamic scattering media (wq/wA ≈ 6.8). Random
phase patterns act only in the object arm, displayed on SLM1 (before the object) and SLM2 (after
the object) and varied over the acquisition, so the recorded coincidences average over several
independent scattering realizations; the reference photon propagates unscattered. The singles
image is degraded, and the non-post-selected coincidence image offers only moderate enhancement
in this configuration; the post-selected image recovers the object, which confirms that correlation
information can be recovered even when a single photon interacts with the object, so long as the
reference photon preserves the correlation needed for post-selection. From the Fourier spectra,
the MTF is estimated at 1% (g(1)), 1.5% (Γs), and 3.6% (Γ(3)

post).

45



Entanglement-Enhanced Imaging in Scattering Environments

Figure 3.4 reports a dynamic-scattering measurement at wq/wA ≈ 6.8. As in the

two-photon case, the singles image is degraded by scattering and the non-post-selected

coincidence image offers only moderate improvement (from an estimated MTF of 1%

to 1.5%), while the post-selected image Γ
(3)
post recovers the object features. The Fourier

spectra confirm that post-selection preserves the higher spatial frequencies lost in the other

two reconstructions, with a 3.6-fold gain over the singles and a 2.4-fold gain over the

coincidences. This establishes that correlation-based filtering remains effective when only

one photon interacts with the object and the medium, provided the reference photon

preserves the correlation information that post-selection relies on.

As an applied illustration of what this recovers, the same single-photon-scattering con-

figuration was used to image an insect wing. Under sufficiently strong scattering, the

fine venation becomes unrecognisable in the direct and coincidence images, and ordinary

digital filtering does not restore it; the post-selected image, especially after a Laplacian-

of-Gaussian filter, makes the veins visible again. This is a concrete demonstration that

correlation post-selection recovers structural detail that scattering would otherwise scram-

ble beyond recognition.

46



Entanglement-Enhanced Imaging in Scattering Environments

Figure 3.5. Retrieving image details by correlation post-selection (single-photon-
scattering configuration). The object is an insect wing. Scattering renders the venation un-
recognizable in both the direct and the coincidence images, and digital filtering does not restore
it; the post-selected image recovers the veins, most clearly after a Laplacian-of-Gaussian filter is
applied. The corresponding images in the absence of scattering, before and after filtering, are
shown for comparison.

This is a concrete demonstration that correlation post-selection recovers structural de-

tail that scattering would otherwise scramble beyond recognition. Figure 3.5 also clarifies

a broader point: the enhancement is not tied to the periodic targets used to quantify it.

The post-selection acts on the photon correlations, never on the image content, so nothing

in the method favors a particular object — the line target simply reduces the contrast to a

single MTF number, whereas the wing’s venation was irregular and unknown in advance.

Phase objects, however, remain untested and are left to future work.
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3.4 Manuscript

The published manuscript is reproduced in full on the following pages.
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4

Conclusion and Overview

In this thesis, we have introduced a method for enhancing the contrast of objects embedded

in weakly scattering media using spatially entangled photon pairs. The basics of the field,

from the concepts of image contrast and scattering to the degrees of freedom of light,

were covered to motivate and understand the work presented. The theoretical background

was then developed, from the quantization of the electromagnetic field and the second-

order coherence function to spontaneous parametric down-conversion and the spatial and
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temporal correlations of the biphoton state, familiarizing the reader with the key concepts

of quantum imaging on which the experiment relies.

The central idea is that the spatial correlations of entangled photon pairs offer a way to

distinguish ballistic from scattered light. Ballistic biphotons preserve the strong position

correlation imprinted at the source, whereas scattered pairs lose it; by recording spatially

resolved coincidences and post-selecting only those events consistent with the original cor-

relation, we isolate the ballistic contribution and, at the same time, reject the uncorrelated

background that ordinarily floods the detector. We quantified the resulting improvement

through the modulation transfer function and confirmed it both in numerical simulations

and in experiments, under static and dynamic scattering conditions.

The method was demonstrated in two configurations: one in which both photons of

the pair traverse the scattering medium, and one in which only a single photon does while

its partner follows an undisturbed reference path. In both cases, correlation post-selection

recovered object features that were washed out in the ordinary single-photon and non-

post-selected coincidence images, yielding contrast gains of up to roughly three-fold over

non-post-selected coincidences and five-fold over classical single-photon imaging. Because

post-selection discards events and therefore increases shot noise, we showed that combining

events from several post-selection windows partially restores the signal while preserving the

contrast advantage.

A natural next step is to extend the technique to more strongly scattering media. As

the scattering strength grows, fewer ballistic pairs survive, and the approach could be
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combined with adaptive optics to correct the residual distortions and push the method

toward the thicker, more realistic media encountered in biological tissue or turbid water.

Several other directions remain open. The method’s performance depends on the degree

of spatial entanglement of the source, so brighter, higher-dimensional biphoton sources and

faster single-photon-sensitive cameras would improve both the achievable contrast and the

acquisition time. One could also ask how the technique transfers to other degrees of

freedom — temporal, spectral, or polarization correlations — and whether these can be

combined with the spatial post-selection used here. Finally, since the approach operates

in regimes where time gating, spatial filtering, and adaptive optics alone are impractical,

it is worth exploring where quantum-correlation imaging offers a genuine advantage over

classical strategies, and how it might be integrated into practical imaging systems.
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