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Abstract
Spontaneous parametric down-conversion (SPDC) can produce entangled photons from
a nonlinear medium driven by a pump beam, and has thus been a key resource in pho-
tonic quantum technologies. Historically, the low efficiency of SPDC prompted the use
of lasers, which are high-intensity light sources, as pump sources. However, the practi-
cal implementation of laser-driven systems faces an imminent energy bottleneck. Lasers
typically have suboptimal energy efficiencies due to lasing thresholds and the technical
demands of thermal management. As a result, laser-pumped entangled photon sources
suffer from significant power overhead, rendering quantum devices less sustainable. Over
the past few decades, light-emitting diodes (LEDs) have emerged as inexpensive and
energy-efficient alternatives for high-intensity light sources. Since 2010, studies have
shown that LEDs can drive SPDC and generate photon pairs. These results suggests
the potential to replace lasers with ubiquitous and natural light sources to build envi-
ronmentally friendly quantum devices. However, replacing lasers with other light sources
entails a lack of coherence in all degrees of freedom (DoFs) of the pump beam, including
spatial, temporal-spectral, and polarization, which may influence the resulting entan-
glement generated from SPDC. While earlier studies established that pump coherence
in a specific DoF sets an upper bound for entanglement in that same DoF, the cross-
influence between different DoFs has not been fully investigated. In this thesis, we study
the influence of the pump’s spatiotemporal coherence on the polarization entanglement
generated from SPDC. First, we experimentally demonstrate that polarization-entangled
two-photon states can be generated from SPDC pumped by spatiotemporally incoherent
light emitted from an LED. Although the resulting entanglement appears lower than that
of laser-pumped SPDC, we theoretically show that spatiotemporal incoherence does not
fundamentally constrain polarization entanglement; rather, the reduction arises from a
coupling between spatiotemporal and polarization DoFs introduced by the experimental
setup. We determined experimentally that this cross-influence acts as a deterministic
mapping from the spatial components of the pump to the two-photon polarization state.
Because this mapping depends on technical aspects of the setup, we envisioned that it
could be either (i) engineered to structure entanglement in higher dimensions, or (ii)
compensated to reduce spatial distinguishability. Building on the latter, we show that
by placing the nonlinear medium in a phase-compensated interferometric setup, SPDC
pumped by spatially incoherent light can produce high polarization entanglement that
violates local realism, even without postselecting the SPDC field for a single spatial mode.
Finally, as a proof-of-principle demonstration of a truly environmentally friendly quantum
light source, we demonstrate the generation of polarization-entangled two-photon states
from SPDC pumped by a natural source—sunlight.
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Chapter 1

Background

Entanglement refers to the phenomenon that the joint state of two or more quantum
systems cannot be written as the product of the states of individual constituent systems
[1]. This feature has been exploited in many quantum applications, including quantum
computation [2, 3], quantum communication [4, 5], and quantum sensing [6]. While en-
tanglement can be created in various platforms, such as superconducting circuits [7, 8],
trapped ions [9], and solid-state spins [10, 11], photons (particles of light) [12, 13] offer
unique advantages that make them promising candidates for practical quantum applica-
tions [14]. As bosonic particles with zero electric charge, photons interact only extremely
weakly with one another and rarely exchange energy with thermal or electromagnetic
fields in the environment [15]. Consequently, photonic quantum systems are highly ro-
bust against decoherence and can maintain their quantum state over long distances and for
extended periods. Entangled photon states are conventionally produced from nonlinear
optical processes, such as spontaneous parametric down-conversion (SPDC) [16, 17, 18]
and spontaneous four-wave mixing (SFWM) [19, 20]. In Fig. 1.1, we depict the schemat-
ics of generating entangled photons using SPDC and SFWM. In this thesis, we focus the
discussion on SPDC-based entanglement generation.

In SPDC, a nonlinear medium interacts with a photon with a higher frequency and splits
it into a pair of photons with lower frequencies. The higher-frequency photon is termed
the pump photon, and the two lower-frequency photons are referred to as the signal and
idler photons. The signal and idler photons can exhibit entanglement across all degrees
of freedom (DoF) of light, including spatial, temporal-spectral, and polarization. Con-
ventionally, lasers are chosen as the source of pump photons due to their high brightness.
Since the photon conversion efficiency of SPDC (and nonlinear optical processes in gen-
eral) is typically low, with one in about 108 pump photons getting down-converted [21];
thus, the high optical intensity provided by lasers is advantageous for generating entan-
gled photons at practical rates. Second, lasers exhibit high optical coherence across all
DoFs of light, namely, photons emitted from lasers are highly indistinguishable in terms
of their spatial, temporal-spectral, and polarization modes [22]; this feature has been
widely assumed to be indispensable for generating entanglement. Building on a series of
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Chapter 1

successful demonstrations in laser-driven entanglement generation, studies on the applica-
tions of photonic quantum technologies have been expanding into their field deployment
in areas of strategic importance, such as space [23] and the Arctic region [24]. Practical
and large-scale implementation of quantum technologies in these scenarios often requires
accommodation of the limited energy supplies and thermal management.

χ(2)
Pump

Signal

Idler

χ(3)Pump

Signal

Idler

(a) (b)

Figure 1.1: Schematic diagrams of photon entanglement generation us-
ing (a) SPDC and (b) SFWM, where χ(2) and χ(3) denote nonlinear media

with second- and third-order optical nonlinearity, respectively.

However, at low driving current, lasers often fall short in their electrical-to-optical energy
conversion efficiency (also referred to as the wall-plug efficiency ηWPE) compared to inco-
herent light sources, such as light-emitting diodes (LEDs). For instance, while GaN-based
blue light LEDs can achieve up to ηWPE = 84%, studies on GaN-based laser diodes have
typically reported ηWPE = 40% [25]. This efficiency gap arises largely because lasers
require population inversion to reach the lasing threshold, necessitating higher current
densities. Furthermore, steady operation of laser devices often requires resource over-
heads such as optical stabilization and active thermal management, which exacerbate
the already suboptimal energy utilization. These features could significantly limit the
scalability and accessibility of photonic quantum technologies. Not to mention the manu-
facturing and maintenance costs that may render the exquisite laser devices less financially
desirable for their practical implementations. Moreover, integrating laser-driven quantum
devices with existing information and communication infrastructures could exacerbate the
environmental issues, given that the classical information and communication technology
sector already accounts for ∼ 1.8–3.9% of worldwide greenhouse gas emissions [26, 27].
This imminent bottleneck for photonic quantum technologies can potentially be resolved
if one can generate entangled photons from nonlinear optical processes pumped by in-
coherent light sources. In other words, if the low optical coherence of the pump source
does not fundamentally constrain the generation of high two-photon entanglement, one
can employ more ubiquitous and energy-efficient light sources, such as LEDs, or even
natural sources of light, such as sunlight, to facilitate the development of scalable and
environmentally friendly photonic quantum technologies.

The role of pump coherence in SPDC-based entanglement generation turns out to be
manifold. On one hand, earlier studies indicate that the coherence of the pump beam
in a given DoF sets an upper bound for the two-photon entanglement produced in that
same DoF [28, 29, 30, 31, 32, 33, 34, 35, 36, 37]. For instance, Zhang et al. [32] have
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Chapter 1

experimentally demonstrated that the degree of spatial entanglement in the position-
momentum basis decreases as the spatial coherence of the pump beam is reduced. In
particular, they showed that when SPDC is driven by spatially incoherent light emitted
by an LED, the spatial correlation between down-converted photons becomes so weak that
position-momentum entanglement vanishes. The mechanism is almost intuitive: when the
pump photons are emitted from highly incoherent light sources, they are distinguishable
in terms of their spatial properties; the down-conversion events driven by these distin-
guishable pump photons then generate distinguishable photon pairs, which, by definition
cannot exhibit spatial entanglement as two-photon quantum states.

On the other hand, incoherence in a given DoF does not necessarily translate to non-
entanglement in a different DoF. For instance, a light beam propagating through atmo-
spheric turbulence may exhibit reduced spatial coherence while remaining perfectly polar-
ized. Based on our earlier discussions, this perfectly polarized pump beam allows for the
generation of maximum polarization entanglement via SPDC. However, the influence of
its low spatial coherence on the generation of polarization entanglement remains unclear.
Therefore, fully understanding the role of pump coherence in SPDC-based entanglement
generation then requires answering a crucial question:

Does the coherence of the pump beam in a given DoF affect the two-
photon entanglement produced in a different DoF?

In this thesis, we present a series of experimental works that aim to address a specific
aspect of this question, that is

Can spatially/temporally incoherent light sources produce highly
polarization-entangled two-photon state as lasers do ?

This chapter provides sufficient technical background for understanding the works pre-
sented in this thesis. In Section 1.1, we introduce the concept of quantum entanglement.
In Section 1.2, we review common metrics for characterizing the entanglement in a two-
photon state, including violation of local realism, concurrence, and Schmidt number,
which can be generalized to characterize arbitrary bipartite systems. In Section 1.3, we
discuss the principles of SPDC in the context of classical and quantum nonlinear optics.
In Section 1.4, we derive the generation of a two-photon state from the quantum me-
chanical model of SPDC. In Section 1.5, we discuss the relation between the degree of
polarization of the pump beam and the two-photon polarization entanglement generated
from SPDC, which serves as an example of the influence of pump coherence on the en-
tanglement of the down-converted photons. In Section 1.6, we summarize the structure
of this thesis.

3



Chapter 1

1.1 Introduction to quantum entanglement

In 1935, Einstein, Podolsky, and Rosen (EPR) conceived a thought experiment, which
is now known as the “EPR paradox”, to challenge the completeness of the quantum-
mechanical description of physical reality [38]. To EPR, a sufficient condition for reality
states that one should be able to predict with certainty the value of a physical quan-
tity, without disturbing a system. One can now consider two systems, A and B, that
have undergone some initial interactions, so that their joint position and momentum can
be predicted with certainty. The two systems are then separated so they can no longer
interact, and their individual positions and momenta can be determined only from sub-
sequent measurements. As a result, by taking measurements on the system A in the
position basis, one can predict, through the initial joint position of A and B, the posi-
tion of B, xB, with certainty. Since the two systems no longer interact, measuring A

does not disturb B. Therefore, according to EPR’s definition for reality, xB must be
the physical reality of B. Alternatively, one can also choose to measure system A in the
momentum basis, thereby assigning the momentum of B, pB, as the physical reality of
B. However, since the position and momentum of the same system correspond to two
noncommuting observables, the quantum theory also requires that system B cannot have
xB and pB simultaneously as its physical reality. This paradox has led EPR to believe
that quantum theory cannot account for every element of reality, namely, that quantum-
mechanical descriptions of physical reality are incomplete. Inspired by these arguments,
Erwin Schrödinger coined the term “entanglement”, which he translated from the origi-
nal German word “Verschränkung”, to refer to the phenomena that give rise to the EPR
paradox [39]. In Chapter 3, we have used the uncertainty in the joint measurements of
position and momentum bases to observe a EPR-type entanglement between photons.

In 1964, Bell discussed the EPR paradox in the context of local hidden-variable theories,
which had been proposed to supplement the quantum theory [40]. Bell identified an
implicit yet crucial assumption in the EPR argument: that operations on system A do
not instantaneously affect a distant system B. This is commonly known as the principle
of locality. It then follows that the results of any measurements are predetermined by
an additional parameter that locally influences the system. Bell showed that, if the
correlations between two systems are modelled with a local hidden-variable theory, the
expectation values of joint measurements on these two systems must satisfy a certain
inequality. However, quantum entanglement between different systems can allow the
results of joint measurements to violate this inequality. In the existing literature, such a
violation is sometimes also referred to as a violation of “local realism” because satisfying
Bell’s inequality means respecting both the principle of locality and EPR’s definition of
reality. Violation of Bell’s inequality has since been widely used as a test of quantum
nonlocality and as a witness of quantum entanglement.

4



Chapter 1

1.2 Metrics for characterizing quantum entanglement

1.2.1 Violation of Bell’s inequality

The original inequality derived by Bell has been reformulated in various ways to facilitate
experimental studies. One of the most commonly used forms of Bell’s inequality is due
to Clauser, Horne, Shimony, and Holt (CHSH) [41].

Consider a simplified version of the EPR scenario in which the systems A and B are
both defined in a two-dimensional Hilbert space (e.g., the spin states of electrons or
the polarization states of photons). One can measure system A using either one of two
observables, a or a′, while another observer can measure system B using b or b′. Suppose
that the outcomes of measuring a, a′, b, b′ take values in {±1}, we can define the random
variable S:

S = ab+ a′b+ ab′ − a′b′, (1.1)

such that in any local hidden variable theory, the expectation value of this quantity is
bounded by:

|⟨S⟩|= |⟨ab⟩+ ⟨a′b⟩+ ⟨ab′⟩ − ⟨a′b′⟩|≤ 2. (1.2)

However, for a quantum-entangled state, the expectation value can violate this bound.
The maximum possible violation is given by Cirel’son’s inequality [42]:

|⟨S⟩|≤ 2
√
2. (1.3)

In Chapters 4 and 5, we have adopted the CHSH formalism of Bell’s inequality to char-
acterize the polarization entanglement generated from SPDC.

1.2.2 Concurrence

It is important to note that the violation of a Bell-type inequality is a sufficient but un-
necessary condition for entanglement. For instance, some mixed quantum states, such as
the Werner state, can exhibit entanglement while being compatible with a local hidden
variable model [43]. In contrast, concurrence C(ρ) unambiguously quantifies the entan-
glement of an arbitrary two-qubit state with a density matrix written as ρ [44]. The
concurrence is defined as:

C(ρ) = max{0,
√
Λ1 −

√
Λ2 −

√
Λ3 −

√
Λ4}, (1.4)

where Λi’s are the eigenvalues of the matrix R = ρρ̃ in descending order. Here, ρ̃ is
defined as

ρ̃ = (σy ⊗ σy)ρ
∗(σy ⊗ σy), (1.5)

where ρ∗ is the complex conjugate of ρ and σy is the Pauli-Y matrix. The concurrence
ranges from 0 to 1, where C(ρ) = 0 indicates that the state is separable (unentangled)

5
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and C(ρ) = 1 represents maximum entanglement. The following intuition may help
understand the concept of concurrence. The operation in Eq. 1.5 conducts a “spin-flip”
on each constituent qubit of the two-qubit state described by ρ, which converts each
qubit into its orthogonal state. R can then be seen as characterizing the overlap between
ρ and its spin-flipped counterpart ρ̃. If a two-qubit state is separable, the overlap of
the two density matrices is equivalent to the product of the overlap between each qubit
and its spin-flipped counterpart, which is 0 due to orthogonality. In contrast, if the two-
qubit state is completely non-separable (maximally entangled), performing a spin-flip on
each constituent qubit converts the two-qubit state into an identical one, which indicates
complete overlap between ρ and ρ̃. We have used concurrence C(ρ) in Chapters 2-5 to
quantify the polarization entanglement generated from SPDC.

While violation of Bell’s inequality mostly acts as a “witness” for entanglement, concur-
rence reveals the “degree of entanglement” and thus allows for a more accurate quantifica-
tion of the entanglement in a two-qubit state. On the other hand, since violation of Bell’s
inequality can certify the security of quantum communication protocols [5], it can often
serve as a more practical metric than concurrence for benchmarking the performance of
experimental quantum devices.

1.2.3 Schmidt number

We have shown that Bell-type inequalities and the concurrence are excellent metrics for
characterizing the entanglement of two-qubit states. While they can be generalized to
characterize entangled states with dimensionalities larger than 2, the Schmidt number
provides a more intuitive picture for quantifying the entanglement of a bipartite pure
state with arbitrary dimensionality. Consider two systems A and B defined in Hilbert
spaces HA and HB, respectively. Then for any pure bipartite state |ψ⟩AB defined in the
tensor product space HA ⊗HB, there exist orthonormal bases {|i⟩A} and {|i′⟩B} for HA

and HB, respectively, such that the state can be expressed in the Schmidt decomposition:

|ψ⟩AB =
∑

i

√
λi|i⟩A ⊗ |i′⟩B, (1.6)

where λi ≥ 0 are real coefficients satisfying
∑
λi = 1.

The Schmidt number is defined as the effective number of non-zero coefficients in this
decomposition. A state is entangled if and only if its Schmidt number is greater than 1.
Furthermore, the Schmidt number characterizes the dimensionality of the entanglement.
If the Schmidt number is K, the state effectively resides in a K × K Hilbert space.
At K > 2, the system behaves as a pair of K-dimensional qudits rather than simple
qubits (K = 2). This is particularly relevant for spatially and temporally entangled
states that typically reside in high-dimensional Hilbert spaces. In Chapter 3, we certify
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Chapter 1

the dimensionality of spatial entanglement generated from SPDC by estimating a lower
bound for the Schmidt number.

1.3 Principles of SPDC

We begin this chapter by clarifying the relations between different physical attributes
of the pump photon and the down-converted photon pairs—signal and idler. The term
“down-conversion” denotes the reduction in frequency, and thus energy, of individual pho-
tons after the interaction, while the total photon energy is conserved. Since the initial
and final states of the nonlinear medium are identical, the SPDC process is considered
“parametric”, as opposed to “non-parametric” processes in which population in one en-
ergy level is transferred to another. A simple example of a non-parametric process is
two-photon absorption, in which an atom is excited to a higher energy level after simul-
taneously absorbing the energy of two photons. In addition to energy conservation, the
total photon momentum is also conserved in SPDC. Namely, the wavevector of the pump
photon is equal to the vector sum of the wavevectors of the signal and the idler photons.
Fig. 1.2 depicts the diagrams for energy and momentum conservation in SPDC.

(a) (b)

ħωp

kp

ks
ħωs

ħωi

ki

Figure 1.2: (a) Diagram of the relations between wavevectors of interact-
ing photons in SPDC, where ks(i) denotes the frequency of the signal(idler)
photon (b) Energy-level diagram of SPDC, in which the solid and dashed
lines represent real and virtual energy levels, respectively, and ωs(i) de-
notes the frequency of the signal(idler) photon. When a photon in the
pump beam is annihilated in SPDC, its energy is transferred to the gen-
erated signal and idler photons. As a result, the total photon energy is

conserved, and the quantum state of the system remains unchanged.

The requirement for energy and momentum conservation in SPDC is often jointly re-
ferred to as the phase-matching condition. For a given nonlinear medium, the polar-
ization, frequency, and propagation directions of the interacting photons must satisfy
certain relations to achieve the phase-matching condition required for SPDC. Based on
these relations, SPDC can be classified into several different categories. In terms of po-
larization relations, Type-0 phase-matching requires all interacting photons to be in the
same polarization1; Type-I phase-matching demands that the polarization of the pump
photon is orthogonal to that of the signal and the idler photons (which in turn requires

1It is important to note that Type-0 phase-matching is in general not possible in bulk nonlinear
crystals but can be introduced in periodically poled crystals through quasi-phase-matching, see, for
example, Myers et al. (1995)[45]
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that the signal and idler photons have the same polarization); Type-II phase-matching
dictates that the signal and idler have orthogonal polarizations. Regarding frequency
relations, the phase-matching is “degenerate” when the signal and the idler have the same
frequency; otherwise, it is “non-degenerate”. With respect to propagation directions, the
case in which the signal and idler propagate in the same direction is called “collinear”
phase-matching; while the converse is termed “non-collinear”. We have summarized these
phase-matching categories in Table 1.1.

Table 1.1: Categories of SPDC based on polarization and frequency
relations between interacting beams. “a ∥ b” and “a ⊥ b” denote that
the polarization of a and b are parallel or orthogonal, respectively; κ̂s(i)
represents the unit vector in the propagation direction of the siganl(idler)

photon.

Category Condition Term

Polarization pump ∥ signal ∥ idler Type-0
pump ⊥ (signal ∥ idler) Type-I
signal ⊥ idler Type-II

Frequency ωs = ωi Degenerate
ωs ̸= ωi Non-degenerate

Direction κ̂s = κ̂i Collinear
κ̂s ̸= κ̂i Non-collinear

Having established the conceptual understandings of SPDC, we now present its analytical
description using the theories of nonlinear optics.

1.3.1 Fundamentals of nonlinear optics

When an optical field is incident on an atom, the electrons in this atom experience two
competing forces: the Coulomb force from the nucleus and that from the external optical
field. These forces displace the electrons from their equilibrium positions, resulting in a net
electric dipole moment in the atom. In an ensemble of such atoms, the volumetric density
of these electric dipole moments is defined as the electric polarization2. The founding
principle of nonlinear optics states that, in general, the induced electric polarization
P(r, t) at position r and time t is described by a power series expansion in terms of
the external optical field E(r, t). Each constituent component of the vectorial electric
polarization field is written as [46]

Pj(r, t) = ϵ0

[
χ
(1)
jk Ek(r, t) + χ

(2)
jklEk(r, t)El(r, t)

+ χ
(3)
jklmEk(r, t)El(r, t)Em(r, t) + . . .

]
,

(1.7)

2This term is commonly referred to as just “polarization”. To avoid confusion with the polarization of
light, which describes the oscillation direction of an optical field, we have explicitly written it as “electric
polarization” to clarify the distinction.

8



Chapter 1

where ϵ0 is the permittivity of free space, χ(n) represents the n-th order susceptibility
tensor, which characterizes the anisotropic nature of commonly used nonlinear crystals.
Subscripts of P and E represent field components oscillating along different principal axes
of the crystal.

At weak field strengths, second- and higher-order terms in Eq. 1.7 are much smaller
compared to the first-order one, so that the induced polarization can be seen as linearly
proportional to the applied optical field. This regime is thus called the linear optics
regime. In this case, the induced electric polarization is written as

P
(1)
j (r, t) = ϵ0χ

(1)
jk Ek(r, t), (1.8)

where χ(1)
jk is explicitly referred to as linear susceptibility.

At sufficiently strong field strengths, the higher-order terms in Eq. 1.7 become non-
negligible. Consequently, the induced polarization displays a nonlinear response to the
applied optical field. In this thesis, we shall focus on the nonlinear response that is
governed by the second-order term of Eq. 1.7, namely,

P
(2)
j (r, t) = ϵ0χ

(2)
jklEk(r, t)El(r, t), (1.9)

Here, χ(2)
jkl is explicitly referred to as the second-order nonlinear optical susceptibility. It is

important to note that second-order nonlinear effects only appear in non-centrosymmetric
materials since the inversion symmetry in materials results in χ(2) = 0.

In classical electromagnetic theories, the contribution of a second-order nonlinear interac-
tion, such as SPDC, to the energy of an electromagnetic field H(t) is given by integrating
the product of P(2)(r, t) and E(r, t) over the volume V of the nonlinear medium, which
can be explicitly written as

H(t) = ϵ0

∫

V
drχ

(2)
jklEk(r, t)El(r, t)Em(r, t). (1.10)

While certain studies have successfully explained the second-order correlations within the
signal (idler) field by modelling SPDC as classical difference-frequency generation between
a pump beam and a stochastic “vacuum” seed field [47], studying the correlations between
the signal and idler photons requires a quantum-mechanical description of SPDC.

1.3.2 Quantum mechanical description of SPDC

In the quantum model of SPDC, describing the creation of signal and idler photons re-
quires that the corresponding electric fields become quantized and are written as field

9
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operators Ê(r, t). In general, Ê(r, t) can be decomposed into positive-frequency compo-
nents Ê(+)(r, t) and negative-frequency components Ê(−)(r, t):

Ê(r, t) = Ê(+)(r, t) + Ê(−)(r, t), (1.11)

where Ê(+)(r, t) and Ê(−)(r, t) are associated with the annihilation and the creation of
a photon, respectively. The interaction Hamiltonian accounting for the SPDC process,
which describes the annihilation of a pump photon for the creation of a signal photon
and an idler photon, is thus rewritten from Eq. 1.10 as:

Ĥ(t) = ϵ0χ
(2)

∫

V
drEp(r, t)Ê

(−)
s (r, t)Ê

(−)
i (r, t) +H.c., (1.12)

where H.c. denotes the Hermitian conjugate, and we have assigned well-defined polariza-
tions to each field and thus written them in the scalar form, with subscripts p, s, and i

denoting pump, signal, and idler, respectively. We have also assumed that χ(2) can be
approximated as a constant over the frequency range of interest so that it can be taken
out of the integral. Additionally, we have further simplified the expressions by describ-
ing the pump field using the classical field amplitude Ep(r, t) instead of a field operator
Êp(r, t). We reached this approximation by assuming the pump beam remains strong
before and after the nonlinear interaction, since only a small fraction of the pump pho-
tons are down-converted into signal-idler photon pairs. In the limit that the quantization
volume goes to infinity, we can write the summations of discrete spatiotemporal modes
of electric fields as an integral. The electric fields are thus explicitly given as [48]

Ep(r, t) = Ap

∫∫
dqpdωpE(qp, ωp)e

i(qp·ρ+kpzz−ωpt), (1.13)

Ê(−)
s (r, t) = A∗

s

∫∫
dqsdωsâ

†(qs, ωs)e
−i(qs·ρ+kszz−ωst), (1.14)

Ê
(−)
i (r, t) = A∗

i

∫∫
dqidωiâ

†(qi, ωi)e
−i(qi·ρ+kizz−ωit), (1.15)

where we have separated the position vector into transverse and longitudinal components,
r = (ρ, z); similarly, qj and kjz represent the transverse components of wavevectors,
longitudinal components of wavevectors and optical frequencies, respectively, and ωj ’s
are optical frequencies, with j = p, s, i. In the experimental situations studied in this
thesis, the coefficients of quantized electric fields Aj vary slowly over the frequency range
of interest. Therefore, we have approximated them as constants and moved them out of
the integrals. By substituting Eq. 1.13, 1.14 and 1.15 into Eq. 1.12, we obtain

Ĥ(t) = ϵ0χ
(2)ApA

∗
sA

∗
i

∫∫
dρdz

∫∫∫
dωpdωsdωi

∫∫∫
d2qpd

2qsd
2qi

× E(qp, ωp)â
†(qs, ωs)â

†(qi, ωi)

× exp
[
i(qp − qs − qi)ρ+ i(kpz − ksz − kiz)z + i(ωs + ωi − ωp)t

]
+H.c.,

(1.16)
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where we have substituted
∫
V dr =

∫∫
dρdz.

1.4 Two-photon state generated from SPDC

We now derive the expression of the two-photon state generated from SPDC. We consider
a nonlinear crystal with length L. Before the nonlinear interaction, which starts at t = 0,
the initial two-photon state of the signal-idler photon pair is given by a joint vacuum
state |ψ(t = 0)⟩ = |vac⟩s|vac⟩i. After the interaction ends at t = t0, the evolution of
this two-photon state due to the nonlinear interaction is described by the Schrödinger
equation and given by:

|ψ(t0)⟩ = exp

[
1

ih̄

∫ t0

0
dtĤ(t)

]
|vac⟩s|vac⟩i

≈
[
1 +

1

ih̄

∫ t0

0
dtĤ(t)

]
|vac⟩s|vac⟩i,

(1.17)

where we have approximated the perturbation expansion using its first two terms, assum-
ing that the nonlinear interactions governing SPDC are weak. The first term is the initial
vacuum state. The second term describes the resulting two-photon state generated from
SPDC, which, by substituting Eq. 1.16 into Eq. 1.17, is written as

|ψ⟩ = A

∫ t0

0
dt

∫∫
dρdz

∫∫∫
dωpdωsdωi

∫∫∫
dqpdqsdqi

× exp
[
i(qp − qs − qi)ρ+ i(kpz − ksz − kiz)z + i(ωs + ωi − ωp)t

]

× E(qp, ωp)â
†(qs, ωs)â

†(qi, ωi)|vac⟩s|vac⟩i,

(1.18)

where we have absorbed all constants into the normalization factor A. Note that we have
omitted the contribution from the Hermitian conjugate term in Eqn. 1.16 since â|vac⟩ = 0.
To simplify the above expression, we also make the following approximations:

Firstly, we assume that the interaction time t0 is much longer than the time required for
a single SPDC event and much shorter than the time interval between consecutive SPDC
events. Doing so allows us to extend the time integration limits to −∞ and +∞, so that

∫ t0

0
dt exp [i(ωs + ωi − ωp)t] ≈

∫ +∞

−∞
dt exp [i(ωs + ωi − ωp)t] = δ(ωs + ωi − ωp). (1.19)

Secondly, we assume that the transverse area of the nonlinear crystal is much larger than
that of the pump field, so that the transverse space integral is written as

∫ +∞

−∞
dρ exp

[
i(qp − qs − qi)ρ

]
= δ(qp − qs − qi). (1.20)
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We now evaluate the result of the longitudinal space integral as

∫ +L/2

−L/2
dz exp [i∆kzz] = Lsinc

(
∆kzL

2

)
, (1.21)

where we have substituted ∆kz = kpz − ksz − kiz. Eq. 1.21 is called the phase-matching
function. The action of creation operators on vacuum states is given by

â†(qs, ωs)â
†(qi, ωi)|vac⟩s|vac⟩i = |qs, ωs⟩|qi, ωi⟩, (1.22)

where we have omitted the subscripts of the resulting state vectors since the signal and
idler photons are now explicitly labelled by their transverse wavevectors and frequencies.
By substituting the results in Eq. 1.19- 1.22 into Eq. 1.18 and take the integration over
(qp, ωp), we write the resulting two-photon state as

|ψ⟩ = A

∫∫
dωsdωi

∫∫
dqsdqisinc

(
∆kzL

2

)
E(qp, ωp)|qs, ωs⟩|qi, ωi⟩ (1.23)

where qp = qs+qi, ωp = ωs+ωi, and we have absorbed the constant crystal length L from
Eq. 1.21 into A. This state is now written explicitly in the spatial (transverse momenta)
and temporal-spectral (frequency) DoFs, while the polarization relations between pump,
signal, and idler are implied by the phase-matching type, which is given in Table 1.1.
For instance, consider a nonlinear crystal made for Type-I phase-matching, such that a
vertically (V) polarized pump photon is down-converted into a pair of horizontally (H)
polarized photons. The two-photon state is then written as

|ψ⟩ = A

∫∫
dωsdωi

∫∫
dqsdqisinc

(
∆kzL

2

)
EV (qp, ωp)|H, qs, ωs⟩|H, qi, ωi⟩. (1.24)

Alternatively, a H-polarized pumped photon can be down-converted into a pair of V-
polarized photons. Summing up the two alternatives in the polarization DoF, the two-
photon state is now written as

|ψ⟩ = A

∫∫
dωsdωi

∫∫
dqsdqisinc

(
∆kzL

2

)

× [EV (qp, ωp)|H, qs, ωs⟩|H, qi, ωi⟩+ EH(qp, ωp)|V, qs, ωs⟩|V, qi, ωi⟩].
(1.25)

Eq. 1.25 then allows us to study the influence of coherence of the pump on the entangle-
ment between down-converted photons across any two DoFs. The quantum mechanical
properties of this two-photon state, including entanglement, are fully described by its den-
sity matrix ρ := ⟨|ψ⟩⟨ψ|⟩, where ⟨· · ·⟩ denotes an ensemble average over many realizations
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of the pump field. The density matrix is written as

ρ = |A|2
∫∫∫∫

dqsdqidq
′
sdq

′
i

∫∫∫∫
dωsdωidω

′
sdω

′
i sinc

(
∆kzL

2

)
sinc

(
∆k′zL
2

)

×
[
⟨EV (qp, ωp)E

∗
V (q

′
p, ω

′
p)⟩|H, qs, ωs⟩|H, qi, ωi⟩⟨H, q′s, ω′

s|⟨H, q′i, ω′
i|

+ ⟨EV (qp, ωp)E
∗
H(q′p, ω

′
p)⟩|H, qs, ωs⟩|H, qi, ωi⟩⟨V, q′s, ω′

s|⟨V, q′i, ω′
i|

+ ⟨EH(qp, ωp)E
∗
V (q

′
p, ω

′
p)⟩|V, qs, ωs⟩|V, qi, ωi⟩⟨H, q′s, ω′

s|⟨H, q′i, ω′
i|

+ ⟨EH(qp, ωp)E
∗
H(q′p, ω

′
p)⟩|V, qs, ωs⟩|V, qi, ωi⟩⟨V, q′s, ω′

s|⟨V, q′i, ω′
i|
]
.

(1.26)

1.5 Influence of pump coherence on two-photon entangle-
ment

The optical coherence describes the stability of the relative phase between two field compo-
nents. In the spatial and temporal-spectral DoF, this is quantified by the cross-correlation
between electric field components at different positions and time (r, r′; t, t′), which is writ-
ten as

Γ(r, r′; t, t′) = ⟨E(r, t)E∗(r′, t′)⟩. (1.27)

We recall that, similar to Eqn. 1.13-1.15, E(r, t) can be written as a Fourier integral with
respect to the transverse momenta and frequency variables:

E(r, t) =

∫∫
dqdωE(q, ω)ei(q·ρ+kzz−ωt). (1.28)

Therefore, the elements of the density matrix in Eqn. 1.26 ⟨E(qp, ωp)E
∗(q′p, ω

′
p)⟩ charac-

terize the coherence of the pump beam in its spatial and temporal-spectral DoFs.

In the polarization DoF, the coherence of the pump field can be described by a covariance
matrix in terms of its horizontal and vertical electric field components, which is given by
[22]

J =

[
⟨EVE

∗
V ⟩ ⟨EVE

∗
H⟩

⟨EHE
∗
V ⟩ ⟨EHE

∗
H⟩

]
=

[
|EV |2 JV H

J∗
V H |EH |2

]
, (1.29)

where we have substituted ⟨EkE
∗
k⟩ = ⟨|Ek|2⟩ = |Ek|2 and JHV = ⟨EHE

∗
V ⟩ = ⟨EVE

∗
H⟩∗ =

J∗
V H . Note that, in principle, EH , EV can be replaced by any two mutually orthogonal

electric field components, and we have used the horizontal and vertical components to
align the notations with the derivations in this section.

The degree of polarization P , which is the “polarization coherence”, of the pump beam
can then be calculated from J using [49]

P =

√
1− 4Det(J)

[Tr(J)]2
, (1.30)
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where Det(J) = |EV |2|EH |2−|JV H |2 denotes the determinant of J , and Tr(J) = |EV |2+
|EH |2= 1 denotes its trace. Consequently, Eq. 1.30 can be explicitly written as

P =

√
(|EV |−|EH |)2 + 4|JV H |2. (1.31)

In the following discussions, we give a detailed example of how the coherence of the
pump beam in a given DoF puts an upper bound on the entanglement in that same
DoF. Since this thesis primarily considers the generation of polarization entanglement,
we demonstrate this principle by deriving the relation between the degree of polarization
of the pump and the polarization entanglement of the down-converted photons, and the
cases for spatial and temporal-spectral DoFs should follow. For detailed treatments of the
analytical relations between the spatial(temporal-spectral) coherence of the pump and the
spatial(temporal-spectral) entanglement of the down-converted photons, one may refer to
Ref. [28, 29, 30, 34, 35].

In most experimental studies regarding the generation of polarization entanglement, the
target state contains only one of the two possible correlation patterns: (i) correlation
in parallel polarizations {|H⟩s|H⟩i, |V ⟩s|V ⟩i}, which is produced from Type-I or Type-
0 SPDC, or (ii) correlations in orthogonal polarizations {|H⟩s|V ⟩i, |V ⟩s|H⟩i}, which is
produced from Type-II SPDC. Therefore, it is sufficient to focus our discussion on two-
qubit states displaying only one of these correlation types. For a detailed treatment of
the general case of the two-qubit polarization entanglement, one may refer to Ref. [35].

Consider a case in which the two-photon state Eq. 1.25 has well-defined transverse mo-
menta (qs, qi) and frequencies (ωs, ωi), such that the integration over qs, qi, ωs, ωi can be
ignored. Additionally, we can reduce the phase-matching function to a constant, which
can be absorbed into the electric field amplitudes of the pump beam EH and EV , together
with the normalization factor A. The normalized two-photon polarization state is thus
written as

|ψ⟩ = EV |HH⟩+ EH |V V ⟩, |EV |2+|EH |2= 1 (1.32)

where we have used a compact notation of a joint signal-idler state |si⟩ := |s⟩|i⟩.

We quantify the polarization entanglement of Eq. 1.32 by calculating the concurrence
C(ρ) of its density matrix ρ, which is reduced from Eqn. 1.26 to

ρ = ⟨EVE
∗
V ⟩|HH⟩⟨HH|+⟨EVE

∗
H⟩|HH⟩⟨V V |

+ ⟨EHE
∗
V ⟩|V V ⟩⟨HH|+⟨EHE

∗
H⟩|V V ⟩⟨V V |.

(1.33)
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Note that we can perform similar substitutions as in Eq. 1.29 and write the matrix form
of Eq. 1.33 in the computational basis {|HH⟩, |HV ⟩, |V H⟩, |V V ⟩} as

ρ =




|EV |2 0 0 JV H

0 0 0 0

0 0 0 0

J∗
V H 0 0 |EH |2



. (1.34)

We can now calculate the concurrence of this density matrix using the definitions given
in Section 1.2.2. The product of ρ and its “spin-flipped” counterpart ρ̃ is written as

R = ρρ̃ =




|EV |2|EH |2+|JV H |2 0 0 2|EV |2JV H

0 0 0 0

0 0 0 0

2|EH |2J∗
V H 0 0 |EV |2|EH |2+|JV H |2



. (1.35)

Such a matrix has the following eigenvalues, which we write in descending order

Λ1 = (|EV ||EH |+|JV H |)2,
Λ2 = (|EV ||EH |−|JV H |)2,
Λ3 = 0,

Λ4 = 0.

(1.36)

Therefore, the concurrence of a two-photon polarization state given by Eq. 1.35 is calcu-
lated to be

C(ρ) = max{0, (|EV ||EH |+|JV H |)− (|EV ||EH |−|JV H |)} = 2|JV H |. (1.37)

Comparing with Eq. 1.31, we observe that

P =

√
(|EV |−|EH |)2 + 4|JV H |2 ≥

√
4|JV H |2 = 2|JV H |= C(ρ), (1.38)

where the equality holds when |EV |= |EH |, namely, when the horizontal and vertical
components of the pump beam have equal magnitudes, the degree of polarization of the
pump beam equals the concurrence of the two-photon polarization state. Therefore, we
have shown that, at least for the two-qubit states with only two nonzero diagonal elements,
the degree of polarization of the pump beam sets an upper bound for the attainable
polarization entanglement of the down-converted photons in SPDC. It is important to
note that the relation derived in the section does not necessarily translate to the case
in which the pump and down-converted photons are considered in different DoFs. The
influence of pump coherence in a given DoF on the entanglement of down-converted
photons in a different DoF is derived in Chapter 2, where we have specifically considered
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the influence of spatial coherence of the pump on the polarization entanglement of the
down-converted photons.

1.6 The structure of the thesis

This thesis consists of six chapters, including this introduction.

Chapter 2 presents my published work on the first experimental generation of two-photon
polarization entanglement from SPDC pumped by a spatiotemporally incoherent light
source—a light-emitting diode (LED). This is also among the first experimental studies
of the influence of pump coherence on two-photon entanglement generated by SPDC. To
theoretically model the experimental results, we showed that the dispersion and bire-
fringence of the nonlinear medium couple different DoFs in SPDC-based entanglement
generation. As a result, each spatiotemporal component of the pump can be mapped
to a polarization-entangled state with distinct phase factors, leading to reduced overall
polarization entanglement when multiple spatiotemporal modes of the SPDC field are
detected.

Chapter 3 presents experimental characterization of SPDC-generated two-photon states
that display spatially varying polarization entanglement. Specifically, we experimentally
resolve the cross-influence between spatial and polarization DoFs by mapping the trans-
verse momenta of the pump beam and the down-converted photons to corresponding
two-photon polarization-entangled states, each with a distinct but well-defined relative
phase between orthogonal polarization components. The spatial-polarization mapping
obtained in this study agrees well with theoretical predictions in existing literature, in-
cluding those presented in Chapter 2. These results confirm that the influence of the
spatial properties of the pump beam on the polarization entanglement is deterministic
and dependent on the technical design of the experimental setup. This has two important
implications: (i) one can harness this spatial-polarization mapping to engineer structure
entanglement in higher dimensions, which enables novel quantum information processing
applications; (ii) one can compensate for the spatial distinguishabilities in polarization
DoF so that high polarization entanglement can be generated using pump sources with
arbitrary spatial properties, including low coherence.

Chapter 4 presents my published work on the first experimental violation of local realism
with spatially multimode SPDC pumped by spatially incoherent light. By placing the
nonlinear crystal at the center of a Sagnac-type polarization interferometer, we minimize
the spatial and temporal walkoff that the pump photons and the down-converted pho-
tons might otherwise experience. As a result, we induce highly indistinguishable SPDC
processes that generate near-identical polarization-entangled two-photon states across all
spatial modes. This leads to the generation of high polarization entanglement that vio-
lates local realism in the CHSH formalism, which has not been achieved using a spatially
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multimode SPDC field pumped by spatially incoherent light. This work supplies strong
evidence that the spatial incoherence of the pump does not place a fundamental constraint
on the attainable polarization entanglement. Consequently, by optimizing the technical
aspects of the experimental setup, one can generate high two-photon entanglement re-
gardless of the pump’s coherence. In other words, incoherent light sources are capable of
producing entanglement comparable to that of lasers.

Chapter 5 presents the first experimental generation of entangled photon states using
SPDC pumped by a natural source of light—sunlight. We have integrated a sunlight con-
centration module with the entangled photon source used in Chapter 4. The concentrated
and filtered sunlight then drives SPDC and produces highly polarization-entangled two-
photon states, and the entanglement is certified by a high concurrence and a violation of
the CHSH inequality. These results demonstrate that natural sources of light, which are
ubiquitous and nearly inexhaustible, can drive the nonlinear optical processes and gener-
ate entangled photon states. We believe that with optimized sunlight concentration and
nonlinear conversion efficiency, this technology can replace laser-driven entangled photon
sources in many photonic quantum devices. Therefore, this work marks a defining step
towards environmentally friendly and energy-efficient photonic quantum technologies.

Chapter 6 summarizes our work and suggests follow-up research directions.
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Experimental generation of
polarization entanglement from
spontaneous parametric
down-conversion pumped by
spatiotemporally highly incoherent
light

I undertook this project when I joined Prof. Robert Boyd’s group in late 2019. Prof.
Robert Boyd proposed the idea that two-photon polarization entanglement can be gener-
ated from SPDC pumped by spatiotemporally incoherent light. With help from Dr. Boris
Braverman and Dr. Girish Kulkarni, I built the experimental setup shown in Fig. 1 to
study this subject. In the experiments, I observed that SPDC pumped by an LED, which
is a spatiotemporally highly incoherent light source, produces consistently lower polar-
ization entanglement than that pumped by a laser, which is a spatiotemporally highly
coherent light source (as shown in Fig. 2 and Fig. 3).

Although it was tempting to superficially attribute the reduced entanglement directly
to the spatial incoherence of the pump, I kept looking for an analytical explanation to
quantify this effect. After carefully reviewing the theoretical backgrounds, I realized that
the birefringence and dispersion of the nonlinear medium can couple the spatial, tempo-
ral, and polarization DoFs and lead to spatiotemporal distinguishability in the resulting
two-photon polarization states, which manifests as entanglement degradation. Through
extensive discussions with all co-authors, I formalized this conceptual understanding into
a detailed theoretical model and conducted numerical simulations to show that this model
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accurately explains the experimental results (as shown in Fig. 2 and supplemental mate-
rials). Dr. Kulkarni helped me refine the mathematical derivations. I wrote the first draft
of the manuscript, which had undergone multiple rounds of revision by Dr. Kulkarni. All
co-authors subsequently contributed to the writing. Prof. Robert Boyd supervised the
research. This work has been published in Physical Review A.
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We investigate the cross influence of the pump coherence on the entanglement produced from spontaneous
parametric down-conversion (SPDC) in different degrees of freedom (DOFs). We experimentally demonstrate
the generation of polarization entanglement from SPDC pumped by a spatiotemporally highly incoherent (STHI)
light-emitting diode. Our quantum state tomography measurements using multimode collection fibers to avoid
postselection yield a two-qubit state with the concurrence of 0.531 ± 0.006 and purity of 0.647 ± 0.005, in
excellent agreement with our theoretically predicted concurrence of 0.552 and purity of 0.652. We find that
using an STHI pump reduces the entanglement and purity of the output polarization two-qubit state due to a
coupling between the spatiotemporal and polarization DOFs introduced by the birefringence and dispersion of
the nonlinear crystal. The viability of SPDC with STHI pumps is important for two reasons: (i) STHI sources are
ubiquitous and available at a wider range of wavelengths than lasers, and (ii) the generated STHI polarization-
entangled two-photon states could potentially be useful in long-distance quantum communication schemes due
to their robustness to scattering.

DOI: 10.1103/PhysRevA.107.L041701

In the last few decades, entangled photon pairs produced
from spontaneous parametric down-conversion (SPDC) [1–3]
have become a ubiquitous resource for fundamental experi-
ments in quantum optics [4–10] and practical realizations of
quantum communication protocols [11–13]. In the context
of SPDC, a number of studies have sought to understand
the fundamental origin of the nonlocal correlations of the
entangled photons, and how those correlations can be pre-
cisely tailored for various quantum applications [14–24]. In
particular, the influence of the pump field’s coherence prop-
erties on the generated two-photon entanglement has been
investigated in the spatial [14–19], temporal [20–22], and
polarization [23,24] degrees of freedom (DOFs). In each DOF,
it was shown that in the absence of postselection, the pump’s
coherence sets an upper bound on the generated entanglement
in the same DOF. For instance, in the polarization DOF, if the
setup is a closed system that does not involve postselection,
the pump’s polarization coherence determines the maximum
achievable polarization entanglement of the generated two-
qubit signal-idler state [23]. However, such studies implicitly
ignore or assume perfect pump coherence in every DOF other
than the specific DOF under consideration. As a result, the
cross influence of the pump coherence in a given DOF on
the entanglement generated in a different DOF is not well
understood. For instance, it is not well understood if a lack of
spatial or temporal coherence in a perfectly polarized pump
field would prevent or somehow influence the two-qubit po-
larization entanglement between the signal and idler photons.

*cli221@uottawa.ca
†rboyd@uottawa.ca

In this context, a theoretical study predicts that polarization
entanglement decreases with decreasing pump spatial co-
herence [25], whereas an experimental study concludes the
exact opposite [26]. However, the conclusion of Ref. [26] is
dubious because their detection employs single-mode fibers
(SMFs) that effectively postselect for a spatially highly coher-
ent pump.

In this Letter, we experimentally investigate the po-
larization entanglement produced from SPDC pumped by
a perfectly polarized spatiotemporally highly incoherent
(STHI) beam from a light-emitting diode (LED). In contrast
with Ref. [26], we collect the entangled photons using large-
aperture multimode fibers (MMFs) to significantly reduce the
influence of postselection. The output two-qubit state is mea-
sured to have a concurrence of 0.531 ± 0.006 and a purity
of 0.647 ± 0.005, in excellent agreement with our theoreti-
cally predicted concurrence of 0.552 and purity of 0.652. In
essence, we find that the birefringence and dispersion of the
crystal medium couple the spatiotemporal and polarization
degrees of freedom in the experiment. Consequently, the lack
of spatiotemporal coherence in the pump results in a degrada-
tion of the entanglement and purity of the output polarization
two-qubit signal-idler state when measured in a nonpostse-
lective manner. In what follows, we describe the theory and
then present the experimental results of our quantum state
tomography and polarization correlation measurements.

We consider SPDC pumped by spatiotemporally partially
coherent light in the type-I double-crystal configuration out-
lined in Ref. [27]. We define q j and ω j for j = p, s, i as the
transverse wave vectors and frequencies corresponding to the
pump, signal, and idler, respectively. From conservation of
transverse momentum and energy, it follows that qp = qs + qi
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and ωp = ωs + ωi. The state vector describing the far-field
spatiotemporal and polarization correlations of a given ele-
ment in the generated two-photon ensemble can be written as
(see Supplemental Material [28])

|ψ〉 = A
∫∫∫∫

dqsdqidωsdωi �(�kzL)

× [EV (qp, ωp)|H, qs, ωs〉|H, qi, ωi〉
+ EH (qp, ωp)eiχ (qs,ωs,qi,ωi )|V, qs, ωs〉|V, qi, ωi〉], (1)

where A is a normalization factor, �kz is the longitudinal
wave-vector mismatch, L is the length of each individual crys-
tal, �(�kzL) = sinc[�kzL/2]ei�kzL/2 is the phase-matching
function, EH (V )(qp, ωp) denotes the horizontal (vertical) po-
larization component of the pump spectral amplitude inside
the crystal, and |H (V ), q j, ω j〉 for j = s, i denotes the basis
vector for the horizontal (vertical) polarization of the corre-
sponding spatiotemporal mode of the signal and idler photon,
respectively. The quantity χ (qs, ωs, qi, ωi ) represents a rel-
ative phase acquired due to spatial and temporal walk-off
between the two-photon state amplitudes generated in the two
crystals. However, we assume that by using temporal and
spatial walk-off compensation elements in the setup, one can
ensure χ (qs, ωs, qi, ωi ) ≈ 0 (see Supplemental Material [28]).
For a pump field with spectral amplitude E0(qp, ωp) that is
linearly polarized at 45◦ or −45◦ before entering the crys-
tal, we have |EH (qp, ωp)| = |EV (qp, ωp)| = |E0(qp, ωp)|/√2
and the relative phase between EH (qp, ωp) and EV (qp, ωp) is
0 or π , respectively. However, inside the crystal, the bire-
fringence and dispersion properties of the medium induce a
relative phase φ(qp, ωp) between EH (qp, ωp) and EV (qp, ωp).
Using these relations, the final measured polarization two-
qubit state ρ can be written in the computational basis
{|HH〉, |HV 〉, |V H〉, |VV 〉} as

ρ = Trspat,temp(〈|ψ〉〈ψ |〉) =

⎡
⎢⎢⎣

1/2 0 0 μ/2
0 0 0 0
0 0 0 0

μ∗/2 0 0 1/2

⎤
⎥⎥⎦,

(2)

where Trspat,temp denotes a partial trace over the spatial and
temporal degrees of freedom, 〈·〉 denotes an ensemble average
over many realizations of the pump field, and |A|2 is chosen
such that Tr(ρ) = 1. The quantity μ is then written as (see
Supplemental Material [28])

μ = |A|2
∫

�qp

dqp

∫
�ωp

dωp |E0(qp, ωp)|2 eiφ(qp,ωp), (3)

where �qp = �qs + �qi, and �ωp = �ωs + �ωi; �qs(i)
denotes the angular bandwidth corresponding to the detec-
tion aperture in the signal (idler) arm, and �ωs(i) denotes
the bandwidth of the spectral filter in the signal (idler)
arm. It may be verified that |μ| satisfies 0 � |μ| � 1, with
|μ| → 0 when φ(qp, ωp) varies rapidly, and |μ| → 1 when
φ(qp, ωp) is constant, in the integration region. Moreover,
|μ| determines the purity Tr(ρ2) = {1 + |μ|2}/2 and the con-
currence C(ρ) = |μ| of the measured two-qubit state. In this
work, we use concurrence to quantify the entanglement be-
cause, in contrast with the Bell-Clauser-Horne-Shimony-Holt

FIG. 1. Schematic diagram of the experimental setup. LED:
light-emitting diode; PBS: polarizing beam splitter; HWP: half-wave
plate; TC: temporal compensator; BBO: β-barium borate; SC: spa-
tial compensator; QWP: quarter-wave plate; IF: interference filter;
MMF-400 (200): multimode fiber with a core diameter of 400
(200) µm.

parameter, which is only a sufficient but not necessary en-
tanglement witness [29], the concurrence can be used to
quantify the degree of entanglement of an arbitrary two-qubit
state [30].

We now consider the effect of the pump’s spatiotemporal
coherence on the measured two-qubit state. For a spatiotem-
porally highly coherent pump such as a laser, the function
E0(qp, ωp) is highly narrow. Consequently, the averaging of
eiφ(qp,ωp) in Eq. (3) effectively occurs over a very small integra-
tion region, which leads to |μ| being close to unity, irrespec-
tive of �qs(i) and �ωs(i). This predicts high measured values
of concurrence and purity of two-qubit states produced from a
laser pump, regardless of the detection system. However, for
an STHI pump such as an LED, the function E0(qp, ωp) has
support over a broad range of qp and ωp, and, consequently,
the role of �qs(i) and �ωs(i) in the integrations in Eq. (3)
becomes significant. For a detection system that employs
SMFs and narrow-band spectral filters, �qs(i) and �ωs(i) are
small. As a result, the averaging of eiφ(qp,ωp) in Eq. (3) again
effectively occurs over a small integration region constrained
by the relations qp = qs + qi and ωp = ωs + ωi. This leads to
a high value of |μ|, implying high values of purity and con-
currence. In other words, the detection postselection obscures
the effect of the pump’s lack of coherence. However, for a
detection system that employs MMFs and broad-band spectral
filters, �qs(i) and �ωs(i) are large. Consequently, the averag-
ing of eiφ(qp,ωp) in Eq. (3) occurs over a much larger range,
and the effect of postselection is significantly reduced. In this
case, Eq. (3) would yield a reduced value of |μ|, implying
a degradation in the purity and concurrence of the measured
state. Thus, our theory predicts that an STHI pump results in
a degradation of the entanglement and purity of the output
polarization two-qubit state, but to observe this degradation, it
is necessary to use MMFs to collect the entangled photons.

In Fig. 1, we depict our experimental setup. The optical
field from a Thorlabs M405L3 LED of center wavelength
405 nm, and full width at half maximum (FWHM) bandwidth
of 20 nm, is butt-coupled into an MMF with core diameter
400 µm and numerical aperture 0.39, and coupled out into
free space using a microscope objective. The LED light at
the output of the fiber is measured to be 6 mW. The resulting
collimated LED beam is then made linearly polarized at 45◦
by passing it through a polarizing beam splitter (PBS) and a
half-wave plate (HWP), and then made incident onto a paired
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β-barium borate (BBO) double crystal cut for noncollinear
emission with a half-opening angle of 3◦ for perpendicular
pump incidence. The double crystal consists of two identically
cut 0.5-mm-thick type-I BBO crystals attached to each other
with their optic axes oriented perpendicularly to one another.
An ultraviolet continuous-wave laser with center wavelength
405 nm, bandwidth 2 nm, and power 20 mW is made linearly
polarized at −45◦ and aligned as a pump for benchmark-
ing purposes such that experiments performed with the LED
pump can be compared with those performed with the laser
pump for the same setup. In both cases, the pump photons
are propagated through a 5-mm temporal compensation (TC)
quartz crystal to precompensate for the temporal walk-off
that the two orthogonal polarizations subsequently experience
inside the double crystal [31,32]. The conjugate signal and
idler photons from two diametrically opposite regions of the
noncollinear emission ring are each sent through a 0.25-mm-
thick BBO spatial compensation (SC) crystal to compensate
for spatial walk-off effects that the photons have experienced
inside the double crystal [33]. The photons are then passed
through combinations of a quarter-wave plate (QWP), HWP,
and PBS to measure their joint two-photon state. Note that
we choose all the waveplates in the setup to be zero order
and the optics axes of all the waveplates are carefully aligned
before taking measurements. This ensures that our results
are not influenced by spectral dispersion or manufacturing
imperfections of the waveplates. The diameters of waveplates
are chosen to be much larger than the beam size to avoid post-
selection. The photons are sent through bandpass filters with
center wavelength 810 nm and FWHM bandwidth of 10 nm.
Subsequently, the photons are coupled into MMFs with core
diameter 200 µm and numerical aperture 0.39 placed in the far
field. Finally, the photons from the MMFs are detected using
PerkinElmer SPCM-QRH-14-FC avalanche photodiodes and
their coincidence count rates are extracted using the Universal
Quantum Devices (UQD) Logic-16 data-acquisition unit with
a coincidence time resolution window of one nanosecond.

We record coincidence rates for different rotation angles of
the QWP and HWP in each arm, both for performing quantum
state tomography (QST) of the two-photon polarization state
and for measuring polarization correlation fringes in mutually
unbiased bases. For the former purpose of QST, we record the
coincidence rates with 16 different projective measurements,
subtract the theoretical accidental count rates, and use the
maximum likelihood state estimation (MLSE) algorithm out-
lined in Ref. [34] to infer the two-qubit density matrix ρ. We
then calculate the concurrence C(ρ) [30] and purity Tr[ρ2].
For the latter purpose of recording polarization correlation
fringes, we fix the polarization in the signal arm and record the
coincidence rate as a function of the linear polarization in the
idler arm, which is defined by an angle θ with respect to the H
polarization. For laser-pumped SPDC, we set an acquisition
time of 10 s for each basis and the maximum coincidence
rate is ∼700 s−1. In contrast, for LED-pumped SPDC, we set
an acquisition time of 60 min per basis, and the maximum
coincidence rate was ∼0.04 s−1. Thus, the coincidence rate
for LED-pumped SPDC is much smaller than that of laser-
pumped SPDC, which could perhaps be explained by the
following two reasons: (i) the LED has a lower power than
the laser and (ii) the down-conversion efficiency for the LED

pump could be lower than that for the laser pump due to the
lack of coherent phase matching [35].

In Fig. 2(a), we depict the theoretically computed relative
phase φ(qp, ωp). Since the relative phase has only negligible
dependence on the wavelength of the pump (see Supplemental
Material [28]), we mainly focus on the dependence on the
pump transverse wave vector and depict only the relative
phase φ(qp, ωp0 = 2πc/λp0) for the central pump wavelength
λp0 = 405 nm. Figures 2(b) and 2(c) depict the theoretically
predicted and experimentally measured two-photon density
matrices for laser- and LED-pumped SPDC, respectively.
For laser-pumped SPDC, the experimentally measured two-
qubit state has a concurrence of 0.955 ± 0.003 and purity
of 0.957 ± 0.003, in close agreement with the theoretically
predicted concurrence 0.999 and purity 0.999. We verify that
these results are highly stable over multiple measurements
performed at different times. For LED-pumped SPDC, the
experimentally measured two-qubit state has a concurrence of
0.531 ± 0.006 and purity of 0.647 ± 0.005, in close agree-
ment with the theoretically predicted concurrence of 0.552
and purity of 0.652. The fidelity of the experimentally mea-
sured density matrices to the theoretically predicted ones
for laser-pumped and LED-pumped SPDC is 96.07% and
94.92%, respectively.

In Fig. 3, we depict the polarization correlation fringes
in horizontal-vertical (H-V) and antidiagonal-diagonal (A-D)
bases. Figures 3(a) and 3(b) depict the case of laser-pumped
SPDC, whereas Figs. 3(c) and 3(d) depict the case of LED-
pumped SPDC. The scatter plots and solid lines represent
the experimentally measured data points and the theoretically
predicted correlation fringes, respectively. We notice that for
laser-pumped SPDC, the fringes in Figs. 3(a) and 3(b) exhibit
high contrast in the H-V and A-D bases simultaneously. For
quantitative characterization, we calculate the experimental
fringe visibility values from sinusoidal fit curves of the mea-
sured counts. The fringe visibility in the H-V basis is 98.8 ±
1.2% and the visibility in the A-D basis is 93.7 ± 1.8%.
This presence of strong correlations in two mutually unbiased
bases is the characteristic feature of entanglement. In contrast,
for LED-pumped SPDC, the fringes in Fig. 3(c) correspond-
ing to the H-V basis exhibit high contrast, but the fringes in
Fig. 3(d) exhibit diminished contrast. In particular, the fringe
visibility in the H-V basis is 95.9 ± 6.7%, but the fringe visi-
bility in the A-D basis is 39.4 ± 3.9%. In other words, the po-
larization correlations in the H-V basis remain high, but those
in the A-D basis are degraded, which is consistent with the
entanglement reduction observed in our QST measurements.

In summary, we experimentally demonstrated the gener-
ation of polarization entanglement from SPDC pumped by
an STHI LED source. We first presented a theoretical anal-
ysis that shows how the birefringence and dispersion of the
crystal medium couple the spatiotemporal and polarization
degrees of freedom in the experiment. This analysis pre-
dicts a degradation in the purity and entanglement of the
two-qubit state produced from an STHI LED pump com-
pared to that produced from a coherent laser pump. We then
performed the experiment, both with an STHI LED pump
and with a laser pump on the same setup for benchmarking
purposes. In both cases, we showed that our experimental
measurements of the two-qubit state using MMFs to reduce
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FIG. 2. (a) Theoretical two-dimensional (2D) color plot of φ(qp, ωp0 = 2πc/λp0) for β-barium borate (BBO), where λp0 = 405 nm. The
solid and dashed circles indicate the effective angular bandwidths of laser and LED pumps, respectively. (b),(c) The theoretically predicted
and experimentally measured density matrices for laser-pumped and LED-pumped SPDC, respectively. Note that the laser pump and the LED
pump at the PBS output are linearly polarized at −45◦ and 45◦, respectively, because they are coupled into the crystal from different ports of
the PBS as shown in Fig. 1.

the influence of postselection are in excellent agreement with
our theoretical predictions. For laser-pumped SPDC, the out-
put two-qubit state has a concurrence of 0.955 ± 0.003 and
purity of 0.957 ± 0.003, whereas for LED-pumped SPDC,
the two-qubit state has a concurrence of 0.531 ± 0.006 and
a purity of 0.647 ± 0.005. Thus, the entanglement and purity
of the polarization-entangled signal-idler state are lower for
LED-pumped SPDC compared to laser-pumped SPDC. We
also argue that setup instabilities cannot be the primary cause
of this reduction because other studies employing highly ef-
ficient, periodically poled crystals demonstrate that detection
using SMFs yields high purity and entanglement despite the
long acquisition times [36]. We were unable to perform such

FIG. 3. Polarization correlation fringes in horizontal-vertical (H-
V) basis and antidiagonal-diagonal (A-D) basis measured by fixing
the signal photon’s polarization and varying the idler photon’s po-
larization represented by an angle θ with respect to the horizontal
polarization. (a) and (b) correspond to laser-pumped SPDC, whereas
(c) and (d) correspond to LED-pumped SPDC. The scatter plots
represent the experimentally measured coincidence counts. The solid
lines represent the theoretically predicted correlation fringes.

measurements using SMFs ourselves because of the poor effi-
ciency of our bulk-crystal-based SPDC setup.

In the future, our work might inspire further studies on
SPDC with STHI sources. For instance, it may be possible
to compensate for φ(qp, ωp) and enhance the polarization
entanglement produced from a spatiotemporally incoherent
pump. Moreover, the analysis in our study is restricted to
type-I double-crystal SPDC, which employs critical phase
matching. However, there are also noncritical phase-matching
methods that do not rely on birefringence, and therefore do not
couple the spatial and polarization degrees of freedom [3,37–
40]. Using such methods, it may be possible to generate polar-
ization two-qubit states with higher purity and entanglement
with an STHI pump. Regardless, our study demonstrates the
viability of using SPDC pumped by STHI sources for pro-
ducing STHI polarization-entangled two-qubit states, which
could have two important implications. First, STHI sources
such as LEDs and sunlight are ubiquitous and available at a
wider range of wavelengths than their coherent counterparts
such as lasers. Second, the STHI polarization-entangled two-
qubit states produced from SPDC pumped by STHI sources
might be well suited for long-distance quantum commu-
nication schemes due to their robustness to scattering and
turbulence [41–43].

Note added. Recently, we became aware of a similar
study being simultaneously carried out by Zhang and co-
workers [36]. We believe that our studies complement each
other.
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I. DERIVATION OF THE TWO-PHOTON DENSITY MATRIX IN THE

POLARIZATION BASIS

Consider a type-I double-crystal setup of the kind outlined in Ref. [S1]. We define qj

and ωj for j = p, s, i as the transverse wave-vectors and frequencies corresponding to the

pump, signal, and idler, respectively. Due to energy and momentum conservation, we have

qp = qs+qi and ωp = ωs+ωi. In our analysis, the pump could be a general spatiotemporally

partially coherent field, and consequently, the two-photon state generated from its SPDC

will, in general, be a mixed state. Nevertheless, the final two-photon mixed state can

be written as ρspa,temp,pol = ⟨|ψ⟩⟨ψ|⟩, where ⟨· · · ⟩ denotes an ensemble average over many

realizations of the pump field, and each two-photon pure state element in the ensemble is

written as

|ψ⟩ = A

∫∫∫∫
dqsdqidωsdωi Φ(∆kzL)

×
[
EV (qp, ωp)|H, qs, ωs⟩|H, qi, ωi⟩+ EH(qp, ωp)|V, qs, ωs⟩|V, qi, ωi⟩

]
, (S1.1)

where A is a normalization factor, ∆kz is the longitudinal wavevector mismatch, L is the

length of each individual crystal, Φ(∆kzL) = sinc[∆kzL/2]e
i∆kzL/4kp is the phase-matching

function, EH(V )(qp, ωp) denotes the horizontal (vertical) polarization component of the pump

spectral amplitude inside the crystal, |H(V ), qj, ωj⟩ for j = s, i denotes the basis vector for

the horizontal (vertical) polarization of the corresponding spatiotemporal mode of the signal

and idler photon, respectively. Since the pump polarization are always set at 45◦ or −45◦,

we can take |EH(qp, ωp)| = |EV (qp, ωp)|. Note that compared to Eq. (1) in the main text,

here we have dropped the term eiχ(qs,ωs,qi,ωi), where the quantity χ(qs, ωs, qi, ωi) represents

a relative phase acquired due to spatial and temporal walk-off between the two-photon state

amplitudes generated in the two crystals. This approximation of χ(qs, ωs, qi, ωi) ≈ 0 is valid

only if the spatial and temporal compensation schemes employed are adequate.

In order to verify the assumed adequateness of our compensation schemes, we note the

following: In our experiment, the laser has a longitudinal coherence length (∼ 150 µm),

which is shorter than the length of the crystal (∼ 500 µm for each one of the double-

crystal). Moreover, we employ multi-mode fibers (MMFs) instead of single-mode fibers

∗ cli221@uottawa.ca
† rboyd@uottawa.ca
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(SMFs) to collect the down-converted photons in order to reduce spatial post-selection.

Without adequate compensation, these experimental conditions cause temporal and spatial

decoherence, which lead to degradation of entanglement and purity of the generated two-

qubit state [S2, S3]. However, the fact that we measure two-qubit states with very high

concurrence and purity for laser-pumped SPDC implies that our compensation schemes are

adequate.

The two-photon density matrix in the joint basis of spatial, temporal and polarization

degree of freedom is written as

ρspa,temp,pol = |A|2
∫∫∫∫

dqsdqidq
′
sdq

′
i

∫∫∫∫
dωsdωidω

′
sdω

′
i |Φ(∆kzL)|2

×
[
⟨EV (qp, ωp)E

∗
V (q

′
p, ω

′
p)⟩|H, qs, ωs⟩|H, qi, ωi⟩⟨H, q′

s, ω
′
s|⟨H, q′

i, ω
′
i|

+ ⟨EV (qp, ωp)E
∗
H(q

′
p, ω

′
p)⟩|H, qs, ωs⟩|H, qi, ωi⟩⟨V, q′

s, ω
′
s|⟨V, q′

i, ω
′
i|

+ ⟨EH(qp, ωp)E
∗
V (q

′
p, ω

′
p)⟩|V, qs, ωs⟩|V, qi, ωi⟩⟨H, q′

s, ω
′
s|⟨H, q′

i, ω
′
i|

+ ⟨EH(qp, ωp)E
∗
H(q

′
p, ω

′
p)⟩|V, qs, ωs⟩|V, qi, ωi⟩⟨V, q′

s, ω
′
s|⟨V, q′

i, ω
′
i|
]
, (S1.2)

where ⟨· · · ⟩ denotes an ensemble average over many realizations of the pump field. The two-

photon density matrix ρ in the polarization degree of freedom can be obtained by taking

the partial trace of ρspa,temp,pol over the spatial and temporal degrees of freedom, i.e,

ρ = ρpol = Trspa,temp(ρspa,temp,pol) = |A|2
∫∫∫∫

dqsdqidq
′
sdq

′
i

∫∫∫∫
dωsdωidω

′
sdω

′
i

× δ(qs − q′
s) δ(qi − q′

i) δ(ωs − ω′
s) δ(ωi − ω′

i) |Φ(∆kzL)|2

×
[
⟨EV (qp, ωp)E

∗
V (q

′
p, ω

′
p)⟩|HH⟩⟨HH|+ ⟨EV (qp, ωp)E

∗
H(q

′
p, ω

′
p)⟩|HH⟩⟨V V |

+ ⟨EH(qp, ωp)E
∗
V (q

′
p, ω

′
p)⟩|V V ⟩⟨HH|+ ⟨EH(qp, ωp)E

∗
H(q

′
p, ω

′
p)⟩|V V ⟩⟨V V |

]
. (S1.3)

Using the transverse momentum and energy conservation relations q
(′)
p = q

(′)
s + q

(′)
i and

ω
(′)
p = ω

(′)
s + ω

(′)
i , respectively, we obtain

ρ = |A|2
∫∫

dqpdq−

∫∫
dωpdω− |Φ(∆kzL)|2

×
[
⟨EV (qp, ωp)E

∗
V (qp, ωp)⟩|HH⟩⟨HH|+ ⟨EV (qp, ωp)E

∗
H(qp, ωp)⟩|HH⟩⟨V V |

+ ⟨EH(qp, ωp)E
∗
V (qp, ωp)⟩|V V ⟩⟨HH|+ ⟨EH(qp, ωp)E

∗
H(qp, ωp)⟩|V V ⟩⟨V V |

]
, (S1.4)

where we have changed to the integration variables qp = qs + qi, q− = qs − qi, ωp = ωs +ωi

and ω− = ωs−ωi. We note that in the integrand, the phase-matching term depends only on
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q− and ω− [S4–S6], so that
∫
dq−

∫
dω−|Φ(∆kzL)|2 will just result in a scaling factor, which

can be absorbed into |A|2 together with other scaling factors resulting from the change of

integration variables. Now Eqn. (S1.4) is reduced to

ρ = |A|2
∫

∆qp

dqp

∫

∆ωp

dωp

×
[
⟨EV (qp, ωp)E

∗
V (qp, ωp)⟩|HH⟩⟨HH|+ ⟨EV (qp, ωp)E

∗
H(qp, ωp)⟩|HH⟩⟨V V |

+ ⟨EH(qp, ωp)E
∗
V (qp, ωp)⟩|V V ⟩⟨HH|+ ⟨EH(qp, ωp)E

∗
H(qp, ωp)⟩|V V ⟩⟨V V |

]
, (S1.5)

where the integration regions ∆qp and ∆ωp are the angular and spectral bandwidth of the

components of the pump beam that participate in the SPDC process, respectively. These

terms are denoted by ∆qp = ∆qs + ∆qi and ∆ωp = ∆ωs + ∆ωi, where ∆qs(i) and ∆ωs(i)

correspond to the size of the collection apertures in the momentum space and the bandwidth

of the spectral filters inserted into the signal and idler arms, respectively.

The terms ⟨EV (qp, ωp)E
∗
V (qp, ωp)⟩ and ⟨EH(qp, ωp)E

∗
H(qp, ωp)⟩ are simply the intensity of

the corresponding spatiotemporal mode of the pump E0(qp, ωp) and they are written as

⟨EV (qp, ωp)E
∗
V (qp, ωp)⟩ = ⟨EH(qp, ωp)E

∗
H(qp, ωp)⟩ = |E0(qp, ωp)|2/2. (S1.6)

The terms ⟨EV (qp, ωp)E
∗
H(qp, ωp)⟩ and ⟨EH(qp, ωp)E

∗
V (qp, ωp)⟩ characterize the relative

phase ϕ between the V- and H-polarized components of the same spatiotemporal mode

of the pump E0(qp, ωp) and they can be used to describe the polarization of that specific

spatiotemporal mode. Although the pump polarization are set at 45◦ or −45◦, the V- and

H-polarized components can acquire different phases after entering the BBO crystals due

to birefringence and dispersion. As a result, the relative phase become dependent on the

spatiotemporal mode of the pump:

⟨EV (qp, ωp)E
∗
H(qp, ωp)⟩ = ⟨EH(qp, ωp)E

∗
V (qp, ωp)⟩∗ = |E0(qp, ωp)|2eiϕ(qp,ωp)/2. (S1.7)

Now we normalize and rewrite Eqn. (S1.5) in the matrix form as

ρ =




1/2 0 0 µ/2

0 0 0 0

0 0 0 0

µ∗/2 0 0 1/2



, (S1.8)
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FIG. S1. Schematic diagram illustrating the theoretical model used to calculate relative phase

ϕ(qp, ωp).

where we have taken |A|2
∫
∆qp

dqp

∫
∆ωp

dωp|E0(qp, ωp)|2 = 1. The quantity µ is then written

as

µ = |A|2
∫

∆qp

dqp

∫

∆ωp

dωp|E0(qp, ωp)|2eiϕ(qp,ωp). (S1.9)

C =

∣∣∣∣|A|2
∫

∆qp

dqp

∫

∆ωp

dωp|E0(qp, ωp)|2eiϕ(qp,ωp)

∣∣∣∣, (S1.10)

It can be shown that µ satisfies 0 ≤ |µ| ≤ 1, with |µ| → 1 when ϕ(qp, ωp) only has negligible

variations over the entire integration region, and |µ| → 0 when ϕ(qp, ωp) varies rapidly within

the integration region. Moreover, for a two-photon state in the form of (S1.8), µ determines

its concurrence C(ρ) = |µ| and purity Tr(ρ2) = {1 + |µ|2}/2.

II. DERIVATION OF RELATIVE PHASE

In Fig. S1 we depict the theoretical model used to derive the expression for ϕ(qp, ωp).

This model is adapted from the one proposed in Ref. [S2] and we expand it into the case of

a pump beam with arbitrary incident angle. The paired-BBO crystal is placed in the x-y

plane. The phase-matching condition denotes that in crystal 1, V-polarized component of

the pump beam produces H-polarized PDC photon pairs; and in crystal 2, vice-versa. The

5
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relevant variables in this derivation are defined as follows:

kp – Momentum vector of the pump beam outside of the crystal.

qp – Transverse momentum vector of the pump beam outside of the crystal. Namely,

qp = kpxx̂+ kpyŷ.

Ô1(2) – Unit vector for the optics axis of crystal 1 (crystal 2).

ke
p1(2) – Momentum vector of the extraordinary polarized pump beam inside crystal 1

(crystal 2).

ko
p1 – Momentum vector of the ordinary polarized pump beam inside crystal 1.

Se
p1(2) – Poynting vector of the extraordinary polarized pump beam inside crystal 1

(crystal 2).

So
p1 – Poynting vector of the ordinary polarized pump beam inside crystal 1.

α – Angle between kp and ẑ.

γ – Angle between qp and x̂.

θp1(2) – Angle between ke
p1(2) and Ô1(2).

ψe
p1(2) – Angle between ke

p1(2) and ẑ.

ψo
p1 – Angle between So

p1, k
o
p1 and ẑ.

β1(2) – Angle between Se
p1(2) and ẑ.

Ω1(2) – Angle between Se
p1(2) and ke

p1(2).

Θ – Angle between Ô1(2) and the x-y plane. This quantity is the same for both crystal

since they are cut the same way.

L – Length of crystal 1 and crystal 2.

σ1(2) – The plane across the middle point of crystal 1 (crystal 2).

Φ1(2) – The phase accumulated by the V(H)-polarized pump beam in crystal 1(2) until

reaching σ1(2).

ne(o) – Refractive index of the extraordinary (ordinary) beam.

According to the laws of refraction and birefringence, some of the above variables will

6
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have the following relations [S7]:

ψo
p1 = sin−1

[ sinα

no(ωp)

]
(S2.1)

ψe
p1 = sin−1

[ sinα

ne(θ1, ωp)

]
(S2.2)

ne(θ1, ωp) = no(ωp)

√
1 + tan2 θ1

1 + [no(ωp) tan θ1/n̄e(ωp)]2
(S2.3)

Ω1 = θ1 − tan−1
[ n2

o(ωp)

n̄e
2(ωp)

tan(θ1)
]

(S2.4)

β1 = Ω1 − ψe
p1 (S2.5)

ψe
p2 = sin−1

[no(ωp) sinψ
o
p1

ne(θ2, ωp)

]
(S2.6)

ne(θ2, ωp) = no(ωp)

√
1 + tan2 θ2

1 + [no(ωp) tan θ2/n̄e(ωp)]2
(S2.7)

Ω2 = θ2 − tan−1
[ n2

o(ωp)

n̄e
2(ωp)

tan(θ2)
]

(S2.8)

β2 = Ω2 − ψe
p2 (S2.9)

In addition, the vectors for pump beam momentum and optic axes are written in the

Cartesian coordinate representation as:

k̂p = (sinα cos γ, sinα sin γ, cosα) (S2.10)

k̂e
p1 = (sinψe

p1 cos γ, sinψ
e
p1 sin γ, cosψ

e
p1) (S2.11)

k̂e
p2 = (sinψe

p2 cos γ, sinψ
e
p2 sin γ, cosψ

e
p2) (S2.12)

Ô1 = (0, cosΘ, sinΘ) (S2.13)

Ô2 = (cosΘ, 0, sinΘ) (S2.14)

from the above expressions, we have

cos θ1 = k̂e
p1 · Ô1

= sinψe
p1 sin γ cosΘ + cosψe

p1 sinΘ (S2.15)

cos θ2 = k̂e
p2 · Ô2

= sinψe
p2 sin γ cosΘ + cosψe

p2 sinΘ (S2.16)

Since the down-converted photons are equally likely to be produced anywhere inside the

region illuminated by the pump beam, in average, we can assume them to be produced in

the middle plane of each crystal (σ1 and σ2).

7
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FIG. S2. Theoretical 2D color plot of ϕ(qp, ωp = 2πc/λp) for (a) λp = 395 nm (b) λp = 405 nm

(c) λp = 415 nm. (d) Theoretical 2D color plot of ∆ϕ = ϕ(λp = 415 nm) − ϕ(λp = 395 nm). (e)

Theoretical plots of ϕ(qp) at different pump wavelengths at four randomly chosen angular values.

(f) Theoretical plots of concurrence and purity for different angular bandwidths of the pump. The

grey dashed lines indicate the cases for laser and LED pump in our experiments.

Now ϕ(qp, ωp) is equivalent to the difference between Φ1 and Φ2, which is written as

ϕ(qp, ωp) = Φ1 − Φ2 (S2.17)

Φ1 =
2πne(θ1, ωp)

λp

cosΩ1

cos β1

L

2
(S2.18)

Φ2 =
2πne(θ2, ωp)

λp

cosΩ2

cos β2

L

2
(S2.19)

Now we can compute the dependence of ϕ(qp, ωp) on different spatiotemporal modes of

the pump by varying the values of α, γ, ωp.

In Fig. S2(a)-(c) we depict the relative phase ϕ(qp, ωp = 2πc/λp) for different values of

λp. In Fig. S2(d) we depict the difference in ϕ between λp = 395 nm and λp = 415 nm. In

Fig. S2(e) we depict the values of ϕ at different pump wavelengths for four randomly chosen

angular values. It can be seen that the values of ϕ over the computed angular spectrum

remain almost constant over the 20 nm wavelength bandwidth centered around 405 nm,

with the maximum difference of ϕ being around 0.1π rad. This is because, for BBO crystals,

the refractive index change introduced by birefringence is typically much larger than that

8
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FIG. S3. Schematic diagram illustrating the theoretical model used to estimate the effective

angular bandwidth of the LED pump ∆qp.

introduced by dispersion near the 405 nm region. In Fig. S2(f) we depict the values of

concurrence and purity at different angular bandwidths of the pump. As shown by the plot,

the concurrence and purity decrease as the angular bandwidth of the pump increases. In

other words, averaging over different spatiotemporal modes with different phases reduces

the polarization entanglement of the two-photon state.

Since it has been shown that ϕ is basically independent of ωp, we rewrite (S1.9) as

µ = |A|2
∫

∆qp

dqpe
iϕ(qp,ωp0=2πc/λp0), (S2.20)

where λp0 = 405 nm and by assuming that E0(qp, ωp) is slowly-varying over the integrated

spatiotemporal bandwidth,
∫
dωp |E0(qp, ωp)|2 results in a scaling factor that is absorbed

into |A|2. The integration region ∆qp is estimated according to the experimental conditions,

as shown in the next section.

III. ESTIMATION OF THE EFFECTIVE ANGULAR BANDWIDTH OF THE

PUMP

In Fig. S3 we depict an intuitive picture to estimate the effective angular bandwidth of

the LED pump ∆qp. We first place a variable iris in the signal arm and adjust the size

9
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qpx = 0, qpy = 0 qpx = 1.8, qpy = 4.6 

Theory

FIG. S4. Experimentally measured and theoretically predicted density matrices for LED-pumped

SPDC. The theoretically predicted ones are estimated with integration regions centered at different

angular positions represented by (qpx, qpy). The units for qpx and qpy are both mrad.

until it barely blocks the down-conversion beam; we denote the radius of this iris as rs and

the distance between the crystal and the signal iris as ls, respectively. Then the angular

bandwidth of the signal beam can be estimated to be |∆qs| = (rs − rp)/ls, where rp is

the diameter of the pump beam at the crystal plane. Similarly, to estimate the angular

bandwidth of the idler beam, we have |∆qs| = (ri − rp)/li, where ri and li are the size of the

iris on the idler arm and the distance between the crystal and the idler iris. The effective

angular bandwidth of the pump can now be estimated as |∆qp| ≈ |∆qs|+ |∆qi|.

In our setup, |∆qp| is estimated to be 5.6 mrad. For a laser pump, one can calculate the

integration upper limit by approximating it to the divergence half-angle of a Gaussian beam

at the waist [S8], in our case, |∆qp|laser) is estimated to be 0.13 mrad.
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IV. DIFFERENCES BETWEEN THE THEORETICAL AND EXPERIMENTAL

RESULTS FOR LED-PUMPED SPDC

In the main text, we notice that the theoretically measured density matrix for LED-

pumped SPDC contains non-zero off-diagonal elements in the imaginary part, while the

theoretically predicted one does not. This can be explained by an alignment imperfection

of the LED pump beam in the experimental setup.

In producing the results shown in Fig. 2 of the main text, we estimated µ using

µ = |A|2
∫

0<|qp|<|∆qp|
dqpe

iϕ(qp,ωp0=2πc/λp0), (S4.1)

which assumes perfect alignment in the sense that the spatiotemporal modes of the pump

beam that participate in the SPDC are centered around (qpx = 0, qpy = 0). If the integration

region is instead centered at (qpx = 1.8 mrad, qpy = 4.6 mrad), which corresponds to a 5

mrad angular deviation of the pump beam, we can obtain a density matrix that resembles the

experimentally measured one. After accounting for the angular deviation, the theoretically

predicted concurrence and purity are 0.553 and 0.653, respectively. Note that these results

are close to those presented in the main text, which assumes perfect alignment and gives

the theoretically predicted concurrence and purity as 0.552 and 0.652, respectively. The

fidelity of the experimentally measured density matrix to the theoretically predicted one is

now 97.92 % (see Fig. S4)
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Chapter 3

Imaging spatial-polarization
structures in two-photon
entanglement

Having realized that the spatial properties of the pump may only be deterministically
mapped onto the resulting polarization entanglement, I proposed to experimentally char-
acterize this spatial-polarization structure so that in the future, one can (i) engineer a
high-dimensional entangled state with desired structure across multiple DoFs for the use
of novel quantum information processing protocols; or (ii) completely compensate for any
cross influence between different DoFs so that highly polarization-entangled two-photon
states can be generated from SPDC pumped by light with arbitrary spatial and temporal
bandwidths.

I formalized this research idea through discussions with Dr. Girish Kulkarni and Prof.
Robert Boyd. During the discussion, I realized that such an experiment can be done more
efficiently using Tpx3Cam. This device, which is developed by Prof. Andrei Nomerotski,
is a data-driven camera capable of time-stamping single-photon events at each pixel.
It allows resolving photon coincidences across all pixels illuminated by the SPDC field
simultaneously, thereby significantly enhancing the speed of entanglement certification
measurements. Through the work of Dr. Jeremy Upham and Prof. Robert Boyd, we
established collaborations with Dr. Duncan England, Prof. Andrei Nomerotski, and
Prof. Ebrahim Karimi to gain access to Tpx3Cam, including necessary accessories and
software.

I re-designed the experimental setup based on the one used in Chapter 2. To achieve
optimal spatial resolution, I designed lens-imaging systems that magnify the SPDC field
for maximal fill of the Tpx3Cam sensor, while ensuring minimal overlap between signal
and idler fields. I built the setup shown in Fig. 1 by myself, and the one shown in Fig. 4
with the assistance of Mr. Issac Soward, an undergraduate student whom I was mentor-
ing at the time. With instructions and training from Prof. Andrei Nomerotski and Dr.
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Chapter 3

Yingwen Zhang, I integrated the Tpx3Cam system with the optical setup. Constrained
partially by the software available at the time, I collected terabytes of raw data due to
the substantial single-photon events detected by Tpx3Cam in each spatial and polariza-
tion measurement basis. To reduce memory burden, I developed a Python-based system
that first filters and saves only the immediately relevant parameters, which significantly
reduces the effective data size. Furthermore, I compiled Python programs with paral-
lel processing functionality and adopted a two-pointer coincidence counting algorithm
to accelerate data processing. It is worth mentioning that more exquisite software now
exists for general-purpose Tpx3Cam detections. Nevertheless, my efforts at the time had
significantly accelerated the completion of this work.

I analyzed the results through discussions with Dr. Girish Kulkarni and Dr. Jeremy
Upham. I wrote the first draft of the manuscript, which had undergone extensive revisions
with contributions from all co-authors. Dr. Duncan England, Prof. Andrei Nomerotski,
Prof. Ebrahim Karimi, and Prof. Robert Boyd supervised the research. This work is
currently under review at Physical Review Applied.
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Two-photon states generated from spontaneous parametric down-conversion (SPDC) can display
entanglement in all degrees of freedom (DoFs) of light, including spatial, temporal, and polarization.
The coupling between different DoFs of a two-photon state has been shown to display rich structures
that enable novel and robust information processing schemes. While existing literature has studied
these couplings by post-selecting the SPDC field, a comprehensive understanding of the inherent
spatial-polarization coupling produced in the SPDC process is still lacking. This work produces
a full spatial map of the polarization entanglement generated across the entire SPDC field. We
observe an entire class of near-maximally polarization-entangled states with an average concurrence
of 0.8303± 0.0004, which, together with a certified spatial dimensionality of 148, could potentially
offer access to a 251-dimensional hyperentanglement. The spatial-polarization coupling manifests as
radially or linearly varying polarization-entangled states, whose wavefunctions are dependent on the
transverse momenta of the down-converted photons and the pump beam, respectively. Our study
lays important groundwork for further exploiting the coupling between entanglement in different
DoFs for future quantum technologies.

I. INTRODUCTION

Spontaneous parametric down-conversion (SPDC) has
been a major workhorse for generating entangled tw-
photon states [1–3], enabling numerous applications in
quantum information processing. In SPDC, a photon
from a pump beam, which has a higher optical frequency,
interacts with a second-order nonlinear medium to
be annihilated and produce a pair of down-converted
photons with lower frequencies [2]. The down-converted
photons, which are commonly referred to as signal
and idler, can exhibit entanglement in all degrees of
freedom (DoFs) of light, including spatial, temporal, and
polarization.
Studying the coupling between different DoFs is a

crucial step towards a comprehensive understanding of
SPDC-based entanglement generation and engineering
novel entangled photon states for practical applications
[4, 5]. An important aspect of this subject is the coupling
between spatial and polarization DoFs in SPDC. Such
cross-DoF couplings can be exploited to enable novel
and efficient quantum information applications. For
instance, it was shown that quantum correlations across
spatial and polarization DoFs can enable novel and more
robust information encoding schemes and demonstrate

∗ cli221@uottawa.ca
† rboyd@uottawa.ca

topological resilience against environmental noise [6].
Moreover, the spatially varying polarization correlations
in a photonic entangled state can also be harnessed
to enable quantum holographic imaging [7] or engineer
photonic cluster states for efficient quantum computation
[8, 9]. From a fundamental perspective, studies have
shown that spatial modes of the pump beam can influence
the polarization entanglement of the down-converted
photons [10, 11], indicating the opportunity of directly
engineering the couplings between different DoFs in a
photonic entangled state, or encoding phase images in
the two-photon correlations [12] by shaping the pump
beam.

The spatial-polarization coupling in SPDC commonly
manifests as two-photon states with spatially varying
polarization entanglement. Although one can readily
produce these features from SPDC using a paired crystal
configuration [13, 14], the large spatial dimensionality
of the SPDC field hinders the efficient characterization
of them. For instance, a full state tomography for a
bipartite state with local dimensionality d in a single DoF
requires O(d4) single-outcome projective measurements
[15–17]. Since the total dimensionality of a quantum
state scales with the product of dimensionality in each
constituent DoF, the need to address correlations, both
within and between different DoFs, only adds to the
complexity of the problem. Without comprehensively
resolving the polarization entanglement produced in each
spatial mode, the rich structures resulting from the
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coupling between different DoFs reduce to a mixture of
distinguishable states. As a result, the full potential
of SPDC-induced spatial-polarization coupling becomes
inaccessible, limiting its application in practical quantum
devices. For instance, a recent work indicates that even
though each spatial mode in a multimode pump beam can
generate maximum polarization entanglement through
SPDC, detecting the two-photon states without resolving
individual spatial modes can make the entanglement
appear deteriorated [10].

Over the past decade, several studies have employed
Tpx3Cam, a data-driven camera capable of time-
stamping single photons [18–20], to enable rapid
characterization of photonic entangled states produced
from SPDC [21–23]. However, these works have not
fully explored the coupling between different DoFs.
Specifically, Ref. [21, 22] have focused only on the
polarization DoF or the spatial DoF, respectively, while
their photon pair sources are capable of producing
spatially varying polarization-entangled states. As a
result, the potential of the embedded spatial-polarization
coupling has not been addressed. Furthermore,
the entangled states produced in Ref. [21, 23] are
first spatially postselected using single-mode fibers or
polarization-maintaining fibers before being imaged onto
the Tpx3Cam, and any spatial structures in the resulting
polarization are imprinted by external modulation
devices. Doing so effectively reduces the spatial
dimensionality and obscures any spatial-polarization
coupling imposed by the generation process.

In this work, we employ Tpx3Cam to comprehensively
characterize the spatially varying polarization
entanglement that is natively produced from SPDC. In
contrast to earlier works, we image the full spatial field
of SPDC without any post-processing on the resulting
two-photon states. By performing spatially-resolved
polarization state tomography, we confirm the generation
of near-maximally polarization-entangled states across
the entire spatial profile of the SPDC field, with an
average concurrence of 0.8303 ± 0.0004. Importantly,
we present a complete spatial map of the polarization
state generated from SPDC, revealing how polarization
entanglement depends on the transverse momenta of the
down-converted photons throughout the entire spatial
profile of the SPDC field. Moreover, using a weakly
focused pump beam, we experimentally characterize
the dependence of polarization entanglement on the

angular spectrum of the pump beam. Additionally, we
have estimated a maximum attainable dimensionality of
spatial entanglement to be 148, which, combined with
the effective dimensionality in the polarization DoF,
indicates a total attainable dimensionality of 251. Our
results advance the fundamental understanding of the
interplay between different DoFs of a photonic entangled
state, paving the way for novel applications in photonic
quantum information processing.

II. EXPERIMENTAL SETUP

Fig. 1(a) depicts our experimental setup. An
ultraviolet continuous-wave laser emits the pump beam
with a center wavelength of 405 nm, a bandwidth of
2 nm, and a power of 20 mW. The pump beam is
made polarized at 45◦ using a polarizing beam splitter
(PBS) and a half-wave plate (HWP). A 5-mm temporal
compensator (TC) quartz crystal introduces a time
delay between the horizontal (H-) and vertical (V-)
components of the pump beam, which pre-compensates
for the temporal walk-off that the two orthogonal
polarization components are expected to subsequently
gather inside the BBO double-crystal [24]. The BBO
crystals are each 0.5-mm-thick and identically cut for
type-I phase-matching, with their optical axes oriented
perpendicularly to one another [13]. A 45◦-polarized
photon from the pump beam can then be down-
converted in either crystal with equal probability to
produce a pair of H-polarized or V-polarized photons.
In the experiment, we orient the double-crystal for
near-collinear phase matching. The down-converted
photons are separated from the pump beam using a
dichroic mirror (DM), and then probabilistically split
into two arms using a non-polarizing beam splitter (BS).
We ignore the cases wherein both the down-converted
photons exit the same port of the BS, and denote
photons that are reflected as signal and those that are
transmitted as idler. This beam-splitting scheme ensures
that measuring the correlation between the signal arm
and the idler arm resolves the full spatial profile of the
SPDC. Although the probabilistic splitting reduces the
coincidence rates by 50%, it does not affect the quality
of entanglement or the measured spatial-polarization
structure compared to those obtained with deterministic
splitting, as can be seen later in Fig. 2 and Fig. 4. In the
low-gain regime, the output state |Ψ⟩ in the far-field can
be written in the joint spatial-polarization basis as

|Ψ⟩ = 1√
2

∑

ps,pi

cps,pi

[
|H,ps, H,pi⟩+ eiϕ(ps,pi)|V,ps, V,pi⟩

]
, (1)

where ps(i) represents the transverse momentum of the

signal (idler) photon and cps,pi
are complex coefficients.

The quantity ϕ(ps,pi) represents a phase difference

between the orthogonal polarization components of the
state, which is dependent on the transverse momentum
of the signal and the idler photons [25]. In what follows,

41



3

PBS

HWP

Laser

TC

SPF

Paired 
BBO

Far-�eld singles (Hz) Near-�eld singles (Hz)

DM

f1

PBS

NF

NF

FF

FF

BPF
Tpx3Cam

f2

QWP

QWP

HWP

HWP

f3
f3

BS

175

0
0 256 0 256

50

210

50

210

signal signalidler idler

250

0

qy

qxpx

py

(a)

(b) (c)

State preparation

State 

characterization

FIG. 1. (a) Schematic of the experimental setup. The β-barium borate (BBO) double-crystal produces a two-photon state,
which exhibits spatially varying polarization entanglement. The Tpx3Cam captures the two-photon field in the momentum
or position basis through different lens configurations and in different polarization bases through combinations of the quarter-
wave plate (QWP), half-wave plate (HWP), and polarizing beam splitter (PBS). TC: temporal compensator, SPF: short-pass
filter with cutoff wavelength at 500 nm, DM: dichroic mirror, BS: beam splitter, BPF: band-pass filter centered at 800 nm
with a bandwidth of 40 nm. f1 = 50 mm, f2 = 100 mm. f3 = 150 mm for far-field measurements or 75 mm for near-field
measurements. Dashed lines represent the intermediate planes imaging the near-field of the crystal using f1 and f2. (b-c) Time-
stamp histogram of photons detected in the far-field and near-field of the crystal, representing projection onto the momentum
(p) and position (q) bases of the two-photon state.

we refer to ϕ as the two-photon polarization phase.
The signal and idler photons then propagate through

a quarter-wave plate (QWP) and a HWP before they
are either transmitted or reflected by a PBS. The
photons finally pass through a bandpass filter with a
center wavelength of 800 nm and full width at half
maximum (FWHM) bandwidth of 40 nm before being
detected by the Tpx3Cam. To characterize entanglement
in the polarization DoF, we measure the polarization
correlation between each pair of momentum-correlated
signal and idler photons. We first image the far-field
of the crystal onto the Tpx3Cam using the combination
of f1 = 50 mm, f2 = 100 mm, and f3 = 150
mm lenses, and then acquire data for 16 different
combinations of orientations of HWPs and QWPs,
each for 1 minute. These polarization measurements
allow us to reconstruct the polarization density matrices
corresponding to all pairs of momentum-anticorrelated
photons through quantum state tomography, which
characterizes polarization entanglement. To characterize
the state dimensionality in the spatial DoF, we measure
the spatial correlation of signal and idler photons in the
position basis. We do so by replacing the f3 = 150
mm lenses with f3 = 75 mm ones, thereby imaging
the crystal output face (near-field) onto the Tpx3Cam
sensor. We then set the HWPs and QWPs to project the

polarization in both arms into V and acquire data for 1
minute. Combined with the 16 measurements acquired
in polarization characterization, the total required data
acquisition time is thus 1 + 16 = 17 minutes.
The imaging sensor in Tpx3Cam comprises a 256×256

pixel array with a pixel pitch of 55 µm. The pixels
in Tpx3Cam are data-driven and individually trigger
the registration of photon incidence events when the
signal amplitude exceeds a predefined threshold. The
camera can be single-photon sensitive with the addition
of an image intensifier (Photonis Cricket) and has a
single photon temporal resolution of 2 ns [20]. Time-
stamping for individual photons can potentially allow
for more versatility in data acquisition and analysis
compared to frame-based imaging devices. During data
acquisition, each incident photon could hit a cluster of
pixels due to being amplified by the intensifier. To correct
this, we apply a centroiding algorithm that identifies
the amplitude-weighed center in each cluster as the
true pixel coordinate. We use the time stamp of each
centroided pixel as a reference to correct the time walk
within the cluster. After centroiding and time walk
correction, we apply a two-pointer technique to the sorted
time stamps of signal and idler photons and identify
events detected within a 10-ns time window as photon
coincidences [21]. Although the time walk correction
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algorithm can reduce the temporal resolution to 8 ns
[26, 27], it should not significantly affect the efficiency
of the subsequent coincidence counting with our choice
of a longer time window. As a result, we obtain an
average coincidence rate of approximately 2.7 Hz between
two spatially correlated 3 × 3-pixel regions, which have
similar sizes with the correlation widths measured at the
Tpx3Cam sensor plane (see Appendix A for details).
Throughout this paper, we refer to each 3 × 3-pixel
region as a superpixel. Moreover, we observe an overall
coincidence rate of 3200 Hz between the full signal and
idler fields. We note that although the experimentally
measured coincidence rate is limited by the 8% overall
photon detection efficiency of the Tpx3Cam system [26],
our choice of 1-minute data acquisition time has allowed
us to obtain enough counts for the relevant results to be
statistically valid.

III. RESULTS AND DISCUSSIONS

A. Full spatial mapping of polarization
entanglement

Using the setup depicted in Fig. 1(a), we perform
quantum state tomography [15] using experimentally
measured polarization correlation between each pair
of momentum-anticorrelated (diametrically-opposite)
superpixels in the far-field and reconstruct the
corresponding polarization density matrix. We then
compute the concurrence using C = max{0, λ1 − λ2 −
λ3 − λ4}, where λ’s are the eigenvalues of a Hermitian
matrix derived from applying Pauli-y operations on
reconstructed density matrices [28]. The two-photon
polarization phases ϕ are computed as the phase of
the |V V ⟩⟨HH| elements of the reconstructed density
matrices.

Fig. 2 depicts the full spatial maps of the concurrence
C and two-photon polarization phase ϕ in the far field.
For illustration purposes, we have mapped all signal-
idler pairs to the central coordinates of the superpixels of
signal photons. In Fig. 2(c), we also display a two-photon
polarization density matrix, which is reconstructed at the
center of the SPDC field, with the corresponding signal-
idler pair indicated by a black square in Fig. 2(a-b).
We calculate an average concurrence of 0.8303 ± 0.0004,
which implies strong polarization entanglement with a
spatially varying structure across the entire SPDC field.

It is important to note that in Fig. 2(b), the two-
photon polarization phase ϕ is highly uniform along the
azimuthal direction while displaying a gradient along
the radial direction, indicating highly indistinguishable
polarization entanglement at each circular region
concentric with the SPDC field. Consequently,
if each corresponding spatial mode is also highly
indistinguishable from one another, the two-photon state
can be seen as being hyperentangled [14, 29], which
is a tensor product of (i) spatially entangled discrete
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FIG. 2. (a) Concurrence C and (b) two-photon polarization
phase ϕ of the two-photon states measured between
momentum-correlated superpixels. The pixel coordinates
correspond to the central position of the superpixels for
signal photons. In the colormap, the saturation depicts the
normalized pair generation rate, I, and the hue depicts C and
ϕ in (a) and (b), respectively. (c) Real and imaginary parts of
the density matrix reconstructed at the center of the SPDC
field, the corresponding signal pixel is marked with a black
square in (a) and (b).

momentum modes occupying the full spatial field of
SPDC; and (ii) polarization-entangled states with a well-
defined two-photon polarization phase ϕ. In the following
discussions, we characterize the spatial distinguishability
between all correlated spatial modes by certifying the
spatial dimensionality of the two-photon state, thereby
estimating an attainable total dimensionality of the full
SPDC field in the joint spatial-polarization basis.

B. Certifying total attainable dimensionality of in
the joint spatial-polarization bases

We characterize the spatial dimensionality of a two-
photon state using its Schmidt number. While past
studies have estimated this number based on certain
prior assumptions about the two-photon state [30–34],
some recent studies have demonstrated assumption-free
protocols for certifying high dimensionality [35, 36].
In particular, it was shown that measurements in two
mutually unbiased bases (MUBs) can efficiently estimate
a lower bound for the Schmidt number of an entangled
state, thereby certifying high-dimensional entanglement
without the need for prior assumptions [35]. In our case,
we show that the entanglement dimensionality in the
spatial DoF can be certified by measuring the photon
correlation in the discrete position basis and the discrete
momentum basis, similar to the approach implemented
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FIG. 3. Schematic depiction of (a) the discrete momentum
basis in the far-field and (c) the discrete position basis in the
near-field. The corresponding superpixels are depicted in a
brightened color scale. Cross-correlations between the spatial
modes of signal and idler photons in the (b) momentum basis
and (d) position basis.

in Ref. [37].

We denote the spatial modes of the signal(idler)
photons in the discrete momentum basis as
{|m⟩s(i)}m∈[1,d] and in the discrete position basis
as {|u⟩s(i)}u∈[1,d]. Based on the experimentally
measured spatial correlation widths (see Appendix B
for details), individual discrete modes in the Tpx3Cam
sensor plane are better approximated by 3×3-pixel large
superpixels with 2-pixel separations between adjacent
superpixels. We note that since this protocol is sensitive
to noise introduced by cross-talk between non-conjugate
modes, a different choice in the superpixel size and
separation could lead to significant underestimation of
the dimensionality. As shown in Fig. 3(a-b), we select
two sets of d = 437 superpixels evenly distributed over

the regions illuminated by signal and idler photons.
The cross-correlations between spatial modes of signal
and idler photons are used to calculate F̃ (ρ,Ψ), a
lower bound for the fidelity of the experimentally
measured state ρ to a maximally entangled state

|Ψ⟩ =∑d
m=1

1√
d
|mm⟩. The dimensionality of the spatial

entanglement is certified to be at least k+1 if k satisfies
[35]

F̃ (ρ,Ψ) > Bk(Ψ) =

k∑

m=1

λ2m =
k

d
. (2)

Upon analyzing the cross-correlations between selected
spatial modes of signal and idler photons, we obtain
the correlation matrices shown in Fig. 3(c-d). The

fidelity lower bound is then calculated to be F̃ =
0.3383 > B147 = 0.3363 (see Appendix B for details).
In other words, a maximally entangled state has to have
more than 147 dimensions to be transformable into our
measured state through local operations and classical
communication (LOCC). Therefore, the entanglement
dimensionality in the spatial DoF is certified to be at
least 148, indicating high indistinguishability between all
correlated spatial modes.
In principle, the polarization phase ϕ in Eq. 1 can

be compensated using spatial light modulators (SLMs)
so that it becomes uniform also across all radial
positions without reducing the polarization entanglement
[7]. Consequently, we expect the attainable total
dimensionality of our state to be equal to that of a global
hyperentangled state, which is a product of the average
dimensionality in the polarization DoF and the certified
dimensionality in the spatial DoF, as underscored by the
tensor product postulate of quantum physics.
Although two-photon polarization states reside

in a two-dimensional Hilbert space, the effective
dimensionality may be smaller for non-maximally
entangled states. Therefore, it is pertinent to estimate a
lower bound of the dimensionality d in the polarization
DoF using the relation log2 d ≤ E [38], where E stands
for the entanglement of formation [39]. For two-photon
polarization states, the entanglement of formation can
be derived from concurrence using [28]

E(C) = h

(
1 +

√
1− C2

2

)
, (3)

where h(x) = −x log2 x−(1−x) log2 (1− x). The average
entanglement of formation is then estimated to be E =
0.7626±0.0003. By multiplying the dimensionality lower
bounds in spatial and polarization DoFs, we estimate the
total attainable dimensionality of the entangled state to
be 148 × 2E ≈ 251. We note that this result is likely to
still be an underestimation of the actual dimensionality
since the dimensionality certification protocol has limited
resilience against the cross-talk noise [16, 35, 36], a more
accurate estimation may be explored in a future work.
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C. Native spatial-polarization coupling in SPDC
processes

The spatial-polarization coupling in SPDC has two
important aspects. First, the exact form of polarization
entanglement depends on the transverse momenta of the
down-converted photons. This effect, which is displayed
in Fig. 2(b), occurs because down-converted photons
emitted with different transverse momenta experience
angle-dependent refractive indices inside the birefringent
nonlinear medium and consequently accumulate different
phase retardations between orthogonal polarization
components. Consequently, a class of highly entangled
states of the form of Eq. (1) with spatially varying ϕ is
generated across the spatial profile of the field. While the
spatial profile of polarization entanglement in SPDC has
been studied for limited spatial regions or specific sets of
spatial modes [14, 25], our results present the first full
spatial distribution of polarization entanglement in the
entire spatial profile of the field, laying the foundation for
the controlled generation of desired photonic entangled
states.

Phase-matching of the crystal also controls the relation
between two-photon transverse momenta and the two-
photon polarization phase. As may be noted from
Fig. 2(b), the two-photon polarization phase ϕ does
not vary over the full range of −π to π in the present
configuration as a consequence of the near-collinear phase
matching condition. In what follows, we modify the
experimental setup to show that by tuning the crystal
orientation, an altered phase matching condition leads
to ϕ varying over the full parameter space in the spatial
profile of the field, which allows access to a much wider
class of polarization-entangled states.

We depict our modified setup in Fig. 4(a). In
order to capture the enlarged far-field image profile in
its entirety, we deterministically split the SPDC field
into two half-circles using a prism mirror (PM) and
recombine the fields onto the Tpx3Cam sensor. We
retain the same far-field imaging scheme, such that
the two-photon correlation width remains unchanged
from the earlier setup, and we again perform spatially
resolved polarization state tomography using the same
procedure as discussed previously. In Fig. 4(b),(c), and
(d), we depict the far-field intensity Tpx3Cam image,
concurrence C, and two-photon polarization phase ϕ,
respectively. We again observe a strong polarization
entanglement in the entire spatial extent of the field with
an average concurrence of 0.8847 ± 0.0006. We notice a
marginal increase in the average concurrence compared
to the result in Sec. III B. This is likely a result of
the lower polarization cross-talk since now both signal
and idler photons are detected through the transmission
port of the PBS. The distribution of ϕ again displays a
gradient along the radial direction, but this time with ϕ
having an enlarged parameter space spanning from −π
to π. In other words, the setup produces near-maximally
entangled states of Eq. (1) with all possible ϕ. Thus, our

setup can be configured to supply any specific state with
a desired value of ϕ by post-selecting the corresponding
pair of far-field pixels and tuning the phase-matching
of the crystal. Such a mechanism can enable encoding
spatial mode information in polarization correlations
or vice versa, which could have important implications
for quantum key distribution protocols using qudit-like
states [40]. Furthermore, it is also possible to structure
ϕ to have any desired profile by introducing additional
phase differences between H- and V-polarized down-
converted photons using SLMs to enable holographic
quantum imaging [7] with much higher speed. We
note that such phase structures are not limited to only
manifesting in momentum space. One can observe
similar effects in the near field by exploring different
SPDC setup geometries. We may explore near-field phase
structuring in future work.

The second important aspect of spatial-polarization
structure is between the polarization DoF of the down-
converted photons and the spatial DoF of the pump beam.
Specifically, the two-photon polarization phase ϕ(ps,pi)
in Eqn. (1) depends on the transverse momentum of the
pump beam since pp = ps + pi [10]. This relation is
first theoretically quantified by Li et al. [10]. Here, to
experimentally characterize this influence, we introduce
a broader angular spectrum in the pump beam by weakly
focusing it using a lens with focal length f0 = 100 mm
placed before the crystal. In Fig. 5, we present the
influence of the angular spectrum of the pump beam
on the spatial structure of the polarization states. In
Fig. 5(a) and (b), we show the far-field intensity profile
of the pump and the two-photon momentum correlation
profile for the cases of a collimated pump and a focused
pump, respectively. In Fig. 5(b), a single superpixel for
the signal photons is spatially correlated with multiple
superpixels for the idler photons centered around the
conjugate superpixel. In other words, after focusing,
the increased angular spectrum of the pump beam
substantially widens the two-photon correlation width.
In Fig. 5(c) and (e), we depict the results for polarization
state tomography for the case of the collimated pump.
To illustrate the influence of the transverse momentum
of the pump beam on the polarization entanglement of
the down-converted photons, we map the concurrence
and phase onto pixel coordinates of the joint momentum
of signal and idler, which is essentially the transverse
momentum of the pump beam pp. Here, the polarization
entanglement is found in a few superpixels within
the narrower correlation profile, and ϕ displays little
variation within the narrow angular spectrum of the
collimated pump. In Fig. 5(d) and (f), we depict
the results for polarization state tomography for the
case of the focused pump. The concurrence map
indicates the presence of polarization entanglement in
all superpixels within the widened correlation profile,
with an average concurrence of 0.6930 ± 0.0034. The
decrease in concurrence upon focusing the pump likely
results from lower count rates and higher statistical
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FIG. 4. (a) Schematic of the modified experimental setup. PM: prism mirror. Focal lengths of the lenses are f0 = 100 mm, f1
= 50 mm, f2 = 100 mm f3 = 150 mm and f4 = 75 mm. The angular width of the pump beam is changed by inserting f0 into
the beam path. A CCD camera images the pump beam in the Fourier plane to analyze its angular width. (b) Far-field image
of the SPDC field taken by the Tpx3Cam. (c) Concurrence and (d) relative phase of the two-photon states measured between
momentum-correlated superpixels. Pixel coordinates correspond to the central position of the superpixels for signal photons.

fluctuations in individual pixels. In contrast to Fig. 5(e),
the phase map illustrates a gradient of ϕ dependent on
the transverse momentum of the pump beam, which is
in good agreement with the theoretical predictions in
Fig. 2(a) of [10]. To the best of our knowledge, this
is the first direct measurement of the cross-influence
between the spatial DoF of the pump beam and the
polarization DoF of the down-converted photons. Our
work opens up the opportunity to control the spatial
structure of polarization states by jointly manipulating
the polarization and spatial modes of the pump, which
has implications in the study of topological structures of
quantum light [4, 5, 41]. For instance, one can pump
a paired crystal with a beam with spatially structured
polarization and directly shape the correlation between
spatial mode and polarization in the nonlocal optical
skyrmions[6].

IV. CONCLUSION AND OUTLOOK

In this work, we image the spatially varying
polarization entanglement in a two-photon state
produced from SPDC using a data-driven camera
capable of time-stamping single photons. In contrast

to earlier studies that have imposed spatial-polarization
structures by modulating a postselected subset of
the full SPDC field, our work reveals those that
are inherent to the SPDC process. By performing
spatially-resolved polarization state tomography, we
confirm the generation of an entire class of near-
maximally polarization-entangled states with an average
concurrence of 0.8303±0.0004 in the entire spatial
profile of the SPDC field. Additionally, we certify an
attainable entanglement dimensionality of 148 in the
spatial DoF using the method discussed in Refs. [35,
36], which indicates a total attainable dimensionality
of 251 in the joint spatial-polarization basis. We
then present the experimentally characterized spatial-
polarization structure. By producing the first complete
spatial map of the polarization state generated from
SPDC, we illustrate the dependence of polarization
entanglement on the transverse momenta of the down-
converted photons in the entire spatial profile of the
SPDC field. Using a weakly focused pump beam, we,
for the first time, experimentally characterize the cross-
influence between the polarization DoF of the down-
converted photons and the spatial DoF of the pump
beam. Although the current Tpx3Cam system has a
low overall photon detection efficiency of 8 % [26] and
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is thus not yet suited for studies involving Bell-type tests
of nonlocality [42], its applicability could see further
expansion by implementing an image intensifier with
higher quantum efficiency and higher gain. For instance,
a minimum detection efficiency of 2/3 is required to close
the fair-sampling loophole in Bell tests [43].

Our results could be important for future work aimed
at harnessing SPDC-based entanglement generation
for high-dimensional quantum information processing
applications [16, 44]. For instance, time-stamping
single photons with a data-driven camera could
significantly reduce the acquisition time requirements
in polarization entanglement-enabled holography [7],
potentially enabling fast super-resolution imaging and
microscopy [45]. Our results on cross-influence between
different DoFs could extend the recent demonstration of
hiding images in quantum correlations [12] to hiding and
rapidly reconstructing complex phase images in spatial
and polarization correlations. On the fundamental
side, our work can be extended to explore the
spatial-polarization coupling in different entanglement
generation schemes. For instance, it is possible to
spatially resolve the polarization entanglement produced
from post-selecting down-converted photons from a
single Type-II nonlinear crystal [11, 46], thereby further
deepening our understanding of the cross-DoF coupling
in SPDC. Furthermore, our work could have important
implications for studying and engineering hyperentangled
photon states for various applications, such as noise-
resilient quantum illumination [47], quantum key
distribution with high secure key rates [48–50]. It may
also be possible to build on existing work on exchange

phases in Hong-Ou-Mandel interference involving high-
dimensional hyperentangled photons [51] and spatially
resolve such effects for a hyperentangled state.
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Appendix A: Observation of spatial entanglement
through the violation of Einstein-Podolsky-Rosen

criteria

In Fig. 6, we depict the experimentally measured
x- and y-components of the spatial correlation profile
in both the position and momentum basis. We note
the strong position correlations and momentum
anti-correlations between the photons, which is
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a characteristic feature of spatial entanglement.
Specifically, Fig. 6(c) and (f) depict the biphoton
correlation profiles in the joint momentum and position
coordinates of the down-converted photons. From these
results, we conclude that in the Tpx3Cam sensor plane,
individual discrete momentum and position modes are
best approximated by 3× 3-pixel large superpixels.

The results also allow us to quantitatively verify
spatial entanglement by demonstrating violations of
the Einstein-Podolsky-Rosen (EPR) criteria [52, 53].
We first obtain near-field (NF) and far-field (FF)
correlation widths ∆NF and ∆FF, respectively, at the
Tpx3Cam sensor plane by fitting Gaussians to the spatial
correlation profiles of Fig. 6 in the x- and y-directions [30,
53, 54]. We then calculate the position and momentum
uncertainties using the relations

∆(pir|psr) =
ksiℏ
fe

∆FF, (A1a)

∆(qir|qsr) =
1

M
∆NF, (A1b)

where psr(ir) and qsr(ir) stand for the momentum and
position of the signal (idler) photons, respectively, r =
x, y represent the x- and y-components of the quantities,
ksi = (2π/810) nm−1 is the wavevector of the signal
and idler photons, fe = 75 mm is the effective focal
length of our far-field imaging system and M = 2
is the magnification of our near-field imaging system.
We summarize our results in Table 1 and compute the
conditional Heisenberg uncertainty products as

∆minpx∆minqx = (0.11± 0.05)ℏ < ℏ/2, (A2a)

∆minpy∆minqy = (0.12± 0.03)ℏ < ℏ/2, (A2b)

which clearly violates the EPR criteria in both the x-
and y-directions. We note that the asymmetry observed
in the x-components of the position correlation, which
is depicted in Fig. 6(d), is likely a consequence of a
distortion in the pump’s intensity profile. As depicted
in Fig. 1(c) in the main text, the near-field singles rates
display a non-Gaussian spatial profile as a result of the
distorted pump profile. Although this imperfection may
affect the verification of spatial entanglement using the
EPR criterion, which requires the pump beam to have a
Gaussian profile [30], it does not refute our conclusions
regarding the certification of hyperentanglement, as our
entanglement certification protocol does not rely on
Gaussian approximations of the SPDC field profiles [36].

Appendix B: Estimation of fidelity lower bound

Following the approaches described in [37], we certify
the dimensionality of entanglement in the spatial degree
of freedom using correlations in two mutually unbiased

TABLE I. Measurement uncertainties inferred from spatial
correlation profiles

Quantity Values Units
∆minpx (4.9± 0.2)× 10−3 ℏ/µm
∆minpy (6.4± 0.3)× 10−3 ℏ/µm
∆minqx 18.76± 9.49 µm
∆minqy 18.18± 3.63 µm
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FIG. 6. Spatial correlation profiles measured in the x-
components, y-components, and joint coordinates of the (a-c)
momentum and (d-f) position of the signal-idler photons.

bases (MUBs) [35, 36]. In the main text, we have
defined the two MUBs to be the discrete momentum
basis{|m⟩s(i)}m∈[1,d] and the discrete position basis

{|u⟩s(i)}u∈[1,d].

The fidelity F (ρ,Ψ) of the experimentally measured
state ρ to a maximally entangled state |Ψ⟩ =∑d

m=1
1√
d
|mm⟩ is defined as:
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F (ρ,Ψ) = Tr (|Ψ⟩ ⟨Ψ| ρ)

=

d∑

m,n=1

⟨mm| ρ |nn⟩

= F1(ρ,Ψ) + F2(ρ,Ψ), (B1)

where

F1(ρ,Ψ) =
1

d

d∑

m=1

⟨mm| ρ |mm⟩ , (B2)

F2(ρ,Ψ) =
1

d

∑

m̸=n

⟨mm| ρ |nn⟩ . (B3)

Since for an arbitrary state ρ with a Schmidt number

of k ≤ d, the fidelity satisfies

F (ρ,Ψ) ≤ Bk(Ψ) =
k

d
, (B4)

the entanglement dimensionality of a state with
F (ρ,Ψ) > Bk(Ψ) must be at least k+1. As we will show
in the following, correlations in the two MUBs will allow
us to obtain a lower bound for the fidelity via F̃ (ρ,Ψ) =

F1(ρ,Ψ) + F̃2(ρ,Ψ) ≤ F1(ρ,Ψ) + F2(ρ,Ψ) = F (ρ,Ψ)
The coincidence counts Nmn measured in the discrete

momentum basis allow us to calculate F1(ρ,Ψ) using

⟨mn| ρ |mn⟩ = Nmn∑
k,lNkl

. (B5)

Supplementing the coincidence counts Nuv measured
in the discrete position basis allows us to calculate
F̃2(ρ,Ψ), the lower bound of F2(ρ,Ψ), via

F̃2(ρ,Ψ) =
d−1∑

u=0

⟨uu|ρ|uu⟩ − 1

d
−

∑

m̸=n′,m̸=n,n̸=n′,n′ ̸=m′

γmnm′n′
√
⟨mn|ρ|mn⟩⟨m′n′|ρ|m′n′⟩, (B6)

where

⟨uv| ρ |uv⟩ = Nuv∑
k,lNkl

, (B7)

γmm′nn′ =

{
0 if (m−m′ − n+ n′) mod d ̸= 0

1/d otherwise.

(B8)
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Chapter 4

Violation of local realism with
spatially multimode parametric
down-conversion pumped by
spatially incoherent light

Having experimentally characterized the spatially varying polarization entanglement gen-
erated by SPDC, I concluded that the pump’s spatial components influence the polar-
ization entanglement of the down-converted photons in a deterministic manner. In other
words, it can be compensated for by optimizing the experimental setup. Consequently,
I proposed that, by adopting a Sagnac-type polarization-entanglement source that au-
tomatically compensates for most spatiotemporal walk-offs, SPDC pumped by spatially
incoherent light can produce highly polarization-entangled two-photon states. The sig-
nificantly enhanced polarization entanglement manifests as a capability to violate local
realism, which the results in Chapter 2 cannot demonstrate.

I built the experimental setup shown in Fig. 1, which had been optimized over several
iterations through helpful discussions with Dr. Jeremy Upham and Dr. Boris Braverman.
I performed measurements and developed Python-based data-processing programs that
produced the results shown in Fig. 2-4. I analyzed the data through discussions with
Dr. Jeremy Upham and Dr. Boris Braverman. I wrote the first draft of the manuscript,
which had undergone several rounds of revisions with contributions from all co-authors.
Prof. Robert Boyd supervised the research.

My presentation of this work at the Photonics North 2025 conference has been awarded
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We experimentally demonstrate a violation of local realism with highly spatially multimode polarization-
entangled two-photon states produced by spontaneous parametric down-conversion (SPDC) pumped by a
spatially incoherent light source—a light-emitting diode (LED). While existing studies have observed such a
violation only by postselecting the LED-pumped SPDC photons into a single spatial detection mode, we achieve
a Clauser-Horne-Shimony-Holt inequality violation of S = 2.532 ± 0.069 > 2 using a spatially multimode
detection setup that collects nearly 4080 SPDC spatial modes. These results indicate that coherent pump sources,
such as lasers, are not required for SPDC-based entanglement generation. Our work could enable novel and
practical sources of entangled photons for quantum technologies such as device-independent quantum key
distribution and quantum-enhanced sensing.

DOI: 10.1103/mxxf-ycdf

I. INTRODUCTION

Entangled quantum systems can violate local realism and
exhibit correlations that local hidden variable theories cannot
fully explain [1–3]. This feature is arguably a key dis-
tinction between classical and quantum systems. In many
practical quantum applications, the violation of local real-
ism benchmarks the performance of quantum systems over
their classical counterparts. For instance, observing nonlocal
correlations between quantum systems certifies the security
of a quantum communication channel [4–6]. Recent studies
have also shown that violation of local realism is a valuable
resource for quantum-enhanced imaging and metrology [7–9].
Entangled photons produced from spontaneous parametric
down-conversion (SPDC) [10–12] are excellent candidates for
demonstrating such violation [13–15] and enabling practical
quantum applications [16–20]. Coherent light beams, such
as those emitted from lasers, have been almost universally
employed to pump SPDC and are generally presumed to
be indispensable for SPDC-based entanglement generation.
Specifically, it has been shown that without postselection,
the pump’s coherence in a given degree of freedom sets an
upper bound on the attainable two-photon entanglement in
the same degree of freedom [21–30]. Recent studies have
found that this requirement on the pump’s coherence in a
given degree of freedom does not necessarily apply to two-
photon entanglement in a different degree of freedom [31],
thus making incoherent light sources such as light-emitting
diodes (LEDs) and sunlight possible alternatives to a laser
pump. For instance, SPDC pumped by an LED, which is a

*Contact author: cli221@uottawa.ca
†Contact author: rboyd@uottawa.ca

spatiotemporally incoherent light source, has been shown to
produce polarization-entangled photons if the LED light is
polarization filtered [32,33].

However, unlike polarization-entangled photons produced
from lasers, those produced from LEDs have not previously
been shown to lead to a violation of local realism unless the
down-converted photons were first postselected to reside in
a narrow spatial bandwidth using single-mode fibers (SMFs)
[32,33]. Conducting single-spatial-mode postselection on
down-converted photons and detecting them in coincidence
effectively projects the pump light into a single spatial
mode, thereby defeating the purpose of using a spatially
incoherent pump, which contains multiple spatial modes.
On the other hand, rejecting photons in higher-order spatial
modes effectively reduces detection efficiency and creates a
security loophole in quantum communication systems that
utilize such devices. We argue that the spatial coherence of
the pump beam does not fundamentally limit the attainable
polarization entanglement, and the reduced entanglement is a
consequence of technical limitations such as uncompensated
walk-offs within the nonlinear crystal that couple the spatial
and polarization degrees of freedom [34–36]. In particular, the
single-pass, double-crystal setup [37] employed in Ref. [32]
introduces a transverse-momentum-dependent phase between
orthogonal polarization components of the pump beam [38].
Since spatially incoherent light typically has a larger angular
bandwidth than spatially coherent light, this phase variation
reduces the effective degree of polarization of the pump beam,
which limits the maximally attainable two-photon polariza-
tion entanglement [29]. On the other hand, the single-pass,
single-crystal setup adapted by Zhang et al. [33,36] introduces
a transverse-momentum-dependent phase between orthogonal
polarization components of the down-converted photons,
which increases their path distinguishability and results in a
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lower entanglement unless one performs single-spatial-mode
postselection.

Here, we report a violation of local realism with a highly
spatially multimode two-photon polarization-entangled state
produced from SPDC pumped by the spatially incoherent light
beam emitted from an LED. We place the nonlinear crystal in-
side a polarization Sagnac interferometer (PSI) [39]. The high
degree of symmetry between the counterpropagating direc-
tions in the PSI setup can significantly mitigate for temporal
and spatial walk-offs that the pump and down-converted pho-
tons experience within the crystal. We avoid postselection into
a single spatial mode by coupling the down-converted photons
into multimode fibers (MMFs) that can collect approximately
4080 spatial modes of the down-converted photons produced
from LED-pumped SPDC. We detect a two-photon state that
displays a Clauser-Horne-Shimony-Holt (CHSH) inequality
violation of S = 2.532 ± 0.069 > 2 [3]. We quantify the pro-
duced two-photon polarization entanglement by conducting
quantum state tomography [40], from which we find a con-
currence of C = 0.834 ± 0.038 [41]. These results present
direct evidence that the coherence of the pump beam in a
given degree of freedom does not fundamentally limit the
attainable entanglement in a different degree of freedom. In
other words, strong entanglement can be produced from in-
coherent light sources with technical improvements on the
setup design. This opens an avenue for developing novel quan-
tum light sources for practical applications. As a comparison,
the same setup pumped by a spatially coherent light beam
emitted from a laser yields a CHSH-inequality violation of
S = 2.695 ± 0.006 and a concurrence of C = 0.952 ± 0.002.
The remaining differences between the CHSH-inequality vi-
olation and polarization entanglement produced from LED-
and laser-pumped SPDC are likely due to wave-front distor-
tions introduced by imperfect optical components.

II. EXPERIMENTAL SETUP

Figure 1 depicts the experimental setup. An LED (Thorlabs
M405L3) emits a spatially incoherent pump field with a center
wavelength of 405 nm. This light field is first butt-coupled
into an MMF with a core diameter of 50 µm and numerical
aperture (NA) of 0.22 (MMF-50-0.22), and subsequently col-
limated into a beam using a microscope objective with 20×
magnification and 0.4 NA. We select the MMF parameters to
match the size of the LED pump beam and the transverse di-
mensions of the nonlinear medium in the same plane, thereby
maximizing the interaction region between the pump light and
the nonlinear medium. For benchmarking the performance
of the setup and comparing the results from pump sources
with different coherence properties, a spatially coherent pump
beam from an SMF-coupled laser with a center wavelength
of 405 nm and a bandwidth of 0.01 nm (Integrated Optics
0405L-23A-NI-AT-NF) is coaligned with the LED beam into
the setup. Using a combination of a polarizing beam splitter
(PBS), a half-wave plate (HWP) and a quarter-wave plate
(QWP), we can make both pump beams perfectly polarized
with arbitrary polarizations, which allows us to maximize the
attainable polarization entanglement and generate arbitrary
two-photon polarization states residing in the {|HV 〉 , |V H〉}
subspace. To characterize LED- and laser-pumped SPDC, we

FIG. 1. (a) Schematic of the experimental setup. The SPDC
processes for generating polarization-entangled photons occur in
the ppKTP crystal, which is placed inside the PSI. M1−4: sil-
ver mirrors; PBS: polarizing beam splitter; HWP: half-wave plate;
dPBS and dHWP: dual-wavelength PBS and HWP; DM: dichroic
mirror; ppKTP: periodically poled potassium titanyl phosphate;
QWP: quarter-wave plate; BPF-810(405): band-pass filter centered
at 810(405) nm with a bandwidth of 10(1.5) nm; MMF-200-0.39(50-
0.22): multimode fiber with a core diameter of 200(50) µm and an
NA of 0.39(0.22); OBJ: microscope objective with 20× magnifica-
tion and 0.4 NA. (b) Schematic of the procedure for measuring the
number of generated and detected spatial modes (not to scale). Inset
images show the multimode-laser-pumped SPDC field intensity at z
= 0 mm and 30 mm from the ppKTP crystal output face compared
to the effective collection aperture using MMFs (dashed red circles).
The solid green circles show the collection aperture of SMFs for
comparison.

can turn on only the LED or laser and adjust their polarizations
to be the same. The pump beam is spectrally filtered using
a bandpass filter with a center wavelength of 405 nm and a
bandwidth of 1.5 nm (BPF-405) and focused into the nonlin-
ear medium using a lens with a focal length of f1 = 200 mm.
After the spectral filtering, the LED beam retains a power of
∼1.2 µW while the laser beam has a power of ∼1.5 mW. At
the center of the nonlinear medium, the LED pump beam has a
diameter of ∼1 mm while the laser pump beam has a diameter
of ∼100 µm. The estimated divergence half-angles for the
LED and the laser pump beam are 11 mrad and 2.6 mrad,
respectively.

The nonlinear medium is a 10-mm-long, 2-mm-wide, 1-
mm-thick periodically poled potassium titanyl phosphate (pp-
KTP) crystal with a grating period of 10 µm. It is quasi-phase-
matched for Type-II collinear frequency-degenerate SPDC
from 405 to 810 nm at 50 ◦C. We place this crystal inside a
PSI comprised of a dual-wavelength PBS (dPBS, Newlight
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PBS0025-405/810), a dual-wavelength HWP (dHWP, New-
light WPD03-H810-H405), and two silver mirrors. If pump
beams propagating in clockwise and counterclockwise direc-
tions induce two SPDC processes that are indistinguishable
by the detectors, the setup produces a polarization-entangled
two-photon state

|�〉 = 1√
2

(|HV 〉 + eiφ|V H〉), (1)

where φ is the two-photon polarization phase jointly deter-
mined by the initial polarization of the pump beam, the phase
acquired passing through the dHWP, and the wave-front dis-
tortion of the dPBS [39].

The SPDC field is emitted into two distinct paths and
collimated by a lens with a focal length of f2 = 300 mm in
each. We denote the down-converted photons emitted into the
upper path in Fig. 1 as signal while those emitted into the
lower path as idler. Their joint polarization state is analyzed
using a set of QWP, HWP, and PBS in each path. Note that
we have chosen all wave plates in the setup to be zero order
(except for the dHWP inside the PSI) and have carefully
aligned their optical axes before taking measurements. We
use microscope objectives (OBJs) to couple down-converted
photons into MMFs with core diameters of 200 µm and NAs
of 0.39 (MMF-200-0.39), which support more than 45 000
spatial modes, and we detect them using avalanche photodi-
odes (PerkinElmer SPCM-QRH-14-FC).

Since our photon-collection setup has finite optical aper-
tures, we use the scheme as depicted in Fig. 1(b) to estimate
the number of spatial modes collected into the MMFs. To
simulate the propagation parameters of LED-pumped SPDC,
we couple the laser into the same MMF used for coupling the
LED (MMF-50-0.22) and use the output beam from this MMF
to pump the crystal. We acquire near-field images of the SPDC
at two planes along its propagation path (indicated by vertical
dashed lines), one at the output surface of the crystal and the
other at 30 mm from the crystal plane. The acquired images
are displayed as insets to Fig. 1(b). By fitting a Gaussian curve
to the measured beam profiles, we estimate that LED-pumped
SPDC has a diameter of Dcrystal

SPDC = 1.66 mm and divergence
half-angle of θ

crystal
SPDC = 45 mrad at the crystal plane. After

propagating through the lens f2 = 300 mm, the SPDC profile
has an estimated diameter of DOBJ

SPDC = 27.03 mm and diver-
gence half-angle of θOBJ

SPDC = 2.75 mrad at the OBJ input plane.
We estimate the mode field diameter accepted by MMF-200-
0.39 at the input plane of OBJ from the numerical aperture
of the MMF, which is 0.39, and the effective focal length
( fe) of the OBJ we used, which is 10 mm, to be DOBJ

MMF =
2 fe tan(arcsin(NA)) = 8.47 mm, and the corresponding di-
vergence half-angle is θOBJ

MMF = 10 mrad. We note that DOBJ
MMF

is smaller than the diameter of the input aperture of the OBJ,
which is 10 mm. Since the MMFs accept a larger divergence
half-angle than the SPDC field has at the OBJ input plane, we
estimate the number of spatial modes of SPDC light collected
by each MMF to be M = (πDθ/λ)2/2 = 4080, which indi-
cates that the collected two-photon states are highly spatially
multimode. Although the sensor areas of the avalanche diodes
(180 µm) are smaller than the core diameters of the MMFs,
we expect to detect all collected spatial modes with approxi-

mately the same efficiency because they have undergone mode
mixing in the 1-m-long, step-index MMFs. Therefore, our
photon-collection setup detects highly spatially multimode
SPDC emission in which the signal-idler correlations truly
reflect the influence of the spatially incoherent pump. In
contrast, the mode field diameter accepted by SMFs at the
input plane of OBJ is approximately 2.62 mm and the cor-
responding half-angle is approximately 0.39 mrad, both of
which are much smaller than those of the MMFs. For compar-
ison, we depict in Fig. 1(b) the mode field collected by MMFs
(dashed red lines) and SMFs (solid green lines).

We extract the photon coincidence rates using a Univer-
sal Quantum Devices Logic-16 data-acquisition unit with a
coincidence time resolution window τ = 1 ns. To test for
violation of local realism using the CHSH criterion S � 2 [3],
we measure the polarization correlation between signal and
idler photons by fixing the polarization projection in the signal
path while recording the coincidence rates as a function of
different linear polarization projections of the idler arm. To
characterize the resulting two-photon polarization state, we
perform quantum state tomography by recording coincidence
rates at 16 different polarization projection bases and recon-
struct the two-photon density matrix ρ, from which we can
infer the two-photon polarization phase φ and quantify the
entanglement by calculating the concurrence C(ρ) [41]. For
LED-pumped SPDC, we set an acquisition time of 5 min for
each projective measurement and observe a maximum coin-
cidence rate of ∼100 min−1 with an accidental coincidence
rate of ∼0.006 min−1; for laser-pumped SPDC, we set the
acquisition time for each projective measurement at 10 s and
observe a maximum coincidence rate of ∼11 300 s−1 with
an accidental coincidence rate of ∼50 s−1. The accidental
coincidence rates are estimated using 2SsSiτ , where Ss(i) is the
singles rate in the signal(idler) arm. The average singles rates
are ∼220 s−1 and ∼155 000 s−1 for LED- and laser-pumped
SPDC, respectively. We repeat each measurement ten times to
estimate the average value and standard deviation and subtract
accidental coincidence rates from the raw data prior to data
analysis. The coincidence rate of LED-pumped SPDC is lower
than that of the laser-pumped SPDC for two main reasons:
(i) the input power of the LED pump is approximately 10−3

lower than that of the laser pump; (ii) we estimate the type-II
ppKTP crystal to have a narrow phase-matching bandwidth
of ∼0.3 nm and could only interact with a fraction of the
power within the LED pump’s 1.5-nm bandwidth to induce
SPDC.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the experimentally measured polarization
correlation fringes of LED- and laser-pumped SPDC. We
denote θs(i) as the angle between the horizontal polarization
and the linear polarization bases into which the signal(idler)
photons are projected. We then adjust the pump polarization
to set φ = ±π in Eq. (1), thereby targeting |ψ〉 = (|HV 〉 −
|V H〉)/

√
2, and measure the coincidence rates as a function

of θi with the signal photons projected into four different
bases. Specifically, we choose to project signal photons into
the horizontal (H), vertical (V), antidiagonal (A), and diagonal
(D) bases by setting θs = 0◦, 90◦, 135◦, and 45◦, respectively.
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FIG. 2. Polarization correlation fringes of (a) LED-pumped
SPDC and (b) laser-pumped SPDC measured by projecting the signal
and idler photons into different linear polarization bases represented
by angles θs(i) with the horizontal polarization. Specifically, we de-
note the cases of θs = 0◦, 45◦, 90◦, 135◦ as measurements in the
horizontal (H), diagonal (D), vertical (V), and antidiagonal (A) bases,
respectively. The markers represent the experimentally measured
coincidence rates in H (circles), V (squares), A (triangles), and D
(diamonds) bases. The solid lines represent the sinusoidal fitting of
the experimental data. The error bars in (b) are indiscernible since
they are much smaller than the markers’ sizes.

The fringe visibility is defined as (Nmax − Nmin)/(Nmax +
Nmin), where Nmax(min) represents the maximal(minimal) co-
incidence rate measured in each basis. As a result, the
LED-pumped SPDC exhibits fringe visibilities of 98.07% ±
0.70%, 95.85% ± 0.78%, 81.45% ± 1.88%, and 81.31% ±
2.89% in the H, V, A, and D bases, respectively. The high
fringe visibility in the two mutually unbiased bases implies
high indistinguishability between the orthogonal polarization
components, indicating strong nonlocality, even with nearly
all spatial modes detected.

Following a similar method as described in [37,39], we
calculate the CHSH parameter S from the coincidence rates
via

S = |E (θs, θi ) − E (θs, θ
′
i ) + E (θ ′

s, θi ) + E (θ ′
s, θ

′
i )|, (2)

and E (θs, θi ) is defined as

E (θs, θi )

= N (θs, θi ) + N (θ⊥
s , θ⊥

i ) − N (θs, θ
⊥
i ) − N (θ⊥

s , θi )

N (θs, θi ) + N (θ⊥
s , θ⊥

i ) + N (θs, θ
⊥
i ) + N (θ⊥

s , θi )
, (3)

θ⊥ = θ + 90◦, (4)

where θ⊥
s(i) stands for an angle perpendicular to θs(i). Here,

we choose θs = 0◦, θ ′
s = 45◦, θi = 67.5◦, θ ′

i = 22.5◦. Conse-
quently, the LED-pumped SPDC yields S = 2.532 ± 0.069,
which exceeds the classical limit of S = 2 by more than
seven standard deviations. It is significant that here a vio-
lation of local realism has been demonstrated with highly
spatially multimode two-photon states produced from SPDC
pumped by an incoherent light source. More importantly,
the CHSH-inequality violation and two-photon polarization
entanglement (as will be quantified later by concurrence) mea-
sured in this work are significantly higher than those reported
in previous works with either MMF or SMF collection of
the incoherent-light-pumped SPDC. Table I summarizes and
compares our results with those reported in earlier literature.

In contrast, the laser-pumped SPDC exhibits fringe visibili-
ties of 97.69% ± 0.07%, 94.62% ± 0.10%, 95.08% ± 0.07%,
and 93.40% ± 0.09% in the H, V, A, and D bases, respec-
tively. The corresponding S parameter is calculated as S =
2.695 ± 0.006, displaying a violation of local realism by more
than 115 standard deviations. While LED- and laser-pumped
SPDC exhibit comparably high fringe visibility in the H-V
bases, the laser-pumped SPDC results in a notably higher
fringe visibility in the A-D bases and a stronger violation of
local realism compared to LED-pumped SPDC. A reduced
fringe visibility in the mutually unbiased basis can be at-
tributed to two potential reasons: (i) the produced state has
an additional phase between the |HV 〉 and |V H〉 components
compared to the target state |HV 〉 − |V H〉 so that the fringes
measured in the A-D bases have reduced visibilities; (ii) the
produced state has reduced entanglement, which manifests
as a reduced indistinguishability in the mutually unbiased
bases. To fully characterize the resulting two-photon states
produced from different pump sources, we conduct quantum
state tomography to reconstruct their density matrices ρ and
calculate C(ρ) to quantify the entanglement.

In Figs. 3(a) and 3(b), we depict the real and imagi-
nary parts of the two-photon density matrices for LED- and
laser-pumped SPDC, respectively. By calculating the phase
of the |V H〉 〈HV | element, we infer that the LED-pumped
SPDC produces a state with φ = (−0.941 ± 0.024)π and the
laser-pumped SPDC produces a state with φ = (−0.943 ±
0.001)π . The fidelity of the experimentally measured state to
the target state is 89.88% ± 0.51% for LED-pumped SPDC
and 96.36% ± 0.04% for laser-pumped SPDC, respectively.
These results indicate that we have chosen a near-optimal
set of polarization projection bases. The two-photon state
produced from LED-pumped SPDC has a concurrence of
C = 0.834 ± 0.038, whereas the one produced from laser-
pumped SPDC has a concurrence of C = 0.952 ± 0.002. The
lower value of C observed for the LED-pumped SPDC means
the produced state has a reduced entanglement compared to
laser-pumped SPDC, while both produce nonmaximal entan-
glement [41]. Therefore, the lower violation of local realism
of LED-pumped SPDC is mainly due to the reduced entan-
glement in the generated state. The concurrence results are
consistent with the differences in fringe visibilities measured
in the A-D basis since the entanglement is sensitive to the
indistinguishability between the SPDC processes induced by
pump light traversing the PSI in the clockwise and counter-
clockwise directions.
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TABLE I. Summary and comparison of results in the existing literature on two-photon polarization entanglement produced from SPDC
pumped by spatially incoherent light.

Reference Concurrence CHSH-inequality violation Photon-collection scheme

Li et al. (2023) [32] 0.531 ± 0.038 N/A MMF (200-µm core diameter, 0.39 NA)
Zhang et al. (2023) [33] 0.63 S = 2.33 ± 0.097 > 2 SMF

0.54 N/A MMF (50-µm core diameter)
0.35 N/A MMF (125-µm core diameter)

This work 0.834 ± 0.038 S = 2.532 ± 0.069 > 2 MMF (200-µm core diameter, 0.39 NA)

The nonmaximal entanglement produced from both types
of pump sources can be attributed to the wave-front distortions
within the PSI. Specifically, the uneven distances between
the two cemented prisms comprising the dPBS cause the H
and V components of both the pump and the down-converted
photons to acquire different relative phases across the trans-
verse plane. This effect is analogous to a wave plate with a
spatially nonuniform phase retardation, which alters the polar-
ization state of the light in a position-dependent manner. The
influence of wave-front distortion experienced by the down-
converted photons is discussed in Ref. [39] in the context
of laser-pumped SPDC. Collecting the down-converted pho-
tons using MMFs effectively mixes highly entangled states
[Eq. (1)] with different φ, thereby reducing the overall polar-
ization entanglement.

In the case of laser-pumped SPDC, the influence of
wave-front distortion on the pump beam is negligible since
the laser beam’s spot size is sufficiently small that the phase
change appears uniform across its transverse profile. However,
this effect becomes more prominent for LED-pumped SPDC.
We depict the effect of wave-front distortion on the LED
pump beam in Fig. 4(a). Since the light beam from an LED

FIG. 3. Real and imaginary parts of the density matrices of
the two-photon states produced with (a) LED-pumped SPDC and
(b) laser-pumped SPDC. All elements of the density matrices have
uncertainties less than 0.03 for LED-pumped SPDC and less than
0.003 for laser-pumped SPDC.

has a larger spot size than that of a laser, the pump beam picks
up spatially varying polarization phase across its transverse
profile. For instance, as shown in the inset to Fig. 4(a), pump
photons entering the PSI through path 1 (solid line) acquire a
relative phase of φ1 between their H and V components, while
those entering through path 2 (dashed line) acquire φ2, with
φ1 	= φ2 in general. As a result, the down-converted photons
generated from different transverse components of the
LED pump already carry different two-photon polarization
phases φ before undergoing further distortions at the dPBS.
Therefore, the LED-pumped SPDC is a mixture of two-photon
states with different φ, which are generated from pump

FIG. 4. (a) Schematic diagram of probing the effects of wave-
front distortion on the produced two-photon state. The laser pump
beam enters the PSI at two alternative paths with a horizontal shift of
∼1 mm. The inset depicts the effect of wave-front distortion, which
introduces different polarization phase retardation at different trans-
verse positions of the pump beam. The uneven distances between
the two cemented prisms are exaggerated for illustration purposes.
The reconstructed density matrices of two-photon states produced in
(b) path 1 and (c) path 2.
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photons of different transverse positions. As a result, the
detected states display reduced concurrence when averaging
over all possible transverse positions. To characterize this
effect, we adjust the alignment of the laser pump beam so that
it can traverse the PSI in two alternative paths separated by
∼1 mm in the horizontal direction, as depicted in Fig. 4(a).
Consequently, the influence of wave-front distortion on the
pump beam can be observed by comparing the resulting
two-photon states produced from laser-pumped SPDC
induced in different paths. In Figs. 4(b) and 4(c) we show the
density matrices of the two-photon density matrices produced
in paths 1 and 2, respectively. The two-photon state produced
by the pump beam traversing path 1 yields C = 0.933 ± 0.001
and φ = (0.5558 ± 0.0002)π , while that produced in path 2
exhibits C = 0.916 ± 0.001 and φ = (0.3220 ± 0.0001)π .
In both cases, the two-photon state displays strong (C > 0.9)
entanglement, indicating that the SPDC processes induced in
the clockwise and counterclockwise directions are sufficiently
indistinguishable along either path. The observed nonmaximal
entanglement is primarily due to the wave-front distortion
experienced by the down-converted photons, which is similar
to the results depicted in Fig. 3(b) and those reported in
[39]. The two output states display a distinct two-photon
polarization phase φ due to the pump beam entering the PSI
at different transverse positions on the dPBS. Using a pump
beam with a larger spot size effectively mixes the nonmaximal
two-photon states with different φ produced in different paths
from pump beams with smaller spot sizes, which further
reduces the resulting entanglement. For instance, an equal
mixture of the two states depicted in Figs. 4(b) and 4(c)
has a lower concurrence of C = 0.8558 ± 0.0003, which
is comparable to that of the LED-pumped SPDC. These
measurements suggest that the spatial coherence of the pump
does not fundamentally limit the polarization entanglement
produced from SPDC, and technical improvements can
further enhance the produced entanglement.

IV. CONCLUSIONS AND PERSPECTIVES

In summary, we have demonstrated a violation of local
realism with a highly spatially multimode two-photon state
produced from SPDC pumped by a spatially incoherent light
source—an LED. By collecting the down-converted photons
with MMFs, we achieve a violation of the CHSH inequality
S = 2.532 ± 0.069 > 2 by more than seven standard devia-
tions using a two-photon state containing nearly 4080 spatial
modes. Tomography analysis shows that the two-photon state
produced from LED-pumped SPDC has a concurrence of
C = 0.834 ± 0.038. These results represent the strongest vio-
lation of local realism and entanglement reported to date for
incoherent-light-pumped SPDC. In contrast, SPDC pumped
by a spatially coherent laser beam in the same setup results
in S = 2.695 ± 0.006 and C = 0.952 ± 0.002. The reduced
local realism violation and entanglement observed for LED-
pumped SPDC are likely results of the wave-front distortion
introduced by the imperfect optics parts within the PSI. We

demonstrate this by observing that near-maximal entangled
states produced from laser pump beams traversing different
paths in the PSI are distinguishable by their two-photon po-
larization phase.

Our results inform future studies employing incoherent-
light-pumped SPDC for practical entangled photon sources.
For instance, one can compensate the wave-front distortions
experienced by the pump and down-converted photons with
additional phase masks or adaptive optics devices [42,43]
to produce maximal entanglement from spatially incoherent
light. The viability of producing high entanglement regard-
less of the pump’s coherence opens up new opportunities for
entanglement-based quantum information technologies. For
instance, since incoherent light sources such as LEDs and
sunlight are more ubiquitous and less power-consuming than
most coherent light sources such as lasers, incoherent-light-
pumped SPDC could be employed to build robust entangled
photon sources without active electronics (other than temper-
ature control of the nonlinear crystals), which extends the
accessibility of quantum technologies in resource-restricted
environments such as the Arctic region and satellites in space
[19]. Furthermore, two-photon polarization-entangled states
produced from SPDC pumped by incoherent light may be
more suitable for free-space quantum key distribution due
to their robustness against atmospheric turbulence [44–46].
In the broader context of entangled photon generation using
nonlinear optical methods, a recent study demonstrated that
four-wave mixing driven by amplified spontaneous emission
can produce highly entangled two-photon states with en-
hanced pair generation rates [47], underscoring the potential
of incoherent-light-driven quantum information technologies
with nonlinear optical platforms.
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Chapter 5

Generating quantum entanglement
from sunlight

The idea of generating entangled photons from sunlight-pumped SPDC comes up fre-
quently during group discussions on my thesis topic. It started to materialize in October
2023 at the annual meeting of Max Planck—uOttawa Centre for Extreme and Quantum
Photonics, which was hosted by the Max Planck Institute for the Science of Light (MPL)
in Erlangen, Germany. During the meeting, I learned that Dr. Hanieh Fattahi’s team
at the MPL was developing a specialized glass concentrator that could potentially couple
sunlight into optical fibers. Through discussions with Dr. Hanieh Fattahi and her stu-
dent, Mr. Michael Küblböck, I was convinced of the feasibility of pumping SPDC with
concentrated sunlight. I then formalized the collaboration with support from Dr. Jeremy
Upham and Prof. Robert Boyd.

5.1 Estimating the optimal pump wavelength

While sunlight is inherently broadband, SPDC can only convert the pump light within
a narrow spectral range, as dictated by the phase-matching condition of a given nonlin-
ear crystal. To seamlessly integrate Dr. Fattahi’s expertise with ours, we need to first
select an optimal wavelength for a given entangled-photon source setup so that the sun-
light concentration module can be optimized for maximal concentration efficiency at that
wavelength. We have performed this wavelength estimation by considering a periodically-
poled potassium titanyl phosphate (ppKTP) crystal quasi-phase-matched for Type-II de-
generate SPDC, which composes one of the brightest entangled-photon sources to date,
including the one we used in Chapter 4.

We model the photon pair generation rate from the PDC process by adapting the frame-
work in Ref. [50, 51]. The down-converted photon flux generated and emitted into the
signal(idler) mode from a crystal with length L is calculated from the following expression:
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Ndc =

∫ ∞

0

∫ π/2

−π/2

∫ π/2

−π/2

βL2

h̄ωdc
P (ωp, ϕ, θ)q(ωdc) sin
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2

)
dϕ dθ dωdc, (5.1)

where P is the the power of pump beam, which is dependent on its frequency ωp, and
angular spectrum (ϕ, θ), β is the nonlinear conversion coefficient, q(ωdc) is the detection
quantum efficiency of the down-converted photons, and ∆k is the wave vector mismatch
between pump, signal, and idler fields.

The nonlinear conversion coefficient is β given by [52]

β =
ω4
sωid

2
eff h̄ns

4π3ϵ0c5ninp
=

ω5
dcd

2
eff h̄

4π3ϵ0c5np
, (5.2)

where we have assumed the case of degenerate phase-matching so that ωs = ωi = ωdc

and ns = ni. For simplicity, we may also assume perfect phase-matching and detection
efficiency over all spatial modes, so that the pair generation rate is seen as proportional
to the following expression, which we denote as R:

R =
β

h̄ωdc
P (ωp) =

4πd2eff
(2λp)4ϵ0cnp

P (λp), (5.3)

where we have changed the variable to wavelength and used λdc = 2λp. We then use
this expression to estimate the optimal pump wavelength by considering the wavelength
dependence of both the solar irradiance and the second-order nonlinear coefficient.

Fig. 5.1a depicts the ASTM G173-03 Reference spectra of solar irradiance [53]. We use
the direct and circumsolar irradiance data as a benchmark for the sunlight pump power
spectrum [54]. While solar irradiance peaks around 500 nm and sharply declines at shorter
wavelengths, the second-order nonlinear coefficients of most materials tend to increase in
this range with decreasing wavelengths. We calculate the dispersion of d using [55]:

dil(λ) = χ(1)(λ)d̄il (5.4)

where d̄il is a material-specific constant. Since a Type-II ppKTP crystal is x-cut, we
choose

deff = d24 = 1.68χ(1) = 1.68[n2β(λ)− 1] (5.5)

where nβ(λ) is the β-axis refractive index of KTP. Fig. 5.2 depicts the dispersion of d as
presented in Ref. [55].

Fig. 5.3 depicts the numerical results of estimated values of R, which is proportional
to the expected pair generation rate. In Fig. 3a, we plot the value of R from 350
nm to 600 nm. It is evident that although the solar irradiance is stronger at 500 nm,
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Figure 5.1: (a) ASTM G173-03 solar irradiance data. Etr—
extraterrestrial solar irradiance. Global tilt—irradiance on 37◦ tilted sun-
facing surface. Direct+circumsolar—surface normal to the Sun and its
surroundings. (b) Conceptual diagram of the direct+circumsolar mea-

surement regime. Figures adapted from Ref. [53, 54].
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Figure 5.2: Dispersion of second-order nonlinear optical coefficients of
KTP. The data markers represent experimentally measured values from

different earlier publications. Figure adapted from [55].
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the expected coincidence is higher when the pump wavelength is around 400 nm. In
Fig. 3b, we depict R around 400 nm and notice that the coincidence rate has negligible
wavelength dependence in the range of 400 nm to 410 nm. These results indicate that
a wavelength between 400 nm and 410 nm could be the optimal pump wavelength for
generating entangled photons using sunlight-pumped SPDC.

Figure 5.3: Estimated coincidence rates in different wavelength ranges
using a ppKTP crystal with Type-II degenerate quasi-phase-matching.

In Fig. 5.4 we depict a comparison between the solar irradiance, which is proportional
to the power of the solar pump and β/h̄ωdc. By plotting log scales and normalizing
with their values at 400 nm, we observe that from 400 nm to 500 nm, the increase in
solar irradiance appears marginal in contrast to the sharp drop in nonlinear conversion
efficiency.

Figure 5.4: Comparison of solar irradiance and nonlinear conversion
efficiency

Fortunately, our lab already has a ppKTP crystal quasi-phase-matched for Type-II de-
generate SPDC from 405 nm to 810 nm. Therefore, we have decided to use this crystal
in the entangled-photon source, which we had been building in the work that later led to
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Chapter 4. Working in parallel with our efforts to build the entangled-photon source, Dr.
Fattahi’s team, specifically her students, Mr. Jasvinder Brar and Mr. Michael Küblböck,
optimized the design of their solar concentration module to prioritize the collection of
sunlight around 405 nm. In particular, they have aimed at efficient coupling of concen-
trated sunlight into a multimode fiber (MMF) so that the sunlight can be guided into our
free-space entangled-photon source. While a detailed discussion on solar concentration is
beyond the scope of this thesis, we have included a brief description in the Supplementary
Material of this work. For more information, one may refer to Ref. [56].

5.2 Integration optimization of sunlight-pumped entangled-
photon source

In Aug 2025, I travelled to Germany on a business visa to conduct the first test round
for this experiment. With limited resources at our disposal, we shipped most optical
components composing the entangled-photon source from Ottawa to Erlangen so that I
could rebuild the entangled-photon source at the MPL. Additionally, we borrowed single-
photon detection equipment from Dr. Christoph Marquardt’s group at the MPL.

Ideally, a free-space optical entangled-photon setup should be stabilized on an optics table
inside an enclosed lab space, while the concentrated sunlight collected from outdoors is
sent into the lab through an optical fiber. However, due to the significant absorption of
405 nm light by silica, we decided to place the entangled-photon source outdoors, next
to the sunlight concentration module, to minimize pump-power loss. I rebuilt the setup
used in Chapter 4 more compactly on a breadboard. The setup, which is aligned in the
lab, can then be transported to the outdoor space on a cart. To shield the setup from the
bright ambient light in an outdoor space, I worked with Mr. Jasvinder Brar to design and
build an optical enclosure, whose front and top panels are made into an L-shaped lid. To
minimize disturbance to the setup’s alignment during transportation, we also equipped
the breadboard with passive vibration-absorbing feet. The experimental setup used in
this first test round is depicted in Fig. 5.5.

However, the difficulties in conducting quantum optical experiments outdoors were still
beyond our estimation. First, we were constrained by the geological factors. The ideal
weather condition for this experiment—sunny days with clear sky—is not typical at Er-
langen. Even on relatively sunny days, our measurements could be interrupted with
unexpected cloud coverage. Additionally, solar irradiance on earth’s surface varies with
time of the day and may only be strong enough within 2 hours from noon. This further
restricts the time window for conducting a full state tomography measurement.

Despite the effort in mitigating the vibration during transportation, the setup still expe-
riences misalignment in the process. Specifically, the mirrors in the Sagnac polarization
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Figure 5.5: Field test setup for integration of the sunlight concentration
module and the entangled-photon source.

interferometer ended up in slightly different tilt angles, which introduces spatial distin-
guishability between the SPDC processes produced in two directions and reduces the
resulting entanglement. The misalignment then requires that we troubleshoot the setup
on-site, which could expose the detectors under broad daylight. Since fine adjustment of
the alignment requires observing quantum interferences between single-photons, an ex-
posure to even the faintest ambient light could disrupt the optical precision. Although
I attempted aligning the setup in the dark hours before dawn, the wind during daytime
could also disturb the aligned setup during measurements. Nevertheless, the two-photon
state generated from sunlight-pumped SPDC during the first test round still yields a
concurrence of ∼ 0.6.

On the other hand, sunlight exposure caused significant accumulation of heat at the
metallic mounts of the filters composing the sunlight concentration module, which could
lead to irreversible setup damage and even fire hazard. This risk factor had forced us to
aggressively remove the warm light components by covering the input of the concentration
module with multiple layers of blue-coloured films. However, these commercial grade films
are not designed for optical filtering and only offers ∼ 70% of transmission at 405 nm per
layer. As a result, while they excel at blocking warm-coloured light, they also introduce
significant loss at our desired pump wavelength. Furthermore, we discovered that an
optical filter within the sunlight concentration module has much lower transmission at
405 nm than its manufacturer claims. Fortunately, we still managed to detect 30 photon
pairs per 5-minute with an average sunlight pump power of ∼ 70 nW.
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These encouraging preliminary results had strengthened our confidence in this experiment
and we quickly proceed to resolve these issues. To better isolate the setup from wind and
ambient light, we acquired a blackout tent to house the setup in an outdoor environment.
Consequently, we can easily fine-tune the alignment of the entangled-photon source on-site
while enjoying better resistance against wind disturbance. To balance thermal manage-
ment and operation efficiency of the sunlight concentration module, we carefully reduced
the number of layers of the coloured film and installed a copper panel to shield the filter
mounts from direct sunlight exposure. These improvements have increased the sunlight
concentration efficiency at 405 nm and allowed us to observe nearly 45 photon pairs per
3-minute with ∼ 120 nW of average pump power. The higher coincidence counts effec-
tively reduced the required measurement time. As a result, we can perform a full state
tomography and a complete Bell test within the same sunny day while accommodating a
few occasions of cloud coverage.

While I had to leave Germany due to visa expiration in early September, we immediately
planned my second visit from October to early December, during which the aforemen-
tioned improvements were implemented. The details of the improved setup and the results
obtained with it are discussed in the manuscript presented later in this Chapter. Below
I summarize the contributions of all co-authors.

Mr. Jasvinder Brar and Mr. Michael Küblböck designed and built the solar concentration
module in Fig. 1. I built the entangled photon source in Fig. 1, which is a slightly modified
version of that used in Chapter 4. With technical support from Mr. Michael Küblböck,
Mr. Jasvinder Brar and I worked closely together to measure the entangled photons
generated from sunlight-pumped SPDC. Mr. Jasvinder Brar and I optimized both setups
for improved sunlight collection efficiency and setup stability in outdoor environments,
achieving the results shown in Fig. 2-4. Mr. Jasvinder Brar and I analyzed the results
through discussions with Dr. Jeremy Upham and Dr. Hanieh Fattahi. I wrote the first
draft of the manuscript together with Mr. Jasvinder Brar, and all co-authors subsequently
contributed to the writing. Dr. Hanieh Fattahi and Prof. Robert Boyd supervised the
research. This paper is currently under review at Optica.
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Energy consumption is becoming a serious bottleneck for integrating quan-
tum technologies within the existing global information infrastructure. In pho-
tonic architectures, considerable energy overheads stem from using lasers, whose
high coherence was long considered indispensable for quantum state preparation.
Here, we demonstrate that natural, incoherent sunlight can successfully produce
quantum-entangled states via spontaneous parametric down-conversion. We de-
tect polarization-entangled photon pairs with a concurrence of 0.905±0.053 and a
Bell state fidelity of 0.939±0.027. Importantly, the system violates Bell’s inequality
with 𝑺 = 2.5408 ± 0.2171, exceeding the classical threshold of 2, while maintain-
ing generation rates comparable to laser-based setups. These findings pave the
way for sustainable quantum applications in resource-limited environments like
interplanetary missions.
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Background

Quantum technologies have promised to revolutionize modern information processing, offering

computational advantages for classically hard problems (1–3), information-theoretic communica-

tion security (4–6), and sensing precision beyond classical shot-noise limits (7, 8). Over the past

few decades, breakthroughs in device performance have been widely celebrated in both scien-

tific journals and the popular press, while a critical figure of merit for these advances—the energy

cost—has raised concerns for their sustainability (9). In the classical domain, the global information

and communication technology sector already accounts for ∼ 1.8–3.9% of worldwide greenhouse

gas emissions and energy use (10, 11). With the ever-growing global data traffic, any large-scale

deployment of quantum-enabled information and communication technology will inevitably add to

this burden.

On existing quantum platforms, a substantial share of the power consumption stems from the

energy overhead required to prepare and control the physical quantum systems. Preserving quan-

tum coherence in superconducting circuits requires millikelvin-level cooling, which is provided by

cryogenic equipment that routinely consumes 5-10 kW of electrical power per unit (12,13). Ion-trap

processors require energy-intensive resources such as ultra-high-vacuum infrastructure and high-

power radiofrequency drive fields (14). In photonic quantum systems, generating quantum states

of light often involves deploying lasers, which have suboptimal electrical-to-optical conversion

efficiency due to their inherent requirement of operating above a driving current threshold. Com-

mercial lasers typically draw watts of electrical power only to deliver optical power on the milliwatt

scale, with a significant portion of the consumed energy going towards spectrum stabilization and

temperature control, or dissipating as heat. Moreover, their durability and long-term reliability are

limited when operating in harsh conditions such as intense radiation, high vacuum, and extreme

temperature fluctuations. The energy requirements for these platforms could significantly constrain

the scalability and accessibility of quantum technologies. Fortunately, operations of photonic quan-

tum systems may not require enduring the energy burden from lasers, unlike superconducting and

ion-trap systems, whose underlying physical principles necessitate the energy overheads.

A key ingredient in photonic quantum technologies is the entangled photon state (15–20). Lasers

often serve as the pump source for generating entangled photons from spontaneous parametric

2
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down-conversion (SPDC), which is a nonlinear optical process widely employed in many photonic

quantum applications. In SPDC, photons from a pump beam interact with a nonlinear medium

and are down-converted into photon pairs (21–23). Conventionally, lasers are employed as pump

sources due to their typically high coherence across all degrees of freedom, including spatial,

spectral-temporal, and polarization. The reason is that the coherence of the pump in a given degree

of freedom puts an upper bound on the maximally attainable entanglement in the same degree of

freedom (24–33). However, this constraint does not apply when the target entanglement is in a

different degree of freedom from that of the coherence of the pump (34). For instance, studies from

the authors, as well as others, have demonstrated that a polarized but spatiotemporally incoherent

light source, such as a light-emitting diode (LED), can produce polarization-entangled photon

pairs via SPDC (35–37). These earlier achievements suggest that natural sources of light, such

as sunlight, can replace lasers as the pump source for nonlinear optical processes and generate

entangled photons, thereby enabling energy-efficient quantum technologies.

Solar energy harvesting through photovoltaics offers a prominent option for green, renewable

power supply. However, the efficiency of state-of-the-art solar cells remains below 50% (38), and

their performance and durability are similarly constrained in severe environmental conditions. In

parallel with the materials science effort in solar cell research, sunlight concentration technologies

have been developed over the years to facilitate optimal utilization of solar power (39). Studies

have proposed using solar concentration technology to directly drive optical amplification and

build a solar laser (40–42). On the other hand, large-scale solar-powered space infrastructure, such

as space-based solar power platforms (43) and orbital data centers (44), is rapidly advancing,

driving interest in photonic technologies capable of operating directly on abundant, incoherent

solar radiation without dependence on power-intensive laser or electrical subsystems. Within this

landscape, solar-driven photonic quantum technologies represent a promising route toward energy-

autonomous quantum photonic functionality, naturally aligned with the requirements of future

space power and information architectures. Here, we demonstrate, for the first time, that sunlight, a

ubiquitous and environmentally friendly light source, can produce entangled photon pairs via SPDC

despite its lack of optical coherence. Using a combination of a Fresnel lens and a conic concentrator,

we couple the sunlight into a multimode fiber (MMF) that guides the sunlight into a free-space

optical entanglement source setup. The spectrally filtered sunlight then pumps a nonlinear crystal
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placed inside a polarization Sagnac interferometer (PSI) to induce SPDC (45). We measure photon

coincidences with a time correlation width of∼ 1 ns. By conducting quantum state tomography (46),

we measure a two-photon state with a concurrence of 𝐶 = 0.905 ± 0.053 (47), a purity of 𝑃 =

0.919±0.045, and a fidelity to the target Bell state of𝐹 = 0.939±0.027. The polarization correlations

between photon pairs result in a Bell parameter for a Clauser-Horne-Shimony-Holt (CHSH)-type

measurement of 𝑆 = 2.5408 ± 0.2171 (48, 49), which surpasses the local realistic threshold of

𝑆 = 2 by 2.49 standard deviations, indicating that the correlation cannot be fully explained by a

local hidden variable theory. These results are not simply a proof of principle that polarization

entanglement is generated from SPDC pumped by sunlight; they are a quantitative demonstration

that these photon pairs have entanglement close to that of many recent results on polarization

entanglement generated from SPDC pumped by coherence laser sources (50–53). We attribute the

non-maximal entanglement and purity to practical imperfections in the experimental conditions,

such as the wavefront distortions introduced by optical components, not to any inherent issue with

the coherence of our solar pump. More importantly, we observe that the generation rate of entangled

photons from sunlight-pumped SPDC, which is ∼ 1600 s−1 (mW of pump power)−1, is comparable

with that of laser-pumped SPDC when normalized against the effective phase-matching bandwidth.

Our proof-of-principle demonstration not only indicates that there is no physical impediment to

generating entangled photon pairs from incoherent sunlight, but is also highly encouraging that

technical optimization of sunlight concentration at the phase-matching wavelengths of SPDC could

make it competitive with current laser-pumped sources of polarization entangled photon sources.

Our results serve as an important step towards solar-driven photonic quantum technologies and

have important implications for developing energy-efficient and environmentally friendly quantum

devices.

Experiment

Figure 1 depicts the experimental setup, which consists of a sunlight-concentration module and

an entangled-photon source. The sunlight concentration module is designed to optimally isolate

sunlight in the desired spectral bandwidth and couple them into the MMF. To this end, we first pre-

focus the sunlight using a rectangular (1 m × 1.4 m) Fresnel lens covered with commercial-grade
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color films that partially block the warm-colored spectral components. This beam then propagates

through a short-pass filter and a dichroic mirror to further reduce the optical power outside of the

ultraviolet spectral band. The focused and filtered sunlight is then coupled into a MMF with a core

diameter of 50 𝜇m and numerical aperture (NA) of 0.22 (MMF-50-0.22) using a custom glass conic

concentrator. Additional details relevant to the sunlight concentration module are included in the

Materials and Methods section of the Supplementary Material.

To efficiently couple the sunlight into the nonlinear medium responsible for inducing SPDC, we

first collimate the sunlight transmitted through the MMF into a beam using a microscope objective

with 20× magnification and 0.4 NA. This beam, which will later serve as the pump of the SPDC

processes, is spectrally filtered using a short-pass filter with a cutoff wavelength of 550 nm and a

band-pass filter with a center wavelength of 405 nm and a bandwidth of 1.5 nm (BPF-405). Using a

combination of a polarizing beam splitter (PBS) and a half-wave plate (HWP), we make the pump

beam highly polarized with equal amplitudes in its horizontal and vertical components, which

ensures the generation of high polarization entanglement (32). To account for the overall phase

delays that the orthogonal polarization components may later experience, we add a quarter-wave

plate (QWP) that can be tilted to pre-compensate for the expected phase differences. The polarized

sunlight pump beam is then focused into the nonlinear medium using a lens with a focal length

of 𝑓1 = 200 mm. The filtered sunlight reflected by the PBS is sent to a power meter to monitor

the pump power in real time or to a spectrometer to measure its spectrum. Since sunlight is nearly

unpolarized, and considering the depolarizing effect of propagation in MMFs, we expect the pump

power to be equally split at the PBS so that the power meter readings reflect the actual pump power

incident on the nonlinear medium. Similarly, we expect the PBS to have negligible influence on the

spectral shape of light around 405 nm, so that the spectrum measured at the spectrometer reflects

the spectrum of the actual pump beam that induces the SPDC process. We depict the spectrum of

the filtered sunlight pump beam in the inset of Fig. 1. At the center of the nonlinear medium, the

sunlight pump beam has a diameter of ∼ 1 mm with an estimated divergence half-angle of 11 mrad.

The nonlinear medium is a 10-mm-long periodically poled potassium titanyl phosphate (ppKTP)

crystal quasi-phase-matched for Type-II SPDC from 405 nm to 810 nm. By placing this crystal at

the center of the PSI, we have made the SPDC processes induced in clockwise and counterclockwise

directions indistinguishable by the detectors. As a result, the setup produces a polarization-entangled
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two-photon state |Ψ⟩ ∼ |𝐻𝑉⟩ + 𝑒𝑖𝜙 |𝑉𝐻⟩, where 𝜙 is jointly determined by the initial polarization

of the pump beam and the subsequent phase delays acquired within the PSI (45). In the experiment,

we have set the tilting angle of QWP to target 𝜙 = 𝜋 so that the resulting two-photon state is written

as

|Ψ⟩ = 1√
2
( |𝐻𝑉⟩ − |𝑉𝐻⟩) (1)

The SPDC fields emitted into two distinct paths are each collimated by a lens with a focal length of

𝑓2 = 250 mm. We denote the down-converted photons emitted into the upper path as signal while

those emitted into the lower path as idler. Their joint polarization state is analyzed using a set of

QWP, HWP, and PBS in each path. Note that we have chosen all waveplates in the setup to be

zero-order (except for the dHWP inside the PSI) and have carefully aligned their optical axes before

taking measurements. We use microscope objectives (OBJs) to couple down-converted photons into

MMFs with core diameters of 200 𝜇m and NAs of 0.39 (MMF-200-0.39) and detect them using

avalanche photodiodes (APDs, PerkinElmer SPCM-CD 3017/Excelitas SPCM-QRH-14-FC).

We register the photon arrival time using a time-to-digital converter (TDC, qutool’s quTAU)

with a time resolution of 𝜏 = 81 ps and extract the time correlation histograms between signal

and idler photons. To characterize the resulting two-photon polarization state, we perform quantum

state tomography (46) by recording coincidence rates at 16 different polarization projection bases

and reconstruct the two-photon density matrix 𝜌, from which we can quantify the entanglement

by calculating the concurrence 𝐶 (𝜌) (47) and purity 𝑃(𝜌) = Tr{𝜌2}. We set an acquisition

time of 2 min and a coincidence time window of 1 ns for each projective measurement. Due to

solar irradiance variation throughout the daytime under realistic weather conditions, we observe

differences in the sunlight pump power between measurements. Since the sunlight pump power

measured at the power meter is well below 1 mW, we expect the SPDC to work in the low-gain

regime where the pair generation rate scales linearly with the pump power. In subsequent data

processing, we normalize the experimentally measured coincidence counts against the average

pump power during data acquisition. The accidental coincidence rates are estimated using the

average coincidence rates of photons arriving more than 5 ns apart.
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Figure 1: Schematics of the experimental setup The setup consists of a sunlight concentration

module and an entangled-photon source. The sunlight concentration module collects direct sunlight

via a 1 m × 1.4 m Fresnel lens and concentrates the spectrally filtered light into a multimode fiber

(MMF). In the entangled-photon source, the sunlight is collimated and filtered to 405 nm ± 0.75

nm (inset) to pump a ppKTP crystal inside a PSI. We have carefully balanced the PSI to compensate

for most spatial and temporal distinguishabilities between the SPDC processes in two directions.

The resulting SPDC field is split and detected by MMF-coupled APDs to characterize two-photon

entanglement and test for violation of local realism.
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Results

Figure 2 displays the experimentally measured time correlation histogram between the SPDC

photons measured on three separate days. We have set the waveplates in the detection paths to

measure in the joint polarization bases VH and HV, respectively. We acquire data for 2 min per

measurement and record the average pump power during the data acquisition. The time bin size

is set to be twice the TDC’s temporal resolution, 2𝜏 = 162 ps. We observe photon coincidences

centered around Δ𝑡 ∼ 2.25 ns. This time difference is caused by electronic delays between different

channels of the TDC unit. At a 1 ns coincidence time window, we extract an average coincidence

rate of 10 counts per minute per 100 nW of pump power, which is equivalent to a coincidence rate of

∼ 1600 s−1 (mW of pump power)−1. This coincidence rate is consistent with the results obtained

in an earlier work, in which a blue-light LED filtered to the same spatiotemporal bandwidth is

employed as the pump source for SPDC and produces 100 counts per minute per 1 𝜇W of pump

power (37). We also note that, when this result is normalized against the effective bandwidth of the

nonlinear interaction, the pair generation rate from incoherent-light-pumped SPDC is comparable

to that of laser-pumped SPDC reported in (37). We also observe near-zero coincidence count

rates at time differences far from the center of correlation, that is, Δ𝑡 > 5 ns. Therefore, the

experimentally measured coincidence counts contain negligible accidental coincidence counts.

These results indicate a strong temporal correlation between the signal and idler photons, which

is a feature of photon pair production from SPDC. Interestingly, an earlier study has observed

spatial correlations between photon pairs produced from sunlight-pumped SPDC without studying

entanglement (54). To observe photon entanglement beyond spatial and temporal correlations, it is

necessary to reconstruct the density matrix of the quantum state and test for violations of Bell-type

inequalities.

Figure 3 depicts the real and imaginary parts of the two-photon density matrix for sunlight-

pumped SPDC. We obtain the depicted density matrix by averaging over the ones reconstructed

from QST measurements conducted on three separate days. The resulting two-photon state has a

concurrence of 𝐶 = 0.905± 0.053. Recall that the concurrence 𝐶 (𝜌) is defined as an entanglement

monotone that ranges from 0 to 1, where 𝐶 = 0 represents complete absence of entanglement and

𝐶 = 1 stands for maximal entanglement (47). Therefore, we have, for the first time, observed the
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A B C

Figure 2: Time-correlation histogram of sunlight-pumped SPDC measured in joint polariza-
tion bases VH and HV, respectively In the titles of subplots, we note the average pump power

measured over the time of data acquisition. (A-C) display results measured on three separate days.

The bar plots display the experimentally measured photon coincidences, while the grey shade

indicates the coincidence time window. The photon pairs show clear temporal correlation with

negligible accidental coincidences.
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Figure 3: Real and imaginary parts of the density matrix of the two-photon state produced
from sunlight-pumped SPDC. These results are calculated using quantum state tomography based

on polarization correlation measurements in 16 different projection bases, which include those that

have been displayed in Fig. 2. These results confirm polarization entanglement with a concurrence

of 𝐶 = 0.905 ± 0.053, a purity of 𝑃 = 0.919 ± 0.045, and a fidelity of 𝐹 = 0.939 ± 0.027 to the

target Bell state (Eqn. 1).
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Figure 4: Bell parameter measurement using the CHSH formalism. Idler photons are projected

into different linear polarizations while signal photons are projected into the (A) rectilinear bases

and (B) (anti-)diagonal bases. We denote 𝜃𝑠(𝑖) as the angle of linear polarization with respect to the

horizontal polarization, so that 𝜃𝑠 = 0◦, 45◦, 90◦, 135◦ represents projecting signal photons in the

horizontal (H), diagonal (D), vertical (V), and anti-diagonal (A) bases, respectively. These results

lead to a violation of local realism with a Bell-CHSH parameter of 𝑆 = 2.5408 ± 0.2171 > 2.

generation of polarization-entangled photons from SPDC pumped by sunlight. To fully characterize

the resulting state, we calculate the purity 𝑃 = tr{𝜌2}, where tr{· · · } denotes the trace of a matrix,

and the fidelity 𝐹, which quantifies the overlap between the generated state and the maximally

entangled target state (Eqn. 1). As a result, we obtain 𝑃 = 0.919 ± 0.045 and 𝐹 = 0.939 ± 0.027.

These already high values for the concurrence, purity, and fidelity indicate that the state is highly

entangled, mostly pure (low noise), and close to the desired Bell state and are likely not limited

in any fundamental way by the sunlight-pumped SPDC, but rather a consequence of optimizable

technical parameters. Specifically, we believe that the spatial incoherence of the sunlight pump

does not fundamentally degrade the entanglement quality in the polarization degree of freedom,

and further improvements in entanglement quality can be achieved with an optimized setup design,

such as using optical components with low wavefront distortions (37,55).

While the tomography results quantify the quality of entanglement, verifying the non-classical

nature of these correlations requires a test against local realism. Violation of local realism ar-

guably distinguishes quantum systems from their classical counterparts (48,49,56) and could thus
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benchmark the performance of quantum systems for practical applications. For instance, observing

violations of local realism certifies the security of quantum communication channels (4,5, 57) and

serves as a valuable resource for quantum-enhanced imaging and metrology (58–60). To demon-

strate this capability with our sunlight-pumped entangled-photon source, we perform a Bell test

using the CHSH formalism.

In Figure 4, we depict the experimentally measured photon coincidences for a Bell test in the

CHSH formalism. To account for pump power fluctuations between different measurements, we

have normalized the coincidence counts to a reference pump power of 100 nW before further data

processing. The markers and error bars indicate the experimentally measured average coincidences

and their standard deviations over measurements conducted on three separate days. We have used

these data to calculate the Bell-CHSH parameter. The solid lines represent the expected polarization

correlation curves, which are numerically calculated by projecting the resulting two-photon density

matrix shown in Fig. 3 onto different joint polarization bases. The results of Bell test measurements

agree well with those reconstructed from state tomography, indicating high consistency of the

setup performance. We choose 𝜃𝑠 = 0◦, 𝜃′𝑠 = 45◦, 𝜃𝑖 = 22.5◦, 𝜃′𝑖 = 67.5◦ and calculate the CHSH

parameter 𝑆 from the coincidence rates using:

𝑆 = |𝐸 (𝜃𝑠, 𝜃𝑖) − 𝐸 (𝜃𝑠, 𝜃′𝑖) + 𝐸 (𝜃′𝑠, 𝜃𝑖) + 𝐸 (𝜃′𝑠, 𝜃′𝑖) |, (2)

and 𝐸 (𝜃𝑠, 𝜃𝑖) is defined as

𝐸 (𝜃𝑠, 𝜃𝑖) =
𝑁 (𝜃𝑠, 𝜃𝑖) + 𝑁 (𝜃⊥𝑠 , 𝜃⊥𝑖 ) − 𝑁 (𝜃𝑠, 𝜃⊥𝑖 ) − 𝑁 (𝜃⊥𝑠 , 𝜃𝑖)
𝑁 (𝜃𝑠, 𝜃𝑖) + 𝑁 (𝜃⊥𝑠 , 𝜃⊥𝑖 ) + 𝑁 (𝜃𝑠, 𝜃⊥𝑖 ) + 𝑁 (𝜃⊥𝑠 , 𝜃𝑖)

, (3)

𝜃⊥ = 𝜃 + 90◦, (4)

where 𝜃⊥
𝑠(𝑖) stands for an angle perpendicular to 𝜃𝑠(𝑖) . As a result, sunlight-pumped SPDC photons

exhibit 𝑆 = 2.5408±0.2171 > 2, thereby violating the CHSH inequality by 2.49 standard deviations.

Conclusions and perspectives

In summary, we have experimentally demonstrated the generation of polarization entanglement

from SPDC pumped by sunlight. We observe a strong time correlation between photons produced

from sunlight-pumped SPDC. Polarization correlations between the SPDC photons violate the
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Bell-CHSH inequality with 𝑆 = 2.5408 ± 0.2171, which is larger than the local realistic threshold

of 2, and thus confirms the non-classical nature of these correlated photons. Tomography analysis

shows that the two-photon state produced from sunlight-pumped SPDC has a concurrence of

𝐶 = 0.905± 0.053, a purity of 𝑃 = 0.919± 0.045, and a fidelity of 𝐹 = 0.939± 0.027 to the target

Bell state (Eq. 1), confirming, respectively, the generation of high polarization entanglement, with

low decoherence and in the desired state from sunlight-pumped SPDC. These results mark the first

demonstration of an entangled photon source operating without electrical energy input (except for

temperature control on the nonlinear crystal to maintain phase-matching conditions), thus paving the

way for energy-efficient and environmentally friendly quantum entangled sources. Furthermore, we

emphasize that the quality of entanglement generated from sunlight-pumped SPDC, as quantified

by its concurrence, purity, and fidelity to the target state, is on par with what has been reported

in recent works employing laser-pumped SPDC (50–53), highlighting the application potential of

sunlight-driven entangled-photon sources in photonic quantum technologies.

Having measured high entanglement for these sunlight-pumped SPDC photon pairs, as well as

confirming that the correlations are fundamentally non-classical, we next consider what technical

alterations would further improve these figures of merit.

One possible improvement would be to mitigate wavefront distortions in the optical components

comprising the PSI. For instance, an uneven surface of the dPBS could introduce path distinguisha-

bility within the PSI and reduce the overall entanglement (37,45). This wavefront distortion could

be characterized and compensated for using adaptive optics methods. Alternatively, one can employ

optical components custom-designed for low wavefront distortion. We believe these improvements

can significantly enhance the quality of the resulting entanglement, yielding near-unity concurrence,

purity, and fidelity to a maximally entangled state.

Another question is how to improve the photon pair production efficiency. We have shown here

that sunlight-pumped SPDC produces photon pairs at a rate of ∼ 1600 s−1 (mW of pump power)−1,

which is the same efficiency observed with an LED of the same spectral profile (37), that is, 1.5 nm

bandwidth centred around 405 nm. However, this is still somewhat less than the efficiency shown in

the same setup for laser pumping (∼ 7500 s−1 (mW of pump power)−1). This discrepancy is likely

due to the limited spectral phase-matching bandwidth of the nonlinear crystal (0.2-0.3 nm centred

around 405 nm), which is much wider than the laser bandwidth, meaning that only a fraction of the
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power in the input sunlight participates in the SPDC and produces entangled photons. The spectral

utilization efficiency can be improved by adopting type-0 phase-matching. In this experiment,

we have chosen the MMF-50-0.22 to maximize the overlap between the transverse profile of the

sunlight pump beam and that of the ppKTP crystal in the same plane. By adopting a nonlinear

medium with larger transverse dimensions, the SPDC processes can potentially accommodate an

increased amount of pump power distributed over a wider spatial spectrum.

Overall, we stress that entanglement quality and production efficiency are currently only limited

by technical challenges and do not suggest a fundamental difference in the quality of an entangled

photon source with an incoherent pump.

To further improve the overall brightness of entangled photon generation, one should refine

the design of the solar concentration module for better sunlight collection efficiency. We identify

several technical aspects to be improved in this avenue. Firstly, one can optimize the design of the

conic concentrator so that its effective clear aperture and acceptance angle better match the focal

parameters of the Fresnel lens at the desired spectral band. Wavelength-specific optical coatings

could also be applied to the concentrator to minimize reflection and scattering losses. Secondly, one

can adopt a motorized solar-tracking mount with finer angular resolution so that the overall coupling

efficiency of sunlight into the MMF is less susceptible to motor inaccuracies and environmental

disturbances. Thirdly, one can explore a filtering element engineered for high transmission at the

pump wavelength to directly increase the usable optical flux. Although the commercial-grade color

film employed in the current setup performs well at rejecting light at longer wavelengths, it also

reflects a significant fraction of the light near 405 nm (see Supplementary Material), thereby

reducing the available pump power. Finally, one can employ collection fibers with a larger core

diameter. This would not only enhance the coupling efficiency of concentrated sunlight but, when

paired with an appropriate lens imaging system, also deliver more overall pump power to a nonlinear

crystal with larger transverse dimensions, thereby facilitating more effective utilization of the

spatially diverse solar pump.

Although several opportunities for technical optimization have been identified, the highly en-

tangled photons demonstrated in this proof-of-principle experiment already make a compelling

case for replacing power-hungry, high-maintenance lasers with energy-efficient sources such as

sunlight or LEDs. This technology offers strategic advantages, particularly for deploying quantum
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technologies in resource-restricted environments such as the Arctic or satellites in space (18).

Beyond logistical benefits, entangled photons generated from incoherent sources possess unique

performance advantages. For instance, sunlight-pumped SPDC could take advantage of the broad

spectral band of solar irradiance to facilitate access to entangled photons over a wider spectral

range. Combined with the inherent low coherence between spectral components, these states may

have optimized robustness against cross-talk between adjacent wavelength channels and thus offer a

larger information capacity (61). Additionally, studies indicate that polarization-entangled photons

pumped by spatially partially coherent light display stronger resilience to atmospheric turbulence,

making them highly suitable for free-space quantum key distribution (62–64). Interestingly, recent

findings show that four-wave mixing driven by amplified spontaneous emission can produce highly

entangled states with higher generation rates than those driven by coherent emission (65). These

findings not only challenge the conventional presumptions on the relations between coherence and

entanglement but also present a new opportunity for boosting the energy efficiency and performance

of current quantum information technologies.
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Materials and Methods

Outdoor experimental setup

Fig. S1 depicts the actual experimental setup, which is deployed in an enclosed outdoor space

at the Max Planck Institute for the Science of Light in Erlangen, Germany. To minimize the

influence of wind, the experimental area is surrounded by protective fencing. The full setup for

generating entangled photons, together with the APDs, TDC, and the temperature control unit of the

ppKTP crystal, is placed inside a tent. This outer enclosure provides a darkroom-like environment

that facilitates onsite troubleshooting of optical alignment for a setup placed outside a traditional

laboratory. Within this tent, the entangled-photon source setup is enclosed in a light-tight housing

that prevents any residual external light from entering the system. The APDs are mounted inside this

inner enclosure to minimize the detection of background illumination and accidental coincidences.

The pre-filtered and concentrated sunlight is guided to the entangled-photon source through a five-

meter MMF with a core diameter of 50 𝜇m and a numerical aperture (NA) of 0.22 (MMF-50-0.22).

One end of this fibre is butt-coupled to the sunlight concentration module, while the other end is

routed through a small opening at the bottom of the tent, and connected to the OBJ (with 20×
magnification and 0.4 NA) that couples the light into the free-space entanglement setup.

Sunlight concentration system

Fig. S2 displays the design and performance of the sunlight concentration module used for solar

pumping. Fig. S2(A) shows a photograph of the actual sunlight concentration setup. Incident

sunlight is collected by a 1 m × 1.4 m PMMA Fresnel lens serving as the primary concentrator,

focusing the light to a focal spot of 13 mm in diameter at a focal length of 90 cm. To reduce the

contribution of long-wavelength spectral components, the Fresnel lens is covered with commercial-

grade colour filters (Roscolux). The lens, clamped between two arms of a supporting frame, is

mounted on a high-precision equatorial mount (Celestron CGE Pro). Following polar alignment to

the celestial north pole, the Sun’s position is calculated using software integrated into the mount,

which automatically slews the system to the solar position and provides continuous motor-driven

tracking. The mount achieves a tracking accuracy of approximately 9 arcseconds, ensuring stable

alignment of the Fresnel lens with the sun throughout the measurement period. Residual tracking
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errors and environmental perturbations nevertheless introduce slow fluctuations in the focal-spot

position at the secondary optics, which limit the overall coupling efficiency into the subsequent

concentrator and fiber. Employing a motorized solar-tracking mount with finer angular resolution

would reduce sensitivity to such effects and improve long-term coupling stability, allowing increased

acquisition times (currently on the order of 2 min per measurement).

After being pre-filtered by the films on the Fresnel lens, the sunlight then propagates through ad-

ditional secondary filters located at the focal plane of the Fresnel lens. This secondary concentration

module is protected by a copper shielding structure with a circular aperture that is concentrically

aligned with subsequent optical components. We have designed this copper shield to maximize

sunlight throughput while effectively protecting the subsequent optical elements from being heated

up by stray radiation. The beam first passes through a short-pass filter with a cut-off wavelength

of 500 nm (SPF-500, Edmund optics, 84-719), and subsequently through a dichroic mirror trans-

mitting wavelengths shorter than 425 nm and reflecting longer wavelengths (DM-425, Thorlabs

DMLP425L) at a 45° angle of incidence. Fine adjustment of the dichroic mirror angle with respect

to the optical axis is used to maximize transmission at 405 nm. Through this multi-stage filtering

process, the solar spectrum is progressively narrowed to the ultraviolet–blue wavelength range,

selectively retaining the target pump wavelength of 405 nm.

Fig. S2(C) depicts the experimentally measured transmission spectra after each stage of filtering,

with the solar spectrum serving as a reference. The inset shows an enlarged view of the transmission

behaviour around 405 nm. These are normalized and scaled to the respective full-spectrum power.

As shown, the initially broadband solar spectrum is progressively attenuated at each filtering stage,

i.e. the Fresnel lens, the SPF-500 and the DM-425, resulting in a corresponding reduction of the

transmitted power.

In order to efficiently couple the light focused and filtered by the Fresnel lens and secondary

filters into a multimode fiber with a core diameter of 50 𝜇m and a numerical aperture of 0.22

(MMF-0.5-0.22), a custom-made conical concentrator is used (66). Its shape and geometry are

shown in Fig. S2(B), along with a plot highlighting the relevant geometric and optical optimization

parameters. The solid cylindrically symmetric conical concentrator is fabricated from fused silica.

It has an overall length of 69 mm, an entrance aperture diameter of 23 mm and an exit aperture

diameter of 1.5 mm. Light entering the wide aperture is guided toward the narrow output by
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refractive guiding and total internal reflection at the silica–air interface, resulting from the tapered

geometry. This design enables efficient concentration of incident solar radiation onto a small area

while maintaining high optical transmission and thermal stability. Experimentally, a concentration

efficiency 𝜂 of approximately 30± 3% is obtained. This efficiency is defined as the ratio of the output

power measured at the smaller end of the cone to the input power at the wider end. Importantly,

the existing conical concentrator was originally designed to maximize collection efficiency across

a broad visible spectral range, rather than being optimized specifically for narrowband collection at

405 nm. As a result, additional improvements in the usable 405 nm throughput are expected through

the application of wavelength-specific anti-reflection coatings, refinement of the acceptance angle

to better match the focused solar cone, and optimization of the entrance aperture relative to the

Fresnel-lens focal spot (66,67).

Ray tracing simulations indicate that, with the appropriate choice of glass material and further

geometric and optical optimizations, this concentrator can achieve concentration efficiencies of up

to 67% (66). The plot in Fig. S2(C) compares the maximum concentration efficiencies obtained

for four different glass materials at their respective optimal opening angles, denoted as 𝜃opt, which

correspond to the opening angles yielding the highest efficiency. We define the opening angle 𝜃 as

the half-angle between the cone axis and the tapered sidewall of the concentrator, thereby directly

describing the degree of tapering of the conical geometry. In contrast to fused silica (𝑛405 = 1.464)

used in the experiment, simulations for N-BK7 (𝑛405 = 1.527), N-SF10 (𝑛405 = 1.776), and LASF35

(𝑛405 = 2.087) predict increasing efficiencies of 49 %, 58 %, and 67 %, respectively, all within a

common optimal opening-angle range of 8.2◦ − 8.7◦. These results demonstrate a clear trend of

increasing concentration efficiency with higher refractive index, accompanied by a convergence of

the optimal opening angle toward smaller values for higher-index glasses.

Based on the latitude of Erlangen (49.6° N) and season of measurement, the maximum solar

power collectable by the 1.4 m2 Fresnel lens is approximately 1.1–1.2 kW, of which we estimate

that approximately 1.7 W of this power lies within the 405 ± 0.75 nm spectral band. Due to the

combined effect of spectral filtering and the light-concentrating properties of the cone, the full-

spectrum optical power available at the tip of the conic concentrator can reach up to 5 W under

near-perfect conditions. After coupling into the MMF, the entangled-photon source receives an

optical power of 100–200 nW within a 1.5-nm bandwidth around the center wavelength of 405 nm.
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As discussed in the main text, this overall sunlight utilization efficiency into the setup is constrained

by the spatial and spectral bandwidth of the nonlinear conversion process and can be further

improved by optimizing the crystal geometry and choosing a broadband phase-matching condition.

Additionally, the coupled sunlight power is significantly influenced by the weather conditions at the

time of measurement and by the time of day. Fig. S2(D) shows an example of the diurnal variation

of the pump power measured on 18 September 2025. The pump power increases from the morning

hours to a maximum around solar noon before decreasing again toward the late afternoon. On

the measurement days corresponding to the data presented in this paper, pump powers of up to

195 nW were achieved. Although sufficient pump power is available throughout the day to obtain

meaningful statistics for sunlight-driven entangled-photon generation, measurements performed

near solar noon yield higher count rates and reduced statistical uncertainties.
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Figure S1: Real-life photographs of experimental setups used for the sunlight-pumped gen-
eration of polarization-entangled photon pairs The entire setup consists of two components: a

sunlight concentration module (right) and an entangled-photon source (left) housed inside a pro-

tective and darkening tent, which also contains the associated electronics. Inset: Optical setup of

the entangled-photon source, showing the optical arrangement and avalanche photodiodes (APDs)

used for photon-pair generation. A hinged door (not shown) is also installed as part of the enclosure,

which, when closed, covers the front and top sides of the optical setup.
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Figure S2: Detailed schematics of the sunlight concentration module and its performance (A)

Real-life photograph of the outdoor solar concentration setup showing the Fresnel lens serving as

the primary concentrator, mounted on a dual-axis tracking system, together with the secondary con-

centration module. Inset: secondary concentration module. (B) Geometry and dimensions together

with a plot indicating the optimization parameters of the custom-designed conical concentrator used

to efficiently couple concentrated sunlight into the multimode fibre. (C) Experimentally measured

spectra at successive stages of the solar concentration, illustrating the gradual spectral filtering of

sunlight. They are normalised and scaled to the respective measured power, summed over the entire

spectrum. Inset: spectrum around target pumping wavelength 405 nm (D). Diurnal variation of the

pump power over the course of the day under clear-sky conditions, showing a maximum near solar

noon. The data were recorded on 18 September 2025. SPF-500: short-pass filter with a cut-off

wavelength of 500 nm; DM-425: dichroic mirror transmitting wavelengths shorter than 425 nm and

reflecting longer wavelengths; MMF-50-0.22: multimode fiber with a core diameter of 50 𝜇m and

a numerical aperture of 0.22.
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Chapter 6

Conclusion and Future Works

In this thesis, we have addressed a crucial issue in the field of nonlinear quantum optics,
that is, the fundamental necessity of classical optical coherence in the generation of quan-
tum photon entanglement through nonlinear optical conversions. Specifically, we have
demonstrated the generation of two-photon entanglement using SPDC pumped by inco-
herent light sources. Furthermore, we have attributed the minor influence of the pump
beam’s spatial coherence on the two-photon polarization state generated by SPDC to
spatial-polarization coupling introduced by technical aspects of the experimental setup.
Critically, unlike the case in which the pump beam and the SPDC field are considered
in the same DoF, the cross-influence between different DoFs is not a fundamental effect
in SPDC. Consequently, by optimizing the experimental setup, one can achieve high po-
larization entanglement from SPDC pumped by spatially incoherent light sources, such
as LEDs and sunlight. These results demonstrate novel approaches to SPDC-based en-
tanglement generation, opening the way for photonic quantum technologies driven by
ubiquitous, energy-efficient light sources. Moving forward, this thesis could inform future
studies in several important aspects of photonic quantum science and technologies.

From a fundamental perspective, the study of the influence of pump coherence on the
two-photon entanglement is not yet exhaustive. While the present study confirms that
the pump’s spatial coherence does not influence the polarization entanglement generated
by SPDC, the potential cross-influence from other DoFs requires further experimental
examination. For instance, one can study the influence of the pump’s spatial coherence on
time-energy entanglement generated from SPDC, or vice versa. Combined with the results
presented in this thesis, demonstrating the generation of time-energy entanglement from
SPDC pumped by spatially incoherent light would also imply the possibility of generating
time-energy-polarization hyperentangled states, which have important implications in
photonic quantum technologies [57, 58, 59].

The application potential of incoherent-light-driven entangled photon sources also remains
underexplored. In the context of free-space quantum communication, SPDC pumped by
spatially incoherent light is shown to be more robust against atmospheric turbulence than
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Chapter 6

that pumped by highly coherent lasers [60, 61, 62]. Therefore, it would be useful to inves-
tigate quantum key distribution using two-photon polarization entanglement generated
from incoherent-light-driven SPDC. In classical photonic computing, a recent study has
shown that decreased temporal coherence can reduce cross-talk between different wave-
length channels, thereby optimizing the bandwidth use in the photonic convolutional
processing. Furthermore, since classical low-coherence light sources are known to re-
duce speckle noise and improve image quality compared to their coherent counterparts
[63, 64], the implications of using incoherent-light-driven SPDC for quantum-enhanced
imaging and sensing may also warrant investigation.

On the other hand, cross-influence between different DoFs could inform the controlled gen-
eration of hybrid entanglement between them, whose topological features can be exploited
to enable novel information processing protocols. While existing literature routinely in-
troduces these cross-DoF couplings by structuring a postselected subset of the SPDC
field, one can also pre-modulate the desired structures in the pump beam so that they are
directly generated in the resulting SPDC fields [65]. Alternatively, it would be valuable to
explore the domain-engineering of a nonlinear crystal that embeds the desired cross-DoF
coupling into the phase-matching functions of the nonlinear conversion processes[66].

Another important nonlinear optical effect used for entangled photon generation is FWM.
As a third-order nonlinear effect, FWM is often considered to have much lower nonlin-
ear conversion efficiency than its second-order counterparts. However, recent research in
epsilon-near-zero (ENZ) materials offers a promising approach to significantly enhanc-
ing the third-order nonlinearity in practical photonic devices [67, 68]. Importantly, in
2024, Lim et al. [69] experimentally demonstrated high-efficiency degenerate FWM us-
ing ENZ-based cavity devices, reporting an absolute efficiency of up to 34%. Moreover,
a recent study showed that polarization-entangled two-photon states can be generated
via on-chip FWM processes driven by temporally incoherent light, namely the amplified
spontaneous emission from an erbium-doped fiber amplifier [70]. Interestingly, the photon
pair generation efficiency of incoherent-light-driven FWM appears higher than that of the
coherent-light-driven FWM. Taken together, we believe that incoherence, which was long
viewed as a limitation in photonic and quantum systems, can instead be leveraged as a
viable resource for scalable, energy efficient, and robust photonic quantum technologies,
potentially reshaping both the conceptual and practical landscape of nonlinear quantum
optics.
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