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Abstract

This Master’s thesis presents the development of a free-space optical link for quantum com-
munications, followed by the design and characterization of the single-photon source used
to power it. A laboratory-scale link was established using Ritchey—Chrétien telescopes. To
overcome the central obstruction of the telescopes, two different methods were tested: the
use of axicon lenses to shape the beam into a toroidal beam with a Bessel-Gaussian profile
and the lateral displacement of the input beam. The latter enabled successful photon trans-
mission, revealing a bunching measurement in the second order cross-correlation function
at the expected arrival time difference between the heralding photons and the signal ones
measured at the receiver of 44 coincident counts per minute.

To provide the required quantum light source, an entangled-photon source based on
spontaneous parametric down-conversion in beta barium borate crystals was developed.
Pairs of polarization-entangled photons at 810 nm were produced and verified using a
CHSH inequality test, which resulted in a Bell parameter of S = 2.55 £+ 0.15, which
confirms the presence of quantum entanglement.
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1 Introduction

The need for secure communication is deeply embedded in human society. As digital infras-
tructure expands and more sensitive data is transmitted online, ensuring the confidentiality
and integrity of information becomes increasingly critical. Traditional cryptographic pro-
tocols such as RSA [35], based on the assumed computational intractability of certain
mathematical problems, are now facing a growing threat from quantum computing. This
has prompted a fundamental re-evaluation of how secure communication can be guaran-
teed.

Quantum technologies offer a radically different approach. By leveraging the inherent
randomness and measurement sensitivity of quantum mechanics, Quantum Key Distribu-
tion (QKD) allows two parties to generate a shared secret key with unconditional security,
protected by physical laws rather than computational assumptions [32]. Since its first
experimental demonstrations in the 1990s [4], QKD has made significant progress, espe-
cially in optical fiber networks where long-distance and high-rate key exchange has become
commercially feasible [26, 43].

However, fiber-based QKD is fundamentally constrained by exponential photon loss
with distance [38] and susceptibility to dispersion and polarization drift. To overcome
these limitations, free-space optical communication (FSO) has emerged as a promising
alternative, especially for long-distance or satellite-based implementations. Unlike fibers,
atmospheric channels primarily introduce attenuation in the lower 10-20 km and offer
superior polarization preservation over long distances [5].

The first real-world free-space QKD link was demonstrated in Singapore in 2006 over a
1.5 km urban line-of-sight link between two buildings [19]. Since then, enormous progress
has been made: entanglement-based QKD has been demonstrated over 144 km between
the Canary Islands [40], and secure quantum links have been successfully extended into
space. China’s Micius satellite mission marked a major milestone by distributing entangled
photons across 1200 km between two ground stations and enabling satellite-to-ground
QKD [22]. In Europe, the EAGLE-1 mission [6] also explore satellite-based QKD using
decoy-state protocols, with a launch planned for 2025.

These satellite-based systems often use weak coherent pulses for simplicity and robust-
ness, but this approach has limitations. In particular, it is susceptible to side-channel at-
tacks and requires trust in the devices used [23]. In contrast, entanglement-based QKD and
true single-photon sources offer distinct advantages: they can enable device-independent
security and allow for fundamental tests of quantum physics over large distances [20].

Despite these promising features, the implementation of entangled-photon sources in
free-space links remains a technical challenge. Efficiently coupling quantum light into
telescopes, compensating for alignment drifts, and maintaining entanglement fidelity over
atmospheric channels all require precise engineering and system-level integration [41].

A project to establish a city-scale quantum communication network in Barcelona is
being developed. It is planned to have different nodes at institutions such as the Univer-
sity of Barcelona (UB), ICFO, the Fabra Observatory, 12Cat and Ramoén Llull University.
Conducted within the QCommsUB research group at UB, this thesis contributes to address
part of this challenge by developing and demonstrating a laboratory-based prototype FSO
quantum link powered by an entangled photon source. This includes:

e Development of a free-space optical link using Ritchey—Chrétien telescopes.

e Design and characterization of an entangled photon source suitable for free-space
QKD.




With the aim to have a future UB—Fabra FSO link.

This thesis begins with an overview of the theoretical foundations underpinning FSO
channels, single-photon sources and single-photon detection. It then details the design and
implementation of our laboratory-scale free-space link, including the implementation and
characterization of a heralded single-photon source. Finally, single-photon transmission
measurements are discussed together with the entanglement characterization via a Bell test
of the entangled-photon source. The work concludes with a summary of the prototype’s
performance and a discussion of opportunities for scaling to longer urban links.

2 Theoretical Background

The successful implementation of a QKD link requires (as any communication link) the
careful integration of three essential components: the channel, the emitter, and the receiver.
Each element must be engineered to preserve the quantum properties of the transmitted
photons while minimizing losses and noise.

In this section, the theoretical principles underlying the design and operation of the
prototype free-space quantum link are presented. First, the characteristics of the FSO
channel and its interaction with the atmosphere are described. The emitter is then ana-
lyzed, with particular attention to the choice of the single-photon source used in this work.
Finally, the architecture of the receiver is discussed, along with the strategy followed to
demonstrate the successful reception of single photons through the link.

2.1 Free-Space Quantum Channels

FSO links are widely regarded as a key technology for enabling global-scale quantum
networks. By transmitting quantum signals through the atmosphere without relying on
physical infrastructure, FSO systems offer great flexibility and are suitable for both satellite-
based and ground-based QKD implementations.

A significant advantage of FSO channels is their ability to preserve the polarization state
of photons to a high degree, making them particularly well-suited for polarization-encoded
quantum protocols [30]. However, atmospheric absorption must be carefully considered
when selecting the operational wavelength of the quantum signal. Specific absorption
bands caused by water vapor, aerosols, and other atmospheric constituents can significantly
attenuate photon transmission [11].

To maintain stable optical alignment in the presence of dynamic atmospheric conditions,
FSO systems typically employ classical beacon lasers at a wavelength distinct from the
quantum signal. These beacons enable the implementation of pointing, acquisition, and
tracking (PAT) systems, which actively compensate for slow drifts or rapid fluctuations
in the optical path introduced by turbulence [22]. Atmospheric turbulence distorts the
wavefront of the beam, leading to fluctuations in phase and angle-of-arrival, which degrade
coupling efficiency. In some cases, adaptive optics can be integrated to correct for these
distortions in real time [1].

Beyond turbulence, free-space optical channels are also fundamentally limited by diffrac-
tion, which causes even an ideal, collimated beam to diverge as it propagates. This
diffraction- induced beam expansion increases with distance and is more pronounced for
beams with smaller waists or longer wavelengths. As a result, the photon flux arriving at
the receiver decreases with distance, regardless of atmospheric quality. When combined
with atmospheric turbulence, which further causes beam wandering and wavefront distor-
tion, the spatial coherence and focus of the beam degrade significantly. To mitigate these




effects, large receiving optics are used to increase photon collection efficiency [24].

2.2  Emitter

In a quantum communication system, the emitter, commonly referred to as Alice, functions
as the encoding module, tasked with preparing quantum states in accordance with the
selected protocol [39]. Information is encoded onto a specific quantum degree of freedom of
a single photon, such as polarization, phase, or time-bin, depending on the implementation.
The quality and stability of this state preparation are crucial for ensuring high-fidelity
transmission across the quantum channel.

To establish a quantum communication link, an emitter encodes information in the
selected quantum degree of freedom. Photon sources used in quantum communication
can be broadly categorized as either deterministic or statistical. Deterministic sources,
such as quantum dots [34], nitrogen-vacancy centers in diamond [2|, or trapped atoms and
ions [13], are engineered to emit a single photon on demand. These systems typically offer
high purity and indistinguishability but often require cryogenic temperatures or complex
setups, limiting their scalability in some free-space implementations.

In contrast, statistical photon sources, such as those based on spontaneous paramet-
ric down-conversion (SPDC) [10] or spontaneous four-wave mixing (SFWM) [3|, operate
probabilistically and do not emit a fixed number of photons per excitation pulse. The
inherent randomness of these sources can be mitigated using techniques like spatial mul-
tiplexing [18], which involve operating multiple identical sources in parallel and routing
the successfully heralded photons from any of them into a common output mode. This
approach increases the overall probability of obtaining a single photon, while maintaining
a low excitation power to ensure that the likelihood of generating multiple photon pairs
simultaneously remains negligible.

In the following subsection, the physics underlying SPDC is discussed.

2.2.1 Spontaneous Parametric Down-Conversion

SPDC is a nonlinear optical process widely used in quantum optics to generate photon
pairs with strong quantum correlations [37]. When a high-energy pump photon propa-
gates through a nonlinear crystal, it can spontaneously decay into two lower-energy pho-
tons, commonly referred to as the signal and idler, under the constraints of energy and
momentum conservation. The process is facilitated by the second-order nonlinearity of the
medium and does not require external stimulation.

SPDC can occur in different phase-matching configurations, classified as Type-0, Type-
I, or Type-II, depending on the polarization relationships among the pump, signal, and
idler photons [36]. A variety of nonlinear crystals can be used to implement SPDC, chosen
based on the desired phase-matching conditions, operational wavelength, and efficiency.
When properly engineered, the emission cones of photon pairs from different polarization
processes can overlap spatially and temporally, enabling the generation of polarization-
entangled states.Traditionally, S-barium borate (BBO) crystals have been widely used for
generating polarization-entangled photon pairs via SPDC [9], particularly in early land-
mark experiments in quantum information. However, more recently, periodically poled
crystals, such as periodically poled potassium titanyl phosphate (PPKTP) [15], have be-
come increasingly favored due to their higher brightness and more efficient photon collec-
tion.

Entangled photon pairs can be produced by directing a diagonally polarized pump
beam into two orthogonally oriented Type-I phase-matched crystals placed in contact.




In this configuration, one crystal down-converts horizontally polarized pump photons into
vertically polarized photon pairs, while the other crystal converts vertically polarized pump
photons into horizontally polarized pairs. The down-conversion processes are represented
as:
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where ¢ represents a relative phase difference introduced due to optical path differ-
ences or birefringence in the medium. When the pump beam is prepared in a diagonal
polarization state:

1
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the photon pairs can originate from either crystal. In the spatial and temporal overlap
region of their emission cones, the photons become indistinguishable, allowing quantum
interference to occur. This results in an entangled state of the form:
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By controlling the relative phase ¢ + ¢, one can tailor the quantum state to produce

specific Bell states. For example, when the total phase is zero or 7w, the generated state
corresponds to:
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Additional optical elements such as a half-wave plate placed in the signal or idler arms
can be used to generate the full set of four Bell states. These entangled photon pairs
are instrumental in various quantum communication protocols, including quantum key
distribution, quantum teleportation, and quantum repeaters.
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Figure 1: Schematic representation of the SPDC process in a pair of orthogonally oriented Type-I
crystals. The emission cones overlap, enabling the generation of polarization-entangled photon pairs.

One effective way to verify entanglement between photon pairs is through the violation
of a Bell inequality [27], as discussed in the following subsection.




2.2.2 The CHSH Inequality

The Clauser-Horne-Shimony-Holt (CHSH) inequality [8] is the most well-known and exper-
imentally accessible form of Bell’s inequality. It provides a clear criterion for distinguishing
quantum correlations from those permitted by classical local hidden variable theories.

According to the CHSH formulation, measurements are performed on two subsystems of
a bipartite quantum state, typically by spatially separated observers, conventionally named
Alice and Bob. Each observer independently chooses between two possible measurement
settings. The outcomes of these measurements are used to calculate a correlation function
E(a, B), where « and 3 represent the chosen settings for Alice and Bob, respectively.

In classical theories based on local realism, the CHSH parameter .S, defined as a specific
linear combination of four correlation functions, is constrained by the inequality:

|S] <2 (classical bound)

Quantum mechanics, however, predicts that entangled states can exhibit stronger cor-
relations, allowing this bound to be violated. For maximally entangled states, the CHSH
parameter can reach:

S| = 2v2

A measured value of |S| > 2 thus constitutes clear evidence of quantum entanglement
and non-local correlations.

To test the CHSH inequality in a typical polarization-based scenario, polarization mea-
surements are performed on entangled photon pairs. Alice and Bob each choose between
two linear polarization settings:

o Alice: o1 = 0° and ap = 45°

e Bob: f; = 22.5° and [y = —22.5°

These angles are selected to maximize the expected quantum violation of the inequality.
For each angle pair («, ), coincidence counts are collected for the four possible outcomes:
both photons transmitted (HH ), one transmitted and one reflected (HV, VH), and both
reflected (VV'). The correlation function is then computed as:

E(o, ) = Pyv — Pvy — Py + Pun

where P;; denotes the normalized probability of detecting the respective coincidence
outcome.
With the four relevant correlation values, the CHSH parameter is calculated as:

S = E(a1, 51) + E(au, B2) + E(a, f1) — E(as, 2)

If the resulting value satisfies |S| > 2, the state under test cannot be explained by
classical local hidden variable models, thus confirming the presence of quantum entangle-
ment. Such tests provide a powerful and operationally meaningful criterion for verifying
non-classical correlations in quantum systems.




2.3  Receiver

The receiver, commonly referred to as Bob, serves as the decoding module, responsible for
measuring the quantum states transmitted through the optical channel. This is accom-
plished using detection modules tailored to the encoding basis employed.

To verify the quantum nature of the received light and assess whether single photons
are being transmitted through the channel, one commonly used technique at the receiver
is antibunching measurement [12|. This approach exploits the fact that true single-photon
sources exhibit photon antibunching behavior, meaning that the probability of detecting
two photons simultaneously is strongly suppressed. Observing such behavior provides
strong evidence that the light field contains predominantly one photon at a time, rather
than classical or multi-photon states.

Another widely adopted technique, especially in systems using heralded single-photon
sources |7], is based on coincidence measurements between signal photons transmitted
through the quantum channel and their corresponding heralding photons. These sources,
typically based on spontaneous parametric down-conversion (SPDC), generate photon pairs
probabilistically. While they do not emit single photons deterministically, they most often
emit either zero or one photon pair per pump pulse, with a much lower probability of emit-
ting two or more pairs. Moreover, in the rare event of multi-pair generation, transmission
losses often prevent all photons from reaching the detectors. As a result, under typical
operating conditions, the detection of a heralding photon is a strong statistical indicator
that its partner photon is present and alone in the signal channel.

One effective way to verify single-photon transmission through such coincidence-based
strategies is through second-order correlation measurements, as described in the following
subsection.

2.3.1 Second-Order Correlation Function

Theoretically, the second-order correlation function [21] is defined as:

DI+ T7))
(L) (E+7))

where I(t) denotes the photon intensity at time ¢, and angle brackets indicate a temporal
or ensemble average.
In practice, the measurement system registers a coincidence histogram according to:

C(’T) = Zjl(t) . Ig(t +T),
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with I (t) and I2(t 4+ 7) representing binary indicators of photon detection events in the
two channels.

To extract relevant physical information, the raw counts are integrated over a coinci-
dence window centered around 7 = 0:

Tmax

CWiIldOW: Z C(T),

T=Tmin

and the corresponding coincidence rate is obtained by normalizing over the total acquisition
time:
Cwindow
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Finally, normalization of the coincidence counts yields the second-order correlation
function:
_ C(7)
a Rl'RQ'At'Tva7

9?(r)

where R; and Ry are the average single-channel count rates, At is the time bin width, and
Ticq is the acquisition duration.

This normalized correlation function enables a clear physical interpretation: ¢(®(0) < 1
indicates antibunching, a signature of single-photon emission, 9(2)(0) = 1 is consistent with
Poissonian statistics and g(2)(0) > 1 reveals photon bunching typically observed in thermal
light sources or, in this case case, observed in coincident detection of the heralded and the
signal photons.

3  Experimental Setup

The experimental setup comprises three main components: the access to the free-space
optical channel, the emitter, and the receiver. An overview of the integrated system is
shown in Fig. 2. All materials used in this work are listed in Appendix D.

| BL c|

DM

CL

PM MM

Emitter (SPS Access to the Channel| ‘Receiver (SPD-TT) ‘

Figure 2: Schematic of the free-space quantum communication link. The emitter module includes a
single-photon source (SPS) coupled into a polarization-maintaining (PM) fiber and connected to a
fiber coupler (FC). Photons are directed through a dichroic mirror (DM), and the beam is shaped by a
pair of axicons (AX) and an achromatic lens (AL). The Access to the Channel includes alignment and
monitoring components such as the beacon laser (BL) and the camera (C). In the receiver, the beam is
collected with a convex lens (CL), directed through a DM, and coupled via a fiber coupler (FC) into
a multimode (MM) fiber for detection by a single-photon detector (SPD) connected to a time tagger
(TT). This schematic represents the initial planned configuration, including the use of a beacon laser
and PM fiber. Mirrors were later added before the FC in the receiver to improve coupling efficiency.

3.1 Channel Access

To efficiently transmit single photons through free space, the optical system needed to
provide collimation and reliable alignment. Although the lab-scale link spans a relatively
short distance, the setup was designed with future long-range applications in mind, such
as urban or satellite-based quantum communication. For this reason, Ritchey—Chrétien
reflective telescopes (T'S-Optics 12”7 Ritchey—Chrétien, Teleskop Service) were chosen for
both transmission and reception [22].

A challenge arose from the secondary mirror in the emitter telescope, which becomes
a 152 mm diameter central obstruction along the optical axis (see Fig. 3). To address
this, it was necessary to reshape or redirect the beam to avoid the blocked region while
maintaining transmission quality.

One solution is to generate a Bessel-Gaussian beam using a pair of axicons, following
the design in [29]. This beam has a ring-shaped intensity profile that naturally avoids the
obstruction and offers lower diffraction, beneficial for long-distance propagation.




Secondary Mirror Primary Mirror

Figure 3: Schematic of the TS-Optics 12” Ritchey—Chrétien (RC) reflective telescope, with a 304 mm
aperture and a 2432 mm focal length, used in the experimental free-space optical link.

To make this configuration practical, the input beam size needed to be reduced. Light
emitted from the fiber-coupling lens (F810FC-780, Thorlabs) had a diameter of approxi-
mately 18 mm:

D=2f-NA=2-36.01 mm-0.25 = 18.01 mm. (7)

This diameter was too large for the axicon spacing. To reduce it, a beam-reduction
telescope was constructed using a pair of plano-convex lenses with focal lengths of 125 mm
(LA1986-A-ML, Thorlabs) and 35 mm (LA1027-A-ML, Thorlabs), resulting in a demag-
nification ratio of 0.28, which scaled the beam diameter down to 5.1 mm. Simulations
(Fig. 4) and experimental profiles (Fig. 5) confirmed that this produced a clean, stable
Bessel-Gaussian ring of 3.72 mm RMS radius.

15cm

(d)

Figure 4. COMSOL simulations. (a) Beam entering the axicons with original diameter. (b) Transverse
pattern with unstable interference. (c) Reduced-diameter beam. (d) Stable Bessel-Gaussian ring output.

This corresponds to a projected RMS ring diameter of approximately 25 cm at the
telescope output, large enough to clear the 15.2 cm central obstruction yet comfortably
within the 30.4 cm aperture. The magnification is given by the ratio of the telescope’s focal
length, 2432 mm, to the focal length of the achromatic lens used for collimation (9-794,
Edmund Optics), 72 mm, yielding a factor of 33.78.

An alternative approach was also tested: launching the beam off-axis with its waist at
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Figure 5: Ring profile observed at the second axicon output and at the achromatic lens using a fiber-
coupled alignment lamp (VLP50, NetPeppers).

the telescope’s focal plane to avoid the obstruction without shaping optics. While simpler,
this configuration lacked the advantages of the axicon beam, such as reduced divergence
and improved robustness. The larger beam size from the axicons also made alignment
easier and more tolerant to small setup variations.

To aid alignment, a 405 nm classical beacon laser was considered. It would have been
injected into the optical path via a dichroic mirror and extracted at the receiver for imaging
with a tracking camera. This would provide real-time feedback for alignment without
affecting the quantum signal. However, given the stable lab environment and negligible
turbulence, active tracking was unnecessary, and the beacon laser was ultimately omitted.

All experiments were conducted in a temperature-controlled room at 24° + 5°C, with
minimal ambient light and negligible air currents, ensuring stable transmission conditions
and consistent beam quality.

Initial collimation was verified using a 650 nm guiding laser (2” collimator, Howie
Glatter), projected onto the covered receiver aperture. The formation of concentric rings
(Fig. 6) confirmed proper alignment.

Figure 6: Projection from the emitter telescope onto the covered receiver telescope, showing concentric
ring formation with the guiding laser (2” collimator, Howie Glatter).

The telescope focal planes were located by imaging distant outdoor objects with a
sensor camera. Once set, the telescopes were mounted on optical tables with custom-
machined aluminum supports and laterally aligned. Final adjustments were made using
an alignment laser, distinct from the beacon laser, consisting of a laser lamp connected
to the fiber feeding the FC. This allowed the light to follow the same optical path as the
single photons, enabling fine-tuning to ensure clean coupling into the receiver.
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3.2 Emitter

For the purposes of testing the free-space optical channel in this work, the emitter is re-
alized as a heralded single-photon source based on SPDC. This choice enables temporal
correlation between the generated photon pairs, which is ideal for coincidence-based mea-
surements and characterizations. Among various single-photon generation methods, SPDC
was selected for two main reasons: the typical wavelength of the down-converted photons
(810 nm) lies in a spectral window suitable for atmospheric transmission [11], and BBO
crystals required for SPDC were readily available in the laboratory.

No active polarization encoding was applied; the goal was to generate entangled photon
pairs and send one of them through the channel in a fixed polarization basis. The final
layout is shown in Fig. 7.

Figure 7: Experimental set-up of the entangled-photon collection.

When pumped with diagonally polarized 405 nm light from a laser, the source emits
photon pairs at 810 nm via spontaneous parametric down-conversion. The pump beam
is prepared using a 405 nm bandpass filter (FBH405-10, Thorlabs) and a linear polarizer
(LPVISE100-A, Thorlabs) to enforce horizontal polarization, followed by a half-wave plate
(WPHO05M-405, Thorlabs) to rotate it to diagonal.

The emission from the BBO crystals is collimated with an achromatic lens (49-794, Ed-
mund Optics), while residual pump light is blocked by an 800 nm bandpass filter (FBH800-
40, Thorlabs).

A right-angle prism (MRAK25-P01, Thorlabs) then splits the emission into two spatial
modes (Fig. 8b). Each output arm is directed using a pair of dielectric mirrors (BB1-
E03, Thorlabs) and coupled into a fiber via a fiber collimator (F810FC-780, Thorlabs),
all mounted on kinematic stages for precision alignment. The signal photon is launched
into a polarization-maintaining single-mode fiber (P3-630PM-FC-2, Thorlabs) for quantum
transmission, while the idler is collected into a multimode fiber (M43L05, Thorlabs) serving
as the heralding photon.

Accurate fiber coupling required aligning the 405 nm pump beam horizontally relative
to the optical table. This was achieved with two mirrors (BB1-E02, Thorlabs) steering the
beam through a pair of pinholes (IDA15/M-P5) placed at equal heights and spaced several
tens of centimeters apart, establishing a horizontal reference.

Once the path was established, a right-angle mirror (BSH1/M, Thorlabs) redirected
the emission toward the coupling optics. For an initial coarse alignment, each of these new
paths was back-illuminated with a visible lamp (VLP50, NetPeppers) connected to the
fibers, allowing the reverse-propagating light to target the BBO crystals [31].

12
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Figure 8: (a) Optical layout of the entangled photon source. (b) Single-photon beam profile after
passing through the right-angle prism: the toroidal distribution is split into two semicircular lobes. By
momentum conservation, this indicates that each photon of the entangled pair is directed to a separate
side.

To visualize the angular emission from the BBO crystals, an axicon lens (AX255, Thor-
labs) was mounted on a rotational stage and used to generate a conical reference beam.
This beam mimicked the spread of SPDC emission and was aligned to propagate horizon-
tally.

Using this as an alignment reference, the semicircles arriving at the fiber couplers were
optimally coupled into the fibers with the aid of a power meter (PM100D, Thorlabs). The
coupling efficiency into the multimode fibers was approximately 12 %. The pump beam
incident on the axicon was 75 mW. Before the coupling lens, the reference semicircles had
powers of 1.4 mW (signal arm) and 1.2 mW (heralding arm), limited by mirror reflection
losses optimized for 750-1100 nm. After coupling, the power measured at the multimode
fiber (M43L02, Thorlabs) outputs was 0.171 mW for the signal arm and 0.142 mW for the
heralding one.

Attempts to couple the signal photons into the single-mode polarization-maintaining
fiber resulted in much lower efficiencies. The measured output was just 0.6 mW, largely due
to a mismatch between the SPDC beam’s spatial mode and the Gaussian mode supported
by the fiber. This confirmed that either beam shaping or free-space coupling would be
needed for future implementations involving single-mode transmission. In single-mode
fibers, mode matching is significantly more critical than in multimode fibers, especially
due to the small numerical aperture.

For the prototype, a multimode fiber (MMLO02, Thorlabs) was ultimately selected to
collect the signal photons into the free-space channel. Although polarization is not pre-
served in such fibers, this did not affect basic transmission or coincidence measurements.
Notably, even when using polarization-maintaining fibers, undesired polarization changes
were observed [25]; misalignment between the photon polarization and the fiber axes leads
to ellipticity, requiring compensation with a half-wave and quarter-wave plate pair. These
observations suggest that, for future implementations of the emitter, it would be ideal
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to generate the photons directly in the focal plane of the telescope to avoid polarization
distortion issues altogether.

When coupling light into the multimode fibers, it is important to understand that
the coupling primarily occurs from one segment of the semicircular emission pattern. An
alternative route to improve coupling efficiency is to use specially engineered optical fibers
that support higher-order spatial modes, such as ring modes [17]. These could better match
the spatial distribution of the SPDC emission and increase the probability of detecting
entangled photon pairs.

However, to ensure that both photons from the same pair are coupled, the areas of
the semicircles that are primarily coupled become crucial. The photons distribute in the
semicircle due to momentum conservation. To collect entangled photon pairs efficiently,
it is necessary to target the regions of the emission pattern that satisfy both energy and
momentum conservation. Once these well-matched regions are found by maximizing the
coincidence rate between the two channels, irises can be placed to isolate and select those
parts of the emission. This method not only improves the coupling of entangled pairs
but also acts as a spectral filter, reducing the presence of photons with non-degenerate
wavelengths [28]. This suggests that further optimization is possible.

D )

Figure 9: Optimal coupling regions in the emission pattern, based on energy conservation in the SPDC
process.

3.3 Receiver

In this prototype, the role of the receiver was to detect incoming single photons and
verify successful transmission through the free-space link. While a complete quantum
decoder for polarization analysis would be required to implement QKD protocols, the
present configuration was designed primarily for link characterization, alignment testing,
and coincidence detection.

A plano-convex lens with a 35 mm focal length (LA1027-B, Thorlabs) was positioned
precisely 35 mm beyond the focal plane of the telescope. This configuration ensured that
the incoming light was collimated before entering the coupling optics.

The collimated beam was then directed toward the fiber input using a pair of dielec-
tric mirrors (BB1-E03, Thorlabs), mounted to allow fine angular and lateral adjustments.
These mirrors guided the beam into an 800 nm bandpass filter (FBH800-40, Thorlabs) and
a fiber-coupling lens (F810FC-780, Thorlabs), which focused the light into the core of a
multimode optical fiber (M43L01, Thorlabs).

Single-photon detection was performed using a four-channel detector module (SPCM-
AQ4C, Excelitas Technologies). To register photon arrival times and evaluate temporal
correlations, detection signals were recorded by a high-resolution time-tagger (Time Tagger
Ultra, Swabian Instruments). This system enabled time-stamped detection across multiple
channels, allowing for accurate coincidence measurements between photons received via the
free-space link and heralding photons delivered through optical fiber.
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4 Results and Discussion

4.1 Tuning the Pumping Beam

Before characterizing the entangled single-photon source, the power and spatial profile of
the pump beam were optimized. For the following measurements, the BBO crystals were
oriented such that the optical axis of the first BBO was nominally horizontal with respect
to the optical table. No compensation was applied for the phase difference between the
crystal paths, and the crystals were pumped with diagonally polarized light.

The pump power was selected based on values reported in the literature for sponta-
neous parametric down-conversion (SPDC) in BBO crystals [31]. The laser source had
an optical output power of 315 mW. After passing through polarization control elements,
phase plates, and alignment optics, the power incident on the BBO crystals was measured
to be approximately 78.3 mW.

A comparison was made using a neutral density (ND) filter with an optical density
(OD) of 0.2. With the filter inserted, the power incident on the crystals was reduced to
50.6 mW. Coincidence count rates were then measured: 131.18 counts per second (cps)
without the filter and 71.56 cps with it, as shown in Table 1. Coincidence events were
extracted by integrating over a 2 ns window centered on the peak of the correlation his-
togram. The values were corrected by subtracting accidental coincidences, as described
in Appendix 5. Figure 10 shows the second-order cross-correlation function for the case
without the OD filter. While higher pump power increases the probability of generating
multiple photon pairs simultaneously [18], this effect can be considered negligible for the
power levels used [14].
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Figure 10: Second-order cross-correlation histogram (normalized). A clear coincidence peak appears at
0 ns, exceeding the noise level by 46.51 ¢. Bin size: 0.3 ns. Acquisition time: 17.93 s. Measurement
performed without modifying the pump beam size. The incident power on the BBO crystals was
78.3 mW.

After determining the maximum operational pump power, further optimization was
performed by reducing the beam diameter at the crystals, as suggested in prior work [33].
A telescope was assembled using lenses with focal lengths of 100 mm (LA1509-A, Thorlabs)
and 75 mm (LA1608-A, Thorlabs), resulting in a demagnification factor of 0.75. This
configuration reduced the beam waist at the BBO crystals, thereby increasing the spatial
intensity of the pump.

Although this added optics introduced slight losses, reducing the power reaching the
crystals to 65.5 mW, it resulted in a notable increase in detection rates: both single-
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channel and coincidence counts improved. Specifically, the coincidence rate increased from
131.18 cps to 157.71 cps (see Table 1). While this increase is significant, it was not pro-
portional to the large jump in single-channel counts, which more than doubled. This
discrepancy is likely due to the system being realigned during telescope implementation.
As explained in Section 3.2, this is attributed to suboptimal coupling of diametrically
opposed regions of the emission ring into the collection fibers.

Measurement Signal (cps) | Heralding (cps)
Dark counts 435.02 519.14
Noise counts (laser off) 567.14 667.38
Noise counts (laser on) 979.69 767.08
Counts (78.3 mW) 76202.13 78471.48
Coincident counts (78.3 mW) 131.18

Counts (50.6 mW) 3990471 |  40080.61
Coincident counts (50.6 mW) 71.56

Counts (65.5 mW)* 169165.15 |  167089.38
Coincident counts (65.5 mW)* 157.71

Table 1: Count rates for different measurement conditions. ¥*Measurements marked with an asterisk
were performed after beam size reduction using a demagnification telescope.

4.2 Characterization of the Entangled Photon Source

The results presented here characterize the entangled single-photon source. The rotation
angle of the BBO assembly has been set to generate the desired %(|HH> + |VV)) Bell
state. The relative phase between the photon-pair contributions from both BBO crystals
has been corrected and a CHSH Bell test was also performed to confirm that the photon
pairs are indeed entangled.

By design, the two BBO crystals are mounted orthogonally on a rotation stage. Photon
pairs are generated via SPDC when the polarization of the incident pump beam aligns with
the SPDC plane of one of the crystals. When horizontally polarized light is used, rotation of
the BBO assembly allows identification of specific angles at which photon pairs in the |V V)
state are predominantly produced. At these angles, one crystal’s SPDC plane is aligned
with the pump polarization, enabling down-conversion, while the orthogonally oriented
crystal remains inactive. Consequently, photon pairs in the |[V'V) state are emitted solely
from a single crystal.

To determine these optimal emission angles, the BBO assembly was rotated in 10°
increments, and coincidence counts were recorded for the polarization states |VV), |V H),
|HV), and |[HH). As shown in Fig. 11, the |V'V) signal exhibits maxima at 20°, 90°,
190°, and 300°, corresponding approximately to conditions where one crystal contributes
efficiently to photon-pair generation while the other remains inactive.

While a 90° periodicity is theoretically expected, deviations arise due to imperfect
alignment of the BBO crystals. Specifically, the crystals are not perfectly perpendicular to
the optical table, resulting in angular variations in the spatial overlap of the emitted cones
during rotation. To mitigate this effect, the setup was visually inspected and realigned
prior to the measurement to ensure that the coincidence counts would remain relatively
stable throughout the rotation. Realignment was guided by ensuring minimal variation in
both channel counts as a function of angle.

To control the relative phase between the |VV) and |HH) components generated by
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Figure 11: Coincidence cps recorded as a function of BBO rotation angle in 10° steps. Measurements
were performed for multiple photon-pair polarization states. The |VV) state shows distinct peaks at
20°, 90°, 190°, and 300°, corresponding to optimal SPDC alignment conditions.

the two BBO crystals, a second half-wave plate (HWP(Q)) is used. This wave plate, with
its fast axis aligned to the horizontal polarization, is mounted on a manual rotational
platform (RP01/M, Thorlabs) allowing angular adjustment around an axis perpendicular
to the optical table. By rotating HWP (), the relative phase between contributions from
the two crystals (Eq. 4) can be finely tuned.

When the generated state is analyzed in the |D)g ® |D); basis and the tilt angle ¢ of
HWP 5y is varied, the coincidence rate follows the relation [31]:

Nippy () o {DDIFH)[? ox 7 (1 + cos ), (3)

where ¢/ = ¢(p)+dpo. Maxima and minima in the coincidence counts are observed at
values of ¢ satisfying ¢/ = 0, £27 and ¢/ = &, respectively. As shown in Fig. 12, maximum
coincidence rates occur at ¢ = —14°,2°, 18°, while minima are found at ¢ = —4° and 8°.
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Figure 12: Coincidence CPS measured as a function of tilt angle ¢ of HWP ) in 2° steps. Maximums
are observed at —14° and 18°, consistent with constructive interference of |V'V') and |H H) components.

Based on these results, the BBO crystals are fixed at a rotation angle of 90°, and
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HWP o) is set to a tilt of 18°. Under these conditions, diagonal pump polarization leads
to the generation of the entangled Bell state |®1).

With this alignment, a Bell test was conducted to verify entanglement. Sixteen mea-
surement settings corresponding to different combinations of polarization bases (as defined
in Section 2.2.2) were used. The resulting CHSH parameter was found to be S = 2.5540.15,
clearly violating the classical limit of 2 and confirming the presence of quantum entangle-
ment, although not reaching the maximal quantum value of 2v/2. The data measured to
get to this value of S can be see in the Appendix 3 and the way to estimate the error is
explained in Appendix B.

4.3 Coincident Counts Through the Link

Finally, the results of single-photon transmission through the optical link are presented.
As demonstrated, a functional heralded single-photon source was successfully implemented,
producing photon pairs in the entangled state %(|HH) +|VV)). One photon of each pair
was directed through the optical link in order to evaluate its performance.

To verify the transmission of single photons through the link, an initial attempt was
made using a 50:50 beam splitter fiber (TM50R5F1A, Thorlabs) to perform a Hanbury
Brown and Twiss (HBT) experiment, with the objective of observing antibunching in the
second order autocorrelation function in the received signal. However, internal reflections
within the beam splitter fiber introduced artifacts, with peaks separated by 22 ns, which
prevented a conclusive measurement. As a result, an alternative approach was adopted:
coincidence counts were measured between the photon transmitted through a 5 m fiber
and its heralding partner. While this measurement alone is not sufficient to definitively
demonstrate single-photon transmission, it will be referred to as such for simplicity through-
out this work. A conclusive verification would require additional measurements, such as
antibunching.

To evaluate the free-space optical link, one photon of each pair was routed through a
5 m single-mode fiber (heralding), while the other was transmitted through a telescope-
based free-space path (signal). The expected detection delay was calculated using the

expression
n-L
t= , 9
. ©)

where n is the refractive index, L is the propagation distance, and c is the speed of
light in vacuum.

The heralding photon, propagating through 5 m of optical fiber (n = 1.4675), was
expected to incur a delay of 24.465 ns. The signal photon, traversing 3 m of fiber and
6.9 m of air (n = 1.0003), including the telescope system, was expected to experience a
total delay of 37.678 ns. The resulting expected detection time difference between the two
channels was therefore At = 13.213 ns.

With the source active, the coincidence counts between heralding and signal photons
were analyzed, yielding a rate of 115.34 cps, as reported in Table 2. A detection rate of
approximately 100000 cps was recorded at the output of a 2 m multimode fiber used to
couple the signal photon. This value served as a baseline for estimating the transmission
losses through the optical link. The second-order cross-correlation function corresponding
to these counts is shown in Fig. 13, where a displaced coincidence peak is observed at
approximately 15 ns. This offset is attributed to the delay introduced by coupling the
heralding photons through a 5 m fiber.

To characterize background noise and optimize coupling efficiency, dark counts and
signal levels were recorded under several conditions, as summarized in Table 2. As de-
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Figure 13: Second-order cross-correlation histogram (normalized). A clear coincidence peak appears at
17 ns, exceeding the noise level by 21.83 ¢. Bin size: 1 ns. Acquisition time: 20.93 s.

scribed in Section 3.1, light was coupled from fiber to free space using a fiber collimator
(F810FC-780) and a demagnification telescope.

Measurement Signal (cps) | Heralding (cps)
Dark counts 435.02 519.14
Noise counts (laser off) 2154.18 597.91
Noise counts (laser on) 2312.40 782.60
Counts (source on) 124726.60 213974.25
Coincident counts (source) 115.34

Counts (Axicons setup) 2291.46 215987.33
Counts (Displaced beam) 2214.22 211776.88
Counts (Displaced beam*) 5092.15 219111.25
Coincident counts (Displaced beam*) 0.74

Table 2: Count rates under various measurement conditions. *These measurements were performed
removing the collimation lenses.

Several emitter configurations for the signal photons were tested, including axicon-
based and beam-displacement configurations.

In the first configuration, based on the axicon setup described in Section 3.1, align-
ment was performed using a 635 nm lamp with a power of approximately 2 mW (VLP50,
NetPeppers). A power of 36 uW was measured at the receiver input, mainly limited by
losses from IR-optimized coupling mirrors. Of this, 4 yW was successfully coupled into
the multimode fiber, resulting in a coupling efficiency of 11.1%. The beam observed at the
telescope focal plane is shown in Fig. 14a, where distortions can be seen despite nominal
alignment.

However, no significant signal above the noise level was observed for the quantum signal.
This was attributed to poor mode-matching between the ring-shaped beam generated by
the axicons and the fiber mode. A potential solution may involve adding a second axicon
stage to reconvert the beam into a Gaussian profile, which would be more compatible with
multimode fiber coupling.

In the second configuration, the axicons were removed and the beam was laterally
displaced to avoid central obstruction from the telescope. Classical coupling measurements
yielded a received power of 236 uW, with 5 W coupled into the fiber, corresponding to
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a coupling efficiency of 2.12%. The beam profile at the receiver is shown in Fig. 14b.
However, no significant signal above the noise level was observed for the quantum signal,
attributed to losses in the optical elements.

In the third configuration, both the achromatic lens (9-794, Edmund Optics) and the
35 mm focal length (LA1027-B, ThorLabs) telescope lenses were removed to eliminate
optical losses. Although the beam divergence increased and the beam was not perfectly
collimated, the effect was considered negligible due to the short link distance. Classical
alignment using the red laser source yielded 260 W at the receiver, with 50 yW coupled
into the fiber, corresponding to a coupling efficiency of 19.2%. Under this configuration, a
signal detection rate of approximately 5000 cps (see Table 2) was achieved at the receiver,
almost 3000 cps above the noise level. The corresponding second-order cross-correlation
function is shown in Fig. 15, where a distinct coincidence peak at —13 ns confirms suc-
cessful single-photon transmission through the free-space link. The acquisition time was
15 minutes, yielding a coincident count rate of 44.4 counts per minute (cpm). The peak
exceeds the noise level by 8.70 0.

(b)

Figure 14: Beam images captured at the receiver using a CMOS sensor. (a) Beam at the telescope
focal plane using the axicon configuration. (b) Beam profile using the displaced beam configuration.
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Figure 15: Second-order cross-correlation histogram (normalized). A clear coincidence peak appears at
—13 ns, exceeding the noise level by 8.70 0. Bin size: 1 ns. Acquisition time: 15 min.

Despite the coincident count rate being low, it is worth noting that a count rate of
approximately 5000 cps, around 3000 cps above the noise level, was detected at the receiver.
These are most likely single photons. The coincident counts could be improved by ensuring
proper coupling of the entangled-photon source (Section 3.2).
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4.4 Discussion of Key Rates

A measured coincidence rate of approximately 44.4 cpm was obtained. Based on this, the
potential secret key rate for a BB84 quantum key distribution (QKD) implementation can
be estimated. Since BB84 requires random and independent basis choices on both sides,
only about 50% of the detected photon pairs are expected to contribute to the sifted key.
As a result, the sifted coincidence rate is reduced to 22.2 counts per minute, corresponding
to approximately 0.37 bits per second (assuming one bit per coincidence count).

Assuming a low quantum bit error rate (QBER) of e = 2%, and applying the asymptotic
key rate formula [32]:

R=S[1—2h(e)], (10)

where h(e) is the binary entropy function, the following estimate is obtained:

R=~0.37-(1-2-h(0.02)) =~ 0.37-0.718 = 0.27 bits/sec. (11)

While long-distance communication was not the primary objective of this experiment,
future implementations could consider establishing a free-space optical link to more distant
locations, such as the Fabra Observatory, located approximately 4km away. Over such
distances, urban free-space channels typically introduce atmospheric losses in the range of
15-25 dB due to absorption, turbulence, and misalignment. Assuming a conservative total
loss of 20 dB, a reduction in the coincidence rate by a factor of 100 would be expected,
yielding:

Rpabra &~ 0.27 - 1072 bits/sec. (12)

To achieve a practically useful key rate at such distances (e.g., 100-500 bits/sec), an
increase in the raw coincidence rate by several orders of magnitude would be required,
reaching values between 20,000 and 140,000 cps before transmission. This estimate does
not yet account for additional reductions due to error correction [16] or privacy amplifica-
tion [42].

To significantly improve photon transmission and simplify alignment, it is suggested
that the single-photon source be placed directly behind the emitter telescope in future
designs. This configuration would eliminate the need for coupling into single-mode fibers
and would avoid polarization drifts and temporal dispersion effects introduced by long
optical fibers. Ideally, the receiver should also be positioned immediately after the second
telescope, using only short multimode fibers for detection.

An additional improvement could involve replacing the current SPDC source that emits
photons in a Gaussian spatial mode. This would enhance mode matching with the telescope
optics, especially in the axicon-based configuration, and could significantly increase the
coupling efficiency. Nonetheless, the current source, despite producing a non-Gaussian
beam, can still be adapted for free-space transmission by spatially filtering the emission
with irises to approximate a Gaussian profile.

5 Conclusions

The main objective of this Master’s thesis was to demonstrate single-photon transmission
over a free-space optical link. This objective has been achieved successfully.

Single photons have been transmitted across a 1.88 m free-space link using Ritchey—
Chrétien telescopes. The detection system confirmed the arrival of heralded single photons
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above background noise. A coincidence peak of 44.4 cpm in the cross-correlation function
has been measured, verifying successful transmission and detection.

The free-space link has been implemented using Ritchey—Chrétien reflective telescopes.
Two strategies have been tested to overcome the telescopes’ central obstruction: generating
a toroidal Bessel-like beam using axicons, and laterally displacing the beam. Successful
transmission has been achieved using the lateral displacement method.

An entangled photon source has been built using a two-crystal SPDC configuration
with BBO crystals. The rotation of the crystal mount has been calibrated, and the phase
between the |HH) and |VV) components has been tuned using a half-wave plate. The
presence of entanglement has been confirmed by a CHSH Bell test, which gave a Bell
parameter of § = 2.55 4+ 0.15, exceeding the classical limit.

Future developments will focus on optimizing the optical link by positioning the single-
photon source directly at the focal plane of the transmitting telescope. This will ideally
increase the single-photon detection rate and their polarization will be preserved.

The axicon-based method can be further studied using a source with a Gaussian spatial
mode.

The effects of humidity on the transmission channel can be investigated. Changes in
laboratory temperature, controlled through the air conditioning system, can modify the
relative humidity and may influence beam quality and photon detection. Active wavefront
correction can be implemented to improve the stability of the optical link under environ-
mental changes. This work is planned in collaboration with institutions such as Universitat
Ramon Llull.

Finally, experiments can be extended to longer free-space distances to evaluate the
scalability of the setup.

Figure 16: Experimental set-up for the laboratory-based FSO quantum link developed during this
Master’s thesis.
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A Coincident Counts

The calculation of the coincident cps was performed following the procedure described
here. Starting from the unnormalized second-order autocorrelation function, represented
as a histogram of time differences between detection events, the number of counts around
the peak of the distribution was integrated.

The bin with the maximum number of counts, corresponding to the most probable
coincidence time, was identified. An integration window of 2 ns was then centered around
this peak, and all counts within this window were summed. The result was normalized by
the total acquisition time, yielding the raw coincident counts in cps.

To account for accidental coincidences, the count rates in each detection channel, Ny
and Ny (in cps), were used. The accidental coincidence rate was estimated as

N1 . N2 T

Nace = — 7 (13)

where 7 is the width of the coincidence window in seconds and T is the total acquisition
time.

The corrected coincident count rate was obtained by subtracting the estimated acci-
dental coincidences from the raw coincidence rate:

Ne =N — Nyce (14)

All quantities are reported in counts per second.

B Probabilities and Uncertainties

The calculation of probabilities and uncertainties was performed following the procedure
described in [31]. Assuming that the detection counts are governed by Poisson statistics,
the uncertainty in the number of detected events during a fixed time interval corresponds
to the square root of the event count. Thus,

oN, = VNa, onN, =VNy, on. = VN (15)

Applying standard error propagation to the expression for the accidental coincidences,
the uncertainty in N, is given by:

T T
Ve = 7 NE - 0%, + NZ 0%, = 7 /NE - N N2 Ny (16)

Here, 7 is the coincidence window and T is the total acquisition time, both considered
as known constants with negligible uncertainty. To simplify notation, the number of true
coincidence events is defined as

Nyv :N(’Vavﬁ>) :NC(|V04V5>)_Nacc<‘VO<Vﬂ>) (17)

with associated uncertainty:

Ny =10k, (IVaVa) + 0% ([VaVi) (18)
The probability for detecting a given polarization combination is calculated as
Nvavs)
Py, = : (19)

N|VaVﬁ> + N|Va+90° Ve) t N|VaV5+900> + N\Va+900 Vs 1900)
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which simplifies to

Nyy
P, = 20
VoVe) ™ Nyv + Nyvg + Nav + Nun (20)

Since |Vay900) = |Ha), the uncertainty in the probability is given by:

Niy - (0% + 0%y + O8gn) T (Nov + Ny + Nuw)? - ok,

Va¥p) (Nvv + Ngg + Nvg + Nyv)? 2
The total uncertainty in the correlation function E, g is then
_ 2 2 2 2
O-EDMB - \/O-P|VaV5> + O-P\VaH,(ﬁ + O-P\Hozv,(ﬁ + O-P‘HO‘H/3> (22)
The uncertainty in the Bell parameter S is given by
og = \/a%a’ﬁ + 0125,&!6, + U%a/ﬂ + UgEa/,af (23)

C Bell Test Experimental Data

a(®) B(°) Na(cps) Ny (cps) Nace(cps) Ne (cps)

0 22.5 81077.63 55870.13 9.01 104.11
90 22,5  75649.86 55387.71 8.34 16.56
0 112.5 84148.10 63753.10 10.68 5.75
90  112.5 76991.56 64282.77 9.85 17.66
45 22.5  78704.2  55054.2 8.62 101.74
135 22,5 79001.57 55512.57 8.73 27.28
45 1125 80639.38 64142.75 10.29 4.36
135  112.5 79106.18 63594.45 10.01 19.01
0 -22.5 84460.50 41144.08 6.91 67.40
90  -22.5 79244.30 41019.3 6.46 -0.46
0 67.5 83888.20 62831.90 10.49 4.67
90 67.5 78908.57 62965.14 9.89 50.48
45  -22.5  83129.60 41333.60 6.84 31.66
135 -22.5 81146.20 41185.40 6.65 39.60
45 67.5 82083.71 62762.86 10.25 44.19
135  67.5 80891.33 62810.56 10.11 9.25

Table 3: Data obtained for the calculation of the Bell inequality using photon pairs in the |®7) state.
N, refers to the signal channel, IV, to the heralding channel, N, to the accidental coincidence counts,
and N, is the total number of true coincidences after correcting for Nycc.
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D List of Material

Product

Reference

Price (eur.) Quantity

Emitter Telescope
Receiver Telescope
Laser 405nm, 500mW
USB Laser 405nm, 1mW
BBO crystals

BBO crystals mount
Axicons

Right-Angle Prism
Fiber-coupling lenses
75mm PC Lens

100mm PC Lens
125mm PC Lens

35mm PC Lens
Achromatic Lens
Dichroic Filters
Bandpass Filter 405 nm
Bandpass Filter 800 nm
Infrared’ Polarizer
"Visible’ Polarizer
Half-wave Plate 405 nm
Mirrors

Mirrors

Kinematic mount
Goniometer

Rotation Mount
Platform Mount
Dichroic Filter Mount

1 m MM Fiber

2 m MM Fiber

5 m MM Fiber

PM Fiber

BS Fiber

4-channel detector

Time-tagger Module

GSRC12Truss, T'S-Optics
GSRC12C, TS-Optics
AliExpress

PL205, ThorLabs
EKSMA Optics

KS1RS, ThorLabs
AX255-A, ThorLabs
MRAK25-P01, ThorLabs
F810FC-780, ThorLabs
LA1608-A, ThorLabs
LA1509-A, ThorLabs
LA1986-B, ThorLabs
LA1027-B, ThorLabs
49-794, Edmund Optics
34-737, Edmund Optics
FBH405-10, ThorLabs
FBH800-40, ThorLabs
LPNIRE100-B, ThorLabs
LPVISE100-A, ThorLabs
WPHO05M-405, ThorLabs
BB1-E02, ThorLabs
BB1-E03, ThorLabs
KM100, ThorLabs
RP01/M, ThorLabs
RSP1X225/M, ThorLabs
BSH1/M, ThorLabs
CM1-DCH/M, ThorLabs
M43L01, ThorLabs
M431.02, ThorLabs
M43L05, ThorLabs
P3-630PM-FC-2, ThorLabs
TM50R5F1A, ThorLabs
SPCM-AQ4C, Excelitas
Technologies

TTUltra, Swabian Instru-
ments

4190.00
4398.00
26.39
224.22
1540.00
250.90
577.71
132.82
267.73
35.97
35.12
35.12
37.38
125.66
502.64
149.69
149.69
116.46
103.08
461.09
73.83
73.83
38.04
101.24
141.46
49.67
187.17
81.73
85.04
94.38
244.85
334.75
13456.21

11990.00

o= = = N R R R CODDNN DN DN DNDN R DN e e

Table 4: Detailed equipment used in the setups. Mechanical elements such as optical tables, breadboards,

posts, post-holders, clamps, tubes and customized pieces are not included.
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