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ABSTRACT

Entangled photon sources (EPSs) are pivotal in advancing quantum communication, computing, and sensing. The demand for deploying
efficient, robust EPSs in the field, characterized by exceptional (phase) stability, has become increasingly apparent. This work introduces a
polarization-entangled photon source, leveraging type-0 spontaneous parametric downconversion and constructed using commercial bulk
optomechanical components. Our system is versatile, enabling the generation of NOON states for sensing applications or Bell states for quan-
tum key distribution protocols. We attained a maximal Bell inequality violation, with the average entanglement visibility exceeding 99%. The

potential for further performance enhancements is also explored.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0225901

I. INTRODUCTION

Photonic entanglement is a crucial resource for modern quan-
tum science and technology, including quantum key distribution, "
teleportation,” quantum-enhanced metrology,”® and quantum
computing.”” In all these fields, the efficient generation of high qual-
ity entangled photon pairs is essential. For instance, the advance-
ment of next-generation projects aimed at establishing a global
quantum network, through ground-to-satellite and inter-satellite
connections, necessitates the development of compact, robust, and
durable sources of entangled photons with high brightness and
entanglement fidelity.’

Entangled states of light can be encoded in many degrees
of freedom, such as frequency-bin,'’ energy-time,'' time-bin,'”
orbital angular momentum,'’ and even in multiple degrees of free-
dom simultaneously, known as hyper-entanglement.'* Polarization
entanglement, however, has become one of the leading resources
for quantum communication applications due to its relative ease of
control, scalability, and compatibility with telecom infrastructure.'”
In addition, polarization-encoded quantum states have demon-
strated high robustness when propagating through a turbulent
atmosphere, making them the preferred choice for free-space and
satellite quantum links.”'*"”
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Various technically well-developed physical platforms enable
building entangled photon sources (EPSs), both in bulk'® and
integrated photonics.”” > Integrated EPSs offer compactness, sin-
gle mode characteristics, and especially high brightness, on the
order of ~10” pairs/s/mW pump power in the case of PPLN wave-
guides.”” However, they currently still face technical challenges
that hinder their use in realistic field-deployment, particularly
high outcoupling® losses from EPS to fiber or free-space link. In
contrast, EPSs based on spontaneous parametric downconversion
(SPDC) in bulk optics can provide near-ideal heralding efficien-
cies'® and broad spectral and spatial multimode characteristics. They
also allow access to various degrees of freedom, such as position
and momentum, which, in turn, enables manipulation of struc-
tured light like OAM and vector vortex modes. These features
enable hyper-entanglement capabilities” and multi-party quantum
communications’””® while also facilitating higher heralding perfor-
mance. Therefore, combined with the wide availability and modu-
larity of off-the-shelf components, at present, bulk optics remain the
platform of choice for EPS development.

A number of bulk optical geometries have been demonstrated
to produce polarization entanglement via SPDC, including the
crossed-crystal, Sagnac interferometer, and double-pass (“folded
sandwich”) schemes.'?
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In recent years, EPS designs similar to linear double-path inter-
ferometers have emerged. In these designs, a beam displacer (BD)
splits the pump into two orthogonally and linearly polarized beams,
deviating only one from the input trajectory while maintaining
its original k-vector. By passing the pump beam parallel through
either one”” or two’**’ nonlinear crystals, parallel SPDC emission
can be achieved and then recombined using a second BD. This
solution is easily scalable as all beams propagate in only one direc-
tion and experience less walk-off compared to the crossed-crystal
scheme.

In this paper, we introduce a compact and robust scheme for
polarization entanglement generation, which improves the exist-
ing beam displacer EPS designs through the novel combination of
half-wave plates and Savart plates, with the latter being a composi-
tion of birefringent plates that split a beam into two parallel beams
with orthogonal polarization. This innovative scheme intrinsically
improves on longitudinal walk-off and compactness compared to
previous studies, without compromising on the mechanical sensi-
tivity and on the quality of the generated entanglement. Our device
generates entangled photon pairs in the form of NOON states or
|®*) Bell states, achieving near-ideal fidelity (F = 0.992 +0.001)
and high brightness CC = (9.50 +0.03) x 10* pairs/(s - mW). It
features a modular, miniaturizable architecture, making it suit-
able for both free-space and fiber-based quantum communication
applications.

Il. METHODS
A. Conceptual Design

In this work, we present a high-performance bulk-optics design
for a polarization EPS, named SPaDES (Symmetric Parallel Dis-
placement Entanglement Source). Its configuration, depicted in
Fig. 1, draws inspiration from lateral displacement EPSs.””***

A key advancement is that the longitudinal walk-off between
the two parallel spatial SPDC emission modes is eliminated at every
cross section along the propagation direction. This is achieved by
substituting the birefringent single-beam displacement (BD) ele-
ments (used for both pump and SPDC photons) with the joint
dual-beam displacement elements, referred to as balanced beam dis-
placers (BBDs). These components can be manufactured in both
integrated and fiber optics versions, but this Letter focuses on
the bulk optics case. One example is the Savart plate (SP), con-
sisting of two single-plate BDs, whose axes are rotated 90° in
the transverse plane relative to each other, with no gap between
the two plates. When aligned with displacement axes at +45°, an
SP splits a vertically (V) polarized single-beam state with trans-
verse spatial coordinates (x,y), |V)|x,y), into a two-beam state
%(H)\x +8,y+0) +e-)x-08,y+ 8)). That is, the two paral-
lel output beams are separated along x by a shear 2. Here, |+)
= %(|H) +|V)) and |H) represent the horizontal polarization.
Therefore, an SP functions similarly to a polarizing beam splitter
(PBS) that maintains the k-vectors from input to output.’’ Referring
to the scheme in Fig. 1, the pump beam (blue) has vertical polar-
ization. The first component, SP;, splits the beam into its |[+) and
|-) components. After that, a pair of half-wave plates (HWPs) rotate
each component into the vertical polarization, in order to align the
polarization of the state with the poling vector of the crystal, thus
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FIG. 1. SPaDES working principle. The V-polarized pump is split into |+) and
|-) components by the first Savart plate SP1. The segmented half-wave plate
sHWP rotates the polarization of both parallel modes to |V) [the subscript L(R)
indicates the left(right) beam]. |VV') photon pairs are generated in the ppKTP crys-
tal; L(R) photons are rotated to | + +)(] — —)) by sSHWP; and recombined by SP;.
Polarization(s) and transverse (xy) position(s) of the state after each component
are shown in the boxes below. SP; is tilted along the xz-plane, i.e., 6, as defined in
coordinate axes (top right). Inset: optical path of SPDC generation through SHWP,
and SP,.

maximizing the SPDC generation efficiency. To increase compact-
ness and mechanical robustness, the two HWPs are cemented
together side by side with fast axes aligned at opposite incli-
nations with respect to the x coordinate, thus receiving the
name “segmented” half-wave plate (sHWP in Fig. 1). As seen
in the scheme, the state right before the ppKTP crystal is (V)L
+|V)r)/\/2, where the subscripts “L” and “R” indicate the left and
right paths, respectively. Each component then gets downconverted,
resulting in the state (|[V'V)r +|VV)L)/v/2. Then, sHWP; rotates
the L and R components 45° in the clockwise and counterclockwise
direction, respectively, obtaining the state (| + +)r + |- —)r)/V/2.
SP; then implements beam recombination, resulting in the output
polarization-entangled state

) e - )
RRE B

where the position Hilbert space (x,y) has been omitted, as it is
global over the state representation.

The phase ¢ represents the optical path difference between the
two parallel trajectories through our EPS. The ability to control
this phase [¢ in Eq. (1)] is crucial for non-locality tests, in the E91
QKD protocol. In fact, the Clauser—-Horne-Shimony-Holt (CHSH)
inequality can be maximally violated only if ¢ = 0, 7.> Moreover, for
the BBMO91 protocol, it is necessary to measure the entangled state
with high visibility in both H-V and D-A bases, and this is possible

@) (1)
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only if ¢ is fully compensated.”””* This phase control is commonly
implemented with an additional component, such as an YVO crys-
tal (yttrium orthovanadate) or a quarter-wave plate.'” In our design,
however, we can modify ¢ simply through a controlled tilting of the
second Savart Plate (SP,) along the yaw axis (indicated by angle 0
in Fig. 1). This tilting of SP, induces a difference in neg between the
paths of | + +) and | — —), resulting in a controllable relative phase.
Therefore, this enables modulating ¢, granting on-demand real-time
access to both the Bell states |®*), without the need for any addi-
tional external components. A geometrical explanation is given in
Sec. I1I B. Note that Eq. (1) (with ¢ = 0) represents an N = 2 NOON
state if the two photons are not separated into distinct spatial modes.
That is, the SPaDES output can be directly used in quantum metrol-
ogy schemes.’! In contrast, here, as described in Sec. II C, we split
the photons into two channels to obtain maximally entangled Bell
states |®*).

B. Implementation

The two SPs (United Crystals) in our EPS are made of calcite
and produce a nominal shear S = 1 mm at their respective work-
ing wavelengths (1, = 405 nm for SPy; As; = 810 nm for SP»). SP;
and SP; lengths are Zsp; = 12.27(2) mm and Zsp, = 13.28(2) mm,
respectively, and both have a 10 x 10 mm cross section.

The sHWPs (CeNing, calcite on the BK7 substrate) have
dimensions height x width x length = 5x 10 x 1 mm?, with fast
axes at +22.5. The interface between both sections of each sHWP
was smaller than 10 ym to minimize blocking the generated beams.
However, the implementation of non-collinear generation resulted
in part of the SPDC cone being lost.

For the nonlinear medium, we used a type-0 periodically
poled potassium titanyl phosphate (ppKTP) crystal (Raicol)'**® with
dimensions height x width x length = 1 x 2 x 20 [mm”]. The pump
laser is continuous-wave, single-frequency, centered at A, = 405 nm
(Omicron, Bluephoton series), and was focused into the ppKTP
crystal using a 200 mm lens positioned before SPy. This configu-
ration yielded a measured 1/¢* beam waist of 2wp = 92+ 2 um at
the crystal’s center. After the second Savart plate (SP; in Fig. 1), the
pump light was subtracted via a bandpass and long-pass subsequent
filters. Finally, the generated SPDC photon pairs were filtered using
a 810+ 5 nm bandpass filter (see Fig. 2), in order to improve photon

1.01 —— Original spectrum
Filtered spectrum
—~0.85
=
L0.6]
>
=
0 ]
©vo.4
()
=
£0.24
0.0  sde e
T

780 790 800 810 820 830 840
Wavelength (nm)

FIG. 2. Emission spectrum. Generated SPDC spectrum (blue), with AA = 22 nm
(FWHM), and filtered spectrum (orange), with AA = 10 nm (FWHM).
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indistinguishability and remove background, such as fluorescence,
generated in the optical components.

C. Performance analysis

We demonstrated and quantified the source performance in
two ways: performing two-photon interference and verifying the
experimental violation of CHSH inequality.

First, we measured two-photon interference on our source’s
output state in order to certify the Savart plate tilting method. We
projected the generated state |®) [Eq. (1)] onto the |H) basis using a
polarizer while varying ¢ in Eq. (1) by tilting SP,. Figure 3 shows the
two-photon coincidences measured at the output, demonstrating the
successful transition between the states |©*) and |®~). Choosing the
fitting functiontobe y = A - cos(wx + «), with y as the coincidences
and x as the motor position, we estimated a period T = %" =29.85
£ 0.03 pm. See Appendix A for details.

Second, we quantified the generated entanglement via violation
of the CHSH inequality.””*° As shown in Fig. 4, our CHSH charac-
terization setup separates the entangled photon pairs, sending them
to two independent measurement stations, Alice (A) and Bob (B).
We used a deterministic spitting method, in which a knife-edge mir-
ror (keM) is placed in the SPDC Fourier plane of a 200 mm lens. The
momentum anti-correlation of the SPDC photon pairs here corre-
sponds to opposite positions in the transverse plane,'® allowing us to
divide the ring-shape emission into left and right halves, which are
directed to Alice and Bob, respectively. We measure coincidences
between A and B, using the liquid crystal retarders (LC4 and LCp in
Fig. 4) and polarization projection setups [HWPs and polarizers (P)
in Fig. 4] to obtain the Bell curves shown in Fig. 5. See Appendix B
for details.

We detected a total coincidence rate CC = (2.470 + 0.005)
x 10° pairs/s and singles rate SC = 2.058 + 0.003 x 10° counts/s,
at a pump power P=2.6 mW, corresponding to a brightness
of (9.50 +0.03) x 10* pairs/(s - mW) and heralding efficiency

# = 12%. We therefore estimated the emitted brightness to be %

~ 7 x 10° pairs/(s - mW). The average fringe visibility of the fitting
Bell curves (coincidences with accidentals subtracted) is V > 0.99
+0.01. The final CHSH parameter was computed similarly to
Ref. 36, obtaining Sexp = 2.82 + 0.04, giving a violation of the Bell
inequality by 200.

304 D) D)

103 D7)

Pair rate (k counts/s)
N
o

1.60 1.61 1.62 1.63 1.64
Motor position (mm)

FIG. 3. Varying entangled state by Savart plate tilting. Two-photon coinci-

dences vs stepper motor position; ¢ in Eq. (1) is modulated using a motor tilting
SP,. Blue circles: measured coincidences; solid line: cosine fitting function.
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far-field image
acquired by the cameral

BPF
HWP,

Pa LCa keM

FIG. 4. CHSH setup. The far-field plane of the SPDC beam splits in half with a
knife-edge mirror (keM). Due to SPDC momentum anti-correlation, photon pairs
are deterministically divided between Alice (A) and Bob (B) arms.

Pair rate (k counts/s)

0 0o
-4 -3 2 -1 0 1 2 -4 -3 2 -1 0 1
Alice phase 0, (rad)

FIG. 5. CHSH results. Coincidences between A and B, varying Alice phase 4
for fixed Bob phase dg = 0, Z. Measurement settings 1(2) (gray boxes) corre-
spond to horizontal(vertical) detected polarization. Circles: measured coincidences
(Poissonian standard error smaller than marker size); solid lines: fitting functions.

From such Seyp, we then obtain the Bell state visibility, using
the expression Sexp = ¥5 - 2+/2. Assuming a mixed-state Werner rep-
resentation p = %| D) (| + 1’TVS]I ® I as the worst possible scenario,
the two-qubit fidelity corresponds to that in Ref. 37,

sz(é\/%+f 4—3’1/5)2. )

We therefore estimate a lower bound fidelity F = 0.992 + 0.001, with
the error given by Gaussian propagation.

A brief overview of the source performance is displayed in
Table I.

11l. COMPACT EPS ADVANTAGES
A. SPaDES architecture vs state-of-the-art

The state-of-the-art for polarization-entangled photon sources
is represented by the Sagnac architecture, which many papers have
reported to deliver excellent results.'”'*"® The Sagnac EPS offers
a phase-stable platform, however, at the expense of wavelength-
dependent performance (polarization extinction, polarization rota-
tion, reflectivity, etc.) due to the necessity for dual-wavelength

APL Photon. 10, 031302 (2025); doi: 10.1063/5.0225901
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TABLE |.EPS measured performance. CC: coincidence brightness adjusted
for detection efficiency (CHSH inequality measurement), # = CC/SC: heralding
efficiency, and CAR: coincidences to accidentals rate.

Specification Mean value
CC (1/(s-mW) 9.5 x 10*
Heralding 7 12%
CAR 14
Visibility 99%
Fidelity (lower bound) 0.99
CHSH parameter S 2.82 £0.04

components. In addition, the experimentally challenging alignment
and the high precision required when positioning the crystal at the
center of the loop drastically hinder the scalability of this design
for field applications. Moreover, slight misalignment of the crys-
tal position can modify differently the counter-propagating SPDC
generations, thus increasing both longitudinal and lateral crosstalk
between photons.*

Linear beam displacer based sources’***’ propose to solve
these problems, with simple, robust, and compact architectures.
SPaDES represents an evolution of these schemes, aiming to fur-
ther simplify the design and improve mechanical sensitivity and
miniaturizability. Compared to Ref. 28, our design uses only a sin-
gle nonlinear crystal, rather than two. Thereby, SPaDES avoids
potential related issues stemming from the use of two distinct
crystals, such as phase-matching temperature differences and spec-
tral distinguishability of the two SPDC generations. SPaDES also
replaces the BD pairs with monolithic Savart plates, which improves
stability and compactness and enables facile accurate modula-
tion of ¢ in Eq. (1) (see Appendix A). Compared to single BD
schemes,”””’ our design completely removes longitudinal walk-off
between the two polarization paths at all points in the source.
This enables implementations with arbitrarily short nonlinear crys-
tals and in the strong pump focusing regime. See Sec. IV for
further details.

B. Longitudinal walk-off

The SPaDES design eliminates all walk-off, i.e., the two SPDC
generation modes focus in the exact same longitudinal position
in the nonlinear crystal. In order to demonstrate the impact of
single beam displacers, beam displacer sources design the gen-
eration, superposition, and collection of entangled photons; we
reproduced the case in which a focused beam passes through a
BD element, as displayed in Fig. 6(a). We measured the relative
longitudinal locations of the two beam waists after the BD. We
performed the measurement at A = 405 nm for a BD with a lat-
eral shear Sgp = 1.010 £ 0.001 mm and for a Savart plate with
Ssp = 0.972 + 0.001 mm. The light source was initially collimated to
a diameter D = 1.4 mm and focused down to 2wy ~20 ym using a
i =150 mm lens.

The beam displacer and Savart plate were placed in the mid-
dle point between the f; lens and wo, simulating the EPS con-
figuration. We detected the beam profile using a CMOS cam-
era, which was longitudinally translated along the optical z axis

10, 031302-4
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FIG. 6. (a) Diagram of longitudinal walk-off in a BD element using a beam focused
using a f = 150 mm lens. Vertical segmented lines at the valleys of the hyper-
bolas indicating the associated value. (b) Results for the respective beam waist
positions.

by means of a motorized stage, in order to capture the differ-
ent focusing planes. The measured beam waists in each z position
are reported in Fig. 6(b) for both the single beam displacer and
the Savart plate.

For the BD element with d, = 8.73 mm, the expected walk-
off is Azgp = 0.542 mm (see Appendix C). The experimental result,
extrapolated from the fitting functions in Fig. 6(b), is Azgp = 0.52
+0.03 mm. For the Savart plate, we obtained a walk-off AZsp
=0.06 + 0.03 mm. We see that Azpp is at least one order of mag-
nitude higher than standard crystal periodicities, making the BD an
unsuitable component when utilizing chirped poling periods. This
also limits the minimum length of the crystal one can employ: for
~1 mm long crystals, by placing the waist of one polarization in the
center of it, we already would find the waist of the orthogonal com-
ponent outside the crystal. The Savart plate walk-off did not appear
to be perfectly null due to experimental error. In addition, some
minor astigmatism typical of these components could have affected
the accuracy of this measurement.

IV. DISCUSSION

The estimated brightness of our source was CC = (9.50
+0.03) x 10* pairs/(s - mW), which is sufficient for achieving opti-
mal secure key rates in realistic free-space or fiber entanglement-
based QKD applications.”” Our source brightness (Table I) is, how-
ever, lower than the maximum reported values in the literature.'
We attribute this mainly to the choice of an SPDC working-point
in the non-collinear phase-matching regime, which induces a lower

APL Photon. 10, 031302 (2025); doi: 10.1063/5.0225901
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spectral brightness compared to the collinear case.*’ Nonetheless,
the advantage of the non-collinear regime is that it enables deter-
ministically splitting the generated photon pairs, without relying on
non-degenerate spectral correlations, as would be required when
using a sharp dichroic mirror or wavelength-division multiplexing
devices.

Optical losses in our EPS are attributed to the optical
components’ transmissivities (78%) and fiber coupling. In partic-
ular, sHWP,, at the interface between the two segmented-HWP
segments (see the inset of Fig. 1), partially absorbs a portion of
each SPDC far-field ring (~10%). Moreover, the knife-edge mirror
(keM in Fig. 4), due to fabrication limits, induces some diffraction
and scattering effects that cause additional losses (~15%) to light in
proximity of the edge.

As mentioned in Sec. I1I A, the SPaDES design presents some
advantages compared to other linear beam displacer sources in
the literature.”””*"" For example, our source is more suitable for
wave-division multiplexing (WDM) and quantum communication
applications, such as increasing network capacity” or boosting the
secure key-rate.*” This is because WDM-based schemes require
entangled photon emission across a broad wavelength range, with
high spectral indistinguishability across the entire range between
the two SPDC generations. This broad indistinguishability require-
ment is challenging to meet for any double crystal EPS,* as, in
general, two distinct nonlinear crystals will have non-identical emis-
sion spectra.”’ In contrast, the single-crystal SPaDES intrinsically
avoids this issue. Compared to Refs. 27 and 30, the SPaDES’ zero lon-
gitudinal walk-off allows, first, using shorter nonlinear crystals that
yield a broader spectrum, and second, tighter pump focusing, which
maximizes fiber-coupled pair rates across a wide wavelength range.”’
As another application example, its compatibility with short crystals
allows SPaDES to generate entangled photons with strong spatial
correlations, which are a requirement in many quantum imaging
schemes.” " Finally, superior mechanical characteristics of SPaDES
will enable its use in harsh environments, such as for satellite-based
use cases. Compared to Ref. 28, monolithic Savart plates provide bet-
ter stability and avoid potential issues of refraction, back-reflection,
and astigmatism caused by the gap between separate BDs. Moreover,
the use of a single nonlinear crystal allows greater miniaturiza-
tion in the transverse plane, due to the lack of physical interface
between the two SPDC generation zones. Due to this, the separa-
tion can be lowered; hence, the SP can be shortened. At the same
time, by eliminating the walk-off, the crystal can also be shortened
in the longitudinal plane, provided appropriate focusing. A tight
focus will then allow for lower separation between the beams and
reinforce the advantage of a zero-walk-off fully-symmetric design.
We emphasize that SPaDES miniaturization involves trade-offs,
such as in the generation spectrum and efficiency. Therefore, sys-
tematic design choices are required to optimize parameters for a
given use case.

In addition to integrating the above listed advantages, the
SPaDES design has mechanical phase stability at least equal to
single-BD designs,”"’ as confirmed by our measurements (see the
supplementary material 1), similar to Refs. 45 and 46.

We note that, when seeking compactness and high scalability, it
is natural to mention integrated platforms, which offer some advan-
tages over traditional bulk sources. In particular, waveguide-based
sources excel in brightness due to their intense light confinement.

10, 031302-5
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These can be specifically engineered to produce light with desirable
single-mode characteristics (spatially and spectrally).”*” Photonic
Integrated Circuits (PICs) mark a significant advancement for ver-
tically integrating quantum technologies,”** given their scalable
manufacturing processes. However, at present, the versatility and
modularity of such PIC systems are limited, as they cannot har-
ness multi-modal characteristics such as position, momentum, and
orbital angular momentum correlations. In addition, integration
is feasible only for narrowband, single-mode systems, and effi-
ciently outcoupling from PIC EPSs to free-space or fiber remains
challenging.'® Finally, a promising candidate for the next gener-
ation of quantum technologies is semiconductor-based quantum
dots that provide on-demand entangled photon pairs with narrow
linewidth and negligible multiphoton events.””*’ However, quan-
tum dot sources have not yet attained the performance levels of
their bulk EPS counterparts, both in terms of brightness and in state
fidelity,””*"" and typically require cryogenic temperatures that limit
field deployment and scalability.

V. CONCLUSION

In this work, we have shown a SPDC-based polarization entan-
gled photon pair source (EPS) design, based on the evolution of
previous linear beam-displacer architectures. This design is based
on laterally displacing the |+) and |-) components of a vertically
polarized pump beam and sending these parallel modes through
the nonlinear crystal. The two generated SPDC modes are then

recombined to obtain the Bell state |®) = %

lel splitting of the pump and recombination of the SPDC modes
are performed by a pair of Savart plates, which symmetrically
displace each polarization mode. This evolution serves the pur-
pose to completely remove the longitudinal walk-off from inside
the crystal.

Our EPS generates polarization entangled photons in the
form of NOON states or Bell states, easily tunable between the
|®*) and |®7) states through motorized tilting of the second
Savart plates. Characterizing the entanglement generated by our
source, we measured a CHSH parameter S =2.82+0.04 (~200
violation of the CHSH inequality), which implies a near-ideal
fidelity F =0.992 +0.001, from Ref. 37. The brightness of our
EPS was measured to be CC = (9.50 + 0.03) x 10* pairs/(s - mW),
which gives an estimated entangled photon pair emission rate
CCem = 105 x 10° pairs/(s - mW) when taking into account system
losses. We also studied the mechanical robustness and longitudi-
nal walk-off of our EPS. In comparison with existing standard BD
designs, we found that our source drastically reduces longitudinal
walk-off while maintaining near-identical mechanical stability.

Our design combines a series of unique ideas, whose imple-
mentation offers high performance either for (i) scalability: all
components can be easily miniaturized both in the longitudinal and
transverse dimensions, thanks to the virtually null walk-off and the
use of a single nonlinear crystal, or for (ii) harsh environments:
bulk optics offers one of the best generation stabilities under ther-
mal/pressure fluctuations, making our EPS an ideal candidate for
space quantum communications.

Future upgrades will include superior segmented half-wave
plates in order to improve the heralding efficiency, as well as

. The paral-
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development of an engineering model to further miniaturize the
setup and enable real-environment qualification, such as space
qualification.

SUPPLEMENTARY MATERIAL

The supplementary material evaluates the mechanical robust-
ness of the SPaDES design compared to beam displacers (BDs).
It analyzes phase response sensitivity to tilting misalignments by
measuring interference patterns shifts as a function of SP and BD
tilt angles.’’ The results confirm that SPaDES maintains align-
ment robustness comparable to BD-based designs, supporting its
feasibility for quantum applications.
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APPENDIX A: SAVART-PLATE TILTING
PHASE-SHIFTING

To demonstrate that tilting the Savart plate SP, allows tun-
ing ¢ in Eq. (1), we project the generated state |®*) onto H using
a polarizer. This output is single-mode fiber (SMF) coupled, and
the pairs are split probabilistically with a 50-50 fiber beam split-
ter (FBS, Thorlabs). We measure two-photon coincidences between
the FBS outputs a and b, using a pair of single-photon avalanche
diode (SPAD) detectors, extracting coincidences using a 1 ns win-
dow, and subtracting accidentals. These coincidences depend on ¢
in Eq. (1) as

1+ %p cos (@)

P,y = |(Ha, Hy|®)rps|* = 1

(A1)
where we have introduced the interference visibility (Vsp). This
coincidence curve is shown in Fig. 3, where we vary the tilting angle
0 of SP, with respect to the optical axis (see Fig. 1).

SP; tilting is implemented using a stepper motor pushing one
side of SP, along the z axis. The motor is mounted on the side of
the Savart plate holder to control its tilt angle 0 in the yaw direc-
tion (see Fig. 1), where motor position p o< sin 6 and sin 6 ~ 6 for
0 ~ 0. Yaw angle 0 is proportional to the phase between the |+) and
|-} polarization modes.*> Therefore, the stepper motor position is
directly proportional to ¢ in Eq. (1). By fitting a cosine function
to the two-photon interference curve (Fig. 3), we extract the motor
position values corresponding to desired phases ¢ = 0, 7, in order to
switch between |®*) states.

The coincidence interference visibilities with and without
accidentals subtraction were ¥sp = 1.000 +0.010 and ¥, = 0.840
+0.008, respectively. This result also shows that SMF-coupling
remains unaffected by the Savart plate tilting.

APPENDIX B: CHSH INEQUALITY

As shown in Fig. 4, Alice (Bob) side contains a liquid crys-
tal LC4 (LCs) placed at 45° rotation to implement ¢, (¢,) phase
between vertical and horizontal polarizations. Note that, before the
beam splitting via the knife-edge mirror, the state in Eq. (1) is rotated
witha HWP to V).

The half-wave plates (HWP,4 and HWPg) and polarizers (P4
and Pp) in each arm enable the projection into vertical and horizon-
tal polarizations. By alternating between these polarization states, we
can measure coincidences across various polarization combinations
without needing the four detectors typically required in Aspect-type
experiments.”® This is achieved by simply rotating the polarization
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of the state. The light in A and B is coupled into SMFs and sent to
SPADs for coincidence detection (1 ns window), with accidentals
removed. The optimal Bell angles for Bob are 7 apart.”” Therefore,
the liquid crystal LCg in Fig. 4 was fixed to §p = 0, g, while LCa was
scanned over an entire period, in order to find the 4 values that
maximize the inequality. For each Bob phase setting (65 = 0, 7 ), we
obtained four coincidence curves for four combinations of the four
channels Alice 1,2 and Bob 1,2. Here, Alice 1(2) and Bob 1(2) corre-
spond to horizontal(vertical) detected polarization. These results are
shown in Fig. 5.

APPENDIX C: LONGITUDINAL WALK-OFF
MEASUREMENT

As shown in the optical scheme of Fig. 6(a), the extraordinary

beam path corresponds to d. =/ d(z) + 8%, with d, as the ordinary
beam path that also coincides with the BD width. The optical path
difference can be calculated as

Az = dong — detie, (Cyn

where

. 1/\J cos’(a— ) . sinz((xz—ﬁ) 2)

2
No Ne

is the effective refractive index for the non-ordinary polarized light.
Here, a = arctan(S/d, ) is the deviation angle and 8 the optical axis
angle. The refractive indices of the calcite for ordinary (extraordi-
nary) polarized light are n, = 1.66 (#1. = 1.49). The BD was manu-
factured with 8 = 45° and thickness Zgp = 8.73 mm; therefore, we
predict Az = 0.542 mm.
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