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PROJECT PROGRESS (highlights)
CHALLENGE – Improve schemes for secure communication based on energy-
time/time-bin entanglement free of the post-selection loophole.
SOLUTION – Optimize optical subsystems (i.e. optical switches, etc…), use new tools
(photonic integrated chips, SDM optical fibers), expand the dimensionality…
IMPLEMENTATION –
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Following the scientific debate initiated in 1935 by the EPR paradox, the demonstration of Bell's 

theorem placed entanglement as a fundamental property of quantum mechanics, which sets it aside from any 

local hidden-variable (LHV) theory. In the last decades, experimental realizations of Bell tests have empirically 

assessed to very high levels of confidence the existence of the expected non-local correlations between 

entangled systems. Furthermore, with the development of quantum communication and computation protocols, 

entangled systems also became an important technological resource. Entangled photons, the most suitable 

carriers for quantum communications, have for instance been successfully used to implement quantum key 

distribution, quantum teleportation and quantum secret sharing. Energy-time entanglement and time-bin 

entanglement (its discretized version) are popular forms of photonic entanglement based on the temporally 

undetermined but simultaneous generations of a couple of photons in a non-linear medium. The first 

interferometric scheme to test energy-time entanglement was proposed by Franson and reused by Brendel et 

al. for time-bin entanglement. This scheme has since then been widely adopted due to its stability for long-

distance propagation but unfortunately its post-selection procedure leads to a loophole in the Bell test. Indeed 

Franson's scheme necessitates to post-select the detection events as only half of them display the necessary 

non-local interference, but there are LHV models which can exploit the disposal of events to reproduce a 

violation of Bell's inequalities on the post-selected events. Several modifications to Franson’s original scheme 

have been proposed to address the post-selection loophole (PSL), but so far they have only been implemented 

in experiments with discrete optical elements while all implementations on solid-state devices suffered from 

the PSL. With the recent progress of integrated quantum photonics, the interest for integrated sources of 

entangled photon pairs and entanglement testing devices has picked up. Integrated photonics can indeed 

provide higher stability, compactness, and production scalability for quantum optical devices and entangled 

states are a key ingredient for many protocols (they are in particular essential to provide device-independent 

security). We present here a silicon nitride integrated photonic chip designed to certify energy-time and time-

bin entangled states without the PSL thanks to the implementation of an interferometer in the hugged 

configuration with integrated thermal phase-shifters allowing to perform all the necessary measurements for a 

Bell test. As a use-case, the chip was coupled to a source of time-bin entangled photons produced by 

spontaneous parametric down-conversion (see Figure 1) and entanglement was certified through the violation 

of the tilted Bell inequalities for states of variable concurrence.     
Figure 1: Overview scheme of the 

experimental setup used to 

generate time-bin entangled 

states and certify their 

entanglement. DM: dichroic 

mirror, PBS: polarizing beam-

splitter, BS: beam-splitter, MPC: 

manual polarization controllers, 

PIC: photonic integrated chip, 

HWP: half-wave plate, SNSPDs: 

superconducting nanowire 

single-photon detectors, D: 

detector. 
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HURDLES – Covid delays, labs closed
No cross-partner visits possible for 2020/
2021. Technical problems with equipment.  
More restricted funding than expected.

Bell inequalities
for realistic setups



IMPACT (RRI aspects)

GENDER: Encouraging the underrepresented gender to apply for
positions within the partners.
OPEN SCIENCE: All our publications are placed on the arXiv. Raw
data available upon request.
SCIENCE EDUCATION: Creation of new courses on quantum
technologies for engineering students.
PUBLIC ENGAGEMENT: Tutorials on quantum technologies and
public science talks given in conferences and to the general
public.
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