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Q@TN - A joint laboratory

Å Q@TN is a joint laboratory of University of Trento, Fondazione 
Bruno Kessler, INFN and CNR on Quantum Science and 
Technology

ᴼ leverages on human resources and state of the art infrastructures 
of the partners

Å Q@TN promotes 
ï basic & applied research, 
ï technological transfer &  innovation, 
ï education & training

Å Q@TN is rooted in Trentino with a European outlook 
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Outline

ÅBuilding blocks(contextuality, nonlocality)

ÅApplications of entangledphotonsources

ÅApplications of single photonentanglement

ÅFewconsiderations



NanoScienceLaboratory

1. Building block: Integrated photonics
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2. Building block: contextualityand nonlocality
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2. Building block: contextualityand nonlocality

ÅQuantum contextuality is a feature of 
the phenomenology of quantum 
mechanics whereby measurements of 
quantum observables cannot simply 
be thought of as revealing pre-existing 
values. 
ÅMore formally the measurement result (assumed 

pre-existing) of a quantum observable is 
dependent upon which other commuting 
observables are within the same measurement set.

ÅNonlocalitymay be viewed as a 
special case of the more general 
phenomenon of contextuality, in 
which measurement contexts contain 
measurements that are distributed 
over spacelikeseparated regions. This 
follows from Fine's theorem.

©wikipedia
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3. Building block: Entanglement

άL ǿƻǳƭŘ ƴƻǘ Ŏŀƭƭ ŜƴǘŀƴƎƭŜƳŜƴǘ ΨƻƴŜΣΩ
but ǊŀǘƘŜǊ ΨǘƘŜΩ ǘǊŀƛǘ ƻŦ ǉǳŀƴǘǳƳ ƳŜŎƘŀƴƛŎǎΣέ 
Schrödinger in 1935.

ȿἃɰ
ρ

ς
ȿ ἃρὠ ȿ ἃπὌ

Stefano Azzini, et al Advanced Quantum Technologies 3, 2000014 (2020)
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M. Pasini, N. Leone, S. Mazzucchi, V. Moretti, D. Pastorello, L. Pavesi PhysicalReview A102, 063708 (2020)
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3. Building block: entanglement

Intraparticle entanglement Interparticle entanglement

ÅNonlinearoptics(SFWM)
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3. Building block: Entanglement

Intraparticle entanglement Interparticle entanglement

P˂ump

ȿἃɰ
ρ

ς
ȿ ἃρὠ ȿ ἃπὌ

Onephoton Twophotons

IntramodalSFWM

Stefano Signorini, Ŝǘ ŀƭ άLƴǘŜǊƳƻŘŀƭ CƻǳǊ ²ŀǾŜ aƛȄƛƴƎ ƛƴ {ƛƭƛŎƻƴ ǿŀǾŜƎǳƛŘŜǎέΣ tƘƻǘƻƴƛŎǎ wŜǎŜŀǊŎƘ 6, 805-814 (2018).
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The emitted state reads

‪ ‚ȿᾀὩὶέὴὬέὸέὲỚ ‚ ὴὬέὸέὲὴὬέὸέὲ‚ ὴὬέὸέὲίὴὬέὸέὲίỄ

where ‚ is the probabilityof zero photons, ‚ is the probability of two correlatedphotons, etc.

Examples: spontaneousFour-Wave-Mixing (sFWM) in … -materials.

PRO: they are easy to integrate on a chip. 
CONS: they are probabilisticsources(‚ Ḻρand ‚ ‚ ‚ Ễ).

sFWM

degenerate

sFWM

non-degenerate

Parametricphoton-pair source

InterparticleEntanglement
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Neglecting the zero-photonand the multi-photonstates, the two-photon state for sFWMcan be written as

‪ ḐḀὨ‫Ὠ!3*‫‫ ȟ‫ ‫ ‫ .

*3!quantifiesthe probabilityamplitudeto generate the first photon in the state ‫ and the secondphoton
in the state ‫ .

The squaredmodulus, called*3), givesthe probability:

*3)*3!‫ȟ‫ .

correlatedphotons uncorrelatedphotons

‫

‫ ‫

‫

Joint Spectral Amplitude and Joint Spectral Intensity

Signal

Idler



NanoScienceLaboratory

Contrary to ὖ, the notion of indistinguishabilityisextrinsic, 
sinceit arisesfrom the comparisonof two or more sources.

Anyquantum algorithmrelieson this property.

How can we experimentallyaccessit?

Hong-Ou-Mandeleffect!

Source 1 Source 2 Source 1 Source 2

X

W

Indistiguishabilityof photon sources

?
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sFWMin the resonantcasesFWMin the non-resonantcase

sFWM

degenerate

spiralwaveguides microringresonators

Comparisonof two different photon-pair sources

We quantified the indistinguishability between two photon-pair sources using on-chip Hong-Ou-Mandel 
interference making a direct comparison between two different kinds of sources:

Jong-Moo Lee, Alessio Baldazzi, et al Photonics Research 11, 1820-1837 (2023)



NanoScienceLaboratory

Photonic circuit to measure HOM interference

Inside the 1st MZI, it is possible to tune the microringresonators resonances and choose the source typology, 
either two microringresonators or two spiralwaveguides. 

Then, the generated photons are led to the 2nd MZI, where we vary the relative phase of the two arms.

Filteringthe residualpump

timing
electronics

ꜚ

Finally, we evaluatethe coincidencesprobabilityP(1,1)
in function‰.

Jong-Moo Lee, Alessio Baldazzi, et al Photonics Research 11, 1820-1837 (2023)
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The MZI isa tunablebeam-splitter, thuswe achievean interferencepattern for P(1,1) .

The depthof the interferencefringe of P(1,1)
isquantifiedby the visibility(V):

ὠ
ÍÁØÃÏÉÎÃÉÄÅÎÃÅÓÍÉÎÃÏÉÎÃÉÄÅÎÃÅÓ

ÍÁØÃÏÉÎÃÉÄÅÎÃÅÓ

P(1,1)

0.5

1

0 Ⱦ ꜚ

P(1,1)

0.5

1

0 Ⱦ ꜚ

Partially
distinguishable

Not
distinguishable

The visibility of the fringe pattern (ὠ) is related to the two sources' JSA overlap, which gives a quantitative estimation of 
the indistinguishability of the two sources:

Hong-Ou-Mandel effect in integrated photonics

sources' JSA overlapvisibility

Jong-Moo Lee, Alessio Baldazzi, et al Photonics Research 11, 1820-1837 (2023)
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Results

extimatedJSA overlap simulatedpurity Χ

microringresonators 89%  W 90%  X Χ

spiral waveguides 98%  X 81%W Χ

Jong-Moo Lee, Alessio Baldazzi, et al Photonics Research 11, 1820-1837 (2023)
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MIR sensingvia GhostSpectroscopy

AbsorptionSpectroscopy

Detector

Single PhotonDetector (SPAD)

Ghost Spectroscopy

Twin 
photons

Signal
photons

Highenvironmentalnoise(SNR ~ 0)

Highenvironmentalnoise(SNR ~ 0)
Signal

Idler

Matteo Sanna, Ŝǘ ŀƭέ Advanced Quantum Technologies 2300159 (2023). 



NanoScienceLaboratory

MIR sensingvia GhostSpectroscopy

Energy and time 
correlatedphotons

Three advantages:

Å Time filtering (correlation)

Å Ghost information translation(entanglement)

Å Large spectralshift betweenthe twin photons

NIR (1.2 mm)

Matteo Sanna, Ŝǘ ŀƭέ Advanced Quantum Technologies 2300159 (2023). 
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Second order coincidence

g(2)(Dt)

MIR sensingvia GhostSpectroscopy
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ClassicalAbsorption

Detector

Signal
photons

Detectors

High environmentalnoise(SNR = 0.04)

Twin 
photons

Signalphotons

Twin photons Quantum Absorption

Time filtering

MIR sensingvia GhostSpectroscopy

Matteo Sanna, Ŝǘ ŀƭέ Advanced Quantum Technologies 2300159 (2023). 
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˂

Idle
r

Pump

ҟ ҟҟ

ISP www >>> +=2

(SNR = 0.04)

Signal

Highenvironmentalnoise(SNR = 0.04)

ÅSpectrumof CO2

ÅPressure variationmeasurement

Simulatedtrasm. signal
Simulatedtrasm. coinc
Exp. signalmeas.
Exp. Coinc. meas.

Time filtering

MIR sensingvia GhostSpectroscopy

Matteo Sanna, Ŝǘ ŀƭέ Advanced Quantum Technologies 2300159 (2023). 
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Å Ghostinformation translation

Detectors

Twin 
photons

BPF

M. Sanna et al., Proc. SPIE 120090L(Photonics West 2022) 

MIR sensingvia GhostSpectroscopy
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signal

idler
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input
fiber

output
fiber

Electrical 
connections

1 mm
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signal: 2.00 ˃m

pump:1.57 ˃ m

idler: 1.29 ˃ m
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signal: 2.00 ˃m

pump:1.57 ˃ m

idler: 1.29 ˃ m

Chiara Michelini, et al Proc. SPIE 12692, Quantum Communications and Quantum Imaging XXI; 126920F (2023)
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IntraparticleEntanglement
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IntraparticleEntanglement

M. Pasini, N. Leone, S. Mazzucchi, V. Moretti, D. Pastorello, L. Pavesi PhysicalReview A102, 063708 (2020)
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Qubitencoding: path encoding

Nicolò Leone, et al, Photon. Res. 11, 1484 (2023)
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Nicolò Leone, et al, Photon. Res. 11, 1484 (2023)
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5
9 Chip structure: generation

Target state: ȿ‰ ἃ
ρ

ς
ȿὟὊἃ ȿὈὔἃ

Nicolò Leone, et al, Photon. Res. 11, 1484 (2023)
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Chip structure

Nicolò Leone, et al, Photon. Res. 11, 1484 (2023)
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Quantum Random NumberGeneration

Nicolò Leone, et al, Photon. Res. 11, 1484 (2023)
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Startup initiative

Single-Photon Entanglement for Quantum Keydistribution
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Fewconsiderations

2000-2019
Kim, Y., Eddins, A., Anand, S.et al.Evidence for the utility 
of quantum computing before fault 
tolerance.Nature618, 500ς505 (2023).

Arute, F., Arya, K., Babbush, R. et al. Quantum supremacyusinga 
programmablesuperconductingprocessor. Nature 574, 505ς510 
(2019)

The Sycamore chip

2023 -

Han-Sen Zhonget al. ,Quantum computational
advantageusingphotons.Science370,1460-
1463(2020).

2020-2022
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The Gartner Hype Cycle for Emerging Technologies 2018

Quantum 
Computing

EdgeAI
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The Gartner Hype Cycle for Emerging Technologies 2023

Generative AI

Quantum 
Computing
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Evolutionof AI due to hardware development

Mehonic, A., Kenyon, A.J. Brain-inspired computing needs a master plan. Nature 604, 255ς260 (2022).
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