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Outline

* Building blocks (contextuality, nonlocality)

* Applications of entangled photon sources

* Applications of single photon entanglement
* Few considerations
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1. Building block: Integrated photonics
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2. Building block: contextuality and nonlocality

Does colour exist when no one is watching?

Quantum mechanics” entangled pairs can be compared to a machine that throws out balls of opposite
colours in opposite directions. When Bob catches a ball and sees that it is black, he immediately knows
that Alice has caught a white one. In a theory that uses hidden variables, the balls had always contained
hidden information about what colour to show. However, quantum mechanics says that the balls were
grey until someone looked at them, when ane randomly turned white and the other black. Bell inequali-

ties show that there are experiments that can differentiate between these cases. Such experiments have
proven that quantum mechanics’ description is correct.
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2. Building block: contextuality and nonlocality

Does colour exist when no one is watching?

Quantum mechanics” entangled pairs can be compared to a machine that throws out balls of opposite
colours in opposite directions. When Bob catches a ball and sees that it is black, he immediately knows
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2. Building block: contextuality and nonlocality

Does colour exist when no one is watching?
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proven that quantum mechanics’ description is correct. mechanlcs WherebY measurements Of
HIDDENVARIABLES 1 /7 quantum observables cannot simply
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(@) ge) values.

* More formally the measurement result (assumed
pre-existing) of a quantum observable is
dependent upon which other commuting
observables are within the same measurement set.

* Nonlocality may be viewed as a
special case of the more general
Y~ phenomenon of contextuality, in
el which measurement contexts contain
: measurements that are distributed
over spacelike separated regions. This
follows from Fine's theorem.
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3. Building block: Entanglement
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“I would not call entanglement ‘one,
but rather ‘the’ trait of guantum mechanics,”
Schroédinger in 1935.
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3. Building block: Entanglement

One photon
Intraparticle entanglement
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3. Building block: entanglement
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3. Building block: entanglement
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3. Building block: entanglement

One photon
Intraparticle entanglement
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3. Building block: Entanglement
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3. Building block: Entanglement
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Interparticle Entanglement

Parametric photon-pair source

The emitted state reads

|Y) = &y|zero photon) + &;|1 photon)¢|1 photon); + &,|2 photons)¢|2 photons); + -

where |&,|? is the probability of zero photons, |&;|? is the probability of two correlated photons, etc.

Examples: spontaneous Four-Wave-Mixing (sFWM) in y(3)-materials.

degenerate non-degenerate

We L0 L0

o
.’ SFWM X I SFWM )
We We We We,

PRO: they are easy to integrate on a chip.
CONS: they are probabilistic sources (|&;]? < 1 and |&y|? < |&,]% < |&,]? < ).
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Joint Spectral Amplitude and Joint Spectral Intensity

Neglecting the zero-photon and the multi-photon states, the two-photon state for sSFWM can be written as

W) ~ Jf dwsdw; JSA(ws , w;) [1(ws)) |1(w;)) £ Idler

Signal

JSA quantifies the probability amplitude to generate the first photon in the state |1(wg)) and the second photon
in the state |1(w;)) .

The squared modulus, called ]SI, gives the probability:

correlated photons uncorrelated photons

JSI = [JSA(ws , w)I?.
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Indistiguishability of photon sources

Contrary to P, the notion of indistinguishability is extrinsic,
since it arises from the comparison of two or more sources.

Any quantum algorithm relies on this property.

How can we experimentally access it?

Hong-Ou-Mandel effect!
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Comparison of 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:

spiral waveguides microring resonators
(1]
4&.
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Photonic circuit to measure HOM interference

Inside the 1st MZI, it is possible to tune the microring resonators resonances and choose the source typology,
either two microring resonators or two spiral waveguides.

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

Silicon photonic chip

timing
electronics

1st MZ|

2nd MZ|

Finally, we evaluate the coincidences probability P(1,1)
in function ¢.

I Filtering the residual pump I

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




Hong-Ou-Mandel effect in integrated photonics

The MZl is a tunable beam-splitter, thus we achieve an interference pattern for P(1,1) .

P(1,14 P(1,14 ) .
The depth of the interference fringe of P(1,1)
- 1 . P TR
! is quantified by the visibility (V):
0.5 0.5 o . o
max coincidences — min coincidences
v=-"2 ¢
. . —> - max coincidences
o w2 wn @ o w2z =m ¢ @
Partially Not
distinguishable distinguishable

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

visibility E— sources' JSA overlap
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Results
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microring resonators 89% [xI
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81% [l

spiral waveguides
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Results
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MIR sensing via Ghost Spectrosco

Absorption Spectroscopy

High environmental noise (SNR ~ 0)
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MIR sensing via Ghost Spectrosco

Energy and time spectroscopy
correlated photons 202 ¢ .
p \ 1 ,!‘,
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MIR sensing via Ghost Spectrosco
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MIR sensing via Ghost Spectroscopy

High environmental noise (SNR = 0.04)

Classical Absorption
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MIR sensing via Ghost Spectroscopy

Pressure = 1 bar (SNR=0.04)
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High environmental noise (SNR = 0.04)
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MIR sensing via Ghost Spectroscopy
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MIR Iight Gas
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Undetected photon spectroscopy

MIR light Gas
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Quantum Mach-Zehnder Interferometer

|path A) e'Y f 2 .
07> s\/\/\
)
Y
|Z| / |W) = |path A)e'Y + |path B)

|path B)
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Which path? Which source?

. RN O I»

source A
path A
path B source B
|W) = |path A)e'Y + |path B) |W) = |source A)e' + |source B)
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Path superposition

A e O Be |~

|W) = |source A)e!Y + |source B)
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Path superposition
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um

B .. B

A
TN

‘€58 UNIVERSITA = = = = = = = = =

s> DI TRENTO

NanoScience Laboratory



@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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@® pump:1.57 um
® signal: 2.00 um
@ idler: 1.29 um
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Results
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1.2 § Experiment

Results —— Theory
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Intraparticle Entanglement
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Intraparticle Entanglement

One photon with TWO internal degrees of freedom entangled Q?ANGE

Example:
PATH (MOMENTUM) AND POLARIZATION

Attenuated light
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Intraparticle Entanglement

One photon with TWO internal degrees of freedom entangled WNGE
Attenuated light Example:
PATH (MOMENTUM) AND POLARIZATION
10)

Bell test on the
CHSH inequality

@ (b)
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o |V) 2 polarizer
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Qubit encoding: path encoding

Momentum
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Qubit encoding: path encoding

E Polarization

AN
TN

f’%a UNIVERSITA = —
DI TRENTO Nicold Leone, et al, Photon. Res. 11, 1484 (2023) NanoScience Laboratory




Qubit encoding: path encoding
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E Polarization il] [l>
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Chip structure
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Quantum Random Number Generation

(a) 2) Rotations of the SPE state

1} Generation of the SPE state

(b) UF}X x x
1Ny XX ) 4 X

6;| |DF) X ) 4 X

"~ |DN) X X

Raw Numbers| 00 | 01 |10* 01 11]00|11* 10 00 | 10
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Startup initiative

Single-Photon Enta
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Few considerations
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Utility
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_The Gartner Hype Cycle for Emerging Technologies 2018

Hype Cycle for Emerging Technologies, 2018
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The Gartner Hype Cycle for Emerging Technolo

Generative Al

Hype Cycle for Emerging Technologies, 2023
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Evolution of Al due to hardware development

a Computing power demands
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Quantum Sensing

Quantum sensing leverages the inherent instability of quantum states fo detect minute changes in the physical world, including motion, eleciric,
and magnetic fields that would otherwise be undetectable. By combining these properties with Al, quantum sensing applications can be
developed for a broad range of industries, including healthcare, transportation, energy, sustainability, security, defense, and more.

Some of the areas where quantum sensors have demonstrated great impact include:

Biomagnetic Sensing Geophysical Sensing Material Sensing

e Portable, non-invasive heart, ¢ Geo-magnetic location for Cybersecurity
brain, and organ scanning aerospace, nautical, IT hardware diagnostics
e Continuous medical monitoring autonomous and other vehicle Nanoparticle and energy
(e.g., wearable devices) navigation detection
¢ Human/machine interfaces ¢ Underwater or underground Environmental management
detection, mapping and

surveying
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QTRL for various quantum technologies

Quantum magnetometers 2034
Quantum radar
- 2032
Quantum clocks
. ; s gl -
.g Quantum inertial navigation 2030 §
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Quantum computer (annealer)
Quantum computing 2024
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2022-2030 QUANTUM TECH NOLOGIES MARKET FORECAST
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