Unlocking the Quantum Frontier: Harnessing the
Power of Entanglement for Cutting-Edge

Quantum Technology

Director
Quantumgslelshce and Technology in Trento

::3“"'; : — ( - Consiglio
WWWQUANTU MTRENTOEU = b UNIVERS[TA D {fF‘N s r N?zionale delle

Ricerche

" DITRENTO



A  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

A Q@TN promotes

i basic & applied research,
i technological transfer & innovation,
I education & training

A Q@TN is rooted in Trentino with a European outlook

& unversia =5 -
" DITRENTO L

/j

N

i Fsica Nucleare



Unlocking the Quantum Frontier:
Harnessinghe Power of Entanglement
for CuttingEdge Quantum Technology

Lorenzo Pavesi
University of Trento

TN

f’%{% UNIVERSITA
ArrgonS

" DI TRENTO NanoScienckaborator y



Outline

A Buildingblocks(contextuality nonlocality)

A Applications oentangledphoton sources

A Applications of singlphoton entanglement
A Fewconsiderations

TN

f’%{% UNIVERSITA
ArrgonS

" DI TRENTO NanoScienckaboratory



1. Building block: Integrated photonics

Q@

TN
f’%{% UNIVERSITA
2 DI TRENTO

NanoScienckaboratory



2. Bulldinblock contextualityandnonlocalit

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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3. Building blockEntanglement
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3. Buildingblock Entanglement
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3. Bulldingolock entanglement
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3. Buildingblock entanglement
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3. Buildingblock entanglement
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3. Buildingblock Entanglement
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InterparticleEntanglement

Parametricphoton-pair source

Theemitted statereads
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where|, | isthe probabilityof zerophotons |, | is the probability otwo correlatedphotons, etc.
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Joint Spectral Amplitude and Joint Spectral Intensity

Neglecting the zerphotonand the multiphoton states the two-photon state for sFWMcan bewritten as
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Indistiguishabllityof photon sources

Contrary to0, the notion of indistinguishabilityis extrinsic,
sinceit arisesfrom the comparisorof two or moresources

Anyquantumalgorithmrelieson thisproperty.

How can weexperimentallyaccesst?

HongOu-Mandel effect!
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Comparisorof two different photon-pair sources

We quantified the indistinguishability between two photpair sources usingn-chip HongOu-Mandel
interferencemaking a direct comparison between two different kinds of sources:
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Photonic circuit to measure HOM interference

Inside the 1st MZI, it is possible to tune timécroringresonators resonances and choose the source typology,
either two microringresonatorsor two spiralwaveguides

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

¥ B

Finally weevaluatethe coincidenceprobability P(1,1)
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Hong-Ou-Mandel effect in integrated photonics

The MZisatunablebeamsplitter, thuswe achieveaninterferencepattern for P(1,1).
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Is quantified by thevisibility (V):
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Thevisibility of the fringe pattern(w) is related to the twsources' JSA overlagvhich gives a quantitative estimation of
the indistinguishability of the two sources

A
TN

e
ST
: e

visibility

—)

sources' JSA overlap

¢ UNIVERSITA =

SR,

s> DI TRENTO

JongMoo Lee, AlessiBaldazzi et al Photonics Research 11, 182837 (2023)

NanoScienckaboratory



Hong-Ou-Mandel effect in integrated photonics

The MZisatunablebeamsplitter, thuswe achieveaninterferencepattern for P(1,1).

P(1,1

1-

0.57

Partially
distinguishable

P(1,1

l-

0.5

-

0 g
Not
distinguishable

Thedepth of the interferencefringe ofP(1,1)

Is quantified by thevisibility (V):

o~

I A@l ET AEAAT AAO

Thevisibility of the fringe pattern(w) is related to the twsources' JSA overlagvhich gives a quantitative estimation of
the indistinguishability of the two sources

A
TN

e
ST
: e

visibility

—)

sources' JSA overlap

¢ UNIVERSITA =

SR,

s> DI TRENTO

JongMoo Lee, AlessiBaldazzi et al Photonics Research 11, 182837 (2023)

NanoScienckaboratory



Results

_ extimated JSA overlap simulatedpurity -

microringresonators 89% W

98% X

90% X
81% W X

spiral waveguides

r
TN

<05 *'%

SR,

&

o> DI TRENTO JongMoo Lee, AlessiBaldazzi et alPhotonics Research 11, 182837 (2023)

NanoScienckaboratory



Results

_ extimated JSA overlap simulatedpurity -

microringresonators 89% W 90% X
spiral waveguides 98% X 81% W X
. 8 10>
I:ra Spiral 4 WDM G4 _Ll T |1>4
MZIu >(
Pumping Spiral 3 M WO vziz [ | G, G E_@‘ Cl 10>
Laser |VOA A A 3 5 11>,
1550.12 nm ([} |mzic | A A S 0
3 ; = F Y >
500 ‘I':'Ist 1— Spiral 2 PRF| wom MZId2 u Gd ] Gz P :1:'2
. 2
1% power Mzid >< C 0>
monitor Spiral 1 WDM G 1
w H—gDH 1>y
2 | e
1556.56
soral | S|
(G | Arbitrary Gate
Non-degenerate = L
Photon pair by SFWM mm = EL : —E— o
| Smm = =
Q@
TN
fhs*rt:gy
%& UNIVERSITA —
7

o DI TRENTO JongMoo Lee, AlessiBaldazzito be published (2023 NanoScienckaboratory



Results

_ extimated JSA overlap simulatedpurity -

microringresonators 89% W 90% X
spiral waveguides 98% X 81% W X

A

1t
Spiral 4 wDM
|MZIu |

Pumping Spiral 3 WDM MZIu2
Laser VOA
3 ps !
500 MHz ' —1 Spiral 2 PRF|-|wDmMm MZld2

1]
c
=
£
8
1550.12 nm ([ 7] |uz|¢| §
. 'E_ 0.5
v e |
1% power Mld “-.f
monitor Spiral 1 PRF— WOM g
©
E
g o 0. 4mW pump 0.2
m 0 1mW pump
ol : . : {0.02
spiral | _[ET)] 0 '2: m :'T" 2m
Non-degenerate Phase
Photon pair by SFWM
| Smm__ | Fig. 4. HOM interference measured by 4-photon coincidence for the average pumping
Q@ powers 0.1 and 0.4 mW per spiral, respectively. The measured visibility is 98% for the
TN 0.1 mW pumping.
fhs*rt:gy .
2| z UNIVERSITA
’)

e DI TRENTO JongMoo Lee, AlessiBaldazzito be published (2023 NanoScienckaboratory



MIRsensingvia GhostSpectroscop
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MIRsensingvia GhostSpectroscop

Energy and time spectroscopy
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MIRsensingvia GhostSpectroscop
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MIRsensingvia GhostSpectroscop
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MIRsensingvia GhostSpectroscop
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MIR Iight Gas
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Undetected photon spectroscopy
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Quantum Mach-Zehnder Interferometer

|path A) e'Y f 2 .
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Which path? Which source?

. RN O I»

source A
path A
path B source B
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Path superposition

A e O Be |~

|W) = |source A)e!Y + |source B)
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® pump:1.57>m
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® pump:1.57>m
® signal: 2.0>m
@ idler: 1.29>m
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® pump:1.57>m
® signal: 2.0>m
@ idler: 1.29>m
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® pump:1.57>m
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Results
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1.2 § Experiment

Results —— Theory
1 L
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IntraparticleEntanglement
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IntraparticleEntanglement

One photon with TWO internal degrees of freedom entangled Q?ANGE
Attenuated light Example:
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Qubitencoding path encodinc
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Chip structure: generation
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Chipstructure
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Quantum RandomNumberGeneration

(a) 2) Rotations of the SPE state

1} Generation of the SPE state
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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
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2022-2030 QUANTUM TECH NOLOGIES MARKET FORECAST
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