/. NQSTI

NextGenerationEU 2 e de"a Ricerca PIANO NAZIONALE and Technology Institute

DI RIPRESA E RESILIENZA

Finanziato o . .
dall'Unione europea | dEII'Uni\IerSité l Italladomanl National Quantum Science

Quantum/ Correlated Twin Beams
in Cascaded Quadratic Processes

lolanda Ricciardi *
Istituto Nazionale di Ottica - CNR

Secondo Congresso Nazionale NQSTI, Roma, 7 febbraio 2025




.+~ | Finanziato . Ministero
+ » | dall'Unione europea ¥ dell’Universita
NextGenerationEU = @ della Ricerca

Italiadomani

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

/~  NQSTI

National Quantum Science
and Technology Institute

Optical frequency combs
Vn = fo + nffr

m‘ Qoo
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A precise frequency ruler for metrology

Laser generation: Mode locked ultrafast lasers
Quantum cascade lasers

Parametric generation: x'® interaction (Kerr-microresonators )

Lots of lasers for high resolution spectroscopy

@ synchronization of telecommunication systems

& astronomical spectral calibration

9 biomedical and environmental spectrometry
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Nobel Prize to Teodor Hansch

Complex quantum states

Reimer et al. Science 2016
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Optical frequency combs
Vn = fo + nffr

m‘ Qoo
, A

A precise frequency ruler for metrology

Laser generation: Mode locked ultrafast lasers
Quantum cascade lasers

Parametric generation: x'® interaction (Kerr-microresonators )
x\2) interaction (our work)

Lots of lasers for high resolution spectroscopy

@ synchronization of telecommunication systems

& astronomical spectral calibration

9 biomedical and environmental spectrometry

Re (h)

ILLLL>  <8SSSI

Nobel Prize to Teodor Hansch

Complex quantum states

Reimer et al. Science 2016
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x'2-combs: pure quadratic combs

Cascaded x?) mimic x3) nonlinearities

@ High efficiency in x? processes: viable alternative to Kerr combs
@ Spectral tailoring of nonlinear efficiency
@ Simultaneous generation of OFC in spectral regions far away from the pump

Cascaded nonlinearities can produce entangled beams

@ quantum sensing (spectroscopy and imaging)
@ gquantum metrology (GW detection)
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Outline

9 Introduction to the physics of x{2) combs

* Experimental realization in Second Harmonic Generation cavities

@ Observation of nonclassical correlation

e Squeezing in intensity difference of the twin beams
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x'2-comb generation in doubly resonant SHG

Nd:YAG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Cavity mirrors: HR> 99.9% @1064/532 nm

Output coupler: PR: 96.0 % @ 532 nm,
91.5% @1064 nm

Measured finesse @ 1064 nm: 60

FSR: 506 MHz

Cavity linewidth: 8.4 MHz (HWHM)

Nonlinear crystal: PPLN

Fused silica window: resonance condition for FF and SH

pump
* Locking system

Pound-Dever-Hall offset locking technique :auxiliary beam
on an orthogonally polarized auxiliary beam s - s - s . s . s

100
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detuning control up to several cavity linewidths
PDH error signal
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

SH clamping: onset of Internally pumped SHG+OPO: analogous to FWM mediated
Optical Parametric Oscillator by “virtual” SH photons
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l. Ricciardi et al., Phys. Rev. A 91, 063839 (2015)
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation

SH clamping: onset of Internally pumped SHG+OPO: analogous to FWM mediated
Optical Parametric Oscillator by “virtual” SH photons
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l. Ricciardi et al., Phys. Rev. A 91, 063839 (2015)
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation

SH clamping: onset of Internally pumped SHG+OPO: analogous to FWM mediated
Optical Parametric Oscillator by “virtual” SH photons oFo
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x'?-comb generation in intracavity SHG

SH clamping: onset of Internally pumped
Optical Parametric Oscillator
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€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation

SHG+OPO: analogous to FWM mediated
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l. Ricciardi et al., Phys. Rev. A 91, 063839 (2015)
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation

SH clamping: onset of Internally pumped SHG+OPO: analogous to FWM mediated
Optical Parametric Oscillator by “virtual” SH photons 576
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x'?-comb generation in intracavity SHG

€ both fundamental and SH frequency resonate in
the cavity, alike to microresonators

@ very rich dynamics

9 mW-level threshold for comb generation

Comb formation

SH clamping: onset of Internally pumped SHG+OPO: analogous to FWM mediated
Optical Parametric Oscillator by “virtual” SH photons SFG
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x?- combs generation in DR cavity 6
P. =300 mW Different types of combs depending on the detuning
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lolanda Ricciardi et al, Optics Express 30 (2022)
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P. =300 mW

x?- combs generation in DR cavity
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Two-mode correlations !

x? nonlinear processes: efficient sources of nonclassical light (SHG, OPO)

% Cascaded SHG-OPO: Squeezing in the difference between the intensities of the two side modes [ d=1,—-1, ]

Squeezing factor relative to shot noise - ~N
2 oF . . . . :
)4 y: cavity linewidth (HWHM)
S =1- —_—
a(f) Mella f?+y? ne =T /(T + L): escape efficiency
ng. detection losses

e
o
T

ey
o
T

M. Marte, Phys. Rev. Lett. 74, 4815 (1995)

Power Spectrum (dB)

w
o
T

1

040 1050 1060 1070 1080 1090
Wavelength (nm)

. J




o Finanziato Ministero

{ } dall'Unione europea dell’Universita Italiadonlani /- NQSTI
b NextGenerationEU

e della Ricerca

National Quantum Science
PIANO NAZIONALE and Technology Institute
DI RIPRESA E RESILIENZA

Two-mode correlations 8

x? nonlinear processes: efficient sources of nonclassical light (SHG, OPO)

Y Cascaded SHG-OPO:Squeezing in the difference between the intensities of the two side modes [ d=1,—1, ]

Squeezing factor relative to shot noise
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Experimental scheme °

Shot noise characterization

b I d T T T T T T T T T T T T T T T T T T T T
alance
detector .
PR : 20 i
Grating i o
g |Spectrum Analyzer 15l ]
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N> [
E [
o 10| -
k2] 3
(o]
z
0.5 _— m
Nd:YAG i
ookl v v v sy ]
0 2 4 6 8 10 12 14 16 18 20
Power (mW)

Balanced detection

InGaAs PD (ETX500)
Detection bandwidth: 20 MHz

"» Detection area: 0.25 mm?
Homemade electronics
CMRR> 30 dB
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Observation of twin beams squeezing 10

e Highly efficient nonlinear generation
® Very well balanced intensity signals

m) TBspower: 4 mW, 21 mW

Optical spectrum of TBs g S'pe'ctr'al variance ofllnt'en_slty d!ffe'rer)ce_
0 | ) L T ) 1 L I ] 1 Lg T 2 I L T ]
= Pump Power
) | T 2p ——50mW |-
£ ——— 150 mW
i 3
10 g 1F -
= _ 2 nm & shot noise
a -15 | - ko)
=z
& . °
20} | N
O
25 d S T 1
< C— [ -2.3+0.3dB ]
230 ; ) I i ) i M ) . | | ) i -3 s s N 1 N N N 1 " N M 1 M N N
1061 1062 1063 1064 1065 1066 1067 1068 0 S 10 15 20
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' Corrected for detection losses ]

® Escape efficiency: 0.81 -5.0+ 0.9 dB @ 900 kHz

e Detection efficiency: 0.60

Salvatore Castrignano et al, Optics Letters 49, 1733 (2024)
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Work In progress..

@ Twin beams: measurement of the degree of entanglement

Coelho et al., Science 2009

Duan inseparability criterion: A? (X; — X5) + A2 Y, +Y,) >2

phase quadrature variance measurement (self-homodyne)
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Work In progress..

@ Twin beams: measurement of the degree of entanglement

Coelho et al., Science 2009

Duan inseparability criterion: A? (X; — X5) + A2 Y, +Y,) >2

phase quadrature variance measurement (self-homodyne)

...towards

Many-mode correlations Integration
Ol— . : v ! i : y ’ i
(a) —w1 —FSR
g .l IU/L[@L quadratic
g \Vo 2o microresonators
&
-40 |- - ’ \ \ " [ }"‘
T/ Ny r/ \
il ) / \"%# .)L | = 2TTR FSRy J. Szabados et al., Phys. Rev. Lett. 124, 203902 (2020)
1062 1065 1068 I. Hendry et al., Opt. Lett. 45, 1024 (2020)
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@ Paolo De Natale
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Technical detalls

Resonator Nonlinear crystal

Finesse = 60 @1064 nm MgO-doped LINbO3

HWHM = 4.2 MHz Length 15 mm

Coupling mirror reflectivity Periodically poled p = 6.92 um

91.5% @1064 nm
96% @532 nm

Balanced detection Detection efficiency (nm-distant)
InGaAs PD (ETX500) Diffraction grating efficiency 0.78 X
Detection area 0.25 mm?2 Other optics 0.98 x
Homemade electronics Detector quantum efficiency 0.78 =
CMRR> 30 dB Total 0.60 £1
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