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Quantum Noise Reduction in GW detectors

e Quantum Noise (QN) limits the sensitivity of
GW detectors in a wide range of their spectrum

AdV sensitivity curve

Virgo Coll. - Class. Quant. Grav. 32 024001 (2015
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® Frequency-Dependent Squeezed (FDS) light
provides broadband QN reduction ]
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FDS with Filter Cavity

e Squeezing ellipse can be rotated in a
frequency-dependent manner with a detuned
linear cavity (Filter Cavity)

e Central rotation angle @ ~50 Hz implies
o Long cavity L=285m
o  High finesse F=11000

e Round-trip losses in AdV+ FC: 50-90 ppm

Zhao - Report VIR-1133A-22 (2022)
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FDS with Filter Cavity
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EPR proposal: a little bit of “history”

ARTICLES

AE ) Theoretical proposal §2017)
Proposal for gravitational-wave detection beyond Ma et al. - Nature Phys 13, 776-780 (2017)

the standard quantum limit through
EPR entanglement

Yiqiu Ma'*, Haixing Miao?, Belinda Heyun Pang', Matthew Evans®, Chunnong Zhao*, Jan Harms®*,
Roman Schnabel” and Yanbei Chen'
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EPR proposal: a little bit of “history”

Sudbeck et al. - Nature Phot. 14 240-244 (2020)

nature

photonics

Demonstration of interferometer enhancement
through Einstein-Podolsky-Rosen entanglement

Jan Siidbeck, i i + Mikhail and Roman
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Theoretical proposal (2017)

Ma et al. - Nature Phys 13, 776-780 €2017)

Experimental demonstrations (2020)
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Table-top experiment in a small-scale
interferometer (ongoing at EGO)

Test Cavity

Tl e *  Optical simulations and design

= ) 7 e  Laboratory work
Mc-IR & HD idler
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EPR working principle

Optical scheme planned @ EGO Sl =
MAIN laser - é
Vg
Ii?Etann SIPS
o |
e oPo| 1|
L W I T 1o
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— 2 q@ ey
[ gQFIip
PLL | |eom .
: signal Test Cavity
FI
P 7
MC-IR *HD idler
AUX laser
Pros: Cons:
e More compact and cheaper e 2 squeezed beams to be handled
e More flexible vs SR e 3 dB penalty w.r.t. optimal
e Avoids FC optical losses squeezing rotation ellipse
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EPR working principle

Optical scheme planned @ EGO PLL S1PS laser 1. Signal and idler are vacuum
squeezed beams, EPR-entangled
bl G = and detuned by A

Vg
==
[JEtalon SIPS
==
-——— ',s::%, 2 >
q
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e More compact and cheaper e 2 squeezed beams to be handled
e More flexible vs SR e 3 dB penalty w.r.t. optimal
e Avoids FC optical losses squeezing rotation ellipse
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EPR working principle

Optical scheme planned @ EGO = PLL SIPS laser 1. Signal and idler are vacuum
squeezed beams, EPR-entangled
ALl BB MZ = and detuned by A
7/ B— N 2. The idler acquires frequency-
= Petalon SIPS dependence in SIPS due to its
e opoli5i| T N -:l;u detuning
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HDi signal -
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MC-IR tHD idler Idler5,2 _____ >
AUX laser ’ Detuned for Detuned ior-w0+A
Beam éu ‘ _____ wg+ A no carrier
Pros: Cons: , | ,
SRC arm
e More compact and cheaper e 2 squeezed beams to be handled
e More flexible vs SR e 3 dB penalty w.r.t. optimal
e Avoids FC optical losses squeezing rotation ellipse Credits: Ma et al. - Nature Phys 13, 776-780 (2017)
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EPR working principle

1. Signal and idler are vacuum
squeezed beams, EPR-entangled

MAIN laser MZ and detuned by A
2. The idler acquires frequency-
dependence in SIPS due to its
o .
i sHe o detuning
3. Combined measurement with
- - Eé! optimal filter gain transfers the
=9, ﬁwnp frequency dependence to the
| JEOM | signal via EPR entanglement
Test Cavity 4 Mescured
A G20 idler-beam
/ - quadrature
F1 o
L % signal-beam
AUX laser
Pros: Cons:
e More compact and cheaper e 2 squeezed beams to be handled / e
e More flexible vs SR e 3 dB penalty w.r.t. optimal \ EPR entangled i
e Avoids FC optical losses squeezing rotation ellipse Credits: Ma et al. - Nature Phys 13, 776-780 (2017)
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e We will use two identical hemilithic optical cavities
o Second-Harmonic Generator (SHG) generates green pump beam
o Optical Parametric Oscillator (OPO) generates vacuum squeezed EPR-entangled beams

% N [1 fimcr
H.....;.%:::‘.:: -y T I
T2 ]
The frequency of an electromagnetic wave can be modified only I
- 5 . 5 . 2) » N e © %
via non-linear propagating medium, i.e. X( £0 = Fom Q—ﬁx—w,
o 3 JC,IR & HD idler

e The green beam has to be power-controlled (Mach-Zehnder) and purely Gaussian (mode cleaner)

SHG Non-degenerate OPO ;
— m— Signal
. | el
Main laser 2K Detuned pump (2N W
— X ot K
W, + A/2 20 + A L _Iﬂer_
- C——. - | — wo + A
1064 nm 532 nm
NdYAG Measured SQZ Ievel Nguyen, Bawaj et al. - Rev. Sci.

Conversion efficiency: >60%

Both the cavities are ready for use: SHG with MC-G and MZ are installed on the bench
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Mode Cleaner (MC) IR cavities R IoR

e A mode cleaner (MC) cavity is used to reflect out the Higher Order T
Modes (HOMS) in the transverse intensity profile of a laser E; ‘Q % -
e We have 3 MC-IR in our setup, for the most sensitive parts - T

o Homodyne Detectors for Local Oscillators of signal and idler
(KASI team)

o  SIPS Interferometer (Romal team)
Local Oscillator mode cleaners

Credits: Chang-Hee Kim, June-Gyu Park
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Mode Cleaner (MC) IR cavities R IoR

e A mode cleaner (MC) cavity is used to reflect out the Higher Order T
Modes (HOMS) in the transverse intensity profile of a laser E?ﬁg*_:
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MC-IR for SIPS

SIPS input mode cleaner Mechanical design

Credits: De Marco - M.Sc. thesis (2022 Credits: M. Perciballi
and De Marco et al. - Proc. of GRASS2022 D

IMC Spectrum - L+ = 729.0 mm; RoC = 3 m; F=101.47
100 i
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e Delivers upto 3.9 W to SIPS
e HOMSs suppression >20 dB

All the MC-IR are ready to be integrated in the EPR setup
F. De Marco et al. - EPR conditional squeezing GWADW2023 - Isola d’Elba (ltaly) 9



https://doi.org/10.5281/zenodo.6938238

Pl

The beam mode exiting from the OPO cavity needs to be matched
to the Gaussian eigenmode of the interferometer

e One step before: linear test cavity

(design and production by Naples team)

—_
- kd
AOM
Mc-IR e HD idler

Requirement: <2% overall optical losses

S Result: 0.001% optical losses by design
(Concave) . . . . .. . ... .......Ml....
| (Flat) MT2.
> Eonvex

M2

=TT Beam'proﬁling
camera positions

Credits: Hojae Ahn, Sumin Lee,
Soojong Pak

1. Test cavity MMT designed and produced by KASI-KHU team: ready in July 2023
2. SIPS MMT: to be designed
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SIPS interferometer 3 %,,'

ﬁﬂm g_—___{7

[—]

ich IR e HD idler
e Configuration: non-recycled Michelson Fabry-Perot interferometer
e Now it will be used to test the EPR squeezing Noise budget

Credits: Di Pace et al. - Eur. Phys. J D 74, 227 (2020)
and Giacoppo - PhD thesis (2023)

® SIPS (Suspended Interferometer for Ponderomotive Squeezing) was initially
concelved for ponderomotive squeezing (design and production by Romal and
Naples team)

AUX laser

Setup Noise budget for End Mirror 17, 10g: new monolithic suspensions
F T I { i
10710
——Total Thermal Noise of Suspension: m=10g, L=40cm, r=25um
= =Total Thermal Noise of Suspension with residaul gas: pm,=10'9 mbar
10-12 ——Thermal Noise of Mirror: HR coating, SiBond 1um

—Radiation Pressure Noise: P, =2.5W, F=23000
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® SIPS (Suspended Interferometer for Ponderomotive Squeezing) was initially
concelved for ponderomotive squeezing (design and production by Romal and
Naples team)

AUX laser

ich IR e HD idler
e Configuration: non-recycled Michelson Fabry-Perot interferometer
e Now it will be used to test the EPR squeezing Noise budget

Credits: Di Pace et al. - Eur. Phys. J D 74, 227 (2020)
and Giacoppo - PhD thesis (2023)
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SIPS interferometer - local control

e SIPS local control will be improved with new e Tests with previous design carried out
mechanics and 4 suspension wires for each with dummy mirror
mirror Giacoppo-Plthhesis(2023) Pre—alignment of the end mirror

e Readout: optical lever Credits: Giacoppo et al. - Phys. Scr. 96 114007 (2021)

marionette’s .
top view - small mirror for

marionette control

magnets for actuation

Normalysed asymmetry [V]

0 200 400 600 800 1000
PsD2 Time [s]

mirror’s back view

Next goal: improving the 10 nrad and 0.1 pm performance of the previous system

F. De Marco et al. - EPR conditional squeezing GWADW2023 - Isola d’Elba (Italy)

12


https://hdl.handle.net/11573/1679967
https://iopscience.iop.org/article/10.1088/1402-4896/ac1637/meta

MAIN laser

i
o

[—]

i’est Cavity
ich IR e HD idler

An etalon is used for separating the outgoing signal and idler beams
e It has been already developed, produced and tested by APC-Paris
team

AUX laser

Frequency scan o
e Monolithic

e Temperature
controlled

97.4% 97.8%

—Transmission [ DATA 3 ]
--==Transmission fit [finesse = 13.99]
0.6 —Reflection

6 6.5 7 7.5 8 8.5 9 9.5
Laser frequency (Hz) %«10°

Normalized etalon transmission/reflection

Credits: Nguyen et al. - Appl. Opt. 61 17 (2022)

The etalon is currently on the EPR optical bench at EGO
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Credits: Nguyen et al. - Appl. Opt. 61 17 (2022)

The etalon is currently on the EPR optical bench at EGO
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Conclusions and outlook

e We are implementing a table-top prototype to test EPR conditional squeezing
scheme in a small-scale suspended interferometer

e Most of the main optical elements are already designed and produced

e Further steps to be taken include the improvement of several elements

e Optical simulations are needed to support the experimental goal

e An EPR squeezer will be even more important for 3rd generation detectors
(e.g. Einstein Telescope and Cosmic Explorer)

F. De Marco et al. - EPR conditional squeezing GWADW2023 - Isola d’Elba (ltaly) 14



< i
o R B o TR

W

francesco.demarco@romal.infn.it



mailto:francesco.demarco@roma1.infn.it

	Diapositiva 1: A table-top experiment for implementing EPR conditional squeezing in 2nd and 3rd Generation GW detectors
	Diapositiva 2: Introducing EPR-SIPS team
	Diapositiva 3: Quantum Noise Reduction in GW detectors
	Diapositiva 4: FDS with Filter Cavity
	Diapositiva 5: FDS with Filter Cavity
	Diapositiva 6: EPR proposal: a little bit of “history”
	Diapositiva 7: EPR proposal: a little bit of “history”
	Diapositiva 8: EPR proposal: a little bit of “history”
	Diapositiva 9: EPR working principle
	Diapositiva 10: EPR working principle
	Diapositiva 11: EPR working principle
	Diapositiva 12: EPR working principle
	Diapositiva 13: Non-linear cavities: SHG and OPO
	Diapositiva 14: Mode Cleaner (MC) IR cavities
	Diapositiva 15: Mode Cleaner (MC) IR cavities
	Diapositiva 16: MC-IR for SIPS 
	Diapositiva 17: Mode-Matching Telescopes (MMTs)
	Diapositiva 18: SIPS interferometer
	Diapositiva 19: SIPS interferometer
	Diapositiva 20: SIPS interferometer
	Diapositiva 21: SIPS interferometer - local control
	Diapositiva 22: Etalon
	Diapositiva 23: Etalon
	Diapositiva 24: Conclusions and outlook
	Diapositiva 25: Thank you for your attention

