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Standard quantum limit .
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® Aiming for 10dB detected
squeezing!
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Squeezed light sources
at 1064nm and 1550nm
providing 15dB of squeezing
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1 .
Sqgueezed light generation Lo

Upconversion Downconversion : : :
. Squeezed light generation via
- . parametric down-conversion
AN AN . Linear cavity design with a
N D VWV~ WVWD ? nigh intrinsic mechanical
VNV~ e e VAVAVAV:< -
‘” ® stability
. Single or doubly resonant
OPA design
/Squeezed beam 2.=1064 nm . Low optical loss, high escape
Squeezed Light efficiency
Source

Pump beam PP§TP
A=532nm 2
Dichroic f \

Riocarn=87.5% R geur=99.96 %
R532nm =97.5 % R532nm =99.9 %

Nonlinear medium
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Generic squeezing setup
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Squeezing
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Sgueezing degradation mechanism
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Sgueezing degradation mechanism

Escape efficiency

Propagation loss

Homodyne efficiency

Detection efficiency
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15dB squeezing @ 1064nm
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PRL

117, 110801 (2016)

1 « Total loss of 2.5%

1 « Photodiode quantum
: efficiency of 99.5%

| » 15.3dB squeezing if
dark noise corrected

TThomodyne — 9921_8% %

__ +0.01
Tlpropagation — 99-8_0.01 %

Nescape — 99051—815 70

2.079-2 9%,

Squeezing

Frequency (MHz)
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Audio-band squeezing setup EIEE

M.Mehmet and H.Vahlbruch, CQG 36, 015014 (2019)

K.McKenzie et al. ,PRL 93,161105 (2004). Spectrum
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Shotnoise
® At audio-band frequencies technical ® Frequency shifted coherent control
laser noise can easily mask the scheme is required to control all
squeezed noise. degrees of freedom.
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Audio-band squeezing @1064nm B

M.Mehmet and H.Vahlbruch, CQG 36, 015014 (2019)

. Excluding the
optical loss
Introduced by
the diagnostic
homodyne
detector, this
squeezer can
provide 14-
15dB of
squeezing for
downstream
application
(1064nm).

Quantum noise relative to vacuum [dB]

1 | PR TR T T B | 1 L i [ T | L 1 IR T T T I 1 PR R T T
10 100 1k 10k 100k
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Squeezing @ 1550nm  EREE

Schoénbeck et.al, Optics Letters 43, No.1 (2018) Mehmet et.al, Optics Express 19, No.25 (2011)
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® Comparable performance to 1064nm squeezers

® Up to 13dB squeezing measured at MHz

® Squeezing at >kHz frequencies demonstrated in a not fully stabilized setup
(w/o coherent control scheme)

®* No showstoppers expected
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High-power
laser system

Sgueezing in application
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600m north arm
(folded in vertical plane)

25W, 1064

MFn = vacuum system

600m east arm

MPR N (folded in vertical plane)
T=0.09% ¢ »

nm

ol MSR
T=10%
SHG
Output
mode-cleaner Data
output
h(t
coherent
control field .
PLL3 .
b BDO3 :
= Phase ;
hifter 5
OPA p-pol : § : . .
auxiliary laser OPA éi.l- - - - PZT1 : ;,?,i'{;
Squeezed light source Q- s - s diode

GEOG600 was the first km-
scale detector to apply
squeezing in 2010.

10 years experience now
Long term stable
application was pioneered
Continuously improved
Interfacing

+ A gravitational wave observatory operating beyond the quantum shot-noise limit“, The LSC, Nature Physics, Vol 7 (2011).

« First Long-Term Application of Squeezed States of Light in a Gravitational-Wave Observatory , H.Grote et.al, Physical Rev. Lett. 110, 181101 (2013).

«,Phase control of squeezed vacuum states of light in gravitational wave detectors*, K. Dooley et al., Opt. Express 23, 8235-8245 (2015).

 Alignment sensing and control for squeezed vacuum states of light®, E. Schreiber et. al, Opt. Express 24, Issue 1, pp. 146-152 (2016).

*“High power and ultra-low-noise photodetector for squeezed-light enhanced gravitational wave detectors”, H. Grote et al., Opt. Express 24, 20107 (2016).

Squeezing
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‘N
® Squeezer upkeep: I
- SHG replaced = 2|
- MC532 replaced S : n
- broken OPA crystal ;
- laser degradation P
o
2
® Continuously improved 5
. . . e -21
Interfacing, recently achieved S 107 ¢
: Q
up to 6dB shot noise 2
: : c
reduction due to squeezing! >
O
© ™)
e 8
: escape elliciency : N .
Squeezed light source after OPA 1.3 8 29 J.Lough et.al, to be published
In-air injection path 1.8 10 ' ' I ' ' —
In-vacuum optics up to OMC 6.6 100 200 300 500 700 1k 2k 3k 4k 5k
BDO1 transmission 2.0 Frequency [Hz]
SRC reflection 1.4
OMC mode matching - 2nd order 1.3
OMC additional mismatch 5.0
OMC alignment control dither 0.25
PD quantum efficiency 1.0
Dark noise equivalent 0.1
Total 19.9

broken OPA crystal
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. ((@)% Advanced Virgo sgueezing injection

F. Acernese et al., PRL 123, 231108 (2019).

Advanced
VIRGO
~ vacuum syste Interferometer Losses (5-11)%
suspended input 3km arm " OptICS
moae cleaner T e = Arm cavities losses
= Alignment
High-power rEF{';;rxgl?nrg ~ 3km arm cavity

laser system mirror

1064nm '
18Walts Detection Losses (13-24)%
External output mode * Invacuum Faraday
PLL cleaning stages . OMC Iosses
532nm .
E—b— SHG Ln-ai:; BER\ZaS o =  Mode matching ITF -> OMC
& ) enc ’ { . e
1W squeczing Zg;am ' C = Quantum efficiency of PDs
PDwz ] - . . .
S émm_a“g“memmm “ Dark noise / technical noise
PLL . S i
i, e R |
BN  PHCCAELIEEELE O
_ = shifter — Tea Faraday v . o
e eueezne e M e _f=s.,py (soltor @- %’som  Injection Losses (5-13)%
Eil + Squeezed vacuum & g Pre-alignment g
Squeezed light source coherent control field detectors & - Fa l’aday
=  Optics
Squeezer Losses (2.5-3.5) % - Alignment
* OPAescape efficiency = Mode matching to Output mode cleaner

= Faraday Isolator

J Residual squeezing ellipse angular jitter with CC loop on: 60 mrad
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3dB squeezing @ Advanced Virgo

F. Acernese et al., PRL 123, 231108 (2019)

Observatory noise,
calibrated to GW-strain [1/V Hz]

600 800 1k 2K 3k

60 80100 200 300 400
Frequency [Hz]

20 30 40

®* Up to 3dB squeezing measured in the shot noise limited frequency band
® Injectable squeezing level limited by anti-squeezing at low frequencies!
®* Frequency dependent squeezing required for further improvements

Squeezing Henning Vahlbruch, 17.02.2020



Frequency dependent squeezing B

Frequency

Interferometer
independent

N squeezing in X

10722 q gin X2 |
N —
I Quantum noise |
= | Squeezer . Filter cavity
[— ]
P Yo |
:E E Eaa)======:;=!;‘ﬂ---n
) Freq. dependent squeezin ] )
7 / > P E J ) Detection

\ X,
L \ \5\ J
\ @
i \

Filter cavity detuning ()
O A}(1 Rotator

s o L »Squeezing”
1 10 100 1k “ " Ef | l, )
Frequency [Hz] 2 Photodetector

Filter Cavity

® Squeezing: sideband quantum fluctuations are correlated
®* Detuned filter cavity provides frequency dependent squeezing ellipse rotation
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FDS challenges

® Preliminary simulations for ET:

® Cavity round trip loss 0 S—
+=*= |deal system
() : ——Phase noise rms: 10 mrad
Mode mismatch 2 — Additional losses: 5% |
Filter cavity losses: 75 ppm
) . —Mode mismatch: 4%
P hase nO|Se -4 ——Length fluctuations rms: 0.1 pm |
—All mechanisms
m 6 -
Surface height after EM coating, RMS: 0.4 nm B,
0.05 . o
o £ _ _
- 6 E 8
0.04 - 2
(=3
6 ® -10
0.031
4
0.02} -12 *
12
0.01 0 -14 .
0r 1-2 -16 . . A R S T R | | |||\||i | | R S
10° 10 10 10°
i 1 -4
-0.01 1 Frequency [Hz]
-6
-0.021 .
8 2 S credits:E. Capocasa
—FC length 300 m
-0.03 —FC length 500 m ()
10 FC length 850 m
0 —FC length 1400 m||
-0.04 - 42
-0.05 _ 2 iy
-0.05 0 0.05 x107 a
- - =
provided by J]. Degallaix/LMA § 1
g
-6 N
-8 4
-10 . TR S S S -
10° 10! 10? 10°

Frequency [Hz]
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Frequency dependent squeezing

* Table top experiment ® 90° quadrature rotation at kHz

18 | | IIf'I1I][ ] ] I][FII] |

12.0 MHz 13.0 MHz 13.8 MHz 6

141 MHz 144 MHz 14.7 MHz

Noise relative to coherent vacuum [dB]

» » ’ ;.
-4 » .
H—0="21+23 Ay= 39+43 Hz —
| |=—0¢=16.2 £ 1.2°, Ay = 56 + 23 Hz
-8 ¢=364+05, Ay= 49+ 11 Hz .
0 H=—0¢ = 67.3£0.2°, Ay =401 £ 12 Hz —
12ﬁ—0=91,5_:_{].2'.37 =-97+17 Hz ]
15.3 MHz 156 MHz 159 MHz ) - - -Model
14 M e O verall sensitivity improvement ]
-16 I I I —— 1 ! A 1
2 3 4
' ‘ ‘ 10 10" Frequency [Hz| 10
E.Oelker, PRL 116, 041102 (2016)
0

16.2 MHz 17.0 MHz 18.0 MHz 0
® 300m long cavity is currently under test at the
- - - National Observatory of Japan (NAOJ) aiming
for rotation below 100Hz.

S.Chelkowski, PRA 71, 013806 (2005)
9
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a 100% — 20
ET-C/ET-D ) ET-C/ET-D )
EMy o
Low Frequency High Frequency
S |EB
=
2
k)
g E
. 3
o S
2 o
B10% o
Laser Laser @ §
1550nm  SRM 1064nm  SRM ) ) Fol 2
Filter cavity 2 Filter cavity 1 2 8
BRI i e :
Squeezer  pp : ; . - E
= Filter cavity 1 1=
o n-------- il - -n .......... u [o]| Saueezer 3
e =
\e. 2N A
4 Optical element, Optical element, ——————————  Laser beam 1550nm
n Fused Silica, I Silicon, e Laser beam 1064nm
\_ room temperature Cryogenic  sssssseses squeezed light beam 1 %1 ' '1'0

Phase noise (mrad)

® A total of six independent squeezed light sources will be required for ET.

®* To reach ,10dB detected squeezing" goal only 10% of optical loss is acceptable!

® This requires super low loss optics and subsystems (e.g. Faraday Isolators, filter
cavities), advanced mode-matching strategies, low phase noise etc.
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