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2(G detectors already see the increase of radiation pressure
when frequency independent squeezing is injected
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® Virgo and LIGO will install 300 m filter cavity between O3 and 04 (2020-21)
® KAGRA will takes advantage of frequency dependent squeezing (FDS)


https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=45069

Main question: how long should the cavity be 7

® \Without having any space constrain, 300 m seem a good compromise
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Virgo note: VIR-0312A-18 (Eisenmann et al.)


https://tds.virgo-gw.eu/?content=3&r=14300

How long can we make FC in KAGRA”

® |t seems that it can be at maximum 60 m
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-llter cavity parameters choice

® Filter cavity bandwidth should match Standard quantum limit
frequency to produce optimal squeezing angle rotation.
In the case of a losses cavity _ QgL

Y tc \/E

Parameter Symbol 300 m 60 m
Round trip losses A 30 ppm 15 ppm
Loss related correction factor e 0.04 0.1
Filter cavity bandwidth Ve Hd Hz H7 Hz
Input mirror transmissivity t2 0.0014  0.00027
Finesse F 4620 23000
Beam diameter at waist 1.62cm 0.7 cm

Beam diameter at the mirror 2.05 cm 0.9 cm



Quantum noise relative to coherent vacuum [dB)
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Squeezing degradation mechanisms
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PHYSICAL REVIEW D 90, 062006 (2014)
Decoherence and degradation of squeezed states in quantum filter cavities

P. Kwee, J. Miller,” T. Isogai, L. Barsotti, and M. Evans

Filter cavity losses
Injection/readout losses
Mode mismatch

Frequency-dependent
phase noise

Frequency-independent
phase noise

Losses inside [FO (not
considered here)



Quantum noise relative to coherent vacuum [dB]
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Squeezing degradation
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PHYSICAL REVIEW D 90, 062006 (2014)
Decoherence and degradation of squeezed states in quantum filter cavities

P. Kwee, J. Miller,” T. Isogai, L. Barsotti, and M. Evans

Length dependent
mechanisms

* Filter cavity losses
* |njection/readout losses
« Mode mismatch

 Frequency-dependent
phase noise

* Frequency-independent
phase noise

o Losses inside [FO (not
considered here)



Squeezing degradation from filter cavity losses

* Losses are more influent at low frequency where the squeezing
experiences the rotation

e The cavity performance depends on the loss per unit length

1
—

—Ideal system

— 0.01 ppm/m
2 0.10 ppm/m |

— 0.50 ppm/m
3L — 1.00 ppm/m |

1
N

|

|

QN relative to coherent vacuum [dB]
)

-6 _
-7k -
-8+ -
-9 1 ~——-—-l—=‘ S

Frequency [Hz]



Losses effect in the ftilter cavity

e Total losses: Round trip losses per number of round trip N ~ 1/T
€
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® |nput transmission depends on the length and on the required bandwidth
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® RTL increase with the beam size which increases with length



The loss per unit length decreases with cavity length
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Longer cavities reduce the degradation effect

Loss in long-storage-time optical cavities
T. Isogai, J. Miller, P. Kwee, L. Barsotti, M. Evans
Optics Express, Vol. 21, Issue 24
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Where do round trip losses come from?

e Apsorption
® [ransmissions

e Clipping
e Scattering from mirror defects

Diffraction angle: 0=\Xxf
- Flatness: 10 m1-108m' (simulation)
- Roughness: 103 m-1-105m1 (measurement)
- Point defects >10°m-1  (measurement)
M )?Tf’f____[;v_ _____ 5l F

Spatial frequency [1/m])



Round trip losses budget

e Fatness(FFT simulation)

e Smaller beam and higher finesse reduce losses
 Peaks density (due to cavity quasidegeneracy) increases
* |nvestigate the losses as function of the mirror diameter
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e [ransmission and absorption

~ 5 ppm (measured)

AdVirgo mirror quality
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e Roughness and point defects ~5 ppm each mirror (measured)
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QN relative to coherent vacuum [dB]

Squeezing degradation comparison
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TAMA code (MATLAB): no SR and arm loss effect

-10 N I o

I I B B I I

N I B B I

10’

10°

Frequency [Hz]

Injection losses

5%

readout losses

5%

mismatch squeezer-filter cavity

2%

mismatch squeezer-local oscillator

5%

oL (rms)

0.3 pm

13



Phase noise due to lock accuracy

A length noise of the filter cavity 6L results in a shift of the optimal detuning:
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Since 6L doesn’t depend on L = longer cavities reduce the squeezing degradation
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Sensitivity [1/V/ Hz]
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Sensitivity improvement

—No SQZ
—60m FC
300 m FC

1(132 1cl)3
Frequency [Hz]
BNS range [MPc]
NO SQZ 128
o0 M 176
300 m 182

Loss btw
squeezer and| 5%
FC

Loss btw FC

and ITF 10%

Quantum

- 90%
efficiency

Phase noise

(RMS) 30mrad

KAGRA GWINC (python): no
frequency dependent phase
noise, mismatch as simple loss
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Sensitivity improvement

ﬂ .| |—total noise reduction with 60m FC
5 . |—total noise reduction with 300m FC
. |= =QN reduction with 60m FC
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e The sensitivity improvement with a 300 m FC is limited by other noises
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Accurate loss budget Is necessary

Loss source H1 experiment | Near term goal Longer term Dreaming(15dB)
(6dB) goal (10 dB)

1 OPO escape 96% | 98% 99% 99.8%
efficiency

2 Injection path 80% | 99.7% 99.7% 99.99%
optics

3 viewport 99.8% 99.8% 99.8% 99.99%

4 3 faraday 94%, 97% each (aLIGO 99% each 99.7 % each
passes 94 %, input Faradays)

unknown

7 RF pick off 98.8% 99% 99.5% 99.8%
beamsplitter
(beam for
ISCT4)

) Reflection off of | arm cavityand | 97.5%(Tsrm=35%) | 99.2% 99.5%
Signal recycling | michelson (Tsrm=50%)
cavity@100Hz | =98%

6 Circulator for NA 98% 99.5% 99.8%
filter cavity

8 Squeezer mode 71% | 96% 98% 99.7%
matching to (inferred from
OMC total)

10 OMC 82% | 97% 99.5% 99.7%
transmission

11 QE of PDs 99% 99.7% 99.99%
Total efficiency 40-45% | 77.6% 91.3% 97.4%

(escape *

detection)
Total phase 17mrad 7 mrad 2.5mrad
noise allowable

Measured 6 10 15.25
squeezing (dB)

From A+ with paper
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Strain [1/VHZ]

ratio [dB]

Quantum efficiency

e Major improvement can be obtained increasing QE: 90% -> 99%
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Summary and next steps

AdV and aLIGO will use frequency independent squeezing in O3 and
plan to install 300 m filter cavity for O4

For KAGRA, 60 m seems good but might be not enough in the future
(assuming thermal noise reduction)

To do: set tentative requirements on |[FO parameters which are

expected to degrade squeezing (optical losses from mirror scattering,

faraday isolator etc, mismatching, lock accuracy)

Set requirement on suspension residual mirror motion to reduce back
scattering effect
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Discussion: where to put the ftilter cavity

® \ery low pipe below cryostat aperture?
® \\hich suspensions”?

® (Other possibilities?
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