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* Why using long filter cavities in enhanced interferometers ?
* What performances are required?
* \What is the state of the art?

* Which are the experimental challenges and the improvements
needed to achieve optimal performances?
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| Why using (long) filter cavities in enhanced interferometer?|
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* First implementation of frequency dependent squeezing in Advanced LIGO:
16 m filter cavity with losses target 1 ppm/m

e Squeezing is deteriorated by cavity losses at low frequency but thermal noise
is relevant in that region (little room for improvements)

* Goal : avoid to spoil sensitivity at low frequency

— Total nonse no squeeznng
- Total noise 9dB, cavity losses 1ppm/m o 0 T T T T T [—ideal system
- SUSpenS'on Thermal noise 2 -] : £~ Frequency independent phase noise
— Mirror Coating Brownian E £Z 77\ | |—Injection/Readout losses
g 2 === N\ Mode mismatch
S e —— : | | —Frequency dependent phase noise
S -3 ; Filter cavity losses |
R REIH ! N\ = All mechanisms
N 4 ,
= -
- s 5[ 1 y
A
= f
2 1k =
z
5 | i
S ok =
o i
_100 ' 1111-11I xl“ ' I 11‘ ' ' 111141‘
10 10 10° 100 10
i i i i1 A R Frequency [Hz)
10’ 10° 10°
Frequency [HZ] PHY. REV. D 90, 062006 (2014)
Decoherence and degradation of squeezed states in quantum filter cavitie:
¥ : : P. K tal
Advanced LIGO sensitivity, 16 m filter cavity weeeta

with loss of 1 ppm/m 4



22 e ]
10 ™ \\ —KAGRA total noise, no squeezing
! \ —KAGRA total noise, 9dB squeezing, losses 0.25ppm/m
\ - - Coating Brownian thermal noise

—Suspension thermal noise

strain sensitivity [1/7Hz]

-
-
-~
-
-~
~
-
-
-~
-
-
-~
-
-

10° 10° 10°
Frequency [Hz]

KAGRA sensitivity, 300 m filter cavity
with loss of 0.25 ppm/m

—

O,
N
&
4

QN relative to coherent vacuum [dB]

Why using long filter cavities in enhanced interferometer? |
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Filter cavity losses (0.25 ppm/m)
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e Effect of the cavity losses is reduced since the cavity is longer

* Thermal noise is lower due to cryogenic operation

e Sensitivity can be improved also at low frequency
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 The use of a long filter cavity will
improve of 20% the BNS range with
respect to a short filter cavity in an
upgrade version of Advanced LIGO

PHYSICAL REVIEW D 91, 062005 (2015)
Prospects for doubling the range of Advanced LIGO
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LIGO Laboratory, Massachusetts Institute of Technology,
185 Albany Street, Cambridge, Massachusetts 02139, USA

Daniel Sigg
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(Received 29 October 2014; published 16 March 2015)
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' What performances ¢
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* The target frequency QsqL at which the squeezing rotation
should take place is about 2 x 70 Hz (depending on the
power)

* The storage time need to achieve it is more than 2.5 ms
(among the highest storage time ever achieved)

The realistic target: 6 dB of measured squeezing at high
frequency
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« Rotation of the squeezing angle already demonstrated

@ M H Z PHYSICAL REVIEW A 71, 013806 (2005)

Experimental characterization of frequency-dependent squeezed light
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e Rotation of the squeezing angle already demonstrated

@ KHz

(! ) — 1064 )
Filter Cavity :Jb‘n;‘:mr — 532 n?nm
I8 T T T Y T T T T T om‘cs BQI‘IC"I Filter Cavit Phase Lock gzntml h""d y
16 - -——-- ueezed Ne
|{poromnnas= [ Electronic
- feedback
2 -~ T T el T eme @ Photodetector
== P - J J
- ' ~
3 Filter quadrature-phase Quadrature-Phase Quadrature-Phase
z Cavity
- g
;:. In- se f In-
c :
o :
g %
3 21423, 7= M43z oancy :
T _L = 16.2 ‘ 2 Ay = -5 _ 23 Hz Vacuum state (A) Squeezed vacuum, (B) Squeezed vacuum,
g B[ e=364205, A 10+ 11 He - frequency-independent frequency-dependent
2 M0H——0 = 67.3£02", &7 = 401 + 12 Hz — ; Y <
p2|{—9 = 915407 &7 = 97217 s - Squeezed Vacuum Source Homodyne
1 M e Overall sensitivity improvement ] Fiber from T év N n..dom
-lb A A A 1 b - l A A A dedodd l A ﬁllef Cavi!y (8)
10° 10'  Frequency [Hz| 10* Laser C[
|/ / |/ / / 1
=l - \< — | —— Pump — e
Laser Signal
M
v
\_ J
week endi
PRL 116, 041102 (2016) PHYSICAL REVIEW LETTERS 20 JANUARY 2016

Audio-Band Frequency-Dependent Squeezing for Gravitational-Wave Detectors
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* 16 m filter cavity and full scale prototype of in-vacuum squeezed source
for aLIGO at MIT in the LASTI facility. Assembly is starting now.

credit: Lisa Barsotti
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* 50 m filter cavity prototype (CALVA) in Orsay. Optical design ongoing.
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* 300 m filter cavity prototype is being installed at NAOJ in TAMA infrastructure
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 End 2016 ¥ filter cavity characterization and losses
measurements

e« 2017 ~¥ frequency independent squeezing production

e 2018 ~¥ frequency dependent squeezing measurement
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- Reduce the impact of cavity losses

e Relax the requirement on the finesse

1 T

e = Tstorage B 2Lfcf = 2m - S0 Hz
L =16m — F >~ 90000 L =300m — F ~ 5000
CONS

 More complex infrastructure

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

e The cavity performance depends on the loss per unit length
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Loss in long-storage-time optical cavities
T. Isogai, J. Miller,” P. Kwee, L. Barsotti, and M. Evans

The loss per unit length
are observed to decrease
with cavity length

Increasing cavity length

Improve the mirrors quality
(which are the limits?)
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We can neglect cavity losses (<1 ppm) caused by

e absorption
e end mirror transmission

» clippling losses (in case of perfect spherical mirrors)

The main losses mechanism is the scattering
from the mirrors originated by:

e flatness (up to 1000 m-1)
* roughness

e point defects
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Round trip losses 00 (ppm)

Simulation performed for a 300 m filter cavity using Virgo and AdVirgo mirror maps
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10 ppm to be added from roughness and point defects contribution
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Virgo mirror quality => 70 ppm + 10 ppm = 80 ppm => 0.25 ppm/m
AdVirgo mirror quality => 6 ppm + 10 ppm = 16 ppm => 0.05 ppm/m
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e Some degradation mechanisms that can be reduced by increasing

cavity length

8 Loss
<> Phase noise

Mode overlap

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
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for a 300 m filter cavity with losses of 80 ppm (0.25 ppm/m)
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QN relative to coherent vacuum [dB]
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Filter cavity losses (1 ppm/m)
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2L Filter cavity losses (0.25 ppm/m) -
—Injection/Redout losses

3L —Mode mismatch (worst case) :
—All mechanisms(FC 0.25 ppm/m)

4 - Filter cavity losses (0.05 ppm/m)
— -All mechanism (FC 0.05 ppm/m)
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cavity losses with AdVirgo mirror quality (0.05 ppm/m)
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 The SR mirror increase the interferometer Arm cavity losses

bandwidth suppressing the effects of arm cavity G
losses

 SEC losses has a greater impact on squeezing

degradation _U <:;> D_ﬂ
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Conclusions

* The use of long filter cavity will improve the sensitivity of
enhanced detectors in the whole bandwidth, in the scenario
where quantum noise is dominating also at low frequencies

* Using >100 m filter cavity and best mirror quality available the
effects of cavity losses become negligible with respect to the
other loss sources

* Further improvement in the squeezing level will require to
improve the mode matching and injection/readout losses

* Longer term future: long filter cavity (km scale) necessary for
ellipse rotation at few Hz as planned in ET design
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