Two filter cavities vs coupled filter cavity
for Frequency Dependent Squeezing
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State of the art

Quantum noise in a tuned interferometer

m— * Current interferometers operate in broadband
configuration = tuned signal recycling
T * Interferometer rotates quantum noise quadratures
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State of the art

Quantum noise in a tuned interferometer

== * Fully compensate the rotation using a single filter cavity

(Frequency Dependent squeezing)
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Einstein telescope

Quantum noise in a detuned interferometer

* Einstein Telescope Low Frequency for this talk (not official

m— numbers):
* 10 km arms, 45° BS angle * 18 kWinarms
* 1550 nm * Detuned SR
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Einstein telescope

Frequency dependent squeezing for ET-LF

| « Because SRdetuned, quadrature rotation more

21

* Needs 2 filter cavities for FDS
Signal recycling
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Einstein telescope

Frequency dependent squeezing for ET-LF
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Is it possible to obtain the same
frequency response with less optics?



Two filter cavities vs coupled filter caity

Coupled filter cavity

Yer Awe Yay Awg

i---»
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One less Faraday

One less mirror

Less mode matching optics
Same total footprint

Initially studied in Phys. Rev. D 101, 082002 and Phys. Rev. D 110, 082006,
but no full guantum degradation analysis and issue of middle mirror
transmissivity
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Two filter cavities vs coupled filter caity

Equivalence between two filter cavities and

coupled filter cavity
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Two filter cavities vs coupled filter caity

Equivalence between two filter cavities and
coupled filter cavity
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» CFC only feasible for long enough
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Two filter cavities vs coupled filter caity

Physical Review D 104, 062006 (2021)

Sq ueezl ng degrad ation E?;/sical Review D 90, 062006 (2014)

* Squeezing degradation sources:
* Loss: coupling to vacuum

* Mode mismatch: possible coupling between squeezing and
antisqueezing

* Phase noise: Technical, also couples squeezing to antisqueezing
* Figures of merit: § = ¢ 2"

« Efficiency: S=ne?"4+1—19

* Dephasing: S=(1-Ele " +Ze*

« Misphasing: S = e 2" cos® Afp + e*" sin’ Abp

S[Q) = n[QH{[(1 — Z[Q))e™ " + Z[2e*"] cos*(AOp[]) + [(1 — Z[82))e*” + Z[Q)e™?"] sin?(AOp[Q])} + 1 — 5[]
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Two filter cavities vs coupled filter caity

Example for misphasing: error on middle

mirror transmissivity

* What if the middle mirror has 10% or
20% manufacturing error on
transmission value?

* The optical system has no
“imperfections” but squeezing is still
degraded

* Rotation no longer matches the
interferometer’s

* Can be partially compensated using
other degrees of freedom (detunings)
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=== CFC 20% Tpmu deviation

- Two FC Model

= CFC Model
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Two filter cavities vs coupled filter caity

Comparing Round Trip Loss

* Mathematically, if all cavity losses equal, the 2FC-CFC equivalence still

holds
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Two filter cavities vs coupled filter caity

QNR (dB)

Worst CFC/2FC (dB)

Comparing mode-mismatch

* 4% MM input, 3% output, 1% between cavities (2FC only)

2FC envelope
CFC envelope
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» Significant
dephasing at
resonance
frequencies

* 1% extraMM = 2
dB lost

* CFC better on this
set of MM params
but hard to
generalize (how to
measure intra-
cavity mismatch?)
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Two filter cavities vs coupled filter caity

Comparing length noise

oo el A R .00 * Cavity length fluctuations due to
' =Y, imperfect controls

9.8 1 ™ 1.75

g 26 150 ¢ Assume same length noise
€ Al

2 941 L1252 (decorrelated) for all cavities

9.2 2

oo 1€« Realistic ~pm for single filter cavities

rosg (Virgo/LIGO)

0.4 g
@ - 0.50
G 5 * CFC somewhat better
S 0.25
0
2004 ; ) 000 * Butactual control of coupled cavity to

10° 10! 102

FrGUEREY (HE) be further investigated.

Jacques Ding et al. (ET-0156A-25)
13



Two filter cavities vs coupled filter caity

Full budget on FDS

a0 W  Add all loss sources in the FDS system
o 3x107% ‘ (lossless ITF for now)
Tg R * Add extra Faraday isolator losses to
& 2FC
10724 4
6x1072%

* Degradation phenomenon dominated
by mode matching

« CFC more robust to degradation
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Conclusion

Takeaways
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Theoretical equivalence between 2FC and
CFC

* Also holds when losses are

considered

Constraint on middle mirror transmission
can be attained if cavities are ~5 km long
each
Non-linear addition of mode mismatches
Under some simplifying hypotheses (how
valid?), CFC does better than 2FC
Controls of CFC need to be further
investigated
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Questions
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The link

https://arxiv.org/abs/2506.02222




Bonus

Path to CFC: tuned ET with single FC
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Parameter Physical meaning Value
Tsrm Transmissivity of signal recycling mirror 50 %
Taem 2km FC input mirror transmissivity — 0.08 %
AwEEm 2km FC detuning 4.78 Hz
T2k 10km FC input mirror transmissivity — 0.40 %
Awidm 10km FC detuning 4.78 Hz
Ttuned Injected squeezing 19 dB
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Two filter cavities vs coupled filter caity

Comparing mode-mismatch
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Simplifying hypotheses:

* Mode mismatch coming from free
space optics (clipping, uncompensated
astigmatism)

* No internal mode mismatch in CFC
(symmetry considerations)

* 4% MM input, 3% output, 1% between
cavities (2FC only)
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Two filter cavities vs coupled filter caity

Addition of mode mismatches

* Assume two consecutive mode mismatches: a3t = V1 —Tall + VT e¥mmgn

‘ Amplitude of mismatch ‘
[(Cav.A)] [( Cav.B[I—’

* Not simply a sum of mismatches Y/ =1, + Y5 -2T4T5

Phase of mismatch (e.g.
waist size, waist position...)

+2/Ta(1—Tp)Yp(1 - Ta) cos(a —¥5)

« Exemple: 1% + 3% € [0.5% , 7%]

Cascading (coherent) mismatches
easily destroys squeezing
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Two filter cavities vs coupled filter caity

Substrate losses

e 5 cm middle mirror
e 2 ppm/cm losses
(conservative)

Solid = 2FC, Dashed = CFC
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Two filter cavities vs coupled filter caity

Table of values

Parameter Physical meaning Value
A Laser wavelength 1550 nm
Larm Power in the arms 18 kW
R I'TM transmission 0.007
Larm Interferometer arm length 10 km
MeTM Mass of test-mass 211.3 kg
Tsrm SRM transmission 0.2
Lsec SEC length 100 m
dsec SEC detuning =005 pad
[ Homodyne angle —~0.27 rad
80un HD RMS phase noise 10 mrad (typ.)
T 1st FC linewidth 2 x (4.26) rad/s
¥z 2nd FC linewidth 2 x (1.65) rad/s
Awn 1st FC detuning 2m x 19.51 rad/s
Awgy 2nd FC detuning 27 x (—7.65) rad/s
A Round Trip Loss 30 ppm (typ.)
L FC RMS length noise 1 pm (typ.)
Tr Input mode mismatch 4%
To Output mode mismatch 3%
Tiz Mode mismatch FC1-FC2 1%
Ta Internal mismatch (CFC) ~ 0%
Arr FI loss (double pass) 1%
Lrci2 Length of cach FC 5 km
Lore Total length of CFC 10 km
T 1st FC input transmission 69-10 1
T2 2nd FC input transmission 1.8-10 *
T CFC middle transmission 6.75-10 ©
T: CFC input transmission 247-10 *
Lpci2 Length of cach FC 1 km
Lere Total length of CFC 2 km
T 1st FC input transmission 14-10 4
T 2nd FC input transmission 36-10 1
b CFC middle transmission 2.7.-10°7
T CFC input transmission 495-10 *
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