Two filter cavities vs coupled filter cavity
for Frequency Dependent Squeezing

o1 el

Jacques Ding (Laboratoire Astroparticule et Cosmologie)

Eleonora Capocasa Yuhang Zhao Isander Ahrend Fangfei Liu Matteo Barsuglia

4
» ] Université |
’ ‘ - Paris Cité Jacques Ding (ET-0156B-25) arXiv:2506.02222


https://arxiv.org/abs/2506.02222

Quantum noise in a tuned interferometer

==  Current interferometers operate in broadband

configuration = tuned signal recycling

* |nterferometer rotates quantum noise quadratures
E ﬂ (radiation pressure & shot noise)
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Quantum noise in a tuned interferometer

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

(Frequency Dependent squeezing)
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Quantum noise in a detuned interferometer

==  Detuning SRM makes the detector more frequency-selective

PHYSICAL REVIEW D, VOLUME 64, 042006

Quantum noise in second generation, signal-recycled laser interferometric

E ﬂ gravitational-wave detectors

Alessandra Buonanno and Yanbei Chen

Signal recycling (Received 6 February 2001; published 30 July 2001)
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 Easyto say, hard to do (Caltech 40m)
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Quantum noise in a detuned interferometer
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Frequency dependent squeezing for ET-LF

m— « Because SR detuned, quadrature rotation more
complex
* Needs 2 filter cavities for FDS
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Frequency dependent squeezing for ET-LF
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This talk

1. Introduce a Coupled Filter Cavity (CFC) alternative to 2FC

2. Compare the quantum performances of CFC with 2FC

3. Introduce a Single Filter Cavity (1FC) intermediary step to ET-LF
design and compare its performances to CFC and 2FC
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Coupled filter cavity
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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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Equivalence between two filter cavities and

coupled filter cavity
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Equivalence between two filter cavities and

coupled filter cavity
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For lossless systems: (Phys. Rev. D 110, 08200)
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Equivalence between two filter cavities and
coupled filter cavity
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1 . .
oApToOInterferometer | Y2 2nd FC linewidth 2T X (165) rad/s
| App Tiz Ummiz 0 AL, Awq 1st FC detuning 21 x 19.51 rad/s
Aws 2nd FC detuning 2w X (—7.65) rad/s
—— TwoFC
20 ——- CEC
&)
©
g 1.5
.E
> O
To,v0o L L g,1.0-
t To Interferometer *. o N
Ty, mm - as mma v
OPO et e, Awe Yar AWq S 05
= wn
Tcetc Tavta 0.0 A
\ 1 J '

10! 102

c-cavity a-cavity
Frequency (Hz)

Jacques Ding (ET-0156B-25, arXiv:2506.02222)


https://arxiv.org/abs/2506.02222

Equivalence between two filter cavities and

coupled filter cavity
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for L =5 km, T,, = 6.75 ppm

» Compatible with current (future?)
coatings

» CFC only feasible for long enough
cavities 13
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Squeezing degradation sources

. / Lossy optics \\
* Loss: coupling to vacuum \/ ? // :

* Mode mismatch: possible +vacuum
coupling between squeezing %}_ |
and antisqueezing through Mode-Mismatch
higher-order modes E—
HOMI

* Phase noise: Technical, also

couples squeezing to < > ; Phasenoisel

antisqueezing
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Squeezing degradation sources

_ Loss ics
Figures of merit G = ¢ 4" / — \\ :
e Efficiency: \/ ,/

S 776_2T +1 - n +vacuum
* Dephasing: 00 #4300
S = (1 — E)G_ZT 1= e Mode-Mismatch [/
* Misphasing: — 1
S = e " cos” Ap + e*"sin” Afp ‘@OMI
* Total squeezing PSD: \
S[Q) = n[QH{[(1 — Z[Q))e*" + E[Q]e*"] cos*(AOp[]) \ Phase noise
+[(1 = Z[Q)e* + E[Q)e "] sin®(A0p[))}
+1—n[Q] \j
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Example for misphasing: error on middle
mirror transmissivity =g

* What if the middle mirror has 10% or
20% manufacturing error on
transmission value? (1 ppm)

— Unsgueezed vacuum
— Total 2FC
— Total CFC
=== CFC 10% T, deviation
=== CFC 20% T, deviation

GW Strain (Hz"172)

10— 4

* Squeezing is degraded (mis-rotation)

—
=
I

but impact can be mitigated 91
* Can be partially compensated using ~ ‘:
other degrees of freedom (detunings) s |
* Can be fully compensated using thermal & s
controls a1
3-.-
2-
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Comparing Round Trip Loss IR

/ Lossy optics \

\ 4

+ vacuum

 Mathematically, if all cavity losses equal, the 2FC-CFC equivalence still
holds
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2.5

* Mainly degrading
efficiency

*1l, =6.75 ppm
< 30 ppm = RTL

Round Trip Loss

£ But squeezingis
never fully lost inside
of the second
subcavity (non-trivial
resonance interplay)
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Modeling mode-mismatch

* Either matches to very high order modes, modelled
by loss

* Ormatches to nearby modes in a coherent way

HOM

iyt = V1= Tafy + VX eral,,

Apog —

Amplitude of mismatch

~out
mm

amm

00
Mode-Mismatch

Phase of mismatch (e.g.

waist size, waist position..

)

VITT  —Teitmn

~out ~1n
Aoo | _ ano _
[ ] = U(T, wmm) [Am ] where U(T, ¢mm) — \/Te_wmm
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Addition of mode mismatches

e Assume two consecutive mode mismatches:
[ qout &6%
Cav. A )]JA[[( Cav.B HJ—’ Agﬁ’t — U(TBawmmB)U(TAawmmA) [Ain ]
_amm_ amm
'&out' &in
* Equivalent single mismatch? &ggt = U Y [digo ]
| “mm | min
* Not simply a sum of mismatches Y/ —YT, 4+ T35 -2Y4T5
+24/TA(1 = TR)YE(1—T4) cos(ipa — ¥B)

19
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Addition of mode mismatches

e Assume two consecutive mode mismatches:

[ ~out ]| AN
4@:( Cav. A )]J—[[( Cav.B HJ_' gggt — U(TBa wmmB)U(TAa ¢mmA) [&Cfgo ]

gy ey [
: =U(Y', 9 :
A t A
* Equivalent? Ao (0 Y dpe

* Not simply a sum of mismatches Y/ —YT, 4+ T35 -2Y4T5
+2y/Ta(l—Tp)Y5(1 - Ya) cos(va — ¥)

* Example: 1% + 3% € [0‘5% ) 7%] Cascading coherent mismatches

easily destroys squeezing



Comparing mode-mismatch

Simplifying hypotheses:
i Y2, Aws

* Mode mismatch coming from free

% @1 space optics (clipping, uncompensated
> astigmatism)
0PO Cij w o Aws * No internal mode mismatch in CFC
'} -~ EIE )] (symmetry considerations)
.
* 4% MM input, 3% output, 1% between

cavities (2FC only)

w Yes ﬂkwn:: — Yas Awa

i)

OPO »
B a)BlWa
'} i ﬂ
—
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Comparing mode-mismatch

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

* Significant
dephasing at
resonance
frequencies

* 1% extra MM = 2
dB lost
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ooo;) =S set of MM params
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$ o0 generalize (how to
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Comparing length noise
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£ .
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Full budget on FDS

GW strain (Hz~12)

10

Frequency [Hz]

- Unsqueezed vacuum — FDS RTL CFC phase noise MM CFC

—— Input loss —== CFC substrate = —— 2FC phase noise Total CFC

= Arm loss === CFCFI . MM 2FC - Envelope total 2FC
—— SR loss —— 2FCFI Total 2FC - = Envelope total CFC

—— Readout loss

 Add all loss sources in the FDS system

+ lossy interferometer
* Add extra Faraday isolator losses to
2FC

Jacques Ding (ET-0156B-25, arXiv:2506.02222)
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GW strain (Hz~12)

10-24

QMR (dB)
Pt £ L] [

Full budget on FDS

10

3 2 10 20 =1H
Frequency [Hz]
unsqueszed vacuum total 2FC
—— lossless 502 total CFC

Add all loss sources in the FDS system
+ lossy interferometer

Add extra Faraday isolator losses to
2FC

Degradation phenomenon dominated
by mode matching

CFC more robust to degradation
CFC performs overall marginally
better than 2FC
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Path to CFC: tuned ET with single FC

OPO

t To Interferometer
I
1
1

(=

OPO

GW Strain [1/VHz]

Parameter Physical meaning Value
Trc FC input mirror transmissivity 0.37 %
Awpi™ FC detuning 4.20 Hz
Ttuned Injected squeezing 12 dB
TsrM SR mirror transmissivity 44 %

10—23 i

10—24 i

1FC + tuned
2FC
CFC
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Path to CFC: tuned ET with single FC

OPO

t To Interferometer 100 - 1fc
i - 2fc
SEI I:(_'— ﬂ'* —']] 801 cfc
A B | e — &
" . £ 60]
L L °
40
t To Interferometer
i Trc Awrc 20 -
s [ — —
AF1 - e 10° 10! 102 103 10*
) 27, ! Total Mass [M ]
Current LIGO redshift ~1
Parameter Physical meaning Value

Trc FC input mirror transmissivity 0.37 %
Awpdm FC detuning 4.20 Hz
Ttuned Injected squeezing 12 dB
TsrM SR mirror transmissivity 44 %
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{1FC (10km) + tuned ET-LF} attractive
for new science and a priori easier to
commission
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Takeaways

To.%o

flonterterometer * Theoretical equivalence between 2FC and
: 12, Wmmi12 'Q,AWZ .
Ari ] CFC also holds when losses are considered

e Constraint on middle mirror transmission

can be attained if cavities are ~5 km long

each
. L L "~ * Non-linear addition of mode mismatches
i‘¥glnterferon1eter J . .
opo b Mntmer g Ay, Telmme A, * CFC performs similarly to 2FC

* Viable path to CFC through 1FC+Tuned ET-LF

Te,te Tasta

c-cavity a-cavity e Controls of CFC need to be further
iInvestigated
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* 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: § = ¢—27
» Efficiency: S=ne*" +1—n
* Dephasing: S=(1-2)e " +=Ze

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

S = n[Q{[(1 — E[Q])e™™" + E[Qe™] cos™ (A [Q) + [(1 — E[Q))e™ + E[Q]e™"]sin*(A0p[Q])} + 1 — n[Q
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CFC/2FC (dB)

Comparing Round Trip Loss

- AR _ HR
* Adding substrate loss from middle mirror [E -------------------------------------------- ]]
(~1 ppm/cm, 5 cm thick mirror) - —
1.004
0.95 * Planar middle
= .
_ 000 mirror (no wedge)
: 006 { * Serves as an etalon
74 — 2FC I E{I.Ud" forfine
|  Crcsustraeingcnn, | 002 transmission tuning
0,00 .

001 oor * No substantial extra
_os] B oon0l degradation due to
1ol \ 2 o014 substrate loss

160 ]_.;]?

C o 1 ' ' ] 2 ) I T T
Freauency (Hz) Freguency (Hz)

31

Jacques Ding (ET-0156B-25, arXiv:2506.02222)


https://arxiv.org/abs/2506.02222

	Slide 1: Two filter cavities vs coupled filter cavity for Frequency Dependent Squeezing
	Slide 2: Quantum noise in a tuned interferometer
	Slide 3: Quantum noise in a tuned interferometer
	Slide 4: Quantum noise in a detuned interferometer
	Slide 5: Quantum noise in a detuned interferometer
	Slide 6: Frequency dependent squeezing for ET-LF
	Slide 7: Frequency dependent squeezing for ET-LF
	Slide 8: This talk
	Slide 9: Coupled filter cavity
	Slide 10: Equivalence between two filter cavities and coupled filter cavity
	Slide 11: Equivalence between two filter cavities and coupled filter cavity
	Slide 12: Equivalence between two filter cavities and coupled filter cavity
	Slide 13: Equivalence between two filter cavities and coupled filter cavity
	Slide 14: Squeezing degradation sources
	Slide 15: Squeezing degradation sources
	Slide 16: Example for misphasing: error on middle mirror transmissivity
	Slide 17: Comparing Round Trip Loss
	Slide 18: Modeling mode-mismatch
	Slide 19: Addition of mode mismatches
	Slide 20: Addition of mode mismatches
	Slide 21: Comparing mode-mismatch
	Slide 22: Comparing mode-mismatch
	Slide 23: Comparing length noise
	Slide 24: Full budget on FDS
	Slide 25: Full budget on FDS
	Slide 26: Path to CFC: tuned ET with single FC
	Slide 27: Path to CFC: tuned ET with single FC
	Slide 28: Takeaways
	Slide 29
	Slide 30: Squeezing degradation 
	Slide 31: Comparing Round Trip Loss

