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Motivation

The modern and future planned gravitational-wave detectors
are limited by the photon shot noise within their most
sensitive range

Tackling the shot noise is vital for the high frequency detector
upgrades

Phase-sensitive techniques for quantum noise mitigation (use
of squeezed states) are already in use and pushed to
technological limits — unlike phase-insensitive amplification

Compared to phase-sensitive techniques, phase-insensitive
amplification is relatively less understood both experimentally
and theoretically
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Position sensing:
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Shot noise

Cavity-assisted sensing:
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Cavity-assisted sensing:
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Shot noise

Cavity-assisted sensing:
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Shot noise

Cavity-assisted sensing:
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Filter cavity for signal recycling:
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Filter cavity for signal recycling:
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Filter cavity for signal recycling:
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Filter cavity for signal recycling:
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Filter cavity for signal recycling:
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Filter cavity for signal recycling:
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Fewstem <X
filter r] sensing
cavity

cavity U

iy bim

Signal recycling cavity:
=

acutl T”q

SNR enhancement y

Shot noise

10%

—— Single mirror

LU pp— Single optical cavity S

----- Narrowband recycling (¢src = 7/2) h
Broadband recycling (¢spc = 0) \, i

10724 =~ Detuned (¢pspe = 7/2 — 7/10) [ S
— = Detuned (¢gpc = 7/10) \\/I \\,
—= Detuned (¢spc = 7/100)

10-? T r . . , -

1072 107t 100 10t 102 10% 10t 10°

Frequency, Hz



® Gain-bandwidth product (or
integral sensitivity
enhancement) remains
constant:

FSR

/ x?(w) dw = const.

0

® The reason is the energetic
quantum limit or quantum
Cramer-Rao bound

® Can be overcome only with
quantum techniques

® Quantum amplification can
be phase-sensitive
(squeezing) or
phase-insensitive (this
talk!)
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Filter cavity for signal recycling:
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Carlton M. Caves (1982). “Quantum limits
on noise in linear amplifiers”. In: Physical
Review D 26.8, pp. 1817-1839



Phase-insensitive amplification in the filter

Filter cavity for signal recycling:

Fiuybim Femstem X

<X
Mg filter r] sensing
~Fout cavity U cavity

® Phase-insensitive quantum
amplifier G added to the filter
cavity:

a b

Al

B:Gé+( |G|2—1> Al

Carlton M. Caves (1982). “Quantum limits
on noise in linear amplifiers”. In: Physical
Review D 26.8, pp. 1817-1839

® Optimal “amplifier” Gopr compensates

for the phase shift introduced by the
main cavity with bandwidth ~o:

. iw+
Gon (i) =\ 75

® No added noise because |Gopt| =1
(no amplification!)

® Similar to the detuned filter cavity
case but works at all frequencies



Phase-insensitive amplification in the filter

Filter cavity for signal recycling:

Fiuybim Femstem X
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Mg filter r] sensing
~Fout cavity U cavity

® Phase-insensitive quantum
amplifier G added to the filter
cavity:

a b
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Carlton M. Caves (1982). “Quantum limits
on noise in linear amplifiers”. In: Physical
Review D 26.8, pp. 1817-1839

10°
1
10 . 1
[
N
NI
> A
_ 1 VA
g 10 T
g /
= !
z /
< :
=100 L
E 10 . = — i
= i
5 —— Single mirror i 1
faed —— Single optical cavity \ II |
107 L p— e b — 71/ od
& Narrowband recycling (¢src = 7/2)
Broadband recycling (¢spc = 0)
== Detuned (¢src = 7/2 —7/10) Nl
10724 Detuned (¢spe = m/10) [ - N
== Detuned (¢spc = 7/100) \\/’ \\[
— Optimal phase-insensitive filter
1073 T r ; ; ; -
102 10t 10° 10! 10? 10° 104 10°

Frequency, Hz



Phase-insensitive amplification in the filter

Filter cavity for signal recycling:

Iy tim remstem PP
Mg filter r] sensing
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® Phase-insensitive quantum
amplifier G added to the filter
cavity:
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on noise in linear amplifiers”. In: Physical
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for the phase shift introduced by the
main cavity with bandwidth ~o:

. iw +
Gopt(iw) = 4/ ﬁ

® No added noise because |Gopt| =1
(no amplification!)

® Similar to the detuned filter cavity
case but works at all frequencies

® Gt is unstable

Optimal “amplifier” Gopt compensates



Phase-insensitive amplification in the filter

Filter cavity for signal recycling:

Fiuybim Femstem X

<X
Mg filter r] sensing
~Fout cavity U cavity

® Phase-insensitive quantum
amplifier G added to the filter
cavity:

a b

Al

B:Gé+( |G|2—1> Al

Carlton M. Caves (1982). “Quantum limits
on noise in linear amplifiers”. In: Physical
Review D 26.8, pp. 1817-1839

Optimal “amplifier” Gopt compensates
for the phase shift introduced by the
main cavity with bandwidth ~o:

. iw+
Gon (i) =\ 75

No added noise because |Gopt| = 1
(no amplification!)

Similar to the detuned filter cavity
case but works at all frequencies

Gopt is unstable

In a finite frequency band, Gep: can
be approximated with a stable
function to any precision.

Artemiy Dmitriev, Haixing Miao, and Denis Martynov
(2022). “Enhancing the sensitivity of interferometers
with stable phase-insensitive quantum filters”. In:
Phys. Rev. D 106, p. 022007
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sWLC scheme

® A mechanical oscillator is coupled
to the recycling cavity

® Blue-detuned pump field turns it
into an amplifier for the signal

® Special tuning of the coupling
strength ("PT symmetry”):

y
Jfon

coupling rate = coupling rate
a H Mechanical<+SRC SRC+>Arm
out[1] g

® SNR is enhanced as compared to
the passive case

Lsre/Larm = 0.0001 .
Lsge/Lum = 001 ® System is fully causal and stable

— =0 Xiang Li, Maxim Goryachev, et al. (2020). “Broadband
sensitivity improvement via coherent quantum feedback
with PT symmetry”. arXiv: 2012.00836 [quant-ph]
Xiang Li, Jiri Smetana, et al. (2021). “Enhancing
interferometer sensitivity without sacrificing bandwidth
and stability: Beyond single-mode and resolved-sideband
approximation”. In: Physical Review D 103.12
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https://arxiv.org/abs/2012.00836

Normalised response

How to scale it down to table-top?
o

. | Scaling the design down to the
T table-top version is challenging!
fon : .
® QOptical coupling rate

20aflr increases with the length of
the main cavity decreasing

10

e Additional thermal noise

Lsre/Lam = 0.0001

Lot =001 e Locking
— g=0
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® Mode matching
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Solution:
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Yeghishe Tsaturyan et al. (2017). “Ultracoherent
nanomechanical resonators via soft clamping and
dissipation dilution”. In: Nature nanotechnology 12.8,
pp. 776-783

°* Qn~10°0@ 10K
e m=(10"12..10719) kg
® Low reflectivity

® Need to use
membrane-in-the-middle layout

use SisNs membranes

PDren Wot Qy
Wo
M Mem-
brane 2m Vacuum
Wm
CM
~
X(t)

EM

® Mode-matching telescope in
the filter cavity

® Advanced LIGO-style locking
® Works for T/Q, <1077 K

Jiri Smetana et al. (2022). “Design of a tabletop
interferometer with quantum amplification”. arXiv
2210.04566 [quant-phl]


https://arxiv.org/abs/2210.04566

Parameter Symbol Value

Main cavity length Lo 41m Parameters
Coupling mirror To 30 ppm
L. PD,eq Wo+
transmissivity
Main cavity loss Yo 10 ppm °
Filter cavity length L¢ 2m : E
Filter cavity band-  ~¢/27 30kHz
. Mem-

W_Idth . . M “S b rane om Vacuum
Filter cavity input Tf 0.5% 5 <=M 5
coupler  transmis- -
sivity
Filter cavity loss Y¢ 2000 ppm cM
Membrane eigen-  wm/27 300 kHz H
frequency S
Motional mass m 40ng ﬂ;\(;)
Membrane  thick- h 50 nm
ness ® Mode-matching telescope in
Membrane trans- Tm 0.8 the filter Cavity
missivity
Membrane temper- T 10K ® Advanced LIGO-style locking
ature
Input pump power P; 70 mW e Works for T/Qn < 1077 K
Filter cavity power Py 3.4W - .

Jiri Smetana et al. (2022). “Design of a tabletop
Pump freq uency wp/zﬂ' 303 kHz interferometer with quantum amplification”. arXiv

offset 2210.04566 [quant-ph]
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Noise budget

—— Total noise
101t —— Input vacuum noise

o —— Arm loss (10 ppm)
2]
'é —— Filter loss (2000 ppm)
- Thermal noise (7/Q,, = 1.0 x 1078 K)
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Experimental progress

® (Classical demonstration of the effect at room temperature is
underway




Experimental progress

® (Classical demonstration of the effect at room temperature is
underway

® Standard commercial SisNg membranes, fy = 229 kHz
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Experimental progress
® (Classical demonstration of the effect at room temperature is
underway
® Standard commercial SisNg membranes, fy = 229 kHz

® Filter cavity installed, coupled to a membrane, and locked
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Experimental progress
® (Classical demonstration of the effect at room temperature is
underway
® Standard commercial SisNg membranes, fy = 229 kHz

® Filter cavity installed, coupled to a membrane, and locked

M MEKM
N FM

§. - To chamber 2

Reflecti t Transmission
-

port i oJo] 1 S i—




Experimental progress
Classical demonstration of the effect at room temperature is
underway
Standard commercial SisNg membranes, fy = 229 kHz
Filter cavity installed, coupled to a membrane, and locked

Membrane vibrations excited by detuning the cavity
resonance, measured Q ~ 8 x 10° for f;.



Fast controller

Lowpass filter imi
Setpoint offset HMiter
Rk }o-o-e
1.000 MHz 0.0000v

DC:500:0dB

Phase shift
334.000

Local oscillator

Slow controller
Invert

0.0000V  OFF

5.000 000 000 000 MHz

"\ o &

Trigger  Measurements
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Acquisition

Mode

Interpolation

Roll mode [ @)

Conditional trigger
Enabled

lgnore rigger events which do
ot occur during the rising
portion of the scan waveform




Experimental progress
Classical demonstration of the effect at room temperature is
underway
Standard commercial SisNg membranes, fy = 229 kHz
Filter cavity installed, coupled to a membrane, and locked

Membrane vibrations excited by detuning the cavity
resonance, measured Q ~ 8 x 10° for f;.

Ringdown of the fundamental mechanical mode of the membrane

Error signal, mV




Experimental progress
Classical demonstration of the effect at room temperature is
underway
Standard commercial SisNg membranes, fy = 229 kHz
Filter cavity installed, coupled to a membrane, and locked

Membrane vibrations excited by detuning the cavity
resonance, measured Q ~ 8 x 10° for f;.



Experimental progress
Classical demonstration of the effect at room temperature is
underway
Standard commercial SisNg membranes, fy = 229 kHz
Filter cavity installed, coupled to a membrane, and locked

Membrane vibrations excited by detuning the cavity
resonance, measured Q ~ 8 x 10° for f;.

Next steps:

Add the sensing cavity
Demonstrate stability and sensitivity enhancement

Proceed to the cryogenic quantum version
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We do other stuff!

® Axion interferometer
(see Alex’s poster on LIDA)

GW LABORATORIES ReseRoH cove o us

New detector topologies
(Teng's talk on Thursday)

Ceee >

Cryo-silicon optomechanics g ton e

6D and Compact 6D

® Optical coatings etc.
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PT symmetry

signal i uWLC readout (no PT symmetry)
v

e

*. a@+é&hx

a(a+atx ’.’

’
.

'.-'-.y' Lo
Y L X, P
SRS RS
. 4 l sWLC readout "~
i vV (with PT symmetry)
sWLC unstable uWLC unstable
X =K
fixed pole
Q=0
=K / xr=0
x=0 x=0
¥ =0 ¥=0
1=K ¥=x | x=k
stable stable




Iyt roto
Ng filter r| main
~Fout cavity |_| cavity

— toum

TCM

Qout

tou —— Z,

Transfer functions:
T[& = Gout](s) = Tx(s),
TlAg = al(s) = Tay(s),

XZ(W) ‘TQ(""}N

Spectral density:
X < Sxx, ﬁq And SVV7
Al 5 Sy, Al <> S,

SNR(w) = x%D) Su(w)/Sw (W'l uncorrelated

= 2 . ]
| Tig (i) |” + [ Tay (i) * + | Ti,o (iw)]?

Optimal gain

®  depends on G
® What G would
maximise x?
Double mode approximation:
Z(s)=e T ~1—s1s+572/2,

Zi(s) = e " = 1—s7r+5°77/2,

s+
Gopt(s) = s _ 35
S

’GOPt(S)l =1

s — bandwidth of the sensing
cavity



re, te ro,to

Ng filter r] main ]

~Bout cavity L] cavity

<>

Optimal gain

X
I

s+
Gopt(s) = \/ S _zs
S

‘GOP'C(S)‘ =1

—{ ton Zs
—roM oM
s
tom b Z

® Reflection off the sensing cavity:

r(s): Zsz(s)_rCM %5—’}/5
° 1—remZ2(s)  s+7s

® Round-trip in the filter cavity:

Trr,(s) = nmG?(s)Z7 (s)rs(s)

® \What does it mean?

® Optimal amplifier
Gopt compensates for
the phase shift
introduced by the
arm cavity.

® No added noise
because |Gopt| =1



Sensitivity levels

Sensitivity with and without the optimal amplifier
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PT-symmetric optomechanical filters

® Optomechanical amplifier:
4g27—fwm
(s 4+ VYm)(s + vm — 2iwm)

® System and all parts are causal and stable. However, MIMO
analysis required as the amplifier's mode can no longer be ignored.

GOM(S) =1-

Nyquist plot

Ho_ of encirclements: 0

— w<l
_1pe]— w>o
x  Critical point

Imaginary part
5

—107%10-210-+10-* —100F>  10°% 1077 107 107 10°
Real part



SNR enhancement

1000

100

Sensitivity levels, PT filter

Comparison between ideal controller and OM amplifier

— < G=1
.\\ Lo m—— Optimal gain
\\ ,1

"o OM, yr=107* 57"

~, 7’
S OM, ym=107 57"

N,

’ ~,

RS OM, yr=102 57"

OM, Infinite Qpy,
———— OMLF limit (from |G|#1)

:
104 0.001 0.010 0.100

Frequency, fIFSR



Silicon nitride (Si3sN4) membranes

g O Yo

f a a

} 'ﬂ 422 <—f4
o —f —

| R dei dr3

G(w) = ar3/ara

Yeghishe Tsaturyan et al. (2017). “Ultracoherent

nanomechanical resonators via soft clamping and 2, 2
dissipation dilution”. In: Nature nanotechnology 12.8, ~ 1 + g Wm tf
pp. 776-783 w2 P ~ 2
— IYmWw — w4,

° Q,~10°@ 10 K

1/2
° m=(10"12..10719) kg g~ it Prio /
(1 — rerm)?meLswp,




Full experimental layout




Future experimental layout

= Electrooptical modulator (EOM) ﬂ Superpolished mirror I B K3
= Acoustooptical modulator (AOM) ]] Actuated mirror Locking = Ly
f:
[M  Half wave plate ) Membrane detectodrs K9 Helium \ | 1,
El Polarising beam splitter [T Optical isolator o d E cryostat i --T
. N
— Probe field — Pump field Mode cleaner ERIED
EOM 1 EOM 2
1064 nm laser | T = T & Filter
f— g g cavity
T Main cavity
Camera stabilisation 10 MHz 75 MHz
- . 80 MHz 79.7 MHz Pump
= Transmission power
diagnostics control
B—Pp B = =
Signal AOM 1 AOM 2
?( excitation Main cavity
5 T
I
—

a; Vacuum envelope




Parameter

Symbol

Value

Main cavity length
Coupling mirror
transmissivity
Main cavity loss
Filter cavity length
Filter cavity band-
width

Filter cavity input

coupler  transmis-
sivity

Filter cavity loss
Membrane eigen-
frequency
Motional mass
Membrane thick-
ness

Membrane trans-
missivity

Membrane temper-
ature
Input pump power
Filter cavity power
Pump  frequency
offset

Lo
To

Yo
L¢
ve /27
Tr
Yr
Wm/2m
m
h
Tm
-
Pin

Pe
wp/2m

Parameters
4.1m

30 ppm
10 ppm
2m

30kHz

0.5%

2000 ppm

300 kHz

40 ng
50 nm

0.8
10K
70 mW

3.4W
303 kHz




Parameter Symbol Value
Main cavity length Lo 41m
Coupling mirror To 30 ppm
transmissivity

Main cavity loss Yo 10 ppm
Filter cavity length L¢ 2m
Filter cavity band-  ~¢/27 30kHz
width

Filter cavity input Tr 0.5%
coupler  transmis-

sivity

Filter cavity loss Yr 2000 ppm
Membrane eigen- Wm/2m 300 kHz
frequency

Motional mass m 40 ng
Membrane thick- h 50 nm
ness

Membrane trans- Tm 0.8
missivity

Membrane temper- T 10K
ature

Input pump power P; 70 mW
Filter cavity power Py 3.4W
Pump  frequency  wp/2m 303 kHz

offset

Normalised response

10!

Optical stiffening

® Including frequency shift due to

the optical spring

2 2
Imtm& Wm

® Pump field must be tuned to the
mechanical resonant frequency

Awos =

41— e (32 + wB)
Awos ~ 27 x 3.0 kHz

—— No offset

100 ezt =

----- Offset pump frequency by 2.4 kHz
—— Offset pump frequency by 3.0 kHz

f (Hz)

10°



Parameter Symbol Value
Main cavity length Lo 41m
Coupling mirror To 30 ppm
transmissivity

Main cavity loss Yo 10 ppm
Filter cavity length L¢ 2m
Filter cavity band-  ~¢/27 30kHz
width

Filter cavity input Tr 0.5%

coupler  transmis-
sivity

Filter cavity loss
Membrane eigen-
frequency
Motional mass
Membrane thick-
ness

Membrane trans-
missivity

Membrane temper-
ature
Input pump power
Filter cavity power
Pump  frequency
offset

Yr 2000 ppm

Wm/2m 300 kHz
m 40 ng
h 50 nm
Tm 0.8
T 10K
P; 70 mW
Py 3.4W
wp/2m 303 kHz

Locking

® allGO-style locking

® Resonating a sideband at the first
FSR of the filter cavity (75 MHz)

® Non-resonant sideband at 10
MHz

Sensing matrix:

Demodulation Main cavity  Filter cavity
frequency

75 MHz 1 -1/3

10 MHz -1 0




Parameter Symbol Value

Loss-induced noise

Main cavity length Lo 41m
Coupling mirror To 30 ppm
transmissivity
Main cavity loss Yo 10 ppm
Filter cavity length L¢ 2m
Filter cavity band-  ~¢/27 30kHz
width
Filter cavity input Tf 0.5% ® Noise induced by loss in the main
coupler  transmis- cavity:
sivity
Filter cavity loss Yr 2000 ppm . 4
Membrane eigen-  wm/271 300 kHz Smain(Q) = Tort Yo
frequency ©
Motional mass m 40ng ® Noise induced by loss in the filter
Membrane  thick- h 50 nm o

cavity:
ness
Membrane trans- Tm 0.8 2 2
missivity Stier () = 2% + ) Y
Membrane temper- T 10K Test Yo
ature
Input pump power Pin 70 mW
Filter cavity power Py 3.4W

Pump  frequency  wp/2m 303 kHz
offset




Parameter Symbol Value
Main cavity length Lo 41m
Coupling mirror To 30 ppm
transmissivity

Main cavity loss Yo 10 ppm
Filter cavity length L¢ 2m
Filter cavity band-  ~¢/27 30kHz
width

Filter cavity input Tf 0.5%

coupler  transmis-
sivity

Filter cavity loss
Membrane eigen-
frequency
Motional mass
Membrane  thick-
ness

Membrane trans-
missivity

Membrane temper-
ature
Input pump power
Filter cavity power
Pump  frequency
offset

Y¢ 2000 ppm

Wm/2m 300 kHz
m 40 ng
h 50 nm
Tm 0.8
T 10K
Pi 70 mW
Py 3.4W
wp/2m 303 kHz

Normalised noise

Thermal noise

® Thermal noise can be mapped to

an equivalent optical loss in the

main cavity:

® for T/Q =108 K, we get

eq' = kayO
main th

Yol

main

~ 70 ppm

)
Qm

10!

100kesdeet e ciianieiaaciicanannsaananeeT -

107!

— T/Q,=10x10"K

T/Qm=10x10"°K

— T/Qn=40x10°"K

pump off

10%

10° 10*
f (Hz)

10°



