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Overview

< Heisenberg, Braginsky and the

[x(2),x(¢')]=0
[p(t),p(t)] =0

Standard Quantum Limit

Squeezed Vacuum

. ' = Sagnac Interferometer:
St'ff PhOtOﬂS | | Speed meter
Why not measure observables S22

-
o~

that commute?

-
G
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hii GLA;{}OW HEISenberg 1927

= Uber den anschaulichen Inhalt der quantentheoretischen
Kinematik und Mechanik.

Von W. Heisenberg in Kopenhagen.
(Eingegangen am 23. Mirz 1927.)

VIA VERITAS VITA

Mit 2 Abbildungen.

Wenn man sich daritber klar werden will, was unter dem Worte
LOrt des Gegenstandes*, z. B. des Elektrons (relativ zu einem gegebenen
Bezugssystem), zu verstehen sei, so muf man bestimmte Experimente an-
geben, mit deren Hilfe man den ,Ort des Elektrons® zu messen gedenkt:
anders hat dieses Wort keinen Sinn. An solchen Experimenten, die im
Prinzip den ,Ort des Elektrons® sogar beliebig genan zu bestimmen ge-
statten, ist kein Mangel, z. B.: Man beleuchte das Elektron und betrachte
es unter einem Mikroskop. Die hiichste erreichbare Genauigkeit der Orts-
bestimmung ist hier im wesentlichen durch die Wellenliinge des benutzten
Lichtes gegeben. Man wird aber im Prinzip etwa ein I™Strahl-Mikroskop
bauen und mit diesem die Ortsbestimmung 0 genau durchfiihren kdnnen,
wie man will. Es ist indessen bei dieser Bestimmung ein Nebenumstand
wesentlich: der Comptoneffekt. Jede Beobachtung des vom Elektron
kommenden Streulichtes setzt einen lichtelektrischen Effekt (im Auge,
auf der photographischen Platte, in der Photozelle) voraps, kann also
auch so gedentet werden, da8 ein Lichtquant das Elektron trifft, an diesem
reflektiert oder abgebeugt wird und dann durch die Linsen des Mikro-

skops nochmal abgelenkt den Photoeffekt ausldst. Im Augenblick der
Ortsbestimmung, also dem Augenblick, in dem das Lichtquant vom Elek-
tron abgebeugt wird, verindert das Elektron seinen Tmpuls unstetig.
Diese Anderung ist um so grofer, je kleiner die Wellenlinge des benutzten
Lichtes, d. h. je genauer die Ortsbestimmung ist. In dem Moment, in
dem der Ort des Elektrons bekannt ist, kann daher sein Impuls nur bis
auf Groben, die jener unstetigen Anderung entsprechen, bekannt sein;
also je genauer der Ort bestimmt ist, desto ungenauer ist der Impuls be-
kannt und umgekehrt; hierin erblicken wir eine direkte anschauliche Er-
Isuterung der Relstion pg —gp = ﬁi Sei g, dis Geasuigkeit, mit
der der Wert 4 bekannt ist (¢, ist etwa der mittlere Fehler von 4), also
hier die Wellenlinge des Lichtes, p, die Genanigkeit, mit der der Wert p
bestimmbar ist, also hier die unstetige Anderung von p beim Compton-

cffekt, so stehen nach elementaren Formeln des Comptoneffekts p,

und ¢, in der Beziehung
Pyygy ~ I (1)
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Detecting Gravitational Waves

VIA VERITAS VITA

2 In order to detect GW
you need to very
accurately measure their
effect onto the position of
test masses.

2 First you need to make
your test masses quieter
than what you want to
measure.

S Secondly, you need to
readout out the strain to
the required precision
without (!) introducing
‘too much’ additional

NOISE. Image: W. Benger AEI/ZIB
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. The Standard quantum limit

< Standard Quantum Limit of a free mass is equivalent to
Heisenberg uncertainty.

< Arises when one tries to detect gravitational wave by
continuously measuring free-mass displacement, since

[x(2),x(¢")]=0

» Precise measurement on x has to perturb p. Perturbation in p converts to
future error in x.

< In our case: Light fields enforce Heisenberg uncertainty
through complementarity between Shot noise and Radiation
Pressure noise.
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Why is Quantum Noise Reduction ‘soooo’
important?

Y

VIA VERITAS VITA

= For future AdvLIGO Noise Curve: Ph =125.0W

. Tyve Y (R S R KL T TRy Y FETYTITTTEY T
interferometers 35 | EH EHE m———— HHEBHBEHEN
. . 08 0 | Ak btk et Jme—— el e e OB

Quantum noise is WL o ——Seismic noise O O B B R
- T & 53 | RS 'Vl

the main limiting \ T s 3 R ey N B R R
i 2| EEy Suspension thermal noise B SE SR
Noilse source. 10 }Z;.- 'E"-E'I-EE-E:?} = Coating Brownian noise g—':-_'{"'f_?;:'sﬁ
Ity <l e Coating Thermo-optie nolse | -Z - 111111l II1lIzIl]

< Example:
Broadband (tuned

pip B o e i

,,,,, 21

L (R Substrate Browniannoise ... .l ..l . g
i ‘| Excess Gas IL‘ T
R R\ | T Totalnolse L -

Strain [1/v Hz]
=
~

Signal Recycling) AN

configuration of ERELL ShaE PR R " ki e b 3

Advanced LIGO - .. 113
il i :

S For all frequencies Rl e s e s G . S
above 12Hz , ‘ LTS, e T S P
Quantum noise is 10’ 10’ 10’ 10'
the limiting noise. Frequency [Hz)

Scenario 1b from LIGO-T070247-01-1
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What is quantum noise?

2 Quantum noise is comprised of photon shot noise at high frequencies
and photon radiation pressure noise at low frequencies.

< The photons in a laser beam are not equally distributed, but follow a
Poisson statistic.

wavelength
X —— / \'}
hen () = 1 [ heA
time | St LV 27 P+l optical _
\ N power time
N\
\ Mirror mass /"™ length [ v '
Laser Suspended ; > |
mirror il i hee () \’m 1 Ik Laser é
Bt i r'%l‘ \'{ =
E JJ 1 f2LV 2mPeA E e e
! Photodiode

photon radiation pressure noise photon shot noise
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P, The Standard Quantum Limit (SQL)
) ) i ) SOLforulm le Mlchelson len -10lun mnofmass-wk

2 While shot noise contribution 10" i ( gth g) -
decreases with optical power, : - ahotnom P-wooow :
radiation pressure level -l radistion pressure, P = 10000W -
increases: 10| === quantum noise, P = 10000W |
onath - == ghot noise, P = 1000000 W "

waveieng - 02| “radiation pressure, P = 1000000 W ©

/ g = quantum noise, P = 1000000 W &

hew (f) 1 [ hcA 2 —s0L A

S L\ 27 P+l optical 10'”%- ........... .
N power ; .
AN | b,
Mirror(nass Arm length 10> _____-_-________'_'_,l' _____ o

ep() N A s | -
— M) '\ '

I‘p 2 3 10 A P A PR | T Aeddhdd
JALV 2mPcA 10" 10" 10’ 10’

Frequency [Hz]

» The SQL is the minimal sum of shot noise and radiation pressure noise.

» Using a classical quantum measurement the SQL represents the lowest achievable
noise. V.B. Braginsky and F.Y. Khalili: Rev. Mod. Phys. 68 (1996)
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The Mathematical approach

< Quantitative description of an electrical field E at the position r
and time t:

E(r,t) = Eg [a(r)e_iw»t\— a(r)*e;iv“’t} pér)
E—— NI

a('r) = ag(r)ei¢(:) angular frequency polarisation

complex amplitude \phase

2 We can now introduce two new ‘properties’:

Xi(r) =a*(r) + a(r)

Xo(r) =ila*(r) — a(r)]
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The Mathematical approach (2)

X1 (”") =15 ("’) T CL("') amplitude quadrature

X2 (T) = 1 [CL* (T) - CL(T)] phase quadrature

< Using X; and X, we can rewrite the electrical field:

E(r,t) = Eg | X1 cos (wt) — Xg sin (wt)| p(r,t)

< Finally, we have to introduce a quantisation of the electrical

field:
Xl — &T ¢ B a amplitude quadrature operator
X2 =1 (& — &) phase quadrature operator
Stefan Hild Bham Seminar, Feb 2013 Slide 10



Introducing the Ball-on-a-stick concept

=

=

UNIVERSITY

Let’s try to convert the o
quadrature idea into a picture: Quadature

A laser sends out light with an
average frequency and
amplitude. => This is the blue

P AX 5
arrow.

However, individual photons
have a uncertainty, i.e. may
have slightly different

frequency or amplitude. =>
This is indicated by the red Y Amplitude
ball. AX1 Quadrature

Stefan Hild Bham Seminar, Feb 2013 Slide 11
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Ball-on-a-Stick vs Timeseries

Picture courtesy S. Danilishin et al: Living Rev. Relativity, 15, (2012), 5,http://www.livingreviews.org/Irr-2012-5

, coherent state
(a) e N

E(t)

9 Coherent state y

‘Aj]lt

2 The red dashed line in left hand picture corresponds to the blue
arrow on the right hand plot.

< The fluctuations of the blue trace around the red-dashed curve in
the left hand plot correspond to the red area in the right plot.
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Vacuum fluctuations

[
VIA VERITAS VITA

Picture courtesy S. Danilishin et al: Living Rev. Relativity, 15, (2012), 5,http://www.livingreviews.org/Irr-2012-5
A vacuum state
(@) r N
: X2
S & >
o) X1
Vacuum state
G J
0 X 2n iy dx Sx 6
(U|_‘,f

2 Even if there is 'no' light, vacuum fluctuations are always present.

< Vacuum fluctations enter our systems via any 'open port'.

Slide 13
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Vacuum Fluctuations

< How does 'Ball-on-the-stick’
fits into the interferometer
picture?

< An intuitive picture is to
consider:

» A vacuum state is entering the
interferometer from the
photodiode.

> It is then ‘reflected from the
interferometer’ and is detected
together with the GW signal on
the main photodiode.

Vacuum
fluctuations
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GW signal in Quadrature picture

(Shot nOISG \ GW S|g nal ShOV@ Picture courtesy of A. Freise: Living Rev. Relativity, 13, (2010),http://www.livingreviews.org/Irr-2010-1
shows up in up in phase £, | cr |
both quadrature 3, T
quadratures Gw e, il
t )= el s | — T

-}~ -k~
/” S g S
’ N , N
’ N / N
1 N h \
l ‘ E l ‘ E
\ 1 1 \ 1 1
\ I \ 7
\ 7 \ /7
\\ // \\ /,
~ - ~ -

No correlations

No correlations ol 0 40 80 80 100 120 140
\ ) \ / .

phase [deg)

2 If you change the length of a cavity around its resonance, the
slope of the amplitude is zero, while the slope of the phase is
maximal. Therefore, GW signal adds to phase quadrature.
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. Where does Radiation pressure
:
noise come from?
NVithout radiatiom
pressure
GW Phase
1‘ fluctuations
E, YU,
| Amplitude
( E, fluctuations ==
GW
No correlations
\ _J
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. Where does Radiation pressure
:
noise come from?
/Without radiation "\~ Radiation pressure \ =) Amp“tUde fluctuations
pressure included
act onto suspended
£ mirror.
A 1'2E,/(mf?2) _ _
£ ase S Mirror is moved and
452 152 SIS gives contribution in
Amplitude the phase quadrature.
1 E, | ——> E, fluctuations &=
s oW 2 This new contribution:
ocorlaons | ader 2 ~ s correlated to E,
. N _J > depends on the mirror
mass
» Its magnitude goes
with 1/f2
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VIA VERITAS VITA

ﬁVithout radiatioNRadiation pressura

Where does Radiation pressure
noise come from?

pressure included
'T‘GW
I"2E, [(mf?
TGW ,} Wl )
IEZ AE;
( \: E,|i o ‘:' > E,
_ Radiation pressure
No correlations | introduces correlation

\_ AN J

Strain [1isqrt{Hz))

SQL for a simple Michelson (length = 10 km, mirror mass = 10 kg)

== ghot noise, P = 10000 W :

radiation pressure, P = 10000 W g
=== quantum noise, P = 10000W |
== ghot noise, P = 1000000 W ;
“ovradiation pmwn.P-toooooow:

== quantum noise, P = 1000000 W
‘_SQL u

!
i

10" 10' 10’
Frequency [Hz]

2 At high frequencies radiation pressure is negilicable (due to 1/f2).

2 At low frequencies radiation pressure is dominant

Stefan Hild
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Overview

(" Prase Coherent State Y~ prase Squeezed State
Quadrature Quadrature

< Squeezed Vacuum l/' V
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Ball on a stick and Heisenberg

" Phase Coherent State Y~ Phase Squeezed State )

Quadrature Quadrature

Y

VIA VERITAS VITA

|
|
|
|
|
|
|
|
|
|
|
|
|
)

Amplitude Amplitude

I I
\ AX ; Quadratuy\ AX p Quadrature/

Heisenberg uncertainty principle: 5 -
there is a minimal area of ball AX1AXy > 1
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Time series of phase and amplitude
squeezing

Task for you:
Sketch a time series of a) a phase squeezed state and b) of an amplitude

squeezed state.

Stefan Hild VESF Summer School, June 2012 Slide 21
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Examples of ball on the stick

4 N\ [ N\ [ )
x4 xA x4
X e X
9 Coherent state ) L Vacuum state ) L Phase squeezing )
4 N\ [ N\ [ )
x4 A
XQ"‘ X;
X1> > >
Phase squeezed X X
: 1,

\ vacuum Y \Amplltude squeezing @uadrature squeezed Y
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What squeezed light is available ?

2 Over the past decade,
squeezing made
incredible progress.

< We have now all we
need:

» Squeezing at all
frequencies of interest (as
low as 1 Hz)

» Squeezing factors > 10dB,
improves the quantum
noise by a factor 3 (or is
equivalent to a power
increase of 10)

Noise power [dBm)
NISRLLLLRLRBEEE

P e ———— e ———— r— g g

vacuum n:)rse (shot-noise)
1 10dB of squeezing

squeezed noise

detector dark noise

i

o e ——— el ——]

0O 10 20 30 40 50 60 70 B8O 90 100 110 120 130 140 150

Time [ms)

Vahlbruch et al., PRL. 100, 033602

Stefan Hild Bham Seminar, Feb 2013

Slide 23



ﬁ GLASGOW i
- Injecting squeezed light into an interferometer

{ No Squeezing V No Squeezing\ / With phasev With Phase \

GW 1\ Squeezing Squeezing
'T‘GW UE1'T‘
'T aE, aw

~~~~~~~

AE; E, E
A2 2
-=F=~< ==«

,/’ N /” AU N R N A NN

’ A ’ N L7 RN ,z” T
1 —> E 1 —> E ’ —>E, |: 3 E
\ N 1 \ N 1 \\\ P4 1 \\ Pl 1
\ 7 \ l

\ ’ \ ’

N 4 N 7’

\Low frequency AHigh frequency) \ Low frequency /\High frequency /
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- Injecting squeezed light into an interferometer

/" NoSqueezing \/ No Squeezing\ ( With phaseY With Phase \

GVV T SqueeZing SqueeZing o SQLforasimple Michelson (length * 10 km, mirror mass * 10 kg)
GW oE ]

I

A aE,

== ghot noise, P = 10000 W
radiation pressure, P = 10000 W i
== quantum noise, P = 10000W |
== ghot noise, P = 1000000 W [
radiation pressure, P = 1000000 W |
== quantum nolse, P = 1000000 W |
et 8 8

—

=
]

............

AEz E2 4

_ _ AE2 E
I N B .
1 “ E 1 \\ E I// _ﬁ\\ E I/ R E E-
! —> E4 ! T 1 1] 1 *
\\ /I \\ /I l“
N e Y 4

Frequency [Hz]

Strain [1/sqriiHz))

\Low frequency AHigh frequencyj \ Low frequency j\l—iigh frequency /

< Injecting phase squeezing into detector output:
» High frequency sensitivity improved ©
» Low frequency sensitivity decreased ®

< Phase squeezing gives in principle the same as a power increase.
2 With pure phase squeezing you cannot beat SQL!
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Squeezing is no Scifi. IT WORKS !

a GEO-HF reference

GEO-HF with squeezing % i i : [ reteronce
|
|
'ML»

Reference + Squeezing||
LSC, nature physics
1022 DOI: 10.1038/NPHYS2083

100 200 300 400500600 800 Tk k3 sk Sk

—-
o
.
»
O
PR

(S
~

GW-strain (Hz

N
T
£
F-
8
3
c
o
B
€
g1
7

Observatory noise, calibrated to

Credit: S. Dwyer, Talk at GWADW2012

Frecuency ("‘Z) = Frequency (Hz) &

< Recently squeezing of up to 3.5dB and at frequencies as low as a few
100Hz have been demonstarted in GEO600 and Enhanced LIGO.
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The GEO600
squeezer
(schematlc)

VIA VERITAS VITA

Images courtesy to GEO600 squeezing Group

T "SHG T frequency shifted

erc

: A | '_ beam from GEQ
I
I

!Pas Pom.Lm

/ cavity length control beam
PBS ./{o/]o p (green phase)

50/50  coherent conkrol beam
|

! \ Alignment bnm !
|

R -

PBS
Squeezed

Light ¥ v

PD-cavity
SOU rce length Al»:]rmcnt

PD-Homo!
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VIA VERITAS VITA

Injection ‘ockec
high-power
laser systerm
W

Squeezing
main laser
2W
Squeering

aux laser

02W

Squeezing
aux. laser 2
02Z'W

—E

Twa sequential

mode-cleaners
(8 m round-trip)

1.O64 nm

MFn
L )
600 m narth arm
(folded in vertical plane)
-
MPR MCn
T=0.09%

Squeezing elipse and
phase control beam

Squeezing

SQueezng resonator

erath control be ‘--\\-
wsince trol beam resonator \

Squeered ight source

Phase

solator

Squeezed vacuum
plus corttrol field

Vacuum system

600 M east arm

(folded in vertical plane)

- -

™

0

MCe S
Mie n N

£.0>

nw I

° >n

= .S_z

MSR S o9
1.9% x =3
o

Output g C -
mode-cleaner =1 d —

Data OonO

a 10

Photo

dicce
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5 How to inject squeezed light into GEO??

VIA VERITAS VITA

< Squeezed light is
injected via a
Faraday rotator
into the back of the
interferometer.

< It is then reflected
from the signal
recycling mirror
(MSR) and
detected at the
main photodiode
(PD).

2 Squeezing requires
low losses.

1% 1%

-

oy /\
- ——P
5%\/ 2%

d— A o

= oa DWSTY _ Output
” G— T de clez
/ Squeezed Vacuum ' 10/0 R
tlon/Alignment -
7% [ Total loss: 20% J
Squeezed — ] a
ig ( \ """ ‘j # ) 0 ','./"'D
source = Faraday 9}:1,5 \ l
Isolato

Squeering-breadboard

A. Khalaidovski: http://gw.icrr.u-tokyo.ac.jp/gwadw2010/program/2010_GWADW_Khalaidovski.ppt
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What is the maximum Squeezing ?

< What is the maximal noise 10 ‘A
reduction we will ever get £ o
from squeezing? § . s

< With the current losses >0.2 g7 ke e
we are not limited by the 5 6 gl
achievable squeezing of the s 25
sources. S , ~

E

S Even with an infinite g9
squeezing level it seems G 2 —
hardly possible to get an ] S S—— ' ‘
. 0 0.05 0.1 0.15 0.2 0.25
improvement better than a Loss
factor 3.
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Wobbeling of the squeezing angle

/ Phase Squeezed Statg / Phase Squeezed State\
Quadrature Quadrature with 'angle' noise
AX,
AB( Amplitude Amplitude
\ y Quadrature/ \ Quadrature/
Stefan Hild Bham Seminar, Feb 2013 Slide 31
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¥] c.%ow Squeezing injection in GEO

GEO 600 iy

Vacuum system

Y

VIA VERITAS VITA 600 m narth arm

(folded in vertical plane)

Two sequential

tion locked
Injection locked mode-cleaners

high-power (8 m round-trip)
laser systern
';1 ‘A’
™
=]
1,064 nm
> ~
0w
: £.2>
7
° >n
- 4= C z
Squeezing c o -
main laser TR 8
2W SMG ;é 5o
- -I‘-“' -~
Squeering E c (=)
aux laser 5 - ‘._.
Q2W qa (&) 6
PLL3 Squeezing elipse and E (ﬁ a
e phase cortrol beam
___OPA

Squeezing

v |

aux. laser 2 E—’—Mn -Qs — ‘

o2Z'W X | ' ’
-S.:th:l bag  Saueezing -
ength control beam L

Squeered ight source

Tasks for you:

1.Where in the drawing above do you think the phase noise is introduced?
2.Where do you think you can find the best error signal to correct it?
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Phase noise on squeezed light

2 Need to stabilise the
squeezing angle very
accurately.

< PLEASE NOTE: In this
case it is not the
audioband
frequencies that are
important, but the
rms!

< Key-problem will be
to find good error
signals for this.

% Total Losses

Measured Squeezing

J
: [
/
. T/alk at G\O;YADW2012

>
B 3
. ¢ o TP
. 1 ~5 =
1 10 k5
.12 -"‘~_____7 S
13 11 ~10 QJ'
14- 12
: !
~16- ‘13 1
'|5Zlk i — i -l

Milliradians Phase I'Joxse
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Frequency dependent Squeezing
If squeezed light should | Image: H. Vahlbruch, PhD thesis.
reduce shot noise and w 10k g
radiation pressure K I\ squeezing
] N . angie
noise, you need a 21Xy ?
frequency dependent é 10 Quantum noise
SqueeZIng angle: ‘g : iy Quantum noise in X2
] = ’ REREERE 20 dB squeezed
2Phase squeezing at 21077 ening W i
high frequencies. . =8 o
. . 5 | : -
2Amplitude squeezing - *SQl :
at low frequencies ' KF)requency :331 " o

With frequency dependent squeezing it is possible to surpass the SQL.

Stefan Hild

Bham Seminar, Feb 2013

Slide 34



UNIVERSITY

™Y crascow ~ Einstein Telescope

,
i
i

 —— -
S —— e

JE—— e c———

—

———

. i ——
- — *”‘




UNIVERSITY

Creating frequency dependent
Squeezing with filter cavities

Y

VIA VERITAS VITA

0 ":7 -
¥ z
[
B 10 « g
b S
—— Quantum noise with realistic tilter cavities
Ror cavity * = * Quantum noise, ET-C LF
_ > -l ......... ] 10" i M T‘
SQueezer PO ‘ P 10 10 10
= 30 g -
- , ]

< We can realise frequency dependent squeezing by reflecting it
on a cavity, i.e. making use of the cavity’s dispersion.

Stefan Hild Bham Seminar, Feb 2013 Slide 36



UNIVERSITY
i oS
' ﬁ GLASGOW

»

ET layout

4 Y £
- A A oS
Lo .
” O
= #n ), Grn-LF
3 g
\90 deg Einstein Telescope LA
Y Xylophone option o
2 o f (ET-C and ET-D)
i B
‘7
& /
~5 vy,
60 deg /, ,/
Y
¥
e . ,/ ,/
¢t/
S/
i C\ I _— , *
\ .,-' o 2 - -
P e e T 0 2 AN
\5 D' 5 0‘0 : n é N **’
K Red-LF e e »
R a 4]
\~ e M M T T R T R R TR T TR T T T e e ——— “-——-—g .'u.LF %
Ot = ‘:;;‘:‘\\\\\‘\\\“\‘s‘.‘-‘q ......... n [
P \ /
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Example of frequency dependent

Squeezing: LIGO3 Red

< During the last year people
have started to investigate
potential upgrades to the ol
Advanced LIGO detectors. |

< For details please see:
» LIGO-T1200005-v2
» LIGO-T1200031-v3

Strasn [17M2)

< Here we just want to take it
as an example to look at the

design of the frequency § otk Jl\ur R |
dependent squeezing ;: TV e .
3
TS N A T e
Frequency [Mr]
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< Stiff Photons
<>
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What is an Optical Spring?

< Detuned cavities can be used to
create optical springs. _— —_—

< Position change of the mirror => Detuned
power changes => radiation Laser suspended

pressure force changes. 1 cavity q]
|

< Optical springs couple the mirrors

of a detuned cavity with a spring R
‘ . y - SLADIe =
made out of 'stiff photons il p unstable 5 optical spring
2 Can be used as low-noise [ \" ./
transducer for GW signals to mirror
movement in the local frame. . X
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Overview of finished experiments:

" From Input
< Optical spring demonstration with 100g Optics
mirror IH
2 First Demonstration of a waveguide mirror in ==
a suspended cavity ; ‘ .
2 Injection of LG modes into a suspended 10m {oPi@ hsidiii Py Waieguee

| Y %

! \Direct Thermal/'
HEE . -
{ “ noiseexp ,/ |
] ~ ',’

cavity
Overview of ongoing experiments:
< Local Readout / Optical Bar experiment

2 Dual Carrier Optical Springs and Quantum
Control

2 Waveguide mirror side motion noise
2 Speedmeter proof of principle experiment

Stefan Hild Bham Seminar, Feb 2013 Slide 43
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Tessleee

VVVVVVVVVVVVVV

Stiffness of an optical spring in

Omomochamcd Reopomo

Glasgow 10m prototype

o & .

Phase [deg]

t & § 4
|

'
Frequency [Hz)

= (2rf,;)°m, = 9.4 x 10° N/m.

Obtained a Youngs Modulus of optical

E = KLac ~1x1012Pa, €& spring similar to that of diamond

A

Stefan Hild

Bham Seminar, Feb 2013
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Optical Bars and 'moving mirrors'

| | EM1

Task for you:

Image there are 3 observers
standing each next to EM1, EM2
and MX. A gravitational wave comes

by. Which observer can 'see’ which
mirrors moving?

EM2

Stefan Hild Bham Seminar, Feb 2013
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Optical Bar configurations

< Very light mirror (MX) is coupled
to the movement of EM1 and
EM2 via optical springs.

EMI1

< MX can then locally read out by a
small local meter without
disturbing the quantum states in
the main instrument (QND

measurement). o —
MX
< Split between GW transducer and E —— l
readout allows separate ' »
optimisation of these two
systems.
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Multiple Optical springs.........
in coupled cavities g

< Experiment
currently under
construction.

VIA VERITAS VITA

——:— : ;7”: coupling
¥ 11 b. Purely mechanical coupling

< Use dual carrier
systems in a R e 311 it
coupled cavity Frequency P i
systems. <

< Initially only
mechanical
coupling, then
mechanical+optical
coupling.

Frequency Length

Stefan Hild Bham Seminar, Feb 2013 Slide 48
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Double Optical Spring resonances

< What happens if the optical spring frequency coincides with the
detuning frequency of the optical system?

PHYSICAL REVIEW D 84, 062002 (2011)
Stable double-resonance optical spring in laser gravitational-wave detectors

Andrey A. Rakhubovsky,' Stefan Hild,? and Sergey P. Vyatchanin'

V| d
. Susceptibility strongly 0
2.00
- enhanced compared ] |
| to free test mass ool e N e
A 0.70 e\ L7
-5 i N ~ s’
| /N L 0.50 S -
¢/2
- : /4 0.30 ,
l“J' f ........... ”_._‘,.»-':"’-._7 ".\N. f[p() MASS ()2() 2
apm ‘ & \\ ().15: i3
9 — 4. 6. 8. 10. 12.
10 i \\
,x_;\ Fig. 4. Plots of sensitivity & of ET normalized to SQL versus frequency. Traces 1,
“ = 2 ‘ P e " f ) Hz 2: different regimes of optical rigidity. Trace 3: design sensitivity of ET without
0 U 0 100 150 200 00 squeezing, no thermal noise present.
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Overview

~

Sagnac Interferometer:
Speed meter

<2 Why not measure observables
that commute?

Stefan Hild Bham Seminar, Feb 2013 Slide 50
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Are there better observables?

VIA VERITAS VITA

< So far we used Michelson interferometers to derive
strain, by continuously measuring the
displacement of the mirrors. ~

=

Michelson Interferometer:
Position meter

< However, quantum mechanics limits the accuracy
of the measurement: [X().X(t)]=0

[x(2),p()] =0

< However, already in 1930s John von Neumann told i
us that there are observables which can measured \ © Photo diode J
continuously without encountering the Heisenberg
uncertainty. For example the momentum or speed
of a testmass in our case.

[p(t),p(t)] =0
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Speedmeter is not a new idea!

peedmeter originally suggested by
Braginsky and Khalili in 1990. et

< First suggestion to implement in a —In .
Michelson Interferometer (shloshing e =
cavity) was in 2000 by Braginsky, - ‘
Gorodetsky, Khalili and Thorne.

| m__J

< Part of the signal is send back into the
interferometer to cancel out
displacement infromation.

< Purdue and Chen further developed H |
shloshing cavity approach (2002). ? N

) L.

2 In 2003 Chen showed that a Sagnac u\l |
interferometer is a speedmeter.
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Sagnac as Speedmeter

A Sagnac interferometer measures only (!) the speed of the
mirrors, from which we can obtain the strain h(t). => No
quantum limit.

a === Michelson lnterferometeD a y(t) e Sagnac |nterferometeD ,Each m"" ror /S_
Position meter Speed meter sensed' twice:

y(t,)

x(t,)

\ ¥ Photo diode / \Photo diodeé J
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Sagnac as Speedmeter

A Sagnac interferometer measures only (!) the speed of the
mirrors, from which we can obtain the strain h(t). => No
quantum limit.

-

mirror |
Michelson lnterferometeD a y(t) e Sagnac Interferometer:\ ,EaCh CL S_
sensed’ twice.

Position meter Speed meter
y(ty)-y(t)
X(t,)-x(t,)

Therefore on the
photo diode we
only have

X(t) information on the
mirrors velocity,
but not their

& ¥ Photo diode ) \Proto diode® ) displacement.

2 A Sagnac speedmeter can avoid back action noise and therefore

be limited entirely by shot noise. (= no quantum radiation
pressure noise!)
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: ERC Starting Grants

< Obtained 1,400,000€ from the ERC for the period of 2012-2017
to proof the speedmeter concept.

< Sufficent funding for required equipment + 4.5 FTE.

European Research Council

ERC Grant Schemes
Guide for Applicants for the
Starting Grant 2012 Call

Version 14/07/2011

1.1.4 What kind of research can be funded?

ERC grants aim to support ‘Frontier Research’, in other words the pursuit of questions at or
beyond the frontiers of knowledge, withoul regard for eslabished disaplinary boundaries.
Applications may be made in any field of research coverad by the Treaty on the
Functioning of the Eurcpean Unicn inciuding physical sciences and engineering, life
sciences, and social scences and humanities. Please note that research proposals within
the scope of Annex | 1o the Euralom Treaty, namely those directed towards nudear energy
applications should be submitted to relevant calls under the Euratom 7th Framework
Programme'®

In particular, proposais of an interdiscplinary nature which cross the boundanes between
different fields of research, pioneering proposals addressing new and emerging fields of
research or proposals introducing unconventional, innovative approaches and scientific
inventions are encouraged, as long as the expected impact on science, scholarshep or
angineering s significant.

s Lo these aspects, in ful
i lLe. I successful the
kit the research project

The peer review evaliuation of proposals aret
understanding that such research has 4 !
payoffs will be very significant, but there isga

does not entirely fulfil its aims

Some frontler research activities and methcdologies may have ethical implications or may
raise questions which will require sound ethical assessment in order Lo ensure that research
supported by an ERC grant respects the fundamental ethical principles (see Box 4 and
Amex 2).

Stefan Hild
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Michelson

i &= e 2 1g mirrors suspended in monolithic
) Coing DIweton 0580 fused silica suspensions.
i | _ Cmam 2 1kW of circulating power. Arm cavities
Ew* with finesse of 10000. 100ppm loss per
: roundtrip.
gm 1 \—__ ./ . p . . . .
| = S Sophisticated seismic isolation + double
= ' pendulums with one vertical stage.
'"”:‘""’ - 2 Large beams to reduce coating noise.
) e e SRR < Armlength = 1m. Target better than
o u* Conting Vi aptic wnite 10-18m/sqrt(Hz) at 1kHz.
By — Vit motee 2 In the initial stage no recycling and no
f o S~ squeezing will be used.
im . & S e 2 Really just want to show the reduction
T of radiation pressure noise in a
W - - 7 speedmeter compared to Michelson.
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What are the aims of the project?

\

77777 P S S S S S S F————

== Michelson: Quantum noise 3
- Michelson: Total noise ]
- { === Sagnac: Quantum noise

< Plan to setup an ultra-low noise
Sagnac interferometer with high
optical power and low-weight
mirrors in order to demonstrate
reduction/absence of back action
noise and to test the Sagnac

Displacement [m/sqrt(Hz)]

configuration for potential Y s, - RS
prOblemS_ C--Z:z :::::,:::,:::::,*:,, ,,,,77:;:;;:::
. . . . L \,,,\,,LJ,\,\,‘,\,",,,4‘,7‘ 77777777
S Design optimised to achieve a ool duantum fojse canceling || 4
Ppe . 10 10 10
factor 10 better sensitivity in the _ Frequency [Hz] D
few 100Hz range, than an ( Optical Layout of proposed Sagnac \
equivalent Michelson PR

Laser

interferometer could achieve.

2 Proof of the speedmeter q-

Photo

3 Zero-Area
conce pt . diode Sagnac
Input + Detection  |+arferometer

'.‘:""T' Cavis
“QVity o ol
\ sysiems
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EXTRA SLIDES
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Mirror Thermal Noise

3 i ue to thermal fluctuations the position of the mirror sensed by
the laser beam is not necessarily a good representation of the
center of mass of the mirror.

< Various noise terms involved: Brownian, thermo-elastic and
thermo-refractive noise of each substrate and coating (or
coherent combinations of these, such as thermo-optic noise).

< For nearly all current and future designs coating Brownian is the

dominating noise source: Temperature

Boltzmann Geometrical
constant coating thickness
\\k d//
PSD of AknT Y/ Y
. . B . Harry et al, CQG
displacement™— S = — z @ + @ )
z(f) 2 fY 13 (y P+ 37 PL ) |19, 897-917, 2002

Young’'s modulus

Young’'s modulus )
of coating

of mirror substrate

Stefan Hild MG13, Stockholm, July 2012 Slide 60
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How to reduce
proved coating nMdIIT{iQ l'e-a-_hermal \M@Lﬁﬁe?mirrors

crystalline coatings like AlGaAs, GaPAs)  Brueckner et al, Opt. Expr 17, 163, 2009
Cole et al, APL 92, 261108, 2008 PhD thesis of D.Friedrich

Please note: Technical readiness of the
techniques might vary strongly!

Cryogenic mirrors
| Uchiyama et al, PRL 108,

Larger beam 141101 (2012)

size (needs —
larger mirrors)

Harry et al, CQG 19,
897-917, 2002

Khalili cavities

Khalili, PLA 334, 67, 2005
Gurkovsky et al, PLA 375,

4147, 2011
(Cost + Complexity = -

: 7 - oY
Different beam shape \ Amorphous Silicon N B
Mours et al, CQG, 2006, 23, 5777 coatings S kit
Chelkowski et al, PRD, 2009, 79, 122002 Liu et al, PRB 58, 9067, 1998 - — )
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Suspensjon Thermal Noise

3 emperature
oltzmann
constant Loss angle
S
— >
PSD of 4kpTw? quw)

displacement —PX 2(w) —

wopl(F — w?)? + Wi (W)

4
Mirror mass

< Mirrors need to be suspended in order to decouple
them from seismic.

< Thermal noise in metal wires and glass fibres
causes horizontal movement of mirror.

2 Relevant loss terms originate from the bulk,
surface and thermo-elastic loss of the fibres +
bond and weld loss.

< Thermal noise in blade springs causes vertical
movement which couples via imperfections of the
suspension into horizontal noise.

Stefan Hild MG13, Stockholm, July 2012 Slide 62
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How to reduce
Suspension Thermal Noise?

Please note: Technical readiness of the
techniques might vary strongly!

o

Gain

Improve
fibre
geometry/
profile —_
Bending points, _
energy stored via (Cost + Complexity)
bending and neck
profile can be \
Potentt'?”}’ ﬂ:jrther Increase length of Cooling of the suspension
optimisead. - .
g final pendulum stage. to cryogenic temperatures.
Allows the push suspension Usually also requires a change of materials.

thermal noise out detection band.
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= Selsgnlc causes density changes in the
ground and shaking of the mirror
environment (walls, buildings, vacuum
system).

2 These fluctuations cause a change in the
gravitational force acting on the mirror.

< Cannot shield the mirror from gravity. ®

Coupling constant (depends on type of Gravitational
seismic waves, soil properties, etc) constant Density of

~. / __— ground

PSD of 4-082-G2.p2 v,
strair1\>Ngg(f)2 = ﬁLZ 1 Xs2els’
2R .

\ o

PSD of seismic

frequency

Gravity Gradient Noise
also referred to as Newtonlan noise)

Images: courtesy G.Cella

Stefan Hild MG13, Stockholm, July 2012
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How to reduce

[ )

(in Ve vita ' '
c P & cal in N O I S e ?
' techniques might vary strongly!
O

Effort 012)
(Cost + Complexit)y 012004

- - Obviously not possible
Sub_tract|0|_1 of gr_awty within the LIGO
gradient noise using an infrastructure (but
array of seismometers. consider for other

- Beker et al: General Relativity and Gravitation projects, see GW4

Volume 43, Number 2 (2011), 623-656
* Driggers et al: arXiv:1207.0275v1 [gr-qc]

session tomorrow)
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Quantum Noise

% Quantum noise is a direct manifestation of the Heisenberg
Uncertainty Principle.
2 It is comprised of photon shot noise (sensing noise) at high
frequencies and photon radiation pressure noise (back-
action noise) at low frequencies.

wavelength
X — \'}
1 ["eA”|
time | hsn(f) B Z 2 ' '
| m P+——_ optical time
3 \\ power >
fincer Suspended '_ Mirror mass Arm length [V ’
mirror rp ru Laser
' ‘:ul '||;'|:||| h ( f) ) ]. hP
E | I | -
s = f2L YV 2m3ceA Photodiode
X
photon radiation pressure noise photon shot noise
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How to reduce Quantum Noise?

[
Squeezing with frequency Speedmeter
dependent squeezing angle Measures momentum of test
Kimble et al, PRD 65, 2002 masses and is therefore not
) susceptible to Heisenberg
/ Please note: Technical readiness of the Uncertainity Principle.
; teChniqueS mlght vary Sl‘l’ong/y! Chen, PRD 67, 122004’ 2003

Squeezed Light

LIGO Scientific
collaboration, Nature ™
Phys. 7 962—-65, 2011

Optical Bar +

Optical Lever
Khalili, PLA 298, 308-14,

2002
Effort
Increased _— (Cost + Complexity
Laser Power \ \
N Neecll to dtflal with . Local readout Increased Mirror Weight
erma frg.rfms an Rehbein et al, PRD 78, Need to deal with thermal problems
Instabiiities 062003, 2008 and instabilities
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Surpassing the SQL at AEI-10m:

Y

Variational Readout

Homodyne
ﬂ?adiation pressuN Variational readout \ s \
included ﬁ
GW - GW
1‘ \\ //1‘

A I'2E,/(mf?) v o I"PE/(mf?)

T e

Laser

AEZ "AEZ E f:—} W X l
-t |- 85 MX
7 N 4 e ]
K \\ / \\ ; n "
i L—=—>E, : —> E,

\ \ 4 »
\\\ ,//’ \\\ ;'/ ’ '
---t e-ot \\ phase shifter

Radiation pressure Change of readout

introduces correlation quadrature: cancelation out
\ of green arrows / K =,

< Variational Readout enables us to partly cancel radiation
pressure noise by selecting the appropriate readout quadrature.

® Readout quadarture (angle) can be chosen by phase shifter
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Interferometer
. el SN - it oN K Variational readout \

— SOIS e SUSD
MIMOr - coating
------ thermo-oplic
freq «- intensity % GW
----- end-mirror cavity \ ,,’ T

- Total classical nc:i:o"" \\ R /ﬁ |1’2E1I(mf2)
............................ L
-’

Noise spectrum (m/rtHz)
o

ey
e T

L]
--------

“am
..
o
‘e

Change of rea\dout

quadrature: cancelation
Frequency (Hz) of green arrows

2 Using Variational readout, we will be able to completely cancel
the radiation pressure noise at ONE frequency (100Hz) and
surpass the SQL a factor 2 to 3.

& To cancel the radiation pressure noise a all frequencies, we would
need a frequency dependent angle of the readout quadrature

L T rrrrrrrg 4 T T 11y
T 2 3 4 5478 ? b ‘Sl’l’
1
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= LIGO3-Red Quantum noise

VIA VERITAS VITA

2 We kept the interferometer configuration and the mirror
reflectivities the same as in aLIGO baseline.

2 Introduced frequency dependent input squeezing.

2 Key aspects: achievable squeezing level & required length of

filter cavity

Laser and Optical Parameters
| Laser Wavelength | 1064 nm
| Optical Power at Test Masses 1 730kW
| Arm Cavity Finesse | 450
| Signal Recyeling [T =209, tuned
| Squeezing Factor [ma
| Filter wity (FC) length | n.a
' FC Detuning ' .0
'T('I:{;s-.i Mirror Transmittance T 1.
| Squeezing Losses | n.a

e —— - ———

1064 nun
I T30kW
150
| [ 7'.-'!" o, tuned
20d8
S m
16.8 Hz

125 ppm

0% + 3 ppm roundtrip in ¥C

Stefan Hild GWADW, Hawaii, May 2012
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VIA VERITAS VITA

Frequency independent
losses:

Generation of squeezing: 3%

a (,)[)'i('«'l] i.‘-&()]:\[ i()“: 3 x “i\l"

¢ Mode matching to IFO and to OMC: 2 x |

OMC loss and QE of PD: 2 x 0.5%

Mode matching to filter cavity: 1%

= 9% in total

+

Improvement factor
w

0_ F )

y >

Example: Squeez losses LIGO3 Red

Frequency dependent loss
(from flltercawty)

| = 500m FC, BNS=640 Mpc
| = 300m FC, BNS=613 Mpc¢ ||
| = 200m FC, BNS=584 Mp¢
| ==100m FC, BNS=521 Mpc ||
| 50m FC, BNS=455 Mpc |

Assuming losses are independent
of cavity length i E 2 pehddd |
10’ 107 107

Frequency [Hz]

Starting from 20dB squeezing inside the squeezing crystal the losses
reduce the observed squeezing to about 9-10dB
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< While optical Bars and levers
require a complete redesign of the
interferometers, so-called ‘local
readout’ is compatible within
advanced LIGO infrastructure

< Atlow frequencies ITM and ETM
are rigidly connected. laser |

laser 2

—

< At low frequencies GW signal is not

I'T™™ ETM
in differential arm length, but in ITM *
movement (local frame). i
< Use a separate laser system to read Rehbein et al: PRD 76, 062002 (2007)

out the position of the ITM.
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Local Readout for Advanced LIGO (2)
How does local readout for Advanced —1:carr'i_er output
LIGO WOI’k7 - 2" carrier output

2At low frequencies: the arm
cavity mirrors are ‘rigidly’ connected
by optical springs => GW does not
change the distance between ITM
and ETM. However, GW signal is
imprinted on ITM movement (in 1

10°

Signal-transfer function
o
8

-

(@
N
N

respect to BS), which and can be
read out by additional green laser.

2At high frequencies: no optical =/ —]
spring present => ITM and ETM can =&
move independently. "

Rehbein et al: PRD 76, 062002 (2007)
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Local Readout for Advanced LIGO (3)

S Technique allows to increase |- ™"
. T —— w/ local meter
ow frequency sensitivity. z . —
: 21072
< In a second step the Signal- 2
. ()]
Recycling can then be re- S
. . ] -23
tuned to slightly higher 21"
frequency. g 1
= 1020 L. B A R
< Win at low and high "
freq uencies. => Rehbein et al: PRD 76, 062002 (2007)
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Optical Bars and Optical Levers

Optical Bar

EM2

2 Optical lever: introducing arm cavities increases the movement
of MX by the Finesse of the arm cavity.

Stefan Hild

Optical Lever

Nonli-

near meter for the gravitational wave

antenna”,Phys. Lett. A 218 (1996).
“The ‘ptical lever’ intracavity

readout scheme for gravitational-wave
antennae”,Phys. Lett. A 298 (2002).

—]

=1

V.B. Braginsky and F.Y. Khalili:

F.Y. Khalili:

: -11-:
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Local Readout

Y

Demonstration

LONGTERM AIM: Pinning down of optical spring . __
features to refine models and simulations to provide ~8

deeper understanding of system dynamics and

control while maintaining low noise performance.

* 10m cavity with Finesse of 11000

* Input Power = 700mW (Laser amplifier addition will
give up to 4W)

« ETM (100g) coupled to ITM (3kg) with optical
spring.

- Signal is applied to ETM, while ITM is read out in
local frame with an independent interferometer.

« EUCLID local readout: 10-'3m/sqrt(Hz) at 100Hz but
poor dynamical range (limited to less than a micron)

« Beginning of Optical bar/Lever interferometer
configurations

Spring frequency [Hz]

i i i i I
0 0.5 1 1.5 2 25 3

100g ETM + reaction mass

.-
-
.

S
p X
£

Detuning parameter Vs Optical spring frquency
T T T

© Maximum Spring frequency =430

Detuning parameter (detuning/linewidth)




