— Gravitational-wave detection beyond
the quantum shot-noise |limit

The integration of squeezed light in GEO600



Gravitational waves from a binary neutron star inspiral
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Gravitational waves in an interferometer
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Sensitivity of GW detectors

Advanced LIGO design noise budget:
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Quantum noise

Advanced LIGO design noise budget:
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Quantum phasor diagram

coherent state: squeezed state:

Heisenberg uncertainty relation:
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Quantum noise in a
Michelson interferometer

bright coherent .
input state

IFO tuned to destructive
interference with small
DC offset

vacuum RS guantum noise in IFO explained:
fluctuations . Caves (1980) PRL 45(2), 75-79.
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Squeezing in a
Michelson interferometer
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1
squeezed I .|| quantum noise in IFO explained:
vacuum state ', : Caves (1980) PRL 45(2), 75-79.
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Sqgueezing in GEO 600
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Outline

1. Long-term operation of the GEO 600 squeezed-light source
2. Influence of imperfections

<. Practical squeezing injection at GEO 600

phase control
alignment control
loss mitigation

dark noise
backscattering

a new Faraday design

/.. Squeezing results

5. Outlook




The GEO 600 squeezed-light source

build and characterized at the AEI
installed at GEO 600 in 2010

7+ years of 24/7 operation
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Long-term operation and degradation

routine maintenance:
— temperature setpoint tuning

— occasional alignment tuning

observed power degradation in green path

dirt accumulating on optics with high

impinging green power
“laser-induced contamination”

mitigated by using replacement parts

avoiding all suspected contaminants
(glue, thermal paste, vacuum grease)
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Automation

fully automated locking of all squeezer
subsystems

implemented in digital real-time system (CDS)

relock time optimizedto<3s

mechanical shutter automatically disconnects

squeezer from IFO in case of error all PLLs locked 41_’
Nno excess noise manual

reaction time <50 ms \ override
all squeezer

subsystems locked =~ ) | .
g shutter control  — | delays %%%P;mcal
automation running —— "

GEO 600 locked I_,
light on main PD
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Duty cycle

squeezing active
70 % (1367 d)

squeezing active
88 % (1144 d)

internal problems

4% (75 d) science
time

1306d

internal problems I .
3% (33d)

squeezer locked but

shutter closed squeezer locked but
19 % (361 d) shutter closed
6% (74 d)

(full data recorded since 2012) v



Four limiting factors
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Optical losses
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— non-perfect quantum efficiency of detection PD
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Phase noise
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Dark noise
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Backscattering <
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Maximum reachable squeezing
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PRL 117(11), 110801.)
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Sgueezing injection
at GEO 600




at GEO 600

Squeezing injection T
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Phase control: Coherent control scheme

from IFO carrier
= MISBs (14.9 MHz)
CCSBs (15.2 MHz)
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Phase control: Performance
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1.5

0.5

time series of shot-noise level

T
[ no pick-off OMC refl. OMC trans. ]
| squeezing  signal signal signal 1
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 |
0 100 200 300 400 500
time (s)
published:

spectrum of shot noise level fluctuations

p—
o
|

ASD of BLRMS (1/@)

e
o

(3
T

Ill 1

1

0.1

K. Dooley, E. Schreiber, H. Vahlbruch et al. (2015)

“Phase control of squeezed vacuum states of light in

1
frequency (Hz)

gravitational wave detectors.” Optics Express, 23(7), 8235.
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Misalignment
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*

Alignment control with DWS

“differential wavefront sensing

from IFO
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Alignment sensing telescope
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Automatic alignment in action b

squeezing not yet limited by fast alignment fluctuations published:
) ] . E. Schreiber, K. Dooley, H. Vahlbruch et al. (2016)
will get more important with lower losses “Alignment sensing and control for squeezed vacuum

L : tates of light.” Optics E. , 24(1), 146.
automatic alignment already helps a lot as drift control R ptics Express, 24(1)

effectiveness can be demonstrated by artificial excitation:

error-point spectra time series of shot-noise level
(1 out of 4 DOFs shown)
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Injection path losses

from IFO

reflection off IFO:

1%

[

BDO2

BDO3

¥

_1MSR

total effective loss:

32%

(improved from 55 % in 2012)

OMC and detection
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Loss mitigation

simplified injection path to reduce
number of optical components

installed super-polished lenses and
waveplates

in-situ mode matching of IFO and
squeezer to OMC

polarization tuning with remote-
controlled waveplates
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Reducing dark noise

published:

H. Grote, M. Weinert et al. (2016).

“High power and ultra-low-noise
photodetector for squeezed-light enhanced

0.2 dB more observed squeezing at the time gravitational wave detectors.”
Optics Express, 24(18), 20107.

new electronics with frequency-dependent transimpendance amplifier

reduced high-frequency dark noise by more than a factor of four
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Backscattering

noticed occasional excess noise that got
worse when increasing the input squeezing

explained by linear coupling of squeezer
phase fluctuations in the presence of
backscattering

becomes limiting when phase noise is high

from IFO
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Improved Faraday setup

assembly on breadboard to allow
characterization in lab

adjustable angle of incidence for PBS
cubes

QPDs at all rejection ports to help during
alignment and polarization tuning

characterization in lab:
— 0.6 % single-pass loss (from 3—-5%)
— 44 dB isolation (from ~32 dB)
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Squeezing results

strain ASD, h (1/@)
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Calculating squeezing level from two reference times

107% — -
—— without squeezing E
/@\ e mise fncr entimateo] ] algorithm:
T -
= 1. get PSD of h for reference times
<102 . .
g EW O BLOHE W L e 2. estimate noise floor
<
g . .
g |||l IL 3. calculate spectral ratio of noise floors
o | | | | | | 4. average over band of interest
0 1000 2000 3000 4000 5000 6000 7000 .
5 | , 5. convert to decibel
1
g
s gives highly repeatable squeezing value
w - . .
o for judging even small changes

ratio of spectra
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s Tati0 Of moise floors
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| L| ]
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frequency (Hz)

35



Online estimation of squeezing level

real-time calculation of band-limited RMS of detector output
normalized to account for changing DC power on PD

can be calibrated automatically by forcing output to 0 dB with shutter closed
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Squeezing over the years
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Where to go from here?

best so far  in reach  long-term
goal
loss mechanisms:
, finite OPA escape efficiency 7% 7% = 1%
lenses, HR mirrors, etc. 3% 2% 0.5%
in-air Faradays 2x3% =»2x1% “»2x0.6%
. injection Faraday 2x45% =»2x1% =»2x0.6%
—t—p < reflection off interferometer 1% 1% 1%
pick off 2x 1% 2x 1% =»2x0.1%
OMC mismatch (all mode orders combined) 5% 3% 1%
OMC loss 4% 4% 1%
finite PD quantum efficiency 1% 1% 0.5%
\ total losses 32 % 22 % 7.8%
other imperfections:
=~ A RMS phase noise 20 mrad 15 mrad 10 mrad
dark noise (rel. to unsqz. shot-noise) 0.03 0.03 < 0.03
4 backscattering (rel. to unsqz. shot-noise) 0.01 0.005 < 0.003
<y,
resulting observed squeezing 4.4dB 6.2dB 10.1dB

Thanks
for
listening!
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— Bonus slides




Wigner function of a squeezed state
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Phasor diagrams
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Shot noise in a Michelson interferometer
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Readout schemes

Heterodyne Homodyne DC-readout
4 MY A4 MY Y MY )
A ' -
h : :
' Schnupp ' 1 dark fringe
E : asymmetry : : offset
1 / Laser I Laser I

Laser EOM

MX

out out
.~ .~
m— Carrier  sssesesees heterodyne sidebands 000 smmmmmma= signal sidebands

Hild et al. (2009). ,,DC-readout of a signal-recycled
gravitational wave detector.” CQG 26(5), 55012.



Standard quantum limit
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Standard quantum limit with squeezing
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Mizuno limit 1

in all simple dual-recycling configurations: ] H f H_ ”
o

limit on sensitivity-bandwidth product

7LVacuum input noise
AB/ShOY oax & constant O '
—~ 10-2 Shot Noise Only
N
T .
_ . = varying SRM
more precisely: — reflectivity
1 2 PcLarm ;:
- =23
/Sshot O dQ) < 27w <—h = 10
i (S2) woC€ g=
wn
=
2 P72
(depends only on power in arms and arm length) -g 10_24__/
= 4
%) . .
10! 107 103 10*
Frequency (Hz)

H. Miao, G1500730 46



Backscatter noise

interferometer

Pose = b[e_r cos(¢ — 9)62'9 + e" sin(¢p — 6’)@"(”%)}

injection
Faraday

¢(t) = @(t) + 00(1)

O(t) = ©(t) + d0(t) squeezing phase

ibse(t) o< able™ cos(P + d¢p — 06) cos(06) + €" sin(P + d¢ — 66) sin(66)]
= able™" cos(P) cos(d¢p — ) cos(d0) — e~ " sin(P) sin(d¢p — 06) cos(6)
— €" sin(®) cos(d¢p — d6) sin(00) — € cos(P) sin(d¢p — 66) sin(06)]
~ able™" cos(P) — e " sin(P)dp — 2 sinh(r) sin(P)db]

isolator OPA

=R =="Rr-D)

backscatter path
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Scattering “shoulder”

(upconversion of slow large-amplitude phase fluctuations)
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GEO 600

British-German GW observatory

17 km south of Hannover

part of the LIGO Scientific Collaboration

MFn

the GEO on-site team consists of:

— 3 operators, 1 technician
— 5 postdocs -
— 2 PhD students = |
main laser input modecleaners 14E9()h’<|/|Hz T=N(|)'4)(I;9% &_-__-— MFe
T 0
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o
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b

squeezer




Optical layout
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GEO noise budget
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Auxiliary lasers

80 MHz
from GEO
q main laser

master laser

15.2 Msz
/> EEER
&
coherent-control laser
20 Msz Z~1 GHz
/> EEER
&

p-pol. laser




SHG®

second harmonic generator

MgO:LiNbO, coupling
. crystal mirror
ceramic AR
isolator / / AR
\ /R =90% diphroic
HR mirror

q (IR+green)\

I:>DSH(3 /

temperature
sensors

Saper \
copper

IR beam

Peltier actuator

heater

(~350 mW)
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Green light path

SHG

q fast
modecleaner  phase

master

laser Mach— © Power
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OPA™

“optical parametric amplifier

pump beam

— p-polarized beam
- === squeezed vacuum

alignment
beam
e

coherent-control laser

21,
coherent-control sidebands Z ’

N

S
N

==

p-pol. laser

OPA
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Full phase control scheme

GEO main laser

=
0

80 MHz + &f

—

master laser

AOM

Q

\V
80 MHz

CC laser

Q

2

pump-phase control ’

]

ajﬁ >

|
= i
OPA ﬁ-- -------- Iy noiselock
G-k

omMC

sqz. phase control

analogue path

i digital path I

E LF
RF

GW signal

56



analogue controls

ADC/DAC
master PLL status
CC PLL EP mon.
p-pol. PLL
SHG
EP mon.
pump modecleaner EB mon.
Mach-Zehnder DC level
OPA _lock on/off
pump phase int. on/off
FB off
(IR modecleaner) ‘_oset

(homodyne phase)

CDS

PLL
EP RMS monitor

squeezer-subsystem
monitors and
real-time locking
routines

SHG temp. control

OPA temp. control

Digital control of the squeezer subsystems

EPICS

Python

squeezer
automation

GUI

MEDM

control
screens
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Digital alignment control (CDS)
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Tuning the alignment setpoints:

error signals are not zero 4
for optimal alignment =
L
— 35 L s ................................ ............................... 4
: . S
optimal error-point offsets @ .
change slightly over % .
perio ds of days £ . | SUPR— .\.\ ................................ ................. . .......
Q Tecg : ~
ﬁ i EE ouv_—.:?_od ‘@
possible culprits: 2_.‘,?00 e 700
— electronic Offsets NEAR rotation offset [cts.]

— first-order coupling of spot positions



OMC modescan
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Loss measurements

optic under test

50:50 N7
E—

-

) 4
>
re—>

(a) Differential measurement

amplitude-
modulated
laser

optic under test

4

power monitor

normalization

(b) Modulation measurement
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Improving residual phase noise

fighting phase noise sources at the
source

important contributor is optical fibre
for phase lock to GEO laser

I LI B B | I I I LI B I B | ' 1 I LN B I B | I I I

integrated in-band RMS

1 1111 llll
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L
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.
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1 L1 11 llll

lllll
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——loose optical fibre
10-5 ——fixed optical fibre

10 100 1000
frequency (Hz)



PBS characterization

transmission

100%

99%
98% F
97% F
96% E

950 bt

—-15° —-10° -5 0° 5° 10° 15°

(@) Tuned for maximum transmission

angle of incidence

extinction

10_3_""]""I""I""I""I""

10_4 R PRSI [T S SN S [T S TR S NN TN T S B S S
_15 _100 _50 Oo 50 100 150
angle of incidence

(b) Tuned for maximum extinction
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Dark noise caused by thermal resistor noise

shot noise of photo current (lower with squeezing): fS = vV 2el
~ 4kgT
thermal noise (Johnson noise): IT =
R
el R
we want shot noise to be dominating: SNR =
2kgT

possible solutions:

— cryogenic electronics

— high voltage

— frequency dependent impedance

Grote et al.,, DCC P1500203



Inductor as frequency dependent impedance

low frequencies see low impedance
DC current does not cause high DV voltage

audio frequencies see high impedance
strong signal, well above dark noise

needs very high impedance (~2 H)
to achieve low corner frequency

Barkhausen noise (flipping of magnetic
domains in core material) was initially
a problem,

solved by high-quality inductor with stacked
mu-metal core

Grote et al.,, DCC P1500203
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Squeezer characterization

. T T 15p
s . = [

—~ | S 10k
st N
N ] g s
§ 2F ] (% I loss = (66 +1)%
= [ loss = (64 +1)% o phase noise = (126 + 3) mrad
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: 8

1 _5 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 l-
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during backscatter problems
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good performance



Varying pump power

(anti-)squeezing (dB)

15 Fr————————

10

s modlel fit : N=(62.20.2)%, 8=(0+40000) mrad
@ measurement data 2017-05-04

mmmmmm model fit : N=(64+1)%, 6=(52+8) mrad, Pthr=(109¢1) mwW
@® measurement data 2017-03-17
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from IFO

Polarization tuning 1 ¢
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normalized transmission of

normalized transmission of

from IFO

Polarization tuning 2 ¢ | |
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Noise subtraction

-20
10 imm—— ———
——total measured signal
- — shot noise model
- — dark noise model
o ——non-quantum noise estimate
g
S = 4/S2, —S2 . - =
®©
c
2
w
£
g
»
1072 -
pros:
- - 10°
very simple and can be done live

frequency [Hz]
all known noise terms can be included

cons:
depends a lot on the correctness of the noise model

many parameters need to be determined
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Finding “unsqueezable” noise

10'20 i T I, T T
I —total, squeeze
——total, unsqueezed
— — dark noise model
T ——non-quantum noise estimate
"N
I
2 _r2.KC2 =
S . = Ssqz r Sunsqz — 102 ; !
rest — =
1—r?2 g _ |
= | .
()] \
= " #’hw
o [|® !
7 |' |
-22 J I
10 - i
102 103
pros:

frequency [Hz]
needs no assumptions on shape and level of shot noise

cons:

still needs squeezing factor as input parameter which is hard to measure
independently with high accuracy
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Cross correlation between two PDs

( @ » strain signal

OMC

f*\ » Cross correlation

from [FO ===
50:50

[AT
|Scross|T = \/Sczorr +2 ?Sszhot

cancels shot noise (and other uncorrelated noises) without any assumptions

pros:

cons:

currently not implemented (but we are thinking about changing that)
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Separation of alignment actuators
Setup

‘natural’ basis: rotated basis:
oa ‘weak’ DOF
Op
a .
1 i
(p a2 [
— 2
ox % ‘strong’ DOF
Wy
d,

assume 0 < ¢ < 90° (otherwise flip sign of one actuator)
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Separation of alignment actuators

Effect on dynamic range

A
‘weak’ DOF

[

‘strong’ DOF

relative change of dynamic range

—"strong" DOF
— "weak" DOF

0 10 20 30 40 50 60 70 80 90
actuator separation (degrees)

(This does not yet consider that the effect of the individual actuators
also depends on their position along the beam.)
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Separation of alignment actuators

Effect on cross-coupling in the presence
of parameter uncertainties

A
‘weak’ DOF
10°
\ —— actuator gain deviation +10%
—— actuator gain deviation 1%
actuator gain deviation +0.1%
-1
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28
c
2o >
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28
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Masses of known neutron stars and black holes

Known Neutron Stars -




Frequency-dependent squeezing with EPR entanglement

We Optical frequency—  We + Nwige

wS RC

wo + %
Signal Half-Pump

Brown et al. (2017) PhysRev D, 96(6), 62003.
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