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successful...but we
want more!



Third Observing Run (O3)

e 19 month commissioning break after O2

e Triple detector network: LIGO Hanford (LHO), LIGO
Livingston (LLO), and Virgo

e Began 1 April 2019, run for ~1 year (O2 was 9 months)

e Observing full time w/ Tuesday maintenance and ~6 hrs/
week of commissioning

e Most sensitive run yet!



First run with public alerts
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Angle-averaged range [Mpc]

Binary neutron star inspiral range

Most Sensitive Run Yet

Time [weeks] from 2019-04-01 15

e Hl
e L1
e V1

Network duty factor
[1238166018-1248652818]

Triple interferometer [45.2%]
Double interferometer [36.0%)]
Single interferometer [15.8%]

No interferometer [3.0%)]




02/03 Comparison
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Strain (Hz )
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0 0 Frequency (Hz) Frequency (Hz)
s ks
Input Power [W] 37 (30) 46 (29) 82 after
Intracavity Power [kW] 190 (120) 230 (100) cleaning
BNS Range, 1.4 Msolar [MPC] 110 (651:) 140 (1 OO) *Includes
800 1100 planned
engineering
break

BBH Range, 30 Msolar [MpC]
70% (62%*) 74% (61%")

Duty Cycle
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Improved reliability

lock duration histogram 02/03

ol
w N

e Total O2 lock losses =
717/240 days ~ 3/day

* Total O3 lock losses = f
137/74 days < 2/day

e Record 101 hr lock |||N“m l
30 5 10"”1{“IzloliJizisj.lJBO o |140 -

hourly bin

G1901122-v3



How did we get here?



In-vacuum Squeezer

e |njection of squeezed vacuum
reduces shot noise
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Squeezer Performance

- Without Squeezing

M | == Squeezing
3.2 dB (5.5 dB anti-sqz) 1022k
= 17 Mpc increase in |

BNS range

LHO
2.2 dB (4.4 dB anti-sqz)
= 14.5 Mpc increase Iin

BNS range " vy e e 0.

[\
98]
—

DARM [Strain/V Hz]
>

 No degradation in
sensitivity

* Limited by excess loss .| . R

e Known ~20%, 10 10°
measured ~40% Frequency [Hz]

LLO log 45069
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Squeezer Performance

LLO I == Without Squeezing
— == Squeezing
3.2 dB (5.5 dB anti-sqz) 1022k
= 17 Mpc increase in |
BNS range N
Z
a
LHO E
2.2 dB (4.4 dB anti-sqz) §
= 14.5 Mpc increase in & 107
A
BNS range iy g o™ o
e N on | .
Seoncgﬁig\;/:;danon " Quantum radiation
ise?
+ Limited by excess loss | pressure noise:
e Known ~20%, 10 10°
measured ~40% Frequency [Hz]

LLO log 45069
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Squeezer Reliability

e Fully automated
e Active angular control

e Duty cycle >98% (1 April — 17 May)
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Increasing Power

Parametric Instabilities

Nascent Mechanical
Excitation Mode

. ' ~
as 1 -
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Pump
Field
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Scattered .
Field W .
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Thermal Effects
| /" X
NS
- R
< y Radiation

Pressure

" High-Power Sources
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Acoustic Mode Dampers
(AMDs)
* Tuned to damp test mass

mechanical body modes
Installed on all test masses

e Successfully suppress

parametric instabilities!
* Negligible increase to thermal
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© With AMDs - Measured
+ With AMDs - Prediction N
1 1.5 2 2.5
Frequency [kHz] <104
13
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New Pre-stabilized Laser

high power oscillator (HPO) 70 W Amplifier
Ve N\
(

e Replace high-power
oscillator with 70 W
amplifier (neoLASE
neoVAN-4S) 3

Fi o
e Lower water flow for b B & %
Improved |itter

e ~50 W available to
Interferometer
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Beam Rotation Sensor

University of
Washington

15

ldea: remove tilt
coupling to
seismometer signals

1-m long beam

4.5 kg-mass

Cu-Be flexures
Resonance ~3-8 mHz

Autocollimator
readout



ASD m/sqrt(Hz)

Beam Rotation Sensor
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e [nstalled at LHO prior to
02, now also at LLO

o
()

o
—

o

’ ° IZO Windssopeed (:?ph) ” GCI) _70 ° Improvement Of ~3X at
| LLO and improves

locking in windy
conditions

: no BRS in loop

| | ——w BRS in loop
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102 107
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Earthquake Resilience

-Ground velocity at ITMY (+20 microns o ffset)
-G nd velocity at ETMY (-20 microns offset)

3o Diference e |dea: only isolate
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ol h\ 0 | earthquake
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Stray Electric Fields and
Optic Charge in O2

 |[ncrease in noise after —_— —
Montana EQ July 2017 ey 2017 EQ

10718 r _ i
Additional Noise after EQ

 Noise largely
disappeared after
optic discharge

I

| l\\ |
o |
\u %«MMJJA pastth ,u"w

-
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Strain [1/rtHZ]

e Additional excess
noise in certain
actuator configurations

-
S
N

1 0-24 -

e Suggests optic charge o 10° 10°

Frequency [HZz]
and/or stray E fields
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Stray Electric Fields and
Charge

Installed electric field meter in chamber
to monitor fluctuating electric fields

Viewport injections suggest large-scale
E Fields >100x below current
sensitivity

Additional tests to understand and
mitigate local E fields

Chevron baffles installed on ion pumps
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Scattered Light Mltlgatlon

ETMO9 ETM10

-
* End masses replaced F -

e Decreased scatter loss

e ~10% increase in power
buildup - . -

. o 1 .05 0 0.05 0 1
e |nstallation of additional baffles

Before baffles ' After baffles
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Other improvements

New annular reaction masses to
reduce squeezed film damping

Signal recycling angular control
scheme

New signal recycling mirror (T 37%-
>33%) and holder (thermal noise)

Reduced vibration on primary laser
table

Improved actuator filtering to
improve resistance to fast transients

J. Romie

Tweaks to angular control loops

21



Where else can we
Improve?



LHO Noise Budget

Noise budget for GPS start time: 1245107018, duration: 300s no squeezing

T T T T T { T T T T T T I T T T T T T
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Thermal noise
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LLO Noise Budget

L1 Noise Budget 29-Apr-2019 09:30:00 UTC + 300 s

DARM (measured) 133 Mpc - -Coating Brownian '~ ' ' ' | ——Input Jitter

Seismic — Dark Output Jitter
- —-Newtonian Quantum -2.9/+5.5 dB — OMC Length Noise

Sus Damping MICH - —-Residual Gas
— Laser Amplitude — SRCL — Stray Fields
— Laser Frequency Angular Controls Thermal + Quantum 171 Mpc
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Looking below shot noise

L1 Cross Correlation Budget 29-Apr-2019 04:30:00 UTC

T T T 1 T T T T T
t\ A, I\ s DARM (measured)

~ Laser Amplitude
= Laser Frequency
== = (Coating Brownian -
== = (Quantum (positive Xcor) ]
== = (Quantum (negative Xcor)
Residual Gas

we Expected Cross-correlation (Abs)
Measured Xcor 2019-03-29

107"

Photodetectors

Cross Correlation m/vHz ]
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Frequency [Hz] LLO LOQ 4591 5
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Y-coordinate (mm)

oint Absorbers on Coating

L1-ETMX surface deformation. At = 1000s. t0 = 1233285394. Contour = 0.3nn3 -
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Y-coordinate (mm)

oint Absorbers on Coating
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Point Absorbers

Limit power buildup

e (Can’t correct with ring
heaters

Negatively affects angular
control signals

Couples in jitter noise

May be responsible for
iIncreased intensity noise
coupling via scatter

Can’t correct with thermal
compensation

LLO log 43138

T T T T T
=7 %
— % — requested power S - -
—¥k— measured power - old spot position -7 _*
—%¥— measured power - new spot position M -
_# i
-~ /’://k//*’* —
T |
I I I I
30 35 40 45 50

Pin (W)
9MHz RIN to DARM vs DC offset

= ==  (Carrier
Measured with ~20mW DCoffset

10712 4

1013 4

DARM/RIN [m/RIN]

103 104

LHO log 47253

Frequency [Hz]



Open Questions

Point absorbers
e How can we compensate for

them?
160 - L1 binary neutron star inspiral range (DMT S¥nseMon)

 How can we detect and/or

remove these before S

installation?
Scattering + anthropogenic - .
noise @ LLO R Hnim L ]
LOW—frequency myStery nO|Se b Tlimo :h((imrs] fr:m 2()llg-()02(;i)():()()::)(ll L’TCI,‘“(1245(%34()1&?1 ’

LLO X arm pressure
INncrease
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Schedule

A+

wu O1 02 == O3 04 wm O5

KAGRA join end of S e 320 Mpe.
2019 lGo  § = _
30 60-80 80-125 125‘-230
1 Mpc M Mpc o
One month Virgo . B

commissioning break an, P L
. M Moc + Mpc
in October 2019 KAGRA 7 5 B
Run ends ~1 May 330 Mpo

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Prep for O4/A+ You are HERE P1200087-V50
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Next Steps

 More squeezing:
e Understand excess loss

\ Laser
e Increase squeezing level (more JN
green power, OPO finesse) R ” ”
. Filter Cavity

| ow-loss Faraday isolator
% See D. Tanner poster ‘ Saneeer | """"""" i1}

4

e Adaptive mode-matching to ©
IFO Detection

e Frequency-dependent squeezing

e More scatter mitigation
* |ncreased power

e Swap test masses?

Thermal Deformable Mirror (CIT/Adelaide)

30



Questions?



Extras



H1/L1 Sensitivity

T T T T T 11 T T T T T 1.1 T I -
- —H1  H
- —Ln
o Design ||
10721 = =
Q- | |
g
=10 E
£ -
© N
El_') -
1023 =
10-24 1 | | | L1 11||2 | | | [ 1 111|3 | | |
10 10 10

Frequency (Hz)
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Seen with Hartmann sensors

* Probe beam interrogates |
—>
test masses /| \
* Measures 2D map of 4
_—

refractive index variation
e Optical Path Distortion:

— Substrate thermal lens (TL) <\v‘f_>
— Surface deformation (SD) .
— TL=13.5%xSD —

— OPDyys = 2 (TL + n x SD) g Probe source

G1900203-v5

4

LIGO-G1900203
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Frequency (Hz)
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Squeezer Control

4 A
Squeezed Vacuum Interferometer 1064 nm
Source w— 532 nM
Control field

Squeezed field
Electronic feedback

é * Photodetector
EOM

SQZ Laser

&

Faraday isolator

Optical fiber

J

S Homodyne
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IFO
Layout

Laser

Electro-optic
modulator

SR

9MHz 45 MHz 118 MHz

Input
mode
cleaner

Optical
parametric
oscillator

37

Power-
recycling
mirror

\ Y-arm

Signal-
recycling
mirror

Output
Faraday
isolator

Output
mode
cleaner

Photodetectors

X-arm
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Q Phase
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SRC ASC

Old (36 MHz)

= Nominal
100 km of ITMX thermal lens

\\//
—
0 60 120 180

Detector Gouy Phase
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Credit: Hang Yu



Electrostatic Drive (ESD)

LIGO-G1501197 ‘

F = A(Vbias —oVy )2

S1g
J. Romie = A(Vyigs + 6V (= 2V}i00 Vi)
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https://dcc.ligo.org/LIGO-G1501197

chamber Excess ESD
Noise Coupling

Other
electronics



‘uico b
—/ ] UNIVERSITY of
Beam Rotation Sensor WASHINGTON

" Same concept as a
seismometer but with
rotations

" 1-m long beam hung
from 10-15 um-thick
flexures with 3-8 mHz
resonance

" Angle between casing
and beam readout by
autocollimator

G1901195
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AMD Detalls




