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• O1/O2 were very 
successful…but we 
want more!
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Third Observing Run (O3)

• 19 month commissioning break after O2


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


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


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


• Most sensitive run yet!
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First run with public alerts

• 16 17 18 GW 
candidates in 
O3 so far


• Compared to 
11 confirmed 
events from 
O1/O2
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https://gracedb.ligo.org/latest/

https://gracedb.ligo.org/latest/
https://gracedb.ligo.org/latest/


O3: Most Sensitive Run Yet
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O2/O3 Comparison
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O3 (O2) Hanford Livingston

Input Power [W] 37 (30) 46 (25)
Intracavity Power [kW] 190 (120) 230 (100)

BNS Range, 1.4 Msolar [Mpc] 110 (65‡) 140 (100)
BBH Range, 30 Msolar [Mpc] 800 1100

Duty Cycle 70% (62%*) 74% (61%*)



Improved reliability

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


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


• Record 101 hr lock
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How did we get here?
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Squeezed light injection - basics

6/24/19 GWANW 2019 14

In-vacuum Squeezer

• Injection of squeezed vacuum 
reduces shot noise
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Squeezer Performance
LLO
3.2 dB (5.5 dB anti-sqz)
⇒ 17 Mpc increase in 
BNS range

LHO
2.2 dB (4.4 dB anti-sqz)
⇒ 14.5 Mpc increase in 
BNS range

• No degradation in 
sensitivity

• Limited by excess loss
• Known ~20%, 

measured ~40%
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LLO log 45069
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LLO log 45069

Quantum radiation 
pressure noise?



Squeezer Reliability

• Fully automated


• Active angular control


• Duty cycle >98% (1 April – 17 May)
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Increasing Power
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We present a simple feedback description of parametric instabilities which can be applied to a variety
of optical systems. Parametric instabilities are of particular interest to the field of gravitational-wave
interferometry where high mechanical quality factors and a large amount of stored optical power have
the potential for instability. In our use of Advanced LIGO as an example application, we find that
parametric instabilities, if left unaddressed, present a potential threat to the stability of high-power
operation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Though unseen in the currently operating first generation in-
terferometric gravitational-wave antennae (e.g., GEO [1], TAMA [2],
Virgo [3], LIGO [4]), designers of second generation antennae may
be faced with instabilities which result from the transfer of optical
energy stored in the detector’s Fabry–Perot cavities to the mechan-
ical modes of the mirrors which form these cavity.

The field of gravitational-wave interferometry was introduced
to the concept of parametric instabilities (PI) couched in the lan-
guage of quantum mechanics [5]. We present a classical framework
for PI which uses the audio-sideband formalism to represent the
optical response of the interferometer [6,7]. This in turn allows the
formalism to be extended to multiple interferometer configurations
without the need to rederive the relevant relationships; an activity
that has consumed considerable resources [8–11].

2. Parametric instabilities

The process which can lead to PI can be approached as a
classical feedback effect in which mechanical modes of an opti-
cal system act on the electro-magnetic modes of the system via
scattering, and the electro-magnetic modes act on the mechanical
modes via radiation pressure (see Fig. 1).

We start by considering a single mechanical mode of one op-
tic in the interferometer, and computing the parametric gain of
that mode [12]. The resonant frequency of this mode determines
the frequency of interest for the feedback calculation.1 The nascent
excitation of this mechanical mode, possibly of thermal origin, be-

* Corresponding author.
E-mail address: m3v4n5@mit.edu (M. Evans).

1 In general, all of the modes of all of the optics should be considered simultane-
ously, but with typical mode quality factors greater than 106 it is very unlikely that
two mechanical modes will participate significantly at the same frequency.

Fig. 1. Parametric instabilities can be described as a classical feedback phenomenon.
A given mechanical mode interacts with the pump field to scatter energy into
higher order optical modes. This interaction is represented with ⊗ above. Its
strength is given by the overlap integral of the mechanical mode, pump mode, and
scattered field mode (Bm,n in Eq. (2)). While circulating in the interferometer, the
scattered field interacts with the pump field and mechanical mode via radiation
pressure, introducing the overlap integral ⊗ a second time.

gins the process by scattering light from the fundamental mode of
the optical system into higher order modes (HOM). The resulting
scattered field amplitudes are

Escat,n = 2π i
λ0

Am Epump Bm,n (1)

where λ0 is the wavelength and Epump the amplitude of the “pump
field” at the optic’s surface, Am is the amplitude of the motion of
the mechanical mode, and Bm,n is its overlap coefficient with the

0375-9601/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleta.2009.11.023

Parametric Instabilities

Thermal Effects

High-Power Sources



Acoustic Mode Dampers 
(AMDs)

• Tuned to damp test mass 
mechanical body modes


• Installed on all test masses

• Successfully suppress 

parametric instabilities!

• Negligible increase to thermal 

noise

!13



New Pre-stabilized Laser

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


• Lower water flow for 
improved jitter


• ~50 W available to 
interferometer
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NPRO

high power oscillator (HPO)

medium power
pre-mode-

cleaner (PMC)

input-mode-
     cleaner 

frequency stabilization

power stabilization

noise
eater

injection locking PMC locking

reference
cavity

first 
loop

second loop

FI FIEOM1

EOM2

AOM1

AOM2

to inter-
ferometer

PSL frequency 
control

140W

PD4

PD1

PD2 PD3

Fig. 1. Pre-stabilized laser system of Advanced LIGO. The three-staged laser (NPRO,
medium power amplifier, high power oscillator) and the stabilization scheme (pre-mode-
cleaner, power and frequency stabilization) are shown. The input-mode-cleaner is not part
of the PSL but closely related. NPRO, non-planar ring oscillator; EOM, electro-optic mod-
ulator; FI, Faraday isolator; AOM, acousto-optic modulator.

tals which are longitudinally pumped by fiber-coupled laser diodes at 808 nm.
The third stage is an injection-locked ring oscillator [8] with an output power of about 220W,

called the high-power oscillator (HPO). Four Nd:YAG crystals are used as the active media.
Each is longitudinally pumped by seven fiber-coupled laser diodes at 808 nm. The oscillator is
injection-locked [12] to the previous laser stage using a feedback control loop. A broadband
EOM (electro-optic modulator) placed between the NPRO and the medium-power amplifier is
used to generate the required phase modulation sidebands at 35.5MHz. Thus the high output
power and good beam quality of this last stage is combined with the good frequency stability
of the previous stages.
The reference system features some minor modifications compared to the engineering proto-

type [8] concerning the optics: The external halo aperture was integrated into the laser system
permanently improving the beam quality. Additionally, a few minor design flaws related to
the mechanical structure and the optical layout were engineered out. This did not degrade the
output performance, nor the characteristics of the locked laser.
In general the PSL is designed to be operated in two different power modes. In high-power

mode all three laser stages are engaged with a power of about 160W at the PSL output. In
low-power mode the high-power oscillator is turned off and a shutter inside the laser resonator
is closed. The beam of the medium-power stage is reflected at the output coupler of the high
power stage leaving a residual power of about 13W at the PSL output. This low-power mode
will be used in the early commissioning phase and in the low-frequency-optimized operation
mode of Advanced LIGO and is not discussed further in this article.
The stabilization has three sections (Fig. 1: PMC, PD2, reference cavity): A passive resonator,

the so called pre-mode-cleaner (PMC), is used to filter the laser beam spatially and temporally
(see subsection 2.1). Two pick-off beams at the PMC are used for the active power stabilization
(see subsection 2.2) and the active frequency pre-stabilization, respectively (see subsection 2.3).
In general most stabilization feedback control loops of the PSL are implemented using analog

electronics. A real-time computer system (Control and Data Acquisition Systems, CDS, [13])
which is common to many other subsystems of Advanced LIGO, is utilized to control and mon-
itor important parameters of the analog electronics. The lock acquisition of various loops, a few

#161737 - $15.00 USD Received 18 Jan 2012; revised 27 Feb 2012; accepted 4 Mar 2012; published 24 Apr 2012
(C) 2012 OSA 7 May 2012 / Vol. 20,  No. 10 / OPTICS EXPRESS  10620
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BRS Basics

4

- Beam-balance:
- 0.9-m-long, 4.5-kg-active mass
- 10-15-μm-thick flexures (Cu-BE)
- 3-8 mHz resonance

- Autocollimator Readout
- ~0.15 nrad/√Hz

- Capacitive Active Dampers
- Vacuum maintained by ion pump

• Idea: remove tilt 
coupling to 
seismometer signals


• 1-m long beam

• 4.5 kg-mass

• Cu-Be flexures

• Resonance ~3-8 mHz

• Autocollimator 

readout

Beam Rotation Sensor

!15

University of 
Washington
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Beam Rotation Sensor

• Installed at LHO prior to 
O2, now also at LLO


• Improvement of ~3x at 
LLO and improves 
locking in windy 
conditions
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3.5. CONTROL STRATEGIES

chambers. The di↵erential signal is calculated and added to the frequency domain
model as an independent input source, differential (in green in figure 3.28). The
model is therefore identical to the model presented in section 3.5.4, except for that
extra input.

In the time domain model, we use the time-series of the ITMY and ETMY seismome-
ters (inputs ground and ground ey) to simulate the stage motion in the horizontal
Y direction of both chambers (ITMY and ETMY). We only consider the feedback
and sensor correction paths in this model, omitting noise and tilt for simplicity. We
believe this is acceptable in this case, as large earthquakes generate mostly extra
horizontal motion [100], making tilt and noise not a limitation in the actuation drive.
Feedforward is also neglected as it only a↵ects higher frequencies (above ⇠ 1Hz).

Figure 3.30 shows the simulated stage 1 motion with this new configuration. We
observe a degradation of performance above 200mHz with a reduction of velocity
by ⇠ 25% around 50mHz: the configuration still provides e�cient isolation at the
microseism and above to keep the IFO locked, while reducing the motion amplification
in the earthquake band. This trade-o↵ will not work during normal conditions, as
the signal is dominated by tilt and noise at low frequency. However, this is not
true during big earthquakes, and this slight reduction in velocity in the earthquake
frequency band might prevent the actuators from saturating and reduce the coupling
to angle.

Figure 3.29: Time-series of the seismometers close to the Hanford ITMY chamber (blue curve) and
the ETMY chamber (orange curve) during a Richter magnitude 6.5 in Alaska. We clearly see the
first arrival of the P-waves around 300s. A vertical o↵set was put on the two curves for visibility.
The di↵erential signal is in yellow. This data is used in the Simulink models presented in this section.

91

Earthquake Resilience
• Idea: only isolate 

differentially during 
earthquake


• To be implemented at 
LLO


• Improves duty cycle

S. Biscans

!17

M 6.3 earthquake 
near New Zealand


LHO log 50236



Stray Electric Fields and 
Optic Charge in O2

• Increase in noise after 
Montana EQ July 2017


• Noise largely 
disappeared after 
optic discharge


• Additional excess 
noise in certain 
actuator configurations


• Suggests optic charge 
and/or stray E fields

!18



Stray Electric Fields and 
Charge
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ITEM 
NO. PART NUMBER DESCRIPTION MATERIAL QTY.

PARTS LIST

41 - Damping Washer, Viton FLUOROELASTOMER 12

40 93615A512 McMASTER-CARR 
OR EQ. SCREW, SHC, 3/8-16 X 63 Lg. (LOW-PROFILE) 18-8 SSTL 12

39 C-606-A UC COMPONENTS OR 
EQ. SCREW, SHC, 6-32 X .38 Lg. (Ag plated, VENTED) Ag-PLATED 300 SSTL 12

38 A28039-ND DIGIKEY OR EQ. LUG, RING, 18-22 AWG, #6 Material <not specified> A/R

37 920020-06-ND DIGIKEY OR EQ. LUG, RING, 18-22 AWG, #6 Material <not specified> AR

36 1185-4EN375 EMHART OR EQ. HELICOIL, 1/4-20 X .375 LG. NITRONIC 60 1

35 91065A660 McMASTER-CARR 
OR EQ. RETAINING RING, 8-32 THREAD SIZE (PACK OF 25) 18-8 SSTL 2

34 95966A316 McMASTER-CARR 
OR EQ. SCREW, SHC, 8-32 X .50 LG. (CAPTIVE) 18-8 SSTL 2

33 MS15795-807 OR EQ. WASHER, FLAT, #8 300 SSTL 2

32 5317-31-1 SEASTROM-MFG 5/16 DIA. LOOP CLAMP, #8 SCREW 6061-T6 Al 2

31 1185-2EN-328 EMHART OR EQ. HELICOIL, 8-32 X .328 LG. NITRONIC 60 5

30 ED90092-ND DIGI-KEY Pin Receptacle Connector 0.084" ~ 0.102" Brass 4

29 H-3120-A UC COMPONENTS 
OR EQ. SCREW, HH, 5/16-24 X 1.25 LG. (Ag PLATED, VENTED) N/A 48

28 MS16995-9  OR EQ. SCREW, SHC, 4-40 X .25 LG. 18-8 SSTL 18

27 MS15795-812 OR EQ. WASHER, FLAT, 5/16 300 SSTL 48

26 NAS620-C416 OR EQ. WASHER, FLAT, 1/4 300 SSTL 4

25 NAS620-C4L OR EQ. WASHER, FLAT, NO. 4 300 SSTL 27

24 93785A300 McMASTER-CARR 
OR EQ. WASHER, FLAT, NO. 6 PEEK 6

23 T-2012-A UC COMPONENTS OR 
EQ. SET SCREW, 1/4-20 X .75 LG., Ag PLATED (VENTED) Ag-PLATED 300 SSTL 4

22 C-2012 UC COMPONENTS OR 
EQ. SHCS,1/4-20 X .75, VENTED, UC COMPONENTS 18-8 SSTL 4

21 T-606-NAUC COMPONENTS OR 
EQ. SET SCREW, 6-32 X .38 Lg. (Ag PLATED) Ag-PLATED 300 SSTL 6

20 C-606 UC COMPONENTS OR 
EQ. SCREW, SHC, 6-32 X .38 Lg. (VENTED) 300 SSTL 6

19 C-404-NA   UC COMPONENTS 
OR EQ. SCREW, SHC, #4-40 X .25 LG., Ag PLATED Ag-PLATED 300 SSTL 16

18 C-404-A UC COMPONENTS OR 
EQ. #4-40 X 0.250", VENTED, SILVER PLATED Ag-PLATED 300 SSTL 17

17 408003 MDC VAC. CUBE, 6 WAY, 4.50" OD. CF, 5/16-24 THREADS 304 SSTL 1

16 200810 ACCU-GLASS INC GASKET, 4.50" CF FLANGE, KIT (QTY. 10) COPPER 6

15 111170 ACCU-GLASS INC. CERAMIC STANDOFF, .50 LG. CERAMIC 6

14 D1800059 ELECTRIC FIELD METER ASSY, CALIBRATION PLATE 304 SSTL 2

13 D1800058 ELECTRIC FIELD METER ASSY, SENSING BOARD INTERFACE PLATE COPPER 4

12 D1800057 ELECTRIC FIELD METER ASSY, POWER/DRIVER BOARD MT BRACKET 6061-T6 Al 1

11 D1800056 ELECTRIC FIELD METER ASSY, SENSING BOARD MT BRACKET 6061-T6 Al 8

10 D1800055 ELECTRIC FIELD METER ASSY, SUS INTERFACE STANDOFF 6061-T6 Al 4

9 D1800054 ELECTRIC FIELD METER ASSY, 4.50 CF FLANGE (BOTTOM) MAKE FROM P/N 200122 1

8 D1800053 ELECTRIC FIELD METER ASSY, SUS INTERFACE BLOCK PEEK 1

7 D1800046 ELECTRIC FIELD METER ASSY, SHIELD 6061-T6 Al 4

6 D1800044-07 ELECTRIC FIELD METER ASSY, STANDOFF KIT PEEK 12

5 D1800043 ELECTRIC FIELD METER ASSY, POWER/DRIVER FEEDTHROUGH MAKE FROM P/N 100210 1

4 D1800040 ELECTROMETER POWER/DRIVE INTERFACE - 1

3 D1800037 ELECTROMETER SENSING BOARD 4

2 D1800034 ELECTRIC FIELD METER ASSY, SENSE PLATE 304 SSTL 4

1 D1800032 ELECTRIC FIELD METER ASSY, HIGH POWER FEEDTHROUGH N/A 4
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• 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



Current test massPrevious test mass

Scattered Light Mitigation
• End masses replaced

• Decreased scatter loss

• ~10% increase in power 

buildup

• Installation of additional baffles

!20

Before baffles After baffles



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


• Tweaks to angular control loops

!21

J. Romie



Where else can we 
improve?

!22
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Noise budget for GPS start time: 1245107018, duration: 300s no squeezing

Measured noise
Sum of estimated noises
Quantum noise
Thermal noise
Seismic and newtonian noise
SRC length noise
MICH length noise
PRC length noise
Alignment control noise
Beam jitter
Laser frequency noise
Laser intensity noise
Photo-detector dark noise
OMC length noise
Residual gas noise
PUM DAC noise
osem

LHO Noise Budget
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ASC

Shot Noise?????



LLO Noise Budget
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Seismic
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Looking below shot noise
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LLO Log 45915

4

9 MHz 45 MHz 118 MHz

Electro-optic
modulator

Laser
Input
mode

cleaner

Power-
recycling 

mirror

Y-arm

X-arm

Signal-
recycling 

mirror

Output
Faraday
isolator

Optical
parametric
oscillator

Output
mode

cleaner

Photodetectors

Beam-
splitter

Figure 1: Simplified optical layout of the aLIGO detectors for the O3. At the input port
is the pre-stabilised laser (PSL), phase modulating electro-optic modulator
(EOM) with 3 RF frequencies for control of varies length and angular degrees
of freedom, and triangular input mode cleaner. The power- and signal-
recycling mirrors together with the beamsplitter and input test masses make
up the power- and signal-recycling cavities. At the anti-symmetric port there
is an optical Faraday isolator (OFI), through which the squeezer optical
parametric oscillator (OPO) is injected, and the output mode cleaner (OMC)
which cleans the spatial mode and separates the carrier light for the output
photodiodes.

as a seed, 74W of stable output power was observed, providing > 50W to the68

interferometer after input and mode-cleaning optics. The cooling requirements of this69

new amplifier are comparable to the front end, allowing additional power injection70

without an increase in the beam jitter. This higher power, in addition to the71

squeezer (section ??) and other improvements to reduce beam jitter, lead to improved72

sensitivity above 100Hz.73

2.2. Core Optics74

The core optics are the optical elements which form the full interferometer: the75

test masses, which make up the Fabry-Perot arm cavities, the beamsplitter, and76

mirrors in the power- and signal-recycling cavities. Between O2 and O3 both77

observatories undertook major upgrades to the core optics, with several replacements78

and modifications to improve interferometer stability and sensitivity, and to improve79

the e�ciency of lock acquisition.80

At both sites the two end test masses were replaced. The O3 ETMs have improved81

scatter loss, and increased 532 nm reflectivity, which improves the reliability of the82

arm length stabilization part of the lock acquisition sequence [14]. The reflectivity83

of the ETMs at 532 nm is now 8%, and the arm cavity finesse is approximately 68.84

This reduction in mismatch between the finesse for 532 nm and 1064 nm improves the85

early stages of lock acquisition, where control of the arms is handed o↵ from 532 nm86



Point Absorbers on Coating
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Point Absorbers on Coating
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Point Absorbers
• Limit power buildup


• Can’t correct with ring 
heaters


• Negatively affects angular 
control signals


• Couples in jitter noise


• May be responsible for 
increased intensity noise 
coupling via scatter


• Can’t correct with thermal 
compensation

!27

LLO log 43138

LHO log 47253



Open Questions
• Point absorbers

• How can we compensate for 

them?

• How can we detect and/or 

remove these before 
installation?


• Scattering + anthropogenic 
noise @ LLO


• Low-frequency mystery noise

• LLO X arm pressure 

increase

!28



Schedule

• KAGRA join end of 
2019


• One month 
commissioning break 
in October 2019


• Run ends ~1 May 
2020


• Prep for O4/A+

!29
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Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 11

Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1 and in
O2, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant uncertainty
in the start and end times of the planned observing runs, especially for those further in the future, and these
could move forward or backwards relative to what is shown above. The plan is summarised in Sect. 2.4.

transient sources have been identified during O1 and O2 (Abbott et al 2016n, 2017c,l;339

The LIGO Scientific Collaboration and the Virgo Collaboration et al 2018).340

Using the observation of GW170817, we obtain a BNS event rate of 730+1630
�560341

Gpc�3 y�1assuming a uniform mass distribution in the 1M� � 2M� range for the342

NSs, and of 1050+2520
�800 Gpc�3 y�1assuming a Gaussian mass distribution centered at343

1.33M� with a standard deviation of 0.09M�. The union of the intervals combined over344

both populations lies in 110�3840 Gpc�3 y�1 (The LIGO Scientific Collaboration345

and the Virgo Collaboration et al 2018). Compatible estimates for the merger rate346

were derived from the rate of electromagnetic transients similar to the counterpart347

of GW170817 (Siebert et al 2017; Kasliwal et al 2017; Smartt et al 2017; Yang et al348

2017; Zhang et al 2018). Rate estimation based upon astrophysical population models349

and observations of Galactic BNS systems (e.g., Abadie et al 2010b; Kim et al 2013;350

Dominik et al 2015; Vangioni et al 2016; de Mink and Belczynski 2015; Eldridge351

et al 2017; Belczynski et al 2017; Kruckow et al 2018; Mapelli and Giacobbo 2018;352

Giacobbo and Mapelli 2018; Barrett et al 2018; Klencki et al 2018; Spera et al 2019;353

Pol et al 2019) remains an active area of research.354

From the observations of BBHs during O1 and O2, we infer that their rate of355

mergers is 57+40
�25 Gpc�3 y�1for a population of BBHs with primary mass following356

a power law distribution of index a = �2.3, and equal to 19+13
�8.2 Gpc�3 y�1for a357

population of BBHs with primary mass distribution uniform in the log. The union of358

the intervals combined over both populations lies in 9.7�101 Gpc�3 y�1 (The LIGO359

Scientific Collaboration and the Virgo Collaboration et al 2018). For both populations,360

masses are cut off at a lower mass of 5M� and at a maximum mass of 50M� (Abbott361

P1200087-v50
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Next Steps
• More squeezing:

• Understand excess loss

• Increase squeezing level (more 

green power, OPO finesse)

• Low-loss Faraday isolator

★See D. Tanner poster


• Adaptive mode-matching to 
IFO


• Frequency-dependent squeezing


• More scatter mitigation

• Increased power

• Swap test masses?

!30



Questions?
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Extras
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H1/L1 Sensitivity
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Seen with Hartmann sensors 

• Probe beam interrogates 
test masses

• Measures 2D map of 
refractive index variation

• Optical Path Distortion:
– Substrate thermal lens (TL)

– Surface deformation (SD)

– TL ≈ 13.5 × SD

– OPDHWS = 2 (TL + n × SD)
4G1900203-v5

Probe source

H
W

S

Pick off

LIGO-G1900203



R
adiation pressure noise

Shot noise
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Squeezer Control
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IFO 
Layout
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Figure 1: Simplified optical layout of the aLIGO detectors for the O3. At the input port
is the pre-stabilised laser (PSL), phase modulating electro-optic modulator
(EOM) with 3 RF frequencies for control of varies length and angular degrees
of freedom, and triangular input mode cleaner. The power- and signal-
recycling mirrors together with the beamsplitter and input test masses make
up the power- and signal-recycling cavities. At the anti-symmetric port there
is an optical Faraday isolator (OFI), through which the squeezer optical
parametric oscillator (OPO) is injected, and the output mode cleaner (OMC)
which cleans the spatial mode and separates the carrier light for the output
photodiodes.

as a seed, 74W of stable output power was observed, providing > 50W to the67

interferometer after input and mode-cleaning optics. The cooling requirements of this68

new amplifier are comparable to the front end, allowing additional power injection69

without an increase in the beam jitter. This higher power, in addition to the70

squeezer (section ??) and other improvements to reduce beam jitter, lead to improved71

sensitivity above 100Hz.72

2.2. Core Optics73

The core optics are the optical elements which form the full interferometer: the74

test masses, which make up the Fabry-Perot arm cavities, the beamsplitter, and75

mirrors in the power- and signal-recycling cavities. Between O2 and O3 both76

observatories undertook major upgrades to the core optics, with several replacements77

and modifications to improve interferometer stability and sensitivity, and to improve78

the e�ciency of lock acquisition.79

At both sites the two end test masses were replaced. The O3 ETMs have improved80

scatter loss, and increased 532 nm reflectivity, which improves the reliability of the81

arm length stabilization part of the lock acquisition sequence [14]. The reflectivity82

of the ETMs at 532 nm is now 8%, and the arm cavity finesse is approximately 68.83

This reduction in mismatch between the finesse for 532 nm and 1064 nm improves the84

early stages of lock acquisition, where control of the arms is handed o↵ from 532 nm85



SRC ASC
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Old (36 MHz) New (118-36 = 72 MHz)

Credit: Hang Yu



Electrostatic Drive (ESD)

J. Romie

LIGO-G1501197

F = A(Vbias − δVsig)2

= A(V2
bias + δV2

sig − 2VbiasδVsig)

!39

Electrical field of the ESD 

7 

V1 = +400V, V2 = -400V  V1 = +400V, V2 = -100V 

https://dcc.ligo.org/LIGO-G1501197


Excess ESD 
Noise Coupling
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Chamber

Cage

ESD Driver

ESD Other 
electronics
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LIGO-G09xxxxx-v1 
                                                                                                                                               
                                                                                                                                                    Form F0900041-v1  

 Same concept as a 
seismometer but with 
rotations

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

 Angle between casing 
and beam readout by 
autocollimator

Beam Rotation Sensor

Flexures

G1901195



AMD Details
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