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•Need ~10x 
better SNR to 
make regular 
detections.

•Need low 
frequency 
sensitivity for 
massive black 
holes.
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Michelson Interferometer

Anti-Symmetric 
(Dark) Port

Ly 

LxReflected Port

PAS  ∝  PBS x sin2(ϕ)

dP/dϕ  ∝  PBS  x  sin(ϕ)cos(ϕ)

ϕ = 2π (δLy - δLx) / λ
dϕ/dh ∝ L

Laser

Noise  ∝ √PAS



LASER

test mass (mirror)

beamsplitter

Residual gas scattering

Wavelength
& amplitude
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Thermal
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Quantum Noise
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Radiation
pressure

Noise Cartoon
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50/50 Beam Splitter
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detector

Laser

Michelson
Interferometer     
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Interferometer Optical Layout

Signal ∝ Phase shift between 
               the arms due to GW
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180 W LASER,
MODULATION SYSTEM

40 KG FUSED 
SILICA TEST 

MASSES

PRM  Power Recycling Mirror
BS     Beam Splitter
ITM    Input Test Mass
ETM   End Test Mass
SRM  Signal Recycling Mirror
PD     Photodiode

Advanced LIGO Sketch
ACTIVE 

SEISMIC 
ISOLATION

FUSED SILICA, MULTIPLE 
PENDULUM SUSPENSION

T ~ 1.4%

T ~ 3%
T ~ 20%
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Parameter LIGO I Adv LIGO
Equivalent strain noise, minimum 3x10-23/rtHz 2x10-24/rtHz

Neutron star binary range 45 Mpc 600 Mpc

Omega GW 3x10-6 1.5-5x10-9

Interferometer configuration Power-recycled MI w/ FP 
arm cavities

LIGO I, plus signal 
recycling

Laser Power in Arm Cavities 15 kW 800 kW

Test masses Fused silica, 10 kg Fused Silica, 40 kg

Seismic wall frequency 40 Hz 10 Hz

Beam size 4 cm 6 cm

Test mass Q Few million 200 million

Suspension fiber Q Few thousand ~30 million
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Initial 
LIGO

Advanced 
LIGO

Seismic Noise
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Quad Suspensions

 Quadruple pendulum:

» ~107 attenuation @10 Hz
» Controls applied to upper 

layers; noise filtered from 
test masses

 Seismic isolation and 
suspension together:
» 10-19 m/rtHz at 10 Hz

 Fused silica fiber
 Welded to ʻearsʼ, hydroxy-
catalysis bonded to optic

Magnets

Electrostatic
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Active Isolation Table
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Active Isolation Table
• Inertial sensors for feedback (0.3 - 

30 Hz)
• Passive isolation (f > 1 Hz)
• Feed Forward (0.1 - 5 Hz)
• Stiff table (resonances > 100 Hz)
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Installation of Seismic Platform
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300 mm!

0.35 nm rms, after subtracting tilt, 

astigmatism and power!

Large Optics
 Size: 34 cm wide, 20 

cm thick => 40 kg
 Material: Heraeus 

Suprasil 3001 Fused 
Silica

 Bulk Absorption: 0.2 
ppm/cm

 Coating absorption: 
0.5 ppm/bounce

 High Q -> low thermal 
noise
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10!

master 

oscillator!

oscillator!

amplifier!

isolator!

165 W in TEM
00
!

Ultra Stable, High Power CW Laser
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Shou ld we cons ide r Re cyc l ing?
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Signal-recycled Interferometer

signal

125 W

800 kW
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Signal-recycled Interferometer

signal

Reflects GW 
photons back into 
interferometer to 
accrue more phaseSignal

Recycling

125 W

800 kW
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Signal-recycled Interferometer

signal

ℓ

Cavity forms compound 
output coupler with 
complex reflectivity. Peak 
response tuned by 
changing position of SRM

Reflects GW 
photons back into 
interferometer to 
accrue more phaseSignal

Recycling

125 W

800 kW



Coating Thermal 

Tunable Response
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30/30 MØ BH/BH

Most of the sensitivity comes 
from a band around 30 Hz

Area proportional to SNR

30 Hz
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Concrete Slab

Ground

x(f) = G ΔM(f) /(f2 r2)

ΔM

Noise Sources
Surface Waves
Air Pressure Fluctuations
Subsurface density Fluctuation

Gravity Gradient Noise



FEA of Ground

G. Cella
Virgo/INFN

Noise Cancellation
Accelerometers measure ground 
motion
Adaptive algorithm estimates GG 
noise
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Wiener 
Filter

Input Signal (PEM)
Covariance Matrix

Norbert Wiener, MIT

Block Toeplitz
Cross
Correlation
Matrix



From LMS to
Filtered-X

LMS

FIR

Adapt

Noise
Witness

Noisy
Signal

Cleaner
Signal



Summary: Optimism

Funding good for 2nd gen. detectors

Ideas + designs beginning for 3rd gen.

Preliminary data in ~2014-2015


