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Interferometry

Figure: Blueprints for initial LIGO: sense changes between x and y
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Interferometry

Figure: Worldwide network allows sky lo-
calization and coincident detection that checks against terrestrial noise
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Credit: NASA!s Earth Observatory



Interferometry

Figure: In reality: LIGO and VIRGO advancing; TAMA moving to
LCGT; GEO now running as GEO HF with squeezing; AIGO Australia
may be LIGO South
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Theoria & praxis
Advanced LIGO instrumentation
Power recycled Michelson interferometer with Fabry-Perot arms

Figure: Advanced LIGO upgrades
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What is so Advanced?



Theoria & praxis

Figure: Sources of noise that limit LIGO
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Noise cartoon



Theoria & praxis

Figure: LIGO Hanford laser vacuum equipment area: almost
noise-proof, showing beam tubes, BSC and HAM chambers, and
clean rooms
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Pre October 20th :

We’ll go from this quiet

and organized hall…



Theoria & praxis

Figure: Stablized laser (Nd:YAG, 1064 nm, 20 W) with
frequency-stabilizing reference cavity and pre-mode cleaner
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Enhanced LIGO – transition from 10W 
to 35W of laser power

• Prepared by 
AEI/LZH 
(Germany)

• World-leading 
performance in 
frequency and 
amplitude stability

• Base unit for 
Advanced LIGO



Theoria & praxis

Figure: Initial LIGO core optic: 25 cm wide, 10 cm thick,
surface-uniformity 2 nm rms, absorption 2 ppm,
magnetically-actuated
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Suspended Core Optic



Theoria & praxis

Figure: Output mode cleaner extracts pure, unscattered light in the
TEM00 Gaussian beam shape that contains gravitational wave signals
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Isolated and suspended output mode 
cleaner

• OMC will remove 
‘junk’ from 
detection port 
light

• In-vacuum 
(isolated) 
photodiodes 
tuned for DC 
readout scheme

• OMC – Caltech, 
GEO



Length sensing and control channels

Figure: Schematic servo loops for four core optic parameters (DARM,
CARM, MICH, PRC respectively the differential motion of the end
mirrors ETMX and ETMY, their common motion, and differential and
common for the inner mirrors ITMX and ITMY)
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Length sensing and control channels

Figure: DARM (differential arm) and MICH (inner Michelson) servo in
the EPICS-based MEDM control screen; LIGO records about 3e4
channels and uses most in digital servos



Noise curve

Figure: Noise curve for enhanced LIGO, showing better high
frequency performance at LHO (Hanford) with stronger laser and
better low frequencies at LLO (Livingston) thanks to seismic isolation
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S6 (“Enhanced LIGO”)

S6 : 20Mpc reach

for NSNS inspirals



Noise curve

Figure: Noise after a new automated filtering algorithm for
feedforward subtraction of an auxiliary channel, possible both in real
time and in post processing



Noise curve

Figure: Predicted noise curve for advanced LIGO, showing gains
simply due to better seismic isolation, laser, and test mass as well as
with signal recycling mirror (SRM)
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Advanced LIGO: Sensitivity

• As for Initial LIGO, we
specify the sensitivity of
Advanced LIGO by an
RMS sensitivity:
10-22 hRMS in a 100 Hz
band
» A factor of 10

improvement
over Initial LIGO

• Flexibility of tuning will
allow a range of
responses



Advanced LIGO

Advanced LIGO upgrades
100+ W laser
4 passive + 3 active stage suspension for seismic isolation
40 kg fused silica test masses
electrostatic mirror actuation
signal recycling
Range may improve from 20 to 200 Megaparsec
(for 1.4-1.4 solar mass inspirals)



Advanced LIGO

Figure: Removing old: deinstall makes way for new in view inside
BSC vacuum chamber holding core optic suspension



Advanced LIGO

Figure: Side-by-side comparison of external seismic isolation on top
of blue pillars: old (left), new HEPI (right)



Quantum squeezing

Explore beyond-Advanced LIGO techniques
Heisenberg uncertainty allows any distribution of ∆x, ∆p
(conjugate variables x , p)
such that

∫
(∆x)(∆p)dxdp = ~/2

Squeezing is a nonlinear effect that tailors ∆x, ∆p.
Phase and amplitude are conjugate; desire phase data
3 to 6 dB quantum vacuum squeezing experiment



Quantum squeezing

Figure: (Some) squeezers (Sheila, Grant, Conor, Lisa) in front of
optics table containing lasers and opto-electronics for generating
squeezed vacuum



Quantum squeezing

Figure: Optical parametric oscillator (OPO) contains PPKTP crystal in
a doubly-resonant bowtie-shaped cavity, which makes
frequency-mirrored photons to cancel the phase noise of noisy virtual
photons – squeezed vacuum emerges



Conclusions

Conclusions

1 General relativity predicts gravitational waves
2 Advanced LIGO installation is now!
3 Gravitational waves will reveal an invisible cosmos
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General relativistic gravitational waves

gµν ≈ ηµν + hµν , where |hµν | � |ηµν |
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[Adhikari(2004), Ballmer(2006)]



Sources and neutron stars

Definite waveform Indefinite waveform
Short duration Inspiral1 Burst2

Long duration Pulsar3 Stochastic4

Inspiral1: compact binary coalescence
Burst2: supernova
Pulsar3: continuous wave
Stochastic4: gravitational wave background



Sources and neutron stars

Neutron stars
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Interferometers
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Interferometers



Interferometers

Ty − Tx =

∫ 2L
c

0

h+(t , x(t)) + h+(t , y(t))

2
dt ,

∆φ = ω(Ty − Tx ),

P ∝ E2
∣∣∣1 + ei∆φ

∣∣∣2 = 2E2(1 + cos ∆φ)

P power illuminates photodiode
(improve by higher laser power and power recycling)
∆φ determines fringe phase shift
(improve by increasing storage time in arms)



Syllabus
Enhanced LIGO instrumentation
Power recycled Michelson interferometer with Fabry-Perot arms

Hanford, Washington and Livington, Lousiana
observatories
4 km perpendicular beam tubes
10−9 torr vacuum
20 W Nd:YAG 1064 nm laser
10 kg fused silica primary optics
4 stage seismic isolation
Laser frequency stabilization
Angular sensing and control (wavefront sensors, optical
levers)
Length sensing and control (magnet coils, common mode)
Pre, input, and output mode cleaning
Power recycling
Digitally filtered servos and readout
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