
The exprimental challenge to detect
gravitational waves
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Topics:

• Properties of GW
• Resonance detectors
• Broadband detectors: 

Michelson Interferometers
• State of the art
• Improvements / Limits
• Frequency band of 

observation
• Space experiment LISA
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Properties of GWs

• GWs are transversal
• v = c
• Strain in space
• Very weak: 
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Amplitude h = 2 
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Time dependence of Strain in space
induced by GW
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Start of experiments

• 1916: GW predicted by Einstein
• Until about 1960: GW have been considered as a 

purely academic issue
• 1960 Weber started to develop a detector: 

antenna = massive Al-bar, 
GW couple to fundamental longitudinal eigenmode
Piezos glued to surface sense oscillation
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Weber and one of his detectors
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History of bar experiments

• 1969 Weber reports about positive results:

Very exciting!
• 1970 – 1973: ~10 groups started to repeat 

Webers experiments, 
• MPA (Munich /Garching):

Prof. Billing + Walter Winkler started this
experiment in January 1971
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Billing and the Munich bar detector
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MPA - bar experiment
• Optimization of experimental setup
• Peter Kafka and Friedrich Meyer 

optimized signal detection in noise
• Coincidence measurement with detector

in Frascati (Karl Maischberger)
• Most sensitive room temperature

experiment worldwide
• 3 years data taking: only thermal noise
• Sensitivity for h ~ 3 10^(-17)
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Limits and drawbacks of 
bar experiments

• Resonance detectors are sensitive to the
spectral density of the signal at fundamental 
longitudinal eigenfrequency

• no time behaviour
• Standard quantum limit: Quantum 

mechanical harmonic oscillator
½ �� -> 3/2 �� at  h ~ 10^(-20)

• Better: 
Interferometers, inherently broadband and 
potentially much more sensitive
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Broadband detectors

Michelson Interferometer
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Sensitivity for h =            ?

• big: optimum for
long lightpath via: 

optical delay line or Fabry Perot 

Resolution for
?d =�
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Noise sources
• Mechanical noise from „outside“ (seismic, acoustic)
• Thermal noise: 

mirror substrate and suspension: 
eigenfrequencies out of observational bandwidth + 
High Q

• Optical noise:
Light power, light frequency, beam position and 
orientation, scattered light 

• Shot noise:
- law

• Standard quantum limit
n
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Start of Interferometry for GW-detection

• Several papers early seventies
(Forward, Ray Weiss)

• 1974 MPA :
Solid block 30 cm, 3m, 30m
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Optical delay line
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Construction of the Garching 30 m prototype
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Shot noise

• Early 1980s: 
The Garching (Munich) „30 m Experiment“ was the

first to reach the shot-noise limit;
Numbers: 
in observational bandwidth

(between 100 Hz and several kHz)  
the strain-sensitivity for h was ~10^(-18)
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Large interferometers

1. GEO600
Originally  plan a for 3 km- detector – no money
Now: 600 m detector in Ruthe near Hannover
Germany / Great Britain 

(Uni Hannover / AEI: Hannover - Potsdam / 
Uni Glasgow / Uni Cardiff  / RAL

Detector now close to design sensitivity;
flexible – new technologies
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Plans and construction of large 
interferometers

1. GEO600
2. LIGO (USA)

MIT / Caltech / JPL
Two 4-km detectors, one in Hanford and one 
in Livingston;
In 2004: performance near design sensitivity

3. VIRGO (F / I)
One 3-km detector in Cascina near Pisa;
October 2004 two arms “in lock” and 
superposition of the light at beam-splitter
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Large interferometers

4. Tama
300 m detector in Tokyo, running

5. AIGO
Australia; 10 m Prototype, 
hope for large antenna
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Location of large detectors

LIGO VIRGO

GEO600

TAMA

ACIGA
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The 2 detectors of LIGO
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LIGO Observatory 
Facilities

LIGO Hanford Observatory [LHO]

26 km north of Richland, WA 

2 km + 4 km interferometers in same vacuum envelope

LIGO Livingston Observatory [LLO]

42 km east of Baton Rouge, LA

Single 4 km interferometer

Two separated observatories for detection confidence,

directional information
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LIGO Beam Tube

1.2 m diameter - 3mm stainless
50 km of tubing – no leaks!
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VIRGO near Pisa
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Armlength 300m - 4000m

LIGO/VIRGO/TAMA Layout

BS
Laser

P
R
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GEO600
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Vacuum tube of GEO600
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Isolation of tube
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Optical Layout of GEO600

12W laser
mode cleaner

interferometer with
dual recycling

output mode cleaner

detector
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Triple Pendulum Suspension
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Thermal Noise Issues

® Monolithic Suspension

Silicate 
(Hydroxy-
Catalysis) 
Bonding

WeldGlas 
Fibres
(coated)

Intermediate
mass

Mirror
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Reaction Pendulum
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Feed-Forward Seismic Noise Reduction

STS2

D-space
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Dual Recycling Length Control
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Output Mode Cleaner

Michelson
Interferometer 

15 MHz

10 MHz

~~

Dual Recycling – Lock Acquisition
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Alignment Control

Alignment Control

differential wave-front sensing

spot position control

4 degrees of freedom
at MC 1

+4 at MC 2
+4 at MI (common mode)
+2 at MI (differential mode)
+2 at Signal-Recycling cavity

16 +   20 = 36
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Limiting Noise Sources
• candidates:

– oscillator phase noise in combination with long delay between 
optical and electrical path to mixer 

– electronic noise in length control actuator (sqrt-circuit for ESD)
– electronic pick-up

– scattered light / acoustic coupling

• solutions:
– produce local oscillator from 2f signal at main output photodiode

– switch off sqrt-circuit after lock acquisition

– change gain distribution, reduce ground loops, understand 
coupling path

– install suspended output optics / PD in vacuum

• project as many noise sources as possible to allow for 

prioritization of work
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GEO-Sensitivity June 14 2004
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Laser

Light Power (current)

Michelson Interferometer

Output Mode Cleaner

Mode Cleaners

10W 1W

300W at
Beam Splitter

2W

~10mW
Mode Cleaners:

Troughput 80%           72%

Finesse          2700          1900

Visibility        96%           92%

R=98.65%

Power Recycling Cavity:

Mode matching 97%
Finesse          450
Linewidth 270 Hz
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Long Term Plans

• GEO600 will be a relevant detector in the 
initial GWD network

• only an upgrade can make GEO data 
useful once the advanced detectors like 
AdvLIGO are online

• short arm length and limited infra-structure 
forces us to concentrate on the high 
Fourier Frequency signal range

• first serious proposal at last GEO meeting 
for GEO HF
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LIGO / GEO sensitivity
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EGO
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The Future of Ground-Based Observatories

• 1st generation is going into operation this year
(GEO600, LIGO, TAMA in 2004, VIRGO in 2005)

• 2nd generation will follow 2008, 
plans are well developed
(Advanced LIGO proposal evaluated positively)

• 3rd generation 2013, concepts are being developed
(GEO upgrade in 2008, EGO, LIGO III)

• Sensitivity improves tenfold each time and 
by 2014 there will be a flourishing high-frequency
GW astronomy ! 
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Frequencies for Observation

Audio band
1 Hz – 10 kHz
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LISA
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LISA
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Concept of LISA

• Laser beams reflected off free-

flying test masses

• Diffraction widens the laser beam 

to a diameter of about 20 km

– 0.7 W sent, 70 pW received

• Michelson with  3rd arm, Sagnac

• Can distinguish both

polarizations of a GW

• Orbital motion provides

direction information
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LISA Interferometry

• Each beam (reference and main) is 
separately heterodyned with the 
local laser on a photodiode 

• Time-delay Interferometry:

• Specific linear combinations of heterodyne signals
in time domain cancel laser/USO noise
and keep GW signal

• One linear combination cancels the GW signal and lase r/USO 
noise

� LISA can distinguish a stochastic gravitational wave
background from instrumental noise background!
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One LISA-Spacecraft from above
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LISA
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Why are LISA‘s Arms 5 Mio km Long?

LF band
0.1 mHz - 1 Hz

Spurious forces
Arms too short

Photon shot noise

Signal cancels
Arms too long
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Why are LISA‘s Arms 5 Mio km long?

• Bottom of sensitivity curve only depends on laser power

and telescope diameter

• Shorter arms lose the low frequencies (>107 M� BHs)

• Longer arms lose the high frequencies (< 103 M� BHs)

– 5 Mio km is a compromise!
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Draft LISA Science Requirements:

• Gravitational capture of compact objects by supermassive BHs
– Most challenging requirement and goal
– Also one of the highest-priority LISA science objectives

• Merging supermassive BHs
– Typically high-signal to noise, but sets goal and requirement at 10-4 Hz 

(in order to get accurate distance and other parameters for 106 Msol BHs) 

• High-Z intermediate mass seed BHs
– 103-105 Msol BHs at z = 7 - 30

– Somewhat speculative, but highly interesting for probing protogalaxies

• Cosmic backgrounds/bursts
– Standard slow-roll inflation not detectable
– Explore as much phase space as possible, but no firm requirement
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Angular Resolution with LISA

• Using phase modulation due to orbital motion is 
equivalent to           Aperture Synthesis
(like in Radio-Astronomy)

• Gives diffraction limit
Dq= l / 1 AU

• Measurements on detected sources: 
- Dq~ 1’ – 1o 
- D(mass,distance) £ 1%
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LISA Launch and Cruise

• Delta IV medium launches all three 
spacecraft

• Each spacecraft is attached to its own 
propulsion module
– Propulsion Module DV = 1.22 km/sec
– Propulsion module incorporates a 

bipropellent (N2 O4 / hydrazine) system 
and a Reaction Control System for 
attitude control 

• 13 month cruise phase
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DELTA IV
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LISA: 
A Collaborative ESA/NASA Mission

• Joint NASA/ESA Management Structure in place

• ESA Contractor selected

• Joint NASA/ESA Integrated Technical Teams (ITTs) in place

– Interferometry Measurement System (IMS)

– Disturbance Reduction system (DRS)

• LISA Mission Formulation Phase started fall 2004

– Constellation

• LISA Pathfinder (LPF) Technology Mission approved by 

ESA SPC in November 2003

• LPF Mission Industrial Contract in place

• NASA DRS and ESA LTP P/Ls on track for launch 2008
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Testing Technology in Space:
LISA Pathfinder (SMART-2) Mission

• Risk mitigation for LISA
• Technology demonstration for

ESA LISA Technology Package (LTP) 
• NASA contribution of Disturbance Reduction

System (DRS)
• 1 S/C testing drag-free operation, perfect free

fall of 2 test masses, interferometric readout, 
• Cs-FEEPS, Colloid, Cold-Gas and Chemical

propulsion
• Launch in 2008
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Optical Metrology in SMART-2
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LISA

• LISA as we know it was proposed in 1993
• LISA launch is now consistently quoted

as 2011
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The Future of Space Observatories

• LISA Pathfinder (SMART-2) is technology demo
30 cm armlength
Launch 2008

• LISA will open low-frequency window with
supermassive BHs and precision observations
5 Million km armlength
Launch 2011

• Big Bang Observer and Cosmic Vision Missions to look
for the early universe, dark energy,  missing mass
and THE UNKNOWN!
Many clusters of S/C
Launch 2018/25
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Big Bang Observer (BBO)
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BBO

• Resolve and remove all binary NS in Universe

• 3+1 clusters of 3 S/C
• Arms  50 000 km

• 3,5 m mirrors
• 300 W lasers

• Launch 2018-2025
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The LISA Follow-on Mission

� Searching for a stochastic background from the early unive rse?

Proposal to NASA VM03-0021-0021
Approved for study Feb 20, 2004


