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LISA: A Mature Concept

• After first studies in 1980s, 
M3 proposal for 4 S/C 
ESA/NASA collaborative 
mission in 1993

• LISA selected as ESA 
Cornerstone in 1995

• 3 S/C NASA/ESA LISA
appears in 1997

• Baseline concept 
unchanged ever since!
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A Collaborative NASA/ESA Mission
Cluster of 3 S/C in heliocentric orbit

Laser interferometer measures distance changes 
between free flying test masses inside the S/C

Equilateral triangle 
with 5 million km arms

Trailing the Earth by 
20 ° (50 million km)

Inclined against 
ecliptic by 60 °
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Angular Resolution with LISA

GWave
( f = 16 mHz)

• Amplitude and frequency 
modulation due to orbital 

motion equivalent to
Aperture Synthesis

• Diffraction limited 
angular precision  

Δθ = λGW / 1 AU / SNR
• For detected 

sources: 
- Δθ ~ 1’ – 1o
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LISA layout
Laser transponder with 6 links, all transmitted to ground
Diffraction widens the laser beam 
to many kilometers

– 1 W sent, still 100 pW received 
by 40 cm Cassegrain

Michelson with  3rd arm 
and Sagnac mode
Can distinguish both
polarizations of a GW
Can form Null combination! main transponded

laser beams

reference
laser beams
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Gravitational wave action
Gravitational waves change the distance 
between test masses at rest in free-falling 
frame.

Spurious forces move masses as well!
We need the perfect free fall!

⇒ Drag-free control
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Satellite
Satellite

Test mass
x

Position 
sensor

Thrusters

Control loop

Drag-free control
Countering Solar Radiation Pressure



8

Heterodyne Interferometry
Heterodyne interferometry for distance 

monitoring is a purely local measurement!

Laser

Laser

Test 
Mass

Test 
Mass

Photodiode

Photodiode
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Local measurements
For convenience: Split measurement into 2 parts! 
1. Spacecraft to test mass
2. Spacecraft to spacecraft
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Measuring S/C to Test Mass
Verification of measurement of SC to test mass on LISA 
Pathfinder
Mission now in Implementation Phase
Launch in 2009
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Measuring S/C to S/C
S/C-to-S/C Measurement: Laboratory testing! 
Heritage from LISA Pathfinder and ground based
interferometers
Verification by similarity and analysis!



ESA-NASA Coordination Meeting on LISA

11 August 2004, ESTEC, Noordwijk, 
NL

ESA-NASA 
Agreement on LISA!
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“August agreement”
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NASA Formulation Phase on LISA 
began October 1, 2004
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LISA Mission Formulation
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Payload – Current Design Status
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LISA Optical Assembly
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LISA Optical Bench
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LISA Payload Accommodation
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Sciencecraft
Mass 517 kg
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Propulsion Module
Mass 343 kg       Max Δv= 1130 m/s
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Launch Stack
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Mission Design

Sciencecraft 517 kg, PM 343 kg, Prop 470 kg, wet 1330 kg, 
stack with 30% margin 4697 kg

System Mass

1100 m/s avg., 343 kg dry, 470 kg prop.Propulsion 
Module

Sciencecraft nests in Propulsion module (PM), PM carries 
launch loads

Mechanical

Passive designThermal

Fixed SA, triple junction GaAs, 820 W EOL @ 30° Sun 
Angle, 9Ah Li Ion battery, 60% DoD

EPS

Star trackers, sun sensorsGN&C

Sciencecraft functions, science data processing on groundC&DH

Ka-Band – HGA and Omnis, 90-180 kbps downlink, 2 kbps 
up, DSN, Inter-S/C comm

Communications

Atlas 531, C3=0.65, Lift capability 5185 kgLaunch Vehicle

Heliocentric, 20° Earth trailing,equilateral triangle 
constellation with 5×106 km ± 1% armlength

Orbits

1.5 yr cruise + 5 years scienceLifetime
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Expected Performance

Requirement (incl 35% margin)13.513.613.013.049104.2327361.0

Total expected equivalent single link error8.78.98.910.411988.2231424.0Δx

Total geometrical pathlength error1.52.82.42.678.4322.2Δxmpl

Other effects000000Δxmo

Geometrical path length error from 
temperature variation (assessment not yet 
available allocation used)

0.00.10.71.574.8249.3Δxmthe

Piston effect of PAA1.41.41.51.614.043.7

Geometrical path length error from proof mass 
metrology 0.12.31.61.31.94.0Δxmpmm

Geometrical path length error from spacecraft 
pointing 0.40.80.70.618.7199.3Δxmscr

Residual Noise from laser phase noise3.93.93.93.9389.74330.2Δxlaser

Residual Noise from USO phase noise1.41.01.01.782.9276.3Δxuso

Metrology Shot Noise 7.57.57.57.57.57.5Δxms

Equivalent single link error due to proof mass 
acceleration0.00.01.15.111981.4231383.0Ta_ 

Δx*Δa

10001001050.10.03
Description
(all values are contributions to the single link error given in 
pm Hz-0.5)

Frequency [mHz]
Symbol

Ample performance margin!
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LISA Observing Modes
Single science mode: 

observes all the sky, 
all the sources, 

all the time!
– No pointing of the constellation, 

no scheduling of detectors or observing slots necessary (or possible).

– No science processing on board.

Continuous Observing, normal interruptions only for
– Antenna re-pointing (every 12 days)

– Laser and sideband frequency adjustment (occasionally)
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From Constellation to Ground
Requirements

– All data on ground every 6 days
– 1 day latency to science operations 

center before a merger
– 90% net efficiency (gaps, outages, 

etc < 10%)

Baseline telemetry
– Ka-Band, 30 cm antenna, 25 W TWTA
– 4.13 kbps continuous per S/C

– 871 bps is main science data
– Includes 15% coding overhead and 25% margin

– 4 hr DSN (34m) contact every 48 hr
– Total data volume per S/C

– 1 day: 357 Mbits all data/ 78 Mbits science
– 1 year: 130.4 Gbits all data/ 28.4 Gbits science
– 5 year mission: 652 Gbits all data / 142 Gbits science Data archive



LISA Independent 
Technology Review

Chartered by 
NASA/Goddard Space Flight Center Director

7 December 2005



The Technology Precursor Mission:
LISA Pathfinder!

Shrink one LISA arm to 38 cm
And fit into one Spacecraft
Goal: 3×10-14       f > 1mHzGraphics: Stefano Vitale
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Microthrusters
Thruster technologies developed and verified on ground.
Ground testing shows better than required thrust noise!
Pathfinder demonstrates two microthruster technologies in 
flight.
FEEPs and colloidal thrusters with 10s of µN thrust
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Gravitational Reference Sensor
The Pathfinder GRS is the LISA GRS.

Technology fully developed and verified on ground.

Pathfinder validates the GRS on orbit.

Additional ground testing needed at low frequency for LISA.
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GRS and Test Mass
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Ground testing – Torsion pendulum

Electrodes

Test-mass

Fiber 
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GRS Sensor Ground Testing
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LISA Optical Bench

No new technology required!

Hydroxide Catalysis bonding 

with space heritage from GP/B

Passed environmental and 

performance testing!

Technology validated in space 

on LISA Pathfinder!
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LTP Core Assembly
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Vacuum housing for GRS
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LTP Core Assembly
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LTP Core Assembly
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LTP Core Assembly
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Vibration Test LTP Optical Bench
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LPF Main Goals
Demonstrate that total acceleration noise in realistic 
conditions is not larger than goals
March toward LISA:

– Identify and subtract largest contributions to total noise

– Verify LISA noise model

– Identify excess noise 
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LPF noise sources
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Estimated

LISA Requirements

PF Expected Noise Model Validation
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Pendulum

Galactic Verification Binaries!
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Which Laser Source for LISA?
Diode-pumped Nd:YAG non-planar ring lasers (NPROs)

– High efficiency

– High intrinsic stability

– Output power up to 2 W

Single stage high-power NPRO (Off-ramp)

– demonstrated on breadboard level (ESA)

Two stage oscillator-fiber amplifier (Baseline)

– Space qualified master and slave available (TESAT)

– Master to fly on LISA Pathfinder

– Delta-development needed 
for amplifier power
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Flight Tests of LISA Master Laser
Non-Planar Ring Oscillator (NPRO) laser developed for TESS 
(NASA) 
LPF-like NPRO developed for EO3-GIFTS (NASA)
Identical NPRO will fly on LTP (ESA), now in CDR!

– Volume 1 liter, Mass 1 kg, 

– 10 W electrical power 

– 25 mW single mode optical 
output power into 
polarization maintaining 
single mode fiber output

– Free running stability 
100 MHz for  24 h and  
1-2 MHz for 5 s

LTP EM
TESAT
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LISA Laser Fiber Amplifier
To be launched on TerraSAR in 2006/7!

AEI test results
06/2006
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Frequency Stabilization

A perfect equal-arm Michelson is immune to frequency noise!

But for unequal arm interferometer δL = ΔL• δν/ν

– For ΔL= 10 000 km want δν=10 µHz 

Free-running miniature Nd-YAG laser 

– δν ~ 10 kHz/√Hz•[1Hz/ƒ]

Need to suppress δν by many orders of magnitude!

Combination of 

– pre-stabilization, 

– stabilization on armlength, and 

– post-correction in data analysis!
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3-Stage Frequency Stabilization 

post-processing
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Cavity Pre-Stabilization in Lab

LTP EM
TESAT
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Laser Cavity Stabilization

2 independent systems, out of loop

LISA Spec for
Pre-Stabilization
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Arm Locking of Laser Frequency
Standard in ground-based interferometers!



55

Arm locking demonstrations
Several experimental verifications

– Electrical measurements using 300 m cable.

– Optical measurements using 10 km optical fiber.

– Optical measurements with up to 30 s electronic delay.

All experiments verify analytical studies.
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Time-Delay Interferometry

Unequal-arm interferometer.

Output sensitive to laser noise

Synthesized equal-arm interferometer

Output immune to laser noise

Post-processing technique to synthesize equal-arm interferometer!
Replace the 100 m armlength difference requirement

by a 100 m armlength knowledge requirement!
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dynamic range 
~109 @ 5 mHz

Requirement

Science phasemeter testing
Digitally tested dynamic range 
requirement.

– Digitally generated 3 
independent, laser-like noise 
sources such that,

Phase 0 + Phase 1 - Phase 2 = 0

Equivalent Optical Setup

x107 zoom

JPL
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S/C-to-Test Mass Ifo Test on LPF EM
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Optical Bench EM Performance

Phasemeter
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Optical Bench EM Performance
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Independent Technology Review
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Independent Technology Review
Final Report
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LISA Status
ESA-NASA collaboration agreement since August 2004

– Joint Management Structure working well!

Mission Formulation Study began in January 2005

– ESA prime contractor EADS Astrium Friedrichshafen

– NASA GSFC and JPL fully integrated

LISA Technology Assessment Review at GSFC 

– Passed with flying colors in December 2005!

Technology precursor LISA Pathfinder in Phase C/D

– Launch in 2009

LISA technically well on track for launch in 2015!

– Launch date is determined by budget



LISA
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Technology-paced Schedule

Formulation Phase Kick-Off: January 2005

Definition Phase Start: January 2008

LISA Pathfinder Launch: October 2009

LISA Phase B/C/D Start: January 2010

LPF final results available: July 2010

LISA Launch: August 2015

Reach Science Orbit: September 2016

Science Operations Start: October 2016

End of nominal mission: October 2021

Project schedule calls for 2016 launch based on funding profile.



NRC Beyond Einstein 
Review

November 6-8, 2006
Washington

Scott Hughes
Craig Hogan

Karsten Danzmann
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If you want to see a presentation, click
http://www7.nationalacademies.org/ssb/BE_November_2006_mtg_DC.html

LISA came across extremely well!
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Summary
LISA science is spectacular and unique!

– Black Holes
– Cosmology
– Galaxy growth
– Galactic Binaries
– Terascale Physics
– The truly unknown

The mission concept is mature, stable and well-developed!
– Requirements flowed down and well-understood
– Architecture stable since a decade

The technology is well advanced, no breakthroughs required!
– Comprehensive development plan
– Ground-based technology demonstrations complete 
– LISA Pathfinder carries most technologies into space

LISA is ready to go!
– Technology is ready
– Strong NASA – ESA partnership
– Science community is large, growing and vigorous

LISA is truly new!




