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Source GW Free falling test
bodies

Laser Ranging

LISA basics
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3 pairs of “free falling” test 
masses

( 3 10-15 ms-2 Hz-1/2 @ 0.1 mHz)
3 “test-mass follower”
shielding spacecraft

2 semi-independent 5 106 km 
Michelson Interferometers 
with  Laser Transponders

( 40 pm Hz-1/2)

Goal: GW at 

0.1 mHz – 0.1 Hz

5 106 km 

Spacecrafts

Test 
Masses

Telescopes

21 -3Strain sensitivity 3 10 Hz   @  10 Hz−≈ ×

LISA
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LISA essentials 1: the smart orbits
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• Using phase modulation 
due to orbital motion        
is equivalent to
aperture synthesis. 

• Gives diffraction limit    
∆θ = λ/ 1 AU.

• Measurements on    
detected sources: 
- ∆θ ~ 1’ – 1o

- ∆(mass,distance) ≤ 1%
Wave
( f = 16 mHz)

Angular Resolution with 
LISA
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Test mass 

Laser Sensor 

Phase-lock 
loop

5 106 km

LISA essentials 2: the laser transponding scheme

Beating power loss due to beam divergence
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Non-planar Nd:YAG Ring Laser

Material Nd:YAG

Dimensions 12 x 8 x 3 mm3

Threshold 150 mW

Slope Efficiency 70 %

Power Dissipation (Supply Unit) 12 W

Max. Single Frequency  Output 3.5 W

[mm]
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63

LISA: Technology and Mission getting real!

Amaldi2003

Thermal isolation of cavity

• Cavity length 20 cm, finesse 9000

• Vacuum 2x10-7 mbar

• Gold-coated thermal isolation layers

• Spacers from ceramics with low thermal conduction
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64

LISA: Technology and Mission getting real!

Amaldi2003

Preliminary AEI Results

• 2 independent systems, 
out-of- loop comparisonLISA 

Spec
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1

LISA: Technology and Mission getting real!

Amaldi2003

LISA Interferometry (1)

• Each signal heterodyned 
separately with local laser on diode

• Main beams heterodyned on quadrant diodes

• Phase difference between quadrants gives 
pointing information for main beams (same 
technology as used on ground-based detectors)

main beams

reference beams
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18

LISA: Half-time from Proposal to Launch

LISASymp2002

LISA Interferometry (2)

• 6 main beat signals plus 
6 reference beat signals

• Reference beam beat signals 
used to phase-lock lasers in same S/C

• Laser noise from sum of main beat signals

• Gravitational wave signal from difference 

main beams

reference beams
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19

LISA: Technology and Mission getting real!

Amaldi2003

LISA Interferometry (4)
• Need Ultrastable Oscillator to remove 

Doppler shift of a few MHz before transmission 
to the ground, but USO noise too high 
(10-13 over 1000 sec for Mars Observer 
vs. 10-16 needed)

• USO transmitted as laser sideband (∆ν~200MHz) 
to be stabilised on armlength

main beams

reference beams

• Remove laser and USO noise 

• Gravitational wave signal from difference 
of main beat signals minus laser and USO noise
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FUNDAMENTALS OF LISA INTERFEROMETRY

8h Lπδ ≈ δϕ ∆
λ

1.064 µm Nd:YAG, ≈ 1 W diode pumped monolithic 
lasers

Laser transponding technique: local laser locked to 
incoming phase

Master laser (SC1) phase noise (30 Hz1/2) measured and 
corrected on board. 

Arm lengths difference ∆L  known at  ± 20 m from 
ground tracking and laser ranging
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USO on board each spacecraft for phase 
measurements

(10-13 relative stability 1-1000s; relative phase noise 
of USO’s measured and corrected)

FUNDAMENTALS OF LISA INTERFEROMETRY

Phases due to optics fixed to spacecraft, subtracted

pmGoal :    40      0.1 mHz  f  0.1 Hz
Hz

≤ ≤
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Something more than “an interferometer”: 6 independent 
beams
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Sagnac combination: 
insensitive to GW

Allows calibration of 
background noise
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic against
non-gravitational disturbances
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield



Trieste-25-09-03 S. Vitale 38

Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Trying to be geodesic: the 
spacecraft as a passive shield
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Spacecraft

Test mass
x

Displacement 
sensor

Thrusters

High gain force 
feedback

Drag-free: keeping the spacecraft 
with the proof-mass
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LISA control: spacecraft  follows 2 masses at once
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LISA control: spacecraft  follows 2 masses at once
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LISA control: spacecraft  follows 2 masses at once
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LISA control: spacecraft  follows 2 masses at once

1: Move the  spacecraft and centre the masses along laser beams
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1: Move the  spacecraft and centre the masses along laser beams
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LISA control: spacecraft  follows 2 masses at once
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LISA control: spacecraft  follows 2 masses at once

1: Move the  spacecraft and centre the masses along laser beams



Trieste-25-09-03 S. Vitale 64

LISA control: spacecraft  follows 2 masses at once

2: Re-center the masses at 90° from the laser beam
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LISA control: spacecraft  follows 2 masses at once

2: Re-center the masses at 90° from the laser beam
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LISA control: spacecraft  follows 2 masses at once

2: Re-center the masses at 90° from the laser beam
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x

The reality 

Stray forces

Parasitic 
coupling
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Ac bias 

Test 
mass 

injection 
electrode Ac amplifier 

PSD

 

x

y

z

θ

φ

η

θ & y

η & x

φ & z

The drag-free key elements:   1 the displacement 
sensor

 

Ac bias 

Test 
mass 

injection 
electrode Ac amplifier 

PSD

 

Ac bias 

Test 
mass 

injection 
electrode Ac amplifier 

PSD

 

Ac bias 

Test 
mass 

injection 
electrode Ac amplifier 

PSD
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Force on 
spacecraft

S C2T / M
p n 2

fbSensor  noiseParasitic  stiffness
Force on Test-Mass Drag free

gain
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The residual test-mass acceleration noise

Main disturbances to free-fall 
and design guidelines 

Force on 
spacecraft
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Force on 
spacecraft

S C2T / M
noise p n 2

fbSensor  noiseParasitic  stiffness
Force on Test-Mass Drag free

gain

Relative diplacement
TM  wrt S/C

Ffa x
m M

−

 
 
 = + ω + ω
  
 

Main disturbances to free-fall 
and design guidelines 

2
bias

3
V
gap

∝
2

bias

gap
V

∝

Large gaps, low voltage low sensitivity



Trieste-25-09-03 S. Vitale 71

Force on 
spacecraft

S C2T / M
noise p n 2

fbSensor  noiseParasitic  stiffness
Force on Test-Mass Drag free

gain

Relative diplacement
TM  wrt S/C

Ffa x
m M

−

 
 
 = + ω + ω
  
 

Main disturbances to free-fall 
and design guidelines 

Charge effects, Thermal noise no dc-voltage

Outgassing, Radiometer effect… Stable thermal gradients

Magnetic field Low susceptibility, Low magnetic moment, Cleanliness

……
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 Top and 
Bottom 

Lids 
 

Central 
frame 

 
Test Mass

2-4 mm gaps

<1 V ac-bias

No dc-voltage
(charging-losses)

Thermally 
conducting 
ceramics
(thermal 

gradients)

AuPt low 
susceptibility 

test-mass 
(magnetic noise)
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Pendulum down in a ir      vac_test_125

XM
(X1-X2)/2
No bias
The rma l

Requirement: 1 nm/√Hz resolution 

>2 mm gaps and 0.3 Volt bias

Requirement
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Drag-free key 
elements 2: 

Microthrusters
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Advanced 
resonant

N
ew

to
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Galactic Binaries
SNR  up to 500 in 1 year. Angular esolution 10-3 –

10-2 srad at SNR ≈10
Some are standard candles: everything known about 

the signal.
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LISA calibration binaries
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Massive black hole binaries from 
merging galaxies cores

SNR up to 2000 in one year at z 
≈1 – 3

Angular resolution few’-few°
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Our one
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Binary SMBH-SMBH
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Gravitational capture

High rate. SNR 10-20

Map of the event 
horizon

Proof of no-hair 
theorem

Direct proof of BH
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The science case for gravitational capture
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Signal 
extraction 

challenging
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Putting all together
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Telescope 90° rotated for illustration

New design
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3 pairs of “free falling” test 
masses

( 3 10-15 ms-2 Hz-1/2 @ 0.1 mHz)

5 106 km 

Spacecrafts

Test 
Masses

Telescopes

Can it be achieved?

Can it be tested?



Trieste-25-09-03 S. Vitale 101

Electrodes

Test-mass

Fiber 

A Torsion pendulum test 
bench
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Ph
ys

. R
ev

. L
et

t. 
20

03
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Temperature controlled room
• Long term temperature stability of 50 mK, order of 
magnitude reduction in sensitivity to room temperature 
fluctuations
• Allows controlled investigation of temperature effects
by modulation of temperature setpoint
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Stray dc voltage

Random arrival of charge

( ) 1 21 2
1

1
dc5

2
o

S m 4 mm eventrate 0.1mHz0.8 10
m gap 300 s fs 10 mVHz

V−
−

ω      = ×     



  

 

Vdc
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Vdc

+++++++++++++

+++++++++++++

+++++++++++++

+++++++++++++

Simulating a varying charge on the test-mass ac-torque induced

----------------------

----------------------

+++++++++++++

+++++++++++++

+++++++++++++

+++++++++++++

~

Vcomp.

Vdc may be compensated Vdc+Vcomp.=0
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Typical Vdc 30 mV

Compensated to 1 mV

Compensation voltage on electrodes (mV)

To
rq

ue
 o

n 
te

st
-m

as
s (

fN
 m

)
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Measurement of DC Bias Stability

• DC Bias imbalance stable to within 1 mV over 50 hour run
• Note that measurement noise (cosine phase) is below the 
observed scatter in the electrostatic signal
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75 10× e

+V0  sin (2πft)

- V0  sin (2πft)

- V0  sin (2πft)

+V0  sin (2πft)

Charge measurement by dither voltage

Resolution: 1000 e
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Long  term charge measurement

• Roughly +1 e / s charging
• Measurement error of 50000 charges in a 6 hour 
measurement with 50 mV measurement bias
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5 106 km 

LISA Path Finder 
(SMART-2) In-flight 

test:

squeezing 1 LISA’s
arm to 35 cm

2
14 msa 3 10        1 mHz f 30 mHz

Hz

−
−δ ≤ ⋅ ≤ ≤

One order of 
magnitude from 

LISA goals
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Test-m
ass

Test-m
ass

Interferometer

Optical metrology
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SMART-2 control logic
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SMART-2 control logic
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SMART-2 control logic
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SMART-2 control logic
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SMART-2 control logic
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SMART-2 control logic
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( )

Test mass / SpacecraftDifference relative dispacementDifferenceofof force
parasitic coupling

x,1 x,2 S / C,x2 2
laser p1 p2 n,1 2

fb,x

SMART 2

f f F
x x

m M

−

−

 −
δ ∝ + ω − ω + ω 

Test mass / SpacecraftParasiticForceon relative dispacementtest masstest mass
coupling

S / C,x2x
n p n,1 2

fb,x

LISA

Ffa x
m M

−
−−

 
∝ + ω + ω 

No effect on measurement of test-mass control



Trieste-25-09-03 S. Vitale 123



Trieste-25-09-03 S. Vitale 124



Trieste-25-09-03 S. Vitale 125



Trieste-25-09-03 S. Vitale 126



Trieste-25-09-03 S. Vitale 127



Trieste-25-09-03 S. Vitale 128



Trieste-25-09-03 S. Vitale 129Laser



Trieste-25-09-03 S. Vitale 130



Trieste-25-09-03 S. Vitale 131

BreadBoard Testing
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Test-mass

Caging 
Mechanism

Vacuum 
enclosure

Electrode 
Housing

Optical
Window

UV Optical 
Fibres for 

Discharging

Engineering
model: making 

it into flight 
hardware
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Adhesion/damage test completed

RAL

Caging
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No damage detected at stops

Pre-load 2500 N

Residual adhesion 50 N

Requirement <2000 N

RAL
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Charge
management

Photo-emissive surfaces
•Tests have been done on sample surfaces made of Au and 
Au/MoS2 within  LTP development programme.

Bias voltage on TM (V) vs time (s)
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η=0.2x10-5

LISA Symposium – PSU 24/07/2002

η=~0.7x10-5

LISA discharge in 
100secs!!
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Avionics
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5.3 Test requirements ........................................................................................................ 22 
5.3.1 List of required tests............................................................................................... 23 

5.3.1.1 Run 1 Measurement of total acceleration ........................................................... 23 
5.3.1.2 Run 1.1 Measurement of acceleration noise in M3.............................................. 24 
5.3.1.3 Run 2 Measurement of internal forces ................................................................ 24 
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Instrument noise: laser + actuation 
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Instrument noise: laser + actuation 
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ST7+LTP A combined experiment



Trieste-25-09-03 S. Vitale 155

2 masses control as in LISA

Disturbance correlation

LTP/ST-7 joint operation
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200 µm p-p displacement of ST-7 test-mass: signal
at LTP output. SNR>1000 in a few hours

Gravitational calibration (big G at 1 mo km?)
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B. Cramer / A. Gianolio
S. Volonte / J. Hrastar

8:30 A - Briefing Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .B. Cramer

8:40 B - Science Requirements & Mission Science Performance . . . . . . . . . . . T. Prince
T. Stebbins

9:35 C - Mission Implementation Plan (Part 1) . . . . . . . . . . . . . . . . . . . . . . . . . C. McGraw

10:00 BREAK

10:15 C - Mission Implementation Plan (Part 2) . . . . . . . . . . . O. Jennrich / K. Danzmann
C. McGraw

11:30 D - Technology Roadmap and Program Formulation (Part 1) . . . . . . .S. Merkowitz

12:00 LUNCH

1:00 Board Executive Session

1:30 D - Technology Roadmap and Program Formulation (Part 2) . . . . . . . . . . S. Vitale
B. Folkner

3:00 BREAK

3:15 D - Technology Roadmap and Program Formulation (Part 3) . . . . . . K. Danzmann

3:45 E - Management, Schedule, and Budget . . . . . . . . . . . . . . . . . . . G. Man / B. Cramer

4:10 Contingency Period (Questions & Discussion)

4:40 F - Briefing Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. Gianolio

4:50 G - Introduction to Tour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. Abramovici

5:00 Guided Tour

6:00 Adjourn
ii

Technical Readiness, Implementation and Planning
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April 22, 2003 26

LISA-TRIP
SUMMARY

Assessment of Risk

Achieving technology roadmap: Medium

Formulation in addition to technology development: Medium

Implementation: Medium
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The plan:

LISA NASA/ESA ≈50/50 collaborative mission
2012

LISA PF/LTP-ST7, ESA/NASA technology 
demonstration mission 2007

2013: enjoy listening to black-holes
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The Big Bang 
Observer
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