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Overview

• Motivation

• Self – Gravitational Requirements

• Experimental Concept

• Sensitivity Analysis:
� Random Noise Sources
� Systematic Noise Sources

• Verification Options

• Summary and Conclusions



-3-

T
hi

s 
do

cu
m

e
nt

 is
 th

e 
pr

op
er

ty
 o

f A
st

riu
m

. I
t s

ha
ll 

no
t b

e 
co

m
m

un
ic

at
ed

 to
 th

ird
 p

ar
tie

s 
w

ith
ou

t p
rio

r 
w

ri
tte

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

LISA Symposium 16-20 June 2008,  Barcelona 

Motivation

Self gravitational effects contribute to limit the drag-free performance of 
spacecraft such as LISA Pathfinder and LISA:

• Direct gravitational forces on the Proof Mass

� DC Gravitational Field

� Thermoelastic Effects – modulation of DC Field
� Spacecraft Residual Jittering – modulation of DC Field

• Gravitational Spacecraft – Proof Mass Stiffness

�
�
�

�
�
�
�

�
++=

2
/2int

dfSC

CS
np

TM
noise M

F
x

m

f
a

w
w



-4-

T
hi

s 
do

cu
m

e
nt

 is
 th

e 
pr

op
er

ty
 o

f A
st

riu
m

. I
t s

ha
ll 

no
t b

e 
co

m
m

un
ic

at
ed

 to
 th

ird
 p

ar
tie

s 
w

ith
ou

t p
rio

r 
w

ri
tte

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

LISA Symposium 16-20 June 2008,  Barcelona 

Motivation

• There seems to be the perception that self-gravitational effects cannot be 
verified / tested  on ground

• It is true that not everything can be verified and tested…

… but actually, quite a lot can be!

Purpose of this talk:

1. Demonstrate what can be done
2. Open up discussion of whether it is worth doing!
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Self - Gravitational Requirements

3x10-8 – 1x10-7

5x10-10 – 1x10-9

Value LISA

1/s2

m/s2

Unit

- 5x10-7

+7x10-7

Gravitational Stiffness

1x10-9DC Gravitational field

Value LPFQuantity

At Proof Mass Location, sensitive axis:

Note: the above are total values, i.e. Spacecraft and Payload 
Contributions taken together
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Self - Gravitational Requirements

-2x10-7

+3x10-7

3.5x10-10

Spacecraft

-1x10-7

+2x10-7

3.5x10-10

Inertial Sensor

1/s2

m/s2

Units

-2x10-7

+3x10-7

Gravitational Stiffness

4x10-10DC Gravitational field

LTPQuantity

For LISA Pathfinder there has been a detailed apportioning:

�R�R�R�R Target sensitivity levels for verifications:

Stiffness: �¸�¸�¸�¸ 10-8s-2 ( = 10-10ms-2 / 10-2m)

DC field: �¸�¸�¸�¸ 10-10ms-2
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Experimental Concept

• Use Torsion Balance designed for the purpose:

Spacecraft

Torsion Balance

“ Near” Test Mass

“ Far” Test Mass

Rotation for  DC 
gravitational field

Translation for  
gravitational stiffness

Z

Turntable &  
Translation Stage

Heat for  thermoelastic
effects
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Experimental Concept

Possible limitations:

• LPF / LISA SC have not been designed to allow TB access

• Measurement of components in x and y significantly easier than in z –
sufficient for stiffness but not for DC field

Z
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Sensitivity Analysis

• State-of-the-art TBs (eg Univeristy of Washington, University of Trento) 
achieve torque sensitivities (close to thermal limit) of

• With typical arm lengths of 0.1m and mass values of 0.05kg this is 
equivalent to an acceleration sensitivity of

For our purposes: need to detect �¸�¸�¸�¸ 10-10ms-2 in <104s

�R�R�R�R even is adequate! 

… but our TB is very different…

Hz
s
m

a /10 2
8----»»»»dddd

HzNm/103 15----´́́́»»»»GGGGdddd

Hz
s
m

a /103 2
13----´́́́»»»»dddd
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Sensitivity Analysis

The following noise sources will in general be present:

• Random
� Thermal

� Magnetic

� Sensor noise
� Seismic Vibrations

� Gravitational

• Systematic
� Mechanical Effects

� Magnetic Effects

� Thermal Effects
� Gravitational Effects
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Random Effects – I

Thermal Noise in TBs depends on:

• Intrinsic fibre noise – function of material and diameter

• Residual gas damping

• Other damping sources

�R�R�R�R Thermal noise should not be significantly different

Magnetic Noise in TBs depends on:

• TB material properties

• Magnetic Shielding

• Magnetic environment

�R�R�R�R Magnetic noise should not be significantly different
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Random Effects – II

Sensor noise in TBs depends on sensor that is used:

• Autocollimators

• Interferometers

• Capacitive Sensors

�R�R�R�R Sensor noise should not be significantly different

Seismic vibration noise depends on:

• Seismic environment

• TB modes and damping

• TB geometry (eg quadrupole moment)

�R�R�R�R Vibration noise could be significantly higher
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Random Effects – III

Gravitational noise depends on

• Gravitational environment (changing mass distributions)

• TB design (eg quadrupole moment)

�R�R�R�R Gravitational noise could be significantly higher
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Sensitivity Analysis

The following noise sources will in general be present:

• Random
� Thermal

� Magnetic

� Sensor noise
� Seismic Vibrations

� Gravitational

• Systematic
� Mechanical Effects

� Magnetic Effects

� Thermal Effects
� Gravitational Effects

Hz
s
m

a /10 2
8----»»»»dddd

Remember: only need

�¸�¸�¸�¸ 4 orders of magnitude margin!
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Systematic Effects – I

Mechanical:

Problem:

• Motion of >500kg SC couples mechanically into TB (eg via tilt)

Solution:

• Decoupling of SC motion and TB suspension

• Active tilt monitoring and compensation if required

Magnetic:

Problem:

• Direct magnetic coupling between SC and TB

Solution:

• Use of non-magnetic materials

• TB magnetic shielding
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Systematic Effects – II

Thermal:

Problem:

• Thermal TB sensitivity (in particular for thermoelastic effects)

Solution:

• Thermal decoupling of TB from environment

• Active monitoring and compensation if required
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Systematic Effects - III

Gravitational

Problem:

• Gravitational coupling between SC Turntable and TB

• Coupling between SC and TB “ far” mass

Solution

• First Problem: Optimise Turntable Design / Perform differential 
measurements

• Second Problem: not as easy…
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Gravitational Coupling to “ Far” Mass

Source (SC) has typical diameter 2.5 - 3m 

�R�R�R�R “ Far” mass not infinitely far at all…

�R�R�R�R Non-negligible coupling to far mass

Torsion Balance

“ Near” Test Mass

“ Far” Test Mass
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Computation of coupling in realistic geometry:

• Simplified Model based on Unit distribution according to latest LISA SC 
design:

• Simplest approach: vary TB “ height” and calculate coupling!

Gravitational Coupling to “ Far” Mass
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DC Gravitational Field Simulations

At “ zero” :

• 2m TB height:

“ Real” DC field

Measured DC field

Error �¸�¸�¸�¸ 4x10-10ms-2
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DC Gravitational Field Simulations

At “ zero” :

• 3m TB height:

“ Real” DC field

Measured DC field

Error �¸�¸�¸�¸ 1.5x10-10ms-2
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DC Gravitational Field Simulations

At “ zero” :

• 4m TB height:

“ Real” DC field

Measured DC field

Error �¸�¸�¸�¸ 6.0x10-11ms-2



-23-

T
hi

s 
do

cu
m

e
nt

 is
 th

e 
pr

op
er

ty
 o

f A
st

riu
m

. I
t s

ha
ll 

no
t b

e 
co

m
m

un
ic

at
ed

 to
 th

ird
 p

ar
tie

s 
w

ith
ou

t p
rio

r 
w

ri
tte

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

LISA Symposium 16-20 June 2008,  Barcelona 

DC Gravitational Stiffness 
Simulations

Measured field

Stiffness Error << 10-8s-2

“ Real” field
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Gravitational Coupling to “ Far” Mass

Conclusions:

• Coupling to “ far” test mass significant (>10-10ms-2) for TB heights 
<= 3m

• Coupling not significant for stiffness measurements

• Alternatives to TB height increase:
� Consider other options to optimise TB design:

� Increase TB beamlength
� Change TB geometry and gravitational multipoles

� Conduct differential experiments (eg TBs of different height)
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Sensitivity Analysis

The following noise sources will in general be present:

• Random
� Thermal

� Magnetic

� Sensor noise
� Seismic Vibrations

� Gravitational

• Systematic
� Mechanical Effects

� Magnetic Effects

� Thermal Effects
� Gravitational Effects
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Verification Options

Through direct measurement of the DC gravitational field and gravitational stiffness 
using LPF / LISA Spacecraft Hardware, the following verifications are possible:

• Verification of SC contribution to DC field and stiffness at TM location

• Verification of SC / LTP contribution to DC field and stiffness at TM location

• Verification of SC / LTP / IRS contribution to DC field and stiffness at nearby 
location

• Verification before and after environmental testing

In addition, the following options exist:

• Verification of thermoelastic effects (through deliberate heating)

�R All these tests would verify the Gravitational Model as well as Hardware 
Assembly and Integration
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Summary and Conclusions

• A first assessment shows that a torsion balance of modest sensitivity (4 orders 
of magnitude worse than the best torsion balances) is adequate to carry out a 
meaningful verification of many self-gravity requirements on LPF and LISA

• More detailed work is required:
� Quantitative assessment of vibrational and gravitational noise in “large” TB

� Detailed TB design to minimise gravitational coupling to the “far” mass

� Investigate feasibility of thermoelastic verification
� Comprehensive sensitivity analysis including misalignments etc

• If this activity is considered worth doing – we think it is –, Astrium would be 
keen to initiate it, in collaboration with academic partners (preliminary contacts 
exist with Birmingham University and Glasgow University)

• A LPF SC mass dummy, ideal for testing purposes, is available at Astrium!


