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Stockholm, July 19, 2013 

1 ×106 km 

eLISA Free falling particles 
( 0.3 fg/√Hz-1/2 @ 0.1 mHz) 

Interferometric doppler link 
 ( 40 pm /√Hz-1/2  @ 3 mHz) 

Spacecraft 
(no mechanical contact) 
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The basic measurement concept: the Doppler link 

•  GW modulates the frequency of the received beam 

•  As accelerations of satellites relative to their local inertial 
frame also do.  
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 +areceiver t( )− aemitter t − L c( )
  c νo( ) νreceiver − νemitter( ) = c hreceiver t( )− hemitter t − L c( ){ }



The basic measurement concept: the Doppler link 

•  Inertial reference  test-masses are used to correct for satellite 
acceleration 

•  Equivalent to directly tracking test-masses 
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The detector arm 

•  Two counter-propagating, phase-locked links 
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test-masses 



•  eLISA instrument key 
elements: 
–  The Gravitational Reference 

Sensor with the test-mass 
–  The Optical Bench with the 

complete interferometry 
– A telescope to exchange 

light with the far satellite 
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The non-contacting satellite (drag-free) 

•  Position of spacecraft 
relative to test-mass 
is measured by  local  
interferometer 

•  Spacecraft is kept 
centered on test-mass 
by acting on micro-
Newton thrusters. 
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The Gravity reference Sensor (GRS) 

Trieste June 5, 2012 

• Drag-free along 
sensitive 
direction 
• Test-mass (TM) 
control along the 
remaining ones 



The optical bench 

•  Carries on all needed interferometry 
•  Monolithic ultra-stable structure 

obtained by silica hydroxyl bonding 
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Disturbances in e-LISA: 1 force noise 
•  Link measures curvature but also acceleration of emitter 

and/or receiver, along beam direction. 

•  Accelerations are relative to local inertial frames and due to 
true force noise.  
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Disturbances in eLISA: 2. local reference frame noise 
•  Acceleration of TM relative to local inertial frame from: 

–  A measurement, by local interferometer, of acceleration of TM relative 
to satellite. 

–  A measurement of acceleration of satellite relative to local inertial frame 
(defined by phase front of laser beam) 

–  Acceleration of TM is obtained as 
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 ax,tm = ax,tm−sat + ax,sat



•  Combination suppresses large satellite motion 
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ax,tm

0.3 fg Hz


= ax,tm−sat

20 fg Hz


+ ax,sat

20 fg Hz


Disturbances in eLISA: 2. local reference frame noise 



•  Suppression of satellite acceleration depends on accuracy  of 
reference frames of combination 

•  Misalignments, calibration inaccuracies contaminate signal with  
satellite acceleration 
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Disturbances in eLISA: 2. local reference frame noise 



Disturbance in e-LISA. 
3. Readout noise 

•  Local contributions: phase-
meter electronics, clock, 
AOM’s…. 

•  Non local contribution: laser 
frequency noise common to all 
arms. 
Suppressed by taking 
combination of signals from 
different arms (Time Delayed 
Interferometry 
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Most of disturbances are local ! 
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• A test of the entire local measurement 
(95 % of noise) with a requirement at 
3 fg/√Hz @ 1 mHz 

• Return a  quantitative  physical model 
for test-mass geodesic motion at 
eLISA requirements 

• A verification step in the 
development of eLISA using same 
hardware/processes: 
– GRS, Micro-thrusters, Disturbance 

reduction system, including gravitational 
control and free test-mass technique 
(DFACS) 

– Monolithic, silica-bonded optical bench 
– Master laser, low-frequency phase-meter 

 

The aims of LISA Pathfinder 
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eLISA and LPF requirements 
•  Relaxation of requirements is for the mission not for the 

hardware. 
•  Hardware is designed for eLISA 
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LISA Pathfinder concept 

•  Take away the long-arm interferometer 
•  Substitute the long-arm laser beam reference, with a second 

(quasi-)free test-mass 
•  One (e-)LISA arm squeezed into one spacecraft 
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LISA Pathfinder 
instrument: 

The LTP 
•  Two local interferometers 

on a high stability optical 
bench 

•  Two Au-Pt test-masses  
enclosed in their GRS 
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S. Vitale 

LTP flight configuration 
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LISA Pathfinder concept. Drag-free 
• Non contacting satellite 
• Second test-mass forced to follow the first at very low 

frequency by electrostatics 
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The Optical Bench and Structure 

•  Successfully tested end-to-end for optical 
performance 

•  Delivered for integration on May 2013 
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The Optical Bench and Structure 

•  Delivered in May 2013, currently under integration 
into rest of structure 
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The Optical Bench and Structure 

•  Delivered in May 2013, currently under integration 
into rest of structure 
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S. Vitale 

LTP electronic and optical 
units 
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The GRS: test-mass 
•  Flight test-masses (2 kg, 46 mm) 
•  Very high density homogeneity 

(<<1µm pores) 
•  CoG at geometrical center within 

±2 µm 
•  Magnetic susceptibility at  
χ = –(2.3±0.2)×10-5 

•  Magnetic moment < 4 nAm2 
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LTP 

The GRS: electrode housing 
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•  Failure during flight 
model vibration test 

•  Partial modification of 
assembly technique 

•  Already through the 
design review process 

•  Qualification model 
successfully tested 

•  Delivery in September 
2013 



GRS Qualification Model 
A qualification test of the entire 

assembly procedure 
 

S.	  Vitale	  
LTP Progress Meeting #40, ASD, 7. August 2012, p 29 
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Successful 
 Integration, functional and vibration tests 



Integration of full complement 
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Practicing with the entire structure 
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Practicing the AIV of the entire payload 



LTP 

System testing 
•  All test 

completed: 
– Vibration (s) 
– Shock (s) 
– Electromagnetics 
– Magnetic 

cleanliness 
– On station 

thermal 
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G.D.Racca | Science Working Team, ESTEC, Noordwijk 30th November 2011   

Sine Vibration Test 
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EMC 
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Closed loop test of electronics and optical boxes 
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Software test with real electronics 
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“On Station” System test: an end-to-end 
test including optical metrology 



LTP 

Hibernation 
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Cold gas thrusters 
•  Choice of Micro-Newton thrusters had to be changed 
•  Cold gas developed for Gaia better than requirements 
•  Can be used on eLISA as well 
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Schedule 

•  Launch July 2015 
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LTP SubContracts  

GPRM Calibration GPRM FM 2

dCCU

CVM

ISH 1 & 2 Flight Models

CFIs  

EH1

EH2

ISUK modified

ULU repaired & accepted  --> to SCM

2 OB final Qual (Spare)  --> to ASD

3 OB final Qual

ASD AIT  

LCA MAIT preparation

LCA Composite Prep

LCA final lntegration DRB @ ESA Launch

LCA Composite final lntegration  --> to SCM

Spacecraft tasks to launch (~8months)

CCU Repair

Waiting for optical bench 3

2 months



The experiment: an investigation campaign 
•  Measurement of parasitic forces 

–  Calibration of 3-body dynamical 
parameters 

•  Noise projection 
–  Force gradient coupling 
–  Reference frame noise  
–  Magnetic force 
–  Thermal gradient force 
–  Laser radiation pressure noise 

•  Verification of gravitational flattening 
•  Measurement and compensation of 

patch-potentials 
•  Verification of cosmic ray charging 

model 
•  Measurement of charge fluctuations 
•  Calibration of LPF bench noise 
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Experiment implementation  
•  Method: a sequence of dedicated 

investigations in a closed packed 
arrangement  

•  Preparation:  
–  Experiment design and 

theoretical analysis 
–  Experiment simulation on 

mission simulator  
–  Supporting experiments in the 

laboratory and from flight 
hardware testing campaign 
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End-to-end 
operation 

simulations 
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ESA Presentation | J. Fauste | ESAC | 12/06/2012 | SRE-ODL | Slide  10 

ESA UNCLASSIFIED – For Official Use 

Simulation execution and operational timeline 
 

Ground Station Pass (Cebreros) 

Acquisition of signal (AOS) Loss of signal (LOS) 

Reception of ICE telemetry Flag Reception of Full Telemetry 
Consolidation Flag 

MUST ICE TM 
retrievals 

MUST FULL TM 
retrievals MUST 

Server 

LTPDA  
(STOC AO repository 

LPSDAS01) 

3 hours for the simulation 8 hours in reality 
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One example: LPF “test-bench noise” 
•  In eLISA each test-mass is free along laser beam 

direction 
•  In LPF a control loop applies (noisy) 

electrostatic forces to test-mass 2 to avoid it 
drifting away from test-mass 1. 

•  Largest part of force is at dc and compensates 
for unbalanced gravitational force on test-mass 2 
(< 10-10 g ) 
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Gravitational field control 
•  Gravitational field must be suppressed on eLISA and LPF  at 0.1 ng 
•  Suppression of gravitational field is based on: 

–  Measurement of mass and position of component 
–  Numerical calculation of field 
–  Compensation by balance masses 

•  Required accuracy <50 pg to include margin 
•  Gravitational field measurement on board LPF, sole opportunity of verification of 

method 

Stockholm, July 19, 2013 S. Vitale 48 

ASTRIUM CONFIDENTIAL 

Th
is

 d
oc

um
en

t a
nd

 it
s 

co
nt

en
t i

s 
th

e 
pr

op
er

ty
 o

f A
st

riu
m

 [L
td

/S
A

S
/G

m
bH

] a
nd

 is
 s

tri
ct

ly
 c

on
fid

en
tia

l. 
It 

sh
al

l n
ot

 b
e 

co
m

m
un

ic
at

ed
 to

 a
ny

 th
ird

 p
ar

ty
 w

ith
ou

t t
he

 w
rit

te
n 

co
ns

en
t o

f A
st

riu
m

 [L
td

/S
A

S
/G

m
bH

]. Gravitational Control for AIV 
Briefing for all team members participating in AIV 

 
Earth Observation, Navigation & Science 
Christian Trenkel and Dave Wealthy - May 2013 

AIV= Assembly, Integration and verification 



Measuring and keeping track 
•  Mass and position measured 
•  ~2000 entries in budget. 
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Modeling 
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Calculating field and compensating 
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Back to  LPF “test-bench noise” 
•  Getting rid of electrostatic forces needed to  compensate for 

gravitational field 
•  Parabolic flight at 0.1 ng 
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Beating test-bench noise: the free-fall mode 

•  Actuation is turned off for most of the time 
•  Force pulses are given intermittently for short time 
•  Data during short pulses are chopped off 
•  Noise is estimated from remaining data, immune to actuation noise 
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Data from end-to-end simulation: displacement vs 
acceleration 

•  Displacement plot show parabolas of constant acceleration 
motion 

•  Double time derivation converts data into acceleration: force 
pulses show up as very short duration peaks 

•  Data between two peaks have low noise 
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S.	  Vitale	  

Data from end-to-end simulation: Power Spectral 
Density of residual force  

•  Data gaps produce bright peaks 
•  PSD below first peak agrees with expected noise floor 
•  Static gravity measured to 0.5 pg 
•  Static gravity gradient measured to 20 pg/m 
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TM Charging model verification 
•  TM charges up from cosmic rays 
•  Modeled with Geant/Fluka 
•  Charge flux measured by charge monitor 
•  Test-mass charge measured from coupling 

to applied voltage 
•  Resolution ~1000 e over an hour (simulator 

and torsion pendulum) 
•  A test of eLISA TM charging model 

Stockholm,	  July	  19,	  2013	   S.	  Vitale	   56	  



LTPDA 2.6 (R2013a)
2013−06−11 16:39:30.321 UTC
ltpda: 1759108
STOCVcompScan.evaluate_deltax_fit
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Figure 21: Fit to Volts.
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Stray Potentials •  Conducting surfaces are 
covered by stray potential 
patches (“charge patches”) 

•  Electric field couples to noisy 
charge and gives noisy forces 

•  Electric field can be 
suppressed by properly biasing 
the electrodes surrounding the 
TM. eLISA requires < 50 mV 

•  In the lab 

•  Now in the simulator (<1 mv 
accuracy and precision) 
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Estimating expected performance: 1) optical 
metrology 
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Estimating the expected performance with 
ground testing 

2) GRS testing with torsion Pendulum 
(surface forces)  
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Disturbing surroundings (GRS) 

Test-mass (hollow) 



Stockholm,	  July	  19,	  2013	   S.	  Vitale	   60	  

•  Requirements on single 
effects verified 

•  Overall upper limit on 
surface forces close to 
LPF requirements 



Estimated performance keeps improving 

Stockholm,	  July	  19,	  2013	   61	  S.	  Vitale	  



See you at launch!!! 
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