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• LISA Pathfinder (LPF) project 

• why did we need LISA Pathfinder? 

• LPF instrument 

• the setup of our laboratory in space 

• Physics of LPF 

• measurements & results from space
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Overview

credit: ESA
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LISA requires quiet test masses!

credit: 
Yellow Book
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LISA requires quiet test masses!

satellite must 
not influence 
test masses

credit: 
Yellow Book

Earth

Sun
1 AU (150 million km)

19 – 23°
60°

2.5 million km

1 AU
Sun



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen 4

LISA requires quiet test masses!
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LISA requires quiet test masses!

measure  
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LISA requires quiet test masses!

measure  
~ hrs

measure 
~days

instrument noise
lower than line

→ better sensitivity

impossible to achieve this level of 
acceleration on ground→ 

test mission required
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• mission goal: 

• demonstrate the technology for the future space borne 
gravitational wave detector LISA 

• show nearly perfect free-fall is feasible 

• LPF NOT designed to measure gravitational waves

5

The LISA Pathfinder Project



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen

select single link & shrink 2.5 million km to 38 cm!

6

LISA Pathfinder: the test mission for LISA
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• more than 40 companies and (physics) institutes 

• 14 European 

  countries involved 

• US partnership: 

• NASA Disturbance 

	    Reduction System 

7

LISA Pathfinder is a European project
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• LISA Pathfinder (LPF) project 

• why did we need LISA Pathfinder? 

• LPF instrument 

• the setup of our laboratory in space 

• Physics of LPF 

• measurements & results from space
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Overview

credit: ESA
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Main measurement: residual acceleration

quiet reference mass
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Main measurement: residual acceleration

quiet reference mass

infer residual acceleration 
from changes in the 

relative position
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Along sensitive axis: 

• TM1 free-falling 

• satellite follows TM1 using 
o1 sensing 

• TM2 follows TM1 using 
o12 sensing 

• commanded force 
known → estimate 
applied force → 
subtracted in post-
processing

10

Control principle
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Key subsystems needed to achieve free-fall

Gravity Reference 
Sensor (GRS)
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Key subsystems needed to achieve free-fall

+ (not visible here) 

• micro Newton thruster 

• Drag-Free Attitude 
Control System (DFACS)

Optical Metrology System (OMS)

Gravity Reference 
Sensor (GRS)

UV 
discharge
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Key subsystems needed to achieve free-fall

+ (not visible here) 

• micro Newton thruster 

• Drag-Free Attitude 
Control System (DFACS)

Optical Metrology System (OMS)

Gravity Reference 
Sensor (GRS)

UV 
discharge

+ thermally & 
magnetically quiet 
environment



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen 12

The Optical Metrology System (OMS)

OMS: measure distance with respect to quiet reference mass 
with required accuracy of

OMS

heterodyne 
interferometry
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The Optical Metrology System (OMS)
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LPF optical bench: X12 interferometer

credit: 
University of Glasgow 

X12 measures 
position of 

TM2 w.r.t TM1
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LPF optical bench: X1 interferometer

credit: 
University of Glasgow 

X1 measures 
the position of 
TM1 w.r.t. the 

satellite
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LPF optical bench: reference interferometer 

credit: 
University of Glasgow 

reference 
interferometer  

measures 
the common- 

mode 
path length 
fluctuations
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LPF optical bench: frequency interferometer

credit: 
University of Glasgow 

measures 
the laser 

 frequency 
fluctuations
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The LISA Pathfinder project history
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The LISA Pathfinder project history
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The LISA Pathfinder project history
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The LISA Pathfinder project history
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The LISA Pathfinder project history

travel to L1 
orbit


 


launch 
3-12-15

mission

extension


 


07-12-16

good bye 
July,18 17

in-orbit 

commission-

ing 


11-01-16

nominal

LTP


operations


01-03-16

nominal

DRS


operations


26-06-16

credit: ESA/ ATG medialab



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen

Here is how we organise our measurements

21

LISA Pathfinder: our laboratory in space

credit: ESA

human-readable 
schedule investigations

STOC

transfer data 
to repositories 

LTPDA =  
LISA Technology 

Package Data Analysis

telecommands

MOC

scientists

analyse data → 
determine next 

experiments
elisascience.org/ltpda/

http://elisascience.org/ltpda/
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• LISA Pathfinder (LPF) project 

• what is LISA Pathfinder? 

• LPF instrument 

• the setup of our laboratory in space 

• Physics of LPF 

• measurements & results from space 

• Future of LPF 

• space borne gravitational wave observatory LISA
22

Overview



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen 23

The residual acceleration measurement summarised

applied 
forces on  
reference 

TM 

stiffness 
term 

centrifugal 
forces

tilt-to-length 
coupling

spacecraft 
angular  

acceleration  
effects 
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The residual acceleration measurement summarised

applied 
forces on  
reference 

TM 

stiffness 
term 
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The residual acceleration measurement summarised

applied 
forces on  
reference 

TM 

stiffness 
term 

centrifugal 
forces

tilt-to-length 
coupling

spacecraft 
angular  

acceleration  
effects 

include corrections for known effects!

stiffness 
term 
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The first LISA Pathfinder results

exchanging a laser beam over a few million kilometres.
To achieve the full science objectives of LISA, the ASD of
spurious random accelerations of the TMs must be limited
to S1=2g ðfÞ ≤ 3 fm s−2=

ffiffiffiffiffiffi
Hz

p
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=8 mHzÞ4

p
within

the frequency band of the detector, 0.1 mHz ≤ f ≤ 1 Hz.
The f2 relaxation for f ≥ 8 mHz arises because at those
frequencies the noise is expected to be dominated by white
interferometer displacement noise that, when converted to
equivalent acceleration, scales like f2. The requirement
should be given in terms of the differential acceleration,
Δg, between the two test masses. However, as the two
spacecraft are separated by a large distance, force fluctua-
tions around each TM are assumed to be incoherent and
S1=2Δg ¼

ffiffiffi
2

p
S1=2g .

At frequencies below 1 Hz, there is currently no realistic
possibility to reach such a level of free fall in a ground
based laboratory. The main problems are the large accel-
eration of the laboratory relative to a local inertial frame
and low-frequency terrestrial gravitational noise. This
pushes low-frequency GW detectors to space but also
prevents an end-to-end experimental demonstration of
the required free-fall performance in a terrestrial laboratory,
leading to the need for the LISA Pathfinder mission, whose
requirements for the ASD of Δg have been set at S1=2Δg ðfÞ ≤

30 fm s−2=
ffiffiffiffiffiffi
Hz

p
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=3 mHzÞ4

p
within the fre-

quency band 1 mHz ≤ f ≤ 30 Hz. Note that for LPF the
cross-over frequency to the f2 branch (3 mHz), corresponds
to the value used in the earliest LISA concept [4], while the
change to 8 mHz results from the latest studies [2]. This
difference has no practical impact on thework presented here.

A. The instrument

The core instrument of LPF [5], consists of two quasi-
cubic test masses, of size ð46.000% 0.005Þ mm and mass
M ¼ ð1.928% 0.001Þ kg, formed from a high-purity gold-
platinum alloy. During science operations, these masses are
in free fall inside a single spacecraft with their centers
separated by a nominal distance of ð376.00% 0.05Þ mm
along a line that we take as the x axis (see Fig. 2 and
Ref. [6]). Each TM is contained within an electrode housing
[7], which serves as an electrostatic shield in addition to a
6 degree-of-freedom sensor and electrostatic force actuator,
with gaps around the mechanically and electrically isolated
TM of 2.9–4 mm on the different axes. Charge accumulated
by the TMs due to cosmic rays is removed by a UV light
discharge system [8].
DC and slowly varying electrostatic forces are applied

with dedicated audio frequency voltages between 60 and

FIG. 1. Gray: ASD of Δg, S1=2Δg ðfÞ, measured for 6.5 days starting 127 days after launch. The ASD is the result of averaging 26
periodograms of 40 000 s each, which results in a relative error (1σ) of 10% in S1=2Δg . The effective spectral resolution, set by the spectral
window, is Δf ≃%50 μHz. The absolute calibration of the measurement is better than 5%. Red: ASD of the same time series after
correction for the centrifugal force (visible at the lowest frequencies). Light blue: ASD after correction for the pickup of spacecraft
motion by the interferometer (IFO), visible in the 20–200 mHz range. Dashed smooth black line: SΔgðfÞ ¼ S0 þ SIFOð2πfÞ4 with

S1=20 ¼ ð5.57% 0.04Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
and S1=2IFO ¼ ð34.8% 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
. Note that the level of S0 has decreased further in subsequent

measurements, as quoted in the abstract and shown in Fig. 3. Shaded areas: LISA and LISA Pathfinder requirements for Δg. The LISA
single test-mass acceleration requirement [2] has been multiplied by

ffiffiffi
2

p
to be presented here as a differential acceleration.

PRL 116, 231101 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
10 JUNE 2016

231101-3
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Improvement during mission!
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We do more than measuring noise!

main goal: 

show nearly perfect free-fall is feasible
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We do more than measuring noise!

main goal: 

show nearly perfect free-fall is feasible

characterise each subsystem to learn as much as we can 
for LISA 
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• electrostatic actuation and sensing 

• gravitational balancing on the 
satellite determines  forces needed 

• design:  

• in flight: 

• reduce actuation authority → reduce 
the voltages → reduce the voltage 
noise → reduce the force noise 

• other effects independent of 
actuation authority?

29

One example for detailed studies: actuation noise
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• applied to all 6 DoF of both 
TMs 

• displacement = average of two 
channels, rotation = difference 
of two channels 

• above 1mHz: test mass 
displacement noise of  

• but: channels 1... less noisy 
and reach thermal limit

30

Another example for detailed studies: capacitive sensing

sensing channel 1x

sensing channel 2x



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen

At low frequencies:        

31

Another example for detailed studies: capacitive sensing

white noise

position 
dependent 1/f 

noise (common)

1/f noise for 
individual 
channels
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• issue: noisy force on free-falling TMs arises from 

1. mixing of noisy charge with stray potentials 

• caused by high-energy cosmic rays and solar energetic 
particles 

• remedy: compensate potentials 

2. mixing of static TM charge with noisy stray voltage 

• caused by surface patch potentials and GRS electronics 
noise 

• discharge TM with UV light
32

Another example for detailed studies: Charge
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1. mixing of noisy charge with stray potentials 

• caused by high-energy cosmic rays and solar energetic 
particles 

• remedy: compensate potentials 

2. mixing of static TM charge with noisy stray voltage 

• caused by surface patch potentials and GRS electronics 
noise 

• discharge TM with UV light
32

Another example for detailed studies: Charge

effect also minimised 
by gap size
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• characterise by 2 experiments 

• charge estimate by modulating 
voltages 

• stray potential estimate by the 
resulting force from a change in 
charge 

• by far not limiting LPF performance 

33

Another example for detailed studies: Charge

credit: F.Gibert
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Another example for detailed studies: Charge

credit: F.Gibert
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Another example for detailed studies: OMS

... low noise & stable!
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• laser frequency noise 

• common mode Path Length (PL) noise 

• Relative Intensity Noise (RIN)

35

selected OMS noise sources investigated



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen 36

OMS noise sources: Laser Frequency (LF) noise

phase noise 
in X12, X1 or R

path length 
difference  

or arm length 
mismatch

frequency 
fluctuations
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OMS noise sources: Laser Frequency (LF) noise
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OMS noise sources: Laser Frequency (LF) noise

functioning of loop 
also verified by dedicated 

characterisation experiments
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• actuators adjust PL of fibres in modulation unit

38

OMS noise sources: common mode PL noise

in addition:  
optical 

path length 
difference 

(OPD) 
control loop
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OMS noise source: Relative Intensity Noise (RIN)

heterodyne interferometry:

power impinging 
on 

photodiode

contrast heterodyne 
frequency

insert 
fluctuations
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OMS noise source: Relative Intensity Noise (RIN)

phasemeter: 
only 

terms at 
RIN @

DC radiation pressure 
noise

cancels with 
balanced 
detection

 depends on TM 
position2
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OMS noise budget
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• high precision local interferometry at the core of LISA 

• successfully tested by LISA Pathfinder OMS 

• long-arm interferometry: (some) insight from Grace Follow-
On Laser Ranging Instrument expected

42

Outlook: LISA and the split-interferometry concept

credit: 
M. Otto



S. Paczkowski                                                         	 	                                      LISA Pathfinder                                     	 	 	    FPS Symposium, Bremen

• ... is the technology demonstrator mission for the future 
space borne gravitational wave observatory LISA  

• ... free-fall performance is excellent: Good enough for LISA! 

• ... optical metrology system more than 100 times better 
than on ground: similar to local interferometer on LISA 

• ... all subsystems have been characterised in detail 

LISA mission concept has been selected and work is well 
underway 

43

Summary: LISA Pathfinder
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M ¼ ð1.928% 0.001Þ kg, formed from a high-purity gold-
platinum alloy. During science operations, these masses are
in free fall inside a single spacecraft with their centers
separated by a nominal distance of ð376.00% 0.05Þ mm
along a line that we take as the x axis (see Fig. 2 and
Ref. [6]). Each TM is contained within an electrode housing
[7], which serves as an electrostatic shield in addition to a
6 degree-of-freedom sensor and electrostatic force actuator,
with gaps around the mechanically and electrically isolated
TM of 2.9–4 mm on the different axes. Charge accumulated
by the TMs due to cosmic rays is removed by a UV light
discharge system [8].
DC and slowly varying electrostatic forces are applied

with dedicated audio frequency voltages between 60 and

FIG. 1. Gray: ASD of Δg, S1=2Δg ðfÞ, measured for 6.5 days starting 127 days after launch. The ASD is the result of averaging 26
periodograms of 40 000 s each, which results in a relative error (1σ) of 10% in S1=2Δg . The effective spectral resolution, set by the spectral
window, is Δf ≃%50 μHz. The absolute calibration of the measurement is better than 5%. Red: ASD of the same time series after
correction for the centrifugal force (visible at the lowest frequencies). Light blue: ASD after correction for the pickup of spacecraft
motion by the interferometer (IFO), visible in the 20–200 mHz range. Dashed smooth black line: SΔgðfÞ ¼ S0 þ SIFOð2πfÞ4 with

S1=20 ¼ ð5.57% 0.04Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
and S1=2IFO ¼ ð34.8% 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
. Note that the level of S0 has decreased further in subsequent

measurements, as quoted in the abstract and shown in Fig. 3. Shaded areas: LISA and LISA Pathfinder requirements for Δg. The LISA
single test-mass acceleration requirement [2] has been multiplied by

ffiffiffi
2

p
to be presented here as a differential acceleration.
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Thank you for your attention on behalf on the 
whole team!


