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« LISA requires quiet test masses!

credit:
A Yellow Book
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" |ISA requires quiet test masses!
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|SA requires quiet test masses!
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w LISA requires quiet test masses!
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w The LISA Pathfinder Project

* 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
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w LISA Pathfinder: the test mission for LISA

select single link & shrink 2.5 million km to 38 cm!
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ISA Pathfinder is a European project
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o Overview

- 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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w Main measurement: residual acceleration

quiet reference mass

LISA Pathfinder



>

w Main measurement: residual acceleration

quiet reference mass

infer residual acceleration
from changes in the
relative position

LISA Pathfinder
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w Control principle

Along sensitive axis: a S

- TM1 free-falling
- satellite follows TM1 using ¥
01 sensing olz[_
- TM2 follows TM1 using | ™A %(B 1\]:,\,“2_’[«
012 sensing | ],_, ,_1[‘
)

- commanded force
known — estimate
applied force —
subtracted in post-
processing
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Key subsystems needed to achieve free-fall

Optical Metrology
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Key subsystems needed to achieve free-fall
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% Key subsystems needed to achieve free-fall

.:3}., ‘- -: o) N . + (not visible here)
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w The Optical Metrology System (OMS)

OMS

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

S <9 pm (. N (3 111HZ>2 heterodyne
" T VHz f

iInterferometry
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\ N
%“' LPF optical bench: X12 interferometer

X12 measures
position of
TM2 w.rt TM1

credit:
University of Glasgow
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éi%f' LPF optical bench: X1 interferometer

the pos
TM1 w.
sate

X1 measures
ition of

rt. the

lite

credit:
University of Glasgow

S. Paczkowski LISA Pathfinder FPS Symposium, Bremen 15




» . .
%“ LPF optical bench: reference interferometer

reference
INnterferometer
measures

the com
mod

MON-
e

path length
fluctuations

credit:
University of Glasgow
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» . .
%“ LPF optical bench: frequency interferometer

measures
the laser
frequency

fluctuations

credit:
University of Glasgow
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w The LISA Pathfinder project history
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>
w The LISA Pathfinder project history

lisa pathfinder

: N
rr@NEsSpace

ervice G solutiong
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w The LISA Pathfinder project history

lisa pathfinder

: N
rr@NEsSpace
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w 1he LISA Pathfinder project history
travel to L1 INn-orbit nominal nominal mission
orbit commission- LTP DRS extension
ing operations || operations

‘ ‘ T T T

iaunch 01-03-16 26-06-16 07-12-16
11-01-16
July,18 17

credit: ESA/ ATG medialab
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» . .
w LISA Pathfinder: our laboratory in space

Here Is how we organise our measurements

human-readable . L
investigations  telecommands

schedule
@ <« transfer data <
to repositories P N g
LTPDA — e edit ESA
analyse data —
LISA Technology

determine next
experiments

Package Data Analysis

elisascience.org/ltpda/
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http://elisascience.org/ltpda/

S .
o Overview

- 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
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FPS Symposium, Bremen
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A
s | he residual acceleration measurement summarised

4 &

Ag = T2 — ge(t)
‘ I /Ii/\r:?

] ™ %ﬂ ] ™ [‘
applied V /

forces on

reference
™M
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w |he residual acceleration measurement summarised

INclude corrections for known effects!

Af/ — 51‘712 T g((t)

applied
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reference
™M
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Ne : : :
w 1Nhe residual acceleration measurement summarised

INclude corrections for known effects!

Ag = F19 + wix12(t) — ge(t) | + Awiyzi (1)
stiffness stiffness
term term
applied
forces on
reference
™
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The residual acceleration measurement summarised

INclude corrections for known effects!

Ag = T19 + wSzzru('t:) — ge(t) — ga(t) — gdecorr(t) — Gbump () + Aw%gilf1(f?)

centrifugal tilt-to-length
stiffness forces coupling  stiffness
term term
applied spacecraft
forces on angular
reference acceleration

TM effects

S. Paczkowski LISA Pathfinder FPS Symposium, Bremen 25



S
o The first LISA Pathfinder results

-12
107 F
TN Centrifugal
E 10 F -
"T - Interferometer -
- - Sensing 1
= 1
—
=3 ' '
N
14
10 F =
i g Pick-up of i
| [ F====i==9==2 FToVr T Spacecraft ]
- Motion .
_1 5 1 l 1 | 1 | 1 1 11 ] 1 | 1 1 | 1 11 l 1 1 1 1 1 1 11 | 1 1 1 1 1 | 11
10
10 107 107 10" 10°

Frequency (Hz)

S. Paczkowski LISA Pathfinder FPS Symposium, Bremen



S
o The first LISA Pathfinder results
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w Improvement during mission!

S. Paczkowski LISA Pathfinder

FPS Symposium, Bremen
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We do more than measuring noise!

main goalil:

show nearly perfect free-fall is feasible

S. Paczkowski LISA Pathfinder

FPS Symposium, Bremen
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> . .
w We do more than measuring noisel

main goalil:

show nearly perfect free-fall is feasible

|8 Selected for a Viewpoint in Physics
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w Ve do more than measuring noise!

main goalil:

show nearly perfect free-fall is feasible

|8 Selected for a Viewpoint in Physics
PRL 116. 231101 (2016) PHYSICAL REVIEW LETTERS
¢
3
Sub-Femto-g Free Fall for Space-Based Gravitational Wave Obse
LISA Pathfinder Results

week endn
10 JUNE 2806

M. Armano,' H. Audley,” G. :‘\ugcr.i J.T. Baird," M. Bassan,” P, Bincn‘u'\'.‘ M. Born,” D. BortoluzzNaN#Brandt,’
M. Caleno,” L. Carbone,” A. Cavalleri,'"” A. Cesarini,” G. Ciani.”" G. Congedo,”” A. M. Cruise,'' K. Nffnzmann,’

characterise each subsystem to learn as much as we can

for LISA
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One example for detailed studies: actuation noise

Internal Interface

Optical
Window

New Electrode Housing

S. Paczkowski

z—face

Vacuum Encolsure

Internal Balance Mass

electrostatic actuation and sensing

gravitational balancing on the
satellite determines forces needed

design:  Agpc = 650 -

S
reduce actuation authority = reduce
the voltages — reduce the voltage

noise — reduce the force noise

other effects independent of
actuation authority?

LISA Pathfinder FPS Symposium, Bremen 29



% Another example for detailed studies: capacitive sensing

applied to all 6 DoF of both
TMs

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

above TmHz: test mass
displacement noise of

sensing channel 2x 2.4nm/ \/(HZ)

but: channels 1... less noisy
sensing channel 1x and reach thermal limit
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% Another example for detailed studies: capacitive sensing

At low frequencies:

Meas. 1 Feb. 2016 :
Model 1

position es. 2 Fb. 2016
dependent 1/f
noise (common)

.\[(Nl(‘l 2

Meas. 3 Apr. 2017 1
Model 3

"7” L " % .".; %
e ‘§@J’c""f' § o

. ~"' ". W \:' ﬁn"-",.
L ’

. ¢ et &
0 2 o S APy T X
- : X R <5 .
10 — o ~ ot 9"\{{1 &Q%?W :
o . ‘0'0’1 5 bl Sl >

Sensing noise ‘;ll". v Ilz]

1/f noise for
individual
channels

10 107 107
Frequency [Hz)

PHYSICAL REVIEW D 96, 062004 (2017)

Capacitive sensing of test mass motion with nanometer precision
over millimeter-wide sensing gaps for space-borne
gravitational reference sensors
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w Another example for detailed studies: Charge

* Issue: noisy force on free-falling TMs arises from
1. mixing of noisy charge with stray potentials

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

* remedy: compensate potentials
2. mixing of static TM charge with noisy stray voltage

e caused by surface patch potentials and GRS electronics
NoIse

e discharge TM with UV light

S. Paczkowski LISA Pathfinder FPS Symposium, Bremen 32



w Another example for detailed studies: Charge

* Issue: noisy force on free-falling TMs arises from
1. mixing of noisy charge with stray potentials

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

* remedy: compensate potentials
2. mixing of static TM charge with noisy stray voltage

e caused by surface patch potentials and GRS electronics

NOISE
\ effect also minimised
e discharge TM with UV light by gap s|ze
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”

w Another example for detailed studies: Charge

- characterise by 2 experiments

- charge estimate by modulating
voltages

- stray potential estimate by the
resulting force from a change Iin
charge

- by far not limiting LPF performance

S. Paczkowski LISA Pathfinder

credit: FEGibert
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w Another example for detailed studies: Charge

- characterise by 2 experiments AL
V
- charge estimate by modulating Vl_l I_3
voltages ™

V2_| q F‘
- stray potential estimate by the

' . credit: F.Gibert
resulting force from a change Iin
charge

- by far not limiting LPF performance

week ending

PRL 118, 171101 (2017) PHYSICAL REVIEW LETTERS 28 APRIL 2017

S

Charge-Induced Force Noise on Free-Falling Test Masses: Results from LISA Pathfinder

I 2 3 - . 4 . 3. 2 « 5 avy ¢ « 7

M. Armano, H. Audley,” G. Auger,” J.T. Baird,” P. Binetruy,” M. Born,” D. Bortoluzzi,” N. Brandt,” A. Bursi,
‘ 8 ’ . 9 , « 9 S 10 + 2 - l . 2 . 9

M. Caleno,” A. Cavalleri,” A. Cesarini, M. Cruise, K. Danzmann,” M. de Deus Silva,” 1. Diepholz,” R. Dolesi,
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w Another example for detailed studies: OMS

S. Paczkowski

LISA Pathfinder

... low noise & stable!

FPS Symposium, Bremen
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selected OMS noise sources investigated

laser frequency noise
common mode Path Length (PL) noise

Relative Intensity Noise (RIN)

S. Paczkowski LISA Pathfinder

FPS Symposium, Bremen
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OMS noise sources: Laser Frequency (LF) noise

path length
difference
or arm length
AS/ mismatch

phase noise 5¢ _ QWT 5f

N X12, X1 or R \
frequency

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

functioning of loop
also veritied by dedicated
characterisation experiments
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OMS noise sources: common mode

Pl nolse

In addition:
optical
path length
difference
(OPD)
control loop

actuators adjust PL of fibres in modulation unit

S. Paczkowski

LISA Pathfinder

FPS Symposium, Bremen
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w OMS noise source: Relative Intensity Noise (RIN)

heterodyne interferometry:

P(t) = Praser(t) (1 £ ccos (whett — ©))

o

power iImpinging contrast heterodyne
on frequency
' 4 )
photodiode nsert

! fluctuations
J
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w OMS noise source: Relative Intensity Noise (RIN)
ohasemeter:
only > radiation pressure
terms at e noise
RIN @
Whet

cancels with
W het balanced

detection

2 whet depends on TM

position
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% OMS noise budget

S. Paczkowski

LISA Pathfinder

FPS Symposium, Bremen
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wOutlook: LISA and the split-interferometry concept

: [
' | H

I~ > =l >
i TMtoOB OB to OB : OBtoTM |
| : i

H | H H
credit: |- . : ' >
M. Otto TM to TM overall separation

+ 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
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Summary: LISA Pathfinder

... 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 detall

LISA mission concept has been selected and work is well
underway
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Thank you for your attention on behalf on the
whole team!
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