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LISA: A Mature Concept

B o After first studies in 1980s,
v M3 proposal for 4 S/C
ESA/NASA collaborative
mission in 1993

e | |ISA selected as ESA
Cornerstone in 1995

e 3 S/C NASA/ESA LISA
appears in 1997

i ® Baseline concept
4 unchanged ever since!




A Collaborative NASA/ESA Mission

, = Cluster of 3 S/C in heliocentric orbit

= Laser interferometer measures distance changes
between free flying test masses inside the S/C

= Equilateral triangle
with 5 million km arms

= Trailing the Earth by
20 ° (50 million km)

= [nclined against
A ecliptic by 60 °

¥



»\ WResolution with LISA

* Amplitude and frequency
7 modulation due to orbital
‘ motion equivalent to

Aperture Synthesis

* Diffraction limited
angular precision
A0= g,/ 1 AU/ SNR

e [For detected

sources.:
/ -A0~ 1" - 1°




LISA layout

= Laser transponder with 6 links, all transmitted to ground

= Diffraction widens the laser beam
to many kilometers

- 1 W sent, still 200 pW received
by 40 cm Cassegrain

reference
laser beams

= Michelson with 3rd arm
and Sagnac mode

= Can distinguish both
polarizations of a GW

] - - l
Can form Null combination! ‘ main transponded

laser beams




¢ Gravitational wave action

i Gravitational waves change the distance
& between test masses at rest in free-falling
- frame.

Spurious forces move masses as well!
P We need the perfect free fall!

= Drag-free control



Countering Solar Radiation Press

Thruster Satellite

Tes

Control loop



I Heterodyne Interferometry

Heterodyne interferometry for distance
monitoring is a purely local measurement!

Laser
Photodiode

=
N\

Test
Mass

Test \/

Mass

Photodiode

Laser



P Local measurements

For convenience: Split measurement into 2 parts!

1. Spacecraft to test mass

2. Spacecraft to spacecraft




k Measuring S/C to Test Mass

= Verification of measurement of SC to test mass on LISA
Pathfinder

= Mission now in Implementation Phase
= Launch in 2009




Measuring S/C to S/C

= S/C-to-S/C Measurement: Laboratory testing!

= Heritage from LISA Pathfinder and ground based
Interferometers

= Verification by similarity and analysis!

11



ESA-NASA Coordination Meeting on LISA

NL

ESA-NASA
Agré’ément on LISA!




¢ “August agreement”

A . F.._'.':"
i
= mTIEETAEINNIIETEmEIED

LISA PROJECT

Agreement
following the LISA meeting
11-12 August, 2004
Estec

Rick Moward — NASA HQ JZQ//'; o s,

e
Sergle Volonte —=ESA H 7 :
erglo Volonte Q ﬁ%ﬂ’ﬂ 12 "5/59
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b NASA Formulation Phase on LISA
' began October 1, 2004

Formulstion Authorization

The Beyond Einsteln Program

The Bevond Einstein Frogram will inclede missions, wechnology development and
aupporting activides. The missions thet constitute the program inclede:

T

A

-*'I‘ & vl'r'_,

Aszociats Adisisteator For Saﬂane:

8, The Leser Interfercometer Space Avtenna (LISA) Mision LIEA will be the first
space-hased gravimsional wave cheervatory and will aim o achieve the following
key schenee poals: 1) Determine the cracial role of masive black boles (MEH) In
palaxy evolution teough te detection of MEBH mergers, 2} blake precision tests

compact binpries in per galaxy, ned 4) Search For gravitationsl wave emission
from the esrly universe,
et e =




,» LISA Mission Formulation

LISA Mission Formulation
Negotiation/Kick-Off Meeting

Meeting Date: January 17, 2005
Meeting Place: ESTEC

Page 1 LISA MF, Kick-Off, January 17, 2005, ESTEC

EADS

ASTRIUM

15



¥ Payload — Current Design Status

Isastatic Mount
te S/C

WAL

16



f LISA Optical Assembly

sostatic
mountings (Ti)

ML isalation

Telescope main
mirror
(40 cm aperture)

Structural
baseplaie (Ti)

% Launch (ock

........ connector

\
Gravity Reference
Sensor + Caging
Mechanism
(LTP heritage)

Optical bench
(Zerodur)

\
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LISA Optical Bench

EADS
ASTRIUM
Laser
acquisition Laser frequency
CCDs stabilization
cavity
i \
Point-ahead 7‘-_,

Science meas.
Quadrant-PDs

\

Optical GRS
metrology
detectors

(QPDs)

angle actuator

8

?:.

e

High-power (1
outgoing Iaser
fibre launcher

5‘
N \
Optical element
mounting tech.
(LTP heritage)
\

LO-LO beat

detectors (PDs)
\

Laser power
monitors

Laser fibre to
second optical
bench
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P Sciencecraft

= Mass 517 kg

20



¥ Propulsion Module
' . Mass 343 kg  Max dv= 1130 m/s

21
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Mission Design

Lifetime
Orbits

Communications

C&DH

GN&C
EPS

Thermal

Mechanical

Propulsion
Module

» System Mass

1.5 yr cruise + 5 years science

Heliocentric, 20° Earth trailing,equilateral triangle
constellation with 5x108 km + 1% armlength

Launch Vehicle JAtlas 531, C3=0.65, Lift capability 5185 kg

Ka-Band — HGA and Omnis, 90-180 kbps downlink, 2 kbps
up, DSN, Inter-S/C comm

Sciencecraft functions, science data processing on ground

Star trackers, sun sensors

Fixed SA, triple junction GaAs, 820 W EOL @ 30° Sun
Angle, 9Ah Li lon battery, 60% DoD

Passive design

Sciencecraft nests in Propulsion module (PM), PM carries
launch loads

1100 m/s avg., 343 kg dry, 470 kg prop.

encecra Kkq, PM kg, Prop 470 kg, wet 1330 kg,
stack with 30% margin 4697 kg

23



ected Performance

Ample performance margin!




LISA Observing Modes

= Single science mode:
observes all the sky,
all the sources,
all the time!

— No pointing of the constellation,
no scheduling of detectors or observing slots necessary (or possible).

— No science processing on board.
= Continuous Observing, normal interruptions only for
— Antenna re-pointing (every 12 days)

— Laser and sideband frequency adjustment (occasionally)

Selctic Lattade i%
R E A L u

oL 'y AR e 4Ll ol e L rn
Eefiptbs: LangRagy (%)

25



= Requirements

— All data on ground every 6 days

- 1 day latency to science operations
center before a merger

— 90% net efficiency (gaps, outages,
etc < 10%)

= Baseline telemetry

- Ka-Band, 30 cm antenna, 25 W TWTA
— 4.13 kbps continuous per S/C

— 871 bps is main science data
— Includes 15% coding overhead and 25% margin
— 4 hr DSN (34m) contact every 48 hr

— Total data volume per S/C

— 1 day: 357 Mbits all data/ 78 Mbits science
— 1 year: 130.4 Gbits all data/ 28.4 Gbits science
— 5 year mission: 652 Gbits all data / 142 Gbits science

Data archive




LISA Independent
Technology Review

Chartered by
NASA/Goddard Space Flight Center Director

7 December 2005




The Technology Precursor Mission:
LISA Pathfinder/
Shrink one LISA arm to 38 cm
And fit Into one Spacecraft
Goal: 3x10-14 L ]




I Microthrusters

Thruster technologies developed and verified on ground.

Ground testing shows better than required thrust noise!

Pathfinder demonstrates two microthruster technologies in
flight.

FEEPs and colloidal thrusters with 10s of uN thrust

29



# Gravitational Reference Sensor

The Pathfinder GRS is the LISA GRS.

Technology fully developed and verified on ground.

Pathfinder validates the GRS on orbit.

Additional ground testing needed at low frequency for LISA.
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Ground testing — Torsion pendulum

[INERTIAL SENSOR|




N
T
~
D)

n
=

Q

Q

@
0p)

,\/
-
X
=
<

=

..:.

N/

@D




¢ LISA Optical Bench

= No new technology required!

= Hydroxide Catalysis bonding

with space heritage from GP/B

= Passed environmental and

performance testing!

= Technology validated in space

on LISA Pathfinder!

34



' LTP Core Assembly

35



¢ Vacuum housing for GRS

36



' LTP Core Assembly

37



' LTP Core Assembly

38



¥ LTP Core Assembly

39



P Vibration Test LTP Optical Bench

40






¢ LPF Main Goals

= Demonstrate that total acceleration noise in realistic
conditions is not larger than goals

= March toward LISA:

— Identify and subtract largest contributions to total noise
— Verify LISA noise model

— ldentify excess noise

42



¥ LPF noise sources

Source Formula Value
1
 ViE
readout noise
Uncorrelated fone = V2 fﬁd{, - f;l;ctl:]l 8.81 = 1018
NOISE S0Urces
Thermal effects  finermal = 2(frad + Tradpr + fog + fih + Faravis) 497 x 10715
Brownian noise  fprownian = V2 \/ T4i1 + 3aa = fnz‘nagdrnp + fimgimp 9.36 x 10716
Magnetics S/C fmagnsc = v2(fg + fAR + fBac) 89 x10°1°
Magnetics foogalr = V2(fgi + fLz) 3.25 % 1016
Interplanetary
Charging and foharge = V24/T3+ 12 3.61 x 1071
voltage
Miscellanea fnise = V2 \/ f%rhc + fimr + fgm, 6.04 x 10712
Cross-talk forosstalk = 1.01 x 10714
Readout noise freadout = v Toorr + Fnc 1.09 x 107V
Drag-free faragiree = |AWE| %40 1.57 x 10713
2 _ g2 2 2 2 2 —14

Total frotal = fdmsm + foorr T fine T fradout T fiherma + 161 %10

2 2 2 2 2

fErownian T feross-talk 1 f:mgnSC |'frmgnll" | fcharge {

2

f|'1'L'|';=|1:
Measurement fmeas = \/fgﬂ + 15, + 1500 506 x 10713
Moise
Grand Total footal = y/ TapgalHBrcas 168 x 1014







P Excess Noise Limits on Ground

1 x10-1 Galactic Verification Binaries!
—_ RXJIO8063+15279
N RXJ1914+245e
~ 1. x10712
~ /‘:’foL\

o Sl )oY, ~ |
| Y/ ~ UVQ5184-0939e ’
" 13 /Ty~ PRl .7
E 1 - X 10 \‘\\ //

‘—8' REOY1820-3 ~ 17

> 1 - X 10_14 S = —r =~

EISAreguirements_——=-
1.x1071°
1.x10™° 1.x104 1.x10°° 1. x1072



Which Laser Source for LISA?

— High efficiency
— High intrinsic stability

— Output power up to 2 W

= Single stage high-power NPRO (Off-ramp)

— demonstrated on breadboard level (ESA)

= Two stage oscillator-fiber amplifier (Baseline)

— Space qualified master and slave available (TESAT)

— Master to fly on LISA Pathfinder
Faraday dichroic

2J4 32 isolator seed monitor mirror
— Delta-development needed sH->- . _.@%

NPRO 1% tap coupler

for amplifier power ot coupe

Ytterbium doped = | Irs aperture
double-clad fiber
amplified radiation



Flight Tests of LISA Master Laser

= Non-Planar Ring Oscillator (NPRO) laser developed for TESS
(NASA)

= LPF-like NPRO developed for EO3-GIFTS (NASA)

= |dentical NPRO will fly on LTP (ESA), now in CDR!
-~ Volume 1 liter, Mass 1 kg,
— 10 W electrical power

— 25 mW single mode optical
output power into
polarization maintaining
single mode fiber output

— Free running stability
100 MHz for 24 h and
1-2 MHz for 5 s

a7



Laserhead
Nd:YAG 1064nm

Pumpmodule
bragg-stabilized 808nm
with redundant bench

all optical units in direct
thermal contact with
RLU housing



v

¥ LISA Laser Fiber Amplifier

= To be launched on TerraSAR in 2006/7!

Polarisation Maintaining Optical
Fiber Amplifier

= Polarized single frequency
output power of 2 W

* Low input power (10mW)

« More than 95% of initial
performance after 100 krad
gamma irradiation

+« Temperature independent

operation between
-20°C and + 40°C

Output power (mW)

1000 +

800 |

400 |

200

600 |

0

o 'a'mp'rlifiér'out'pu't' '

backscattered hght

AEl test results .~
06/2006

0 02 04 06 08 1 12 14 18
Pump current (A)

— 100

1 80

1 60

{ 40

1 20

0

Backscattered light level (mV)
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¥ Frequency Stabilization

A perfect equal-arm Michelson is immune to frequency noise!

But for unequal arm interferometer oL = AL viv

— For AL= 10 000 km want 61v=10 uHz

Free-running miniature Nd-YAG laser

— Sv~ 10 kHz/vHze[1Hz/f]

Need to suppress ovby many orders of magnitude!

Combination of

— pre-stabilization,
— stabilization on armlength, and

— post-correction in data analysis!

50



3-Stage Frequency Stabilization

10 r [ [
<N 6 ﬁ free-running laser
T 100 [t i T T T B e :
2 . .
N
L.
Q . o (6 y
D 40?2 - S . cavity30HzwHz - 5T T T
3 arm _ it |
> locking | g il
S | ; e
S 107 B o ST LRI
) TDI post-processing ;,:;'1;
. | ~ LISA \ §
] s el 1 3 e sl v+ s v syl s+ v+ v s sual L e 1 e ‘f&}h«};{
107 107 107 107 107~ 10° -3

Frequency [Hz]
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¢ Laser Cavity Stabilization

2 iIndependent systems, out of loop

3 il | I TTTITI | | T ' TTIITI I TTTITTI | T TTITTH
10 M1 locked to G1, M2 10 C2, pwr sth ——— -
M1 M2 Im:kad loCGl ———— 2
) - ]
FRL: z
= F :
E i N
(1]
= 10 ¢ J
8 :
& i ]
o
o |
g 1k 1
i : LISA Spec for .3
i Pre-Stabilization :
0.1 1 1 I 111111 1 1 1 1. 11111 1 1 I 1L 1Lilnl 1 1 1 11111
107 107° 1072 0.1 1
Frequency (Hz)
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Arm Locking of L aser Freguency
> Standard In ground aters!




¢ Arm locking demonstrations

= Several experimental verifications
— Electrical measurements using 300 m cable.

— Optical measurements using 10 km optical fiber.

— Optical measurements with up to 30 s electronic delay.

| B 10 . Y . .
1t S ~*x A Z* =T
o P U Il e EAN ; [ theary
" LR VR d / . ! * data
3 "r'\-u'-'l‘f “.*_m_.-q.v——'_'_'-/ T, | % 5t :z ¥\ ,f I\l :J! N i 1
¥ hl ey Mo | E z’ 5 ;’ * = a‘: :f
L ..C.L ; \‘ K ) rr 3 ‘J
: E 0 . i . 7 . 1
b 1A e 0 () 0.5 1 15 2 25 3 35
Frequercy [Hz] Phase Modulation Frequency (Hz)
100 Y ' y ' T
B ol 1 ¥x B — theary | |
. = -1 = | - 1 | ' -~
i LS B LTI S S A < S S S
fof =l I l.'III|II|II||I'|- £ 5ol EN | ii !
8= Sl ) 5 4
..... L YR 15 2 25 3 35
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I Time-Delay Interferometry

Replace the 100 m armlength difference requirement

by a 100 m armlength knowledge requirement!

Unequal-arm interferometer. Synthesized equal-arm interferometer

Output sensitive to laser noise Output immune to laser noise

Post-processing technique to synthesize equal-arm interferometer!
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Science phasemeter testing

I - Digitally tested dynamic range  Equivalent Optical Setup
8 requirement.

CHQ Phase 0
- Digitally generated 3 LR 'S & | = Phase A-Phase B
_'m@zndent, laser-like noise g
such that, s CHi| & |Phasel
Rse 1 - Phase2=0 SEl = < | =Phase B-Phase C
v
= Phase 2
CH2| @
Laser C == % | =Phase A-Phase C
. RPSD of Phasemeter data
10 . .
—0
—_— .
—2 10
—0+1-2
‘~ ¥ 10’
z dynamic range
l img ~10° @ 5 mHz
- yff"ﬁ"' [
_ _ T 10 Requirement |
107 v At
JPL
500 1000 1500 2000 2500 3000 1u‘1‘;_3 107 10” 100 10
Time [seconds] Frequency [Hz]
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r S/C-to-Test Mass Ifo Test on LPF EM




¥ Optical Bench EM Performance

\ 170 pm/VHz 3 ]
1(}"0 \\_ LTP mission goal
\

—
=
BY

optical pathlength noise [m/NHz]
interterometer phase noise [rad/

1(}—13 Wﬁ’}fﬂ,
b, Phasemeter
Mg -7
_1¢ e "W 10
o4 o e e
phasemeter with sine wave
w0t 100 10% 10! 1 10!
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Optical Bench EM Performance

10° LTE’/
| o+

1()'14 LISA

. 2
acc. noise [ms NHZ]
[S—Y
O
o

LTP ifo EM

107" .
107 10% 107 107 100 1

frequency [Hz]



Laser Interferometer Space Antenna (LISA)
Technology Assessment

Prepared for Dr. Edward Weiler
Center Director
Goddard Space Flight Center
January 20, 2006
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B Independent Technology Review
B Final Report

LISA Review Team has determined that the technology requirements for this mission

are well understood and the plans for completing development of each of the critical
technologies are sound and compatible with the LISA Project schedule.




¢ LISA Status

ESA-NASA collaboration agreement since August 2004

- Joint Management Structure working well!

Mission Formulation Study began in January 2005

— ESA prime contractor EADS Astrium Friedrichshafen

- NASA GSFC and JPL fully integrated

LISA Technology Assessment Review at GSFC

- Passed with flying colors in December 2005!

Technology precursor LISA Pathfinder in Phase C/D

— Launch in 2009

LISA technically well on track for launch in 2015!

- Launch date is determined by budget
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= Formulation Phase Kick-Off: January 2005

= Definition Phase Start: January 2008

= LISA Pathfinder Launch: October 2009

= LISA Phase B/C/D Start: January 2010

= LPF final results available: July 2010

= LISA Launch: August 2015

= Reach Science Orbit: September 2016
= Science Operations Start: October 2016

= End of nominal mission: October 2021

Project schedule calls for 2016 launch based on funding profile. @,
64
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Scott Hughes
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Karsten Danzmann
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= http://Iwww7.nationalacademies.org/ssb/BE November 2006 mtg DC.html

= LISA came across extremely well!



Summary

= LISA science is spectacular and unique!

- Black Holes

- Cosmology

- Galaxy growth

- Galactic Binaries

- Terascale Physics
The truly unknown

o The mission concept is mature, stable and well-developed!

- Requirements flowed down and well-understood
- Architecture stable since a decade

= The technology is well advanced, no breakthroughs required!

- Comprehensive development plan
- Ground-based technology demonstrations complete
- LISA Pathfinder carries most technologies into space

= LISA is ready to go!

- Technology is ready
- Strong NASA — ESA partnership
- Science community is large, growing and vigorous

= LISA is truly new!
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