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LISA Concept

» 3 spacecraft constellation
» S/C separated by 5x10km

» Two Drag-free proof masses
inside each S/C
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LISA Requirements

GW-Strain: h = A el

Red: Requireme
Blue: Goal
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Limited by noise (residual acceleration) in the
DRS (Disturbance Reduction System):
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Disturbance Reduction
System

Shield the Proof masses
from all external forces

=» Build a S/C around it
Drag free navigation

= Monitor S/C to PM
position

= Steer the S/C around
the PM
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Experimental Verification
of DRSS

Torsion pendulum Space-based test
In Trento with LISA Pathfinder

Other experiments with Gravitional Reference Sensors:
e Space: Grace, Goce, Microscope, ...
e Torsion Pendula: Adelberger, Gundlach, ...
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Experimental Verification
of DRSS
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Experimental Verification
of DRSS

The Noise model:

fstr k | | fS/C

a/n: | ajn|
m m™m

¥ Stray Forces:
- Gravitation
- Electro-magnetic
- Radiation pressure

- Residual gas
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Status of LTP
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¥ All flight hardware has been
delivered except

DFEEPS  (uN-thrusters)
bFinal Caging Mechanism

¥ Engineering model of Caging
mechanism has been tested

¥ All subsystems are now bein
Integrated into engineering
model

¥ Flight unit is under
construction

¥ S/C+Payload Is just passed
OTransfer orbit thermal
balanceO tests (see pic)

¥ Next tests: Environmental an
vibrational tests mid 2011

To be launched 2012/13
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LISA Requirements

GW-Strain: h= — ;
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10—17 I;_
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System): o-19 F
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IMS Environment:

Orbits cause
¢ relative Motion of
Proof Masses:

UV — ::1OT
S

Changing
» Doppler shifts
» Point ahead angle

e Changes angles:
| ¢ ~+0.5

» Maintain
Alignment

IMS

PM;
—
Lo Li13
—
— Liog —
PM, PMs

Very dynamic Interferometer
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Interferometry
Measurement
oystem:
Spreads over
entire
configuration
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Proof
»
Mass

® Photo
. detector

® Phase
- Modulator

IMS-Signals:

Phase Evolution

of Laser Beat

Signals

e Dominated by
laser frequency
noise
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Time Delay Interferometry

sin (! 1t +"1(1)) sin (wat + ¢2(1))
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Time Delay Interferometry

Sin (I 1t -+ " 1(t)) sin (wzt 4+ ¢2(t))'
. l S12 = ¢1(t) ! @2 (t! 721) +0L21(t)
» .

S13 = ¢1(t) — ¢3 (¢t — 731) + I L3 (?)
821 — gbl(t! ’7’12) ! ¢2 (t) ! 5L12(t)

S31 = ¢1(t o 7-13) o ¢3 (t) — oL 13(1:) Cancels ]'a'ser

frequency noise,
keeps signal
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The Tool: Phasemeter

Digital
Phase Lock
Loop




Phasemeter

Requirements:
 Phase Noise " (f) < il e LR VRS T TUL
$ Hz Hz
| Diff. Clock Noise: 11(f) < (1) < 0.05—— P>
' B vV Hz
Residual noise due to laser frequency noise:
0 = 2mov! T
| Timing (Ranging): AT =3 ns | AL —1m
T 4
| Laser Frequency Noise: 1" (f) < 141 Hz 1+ 2.8 milz

v Hz f
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Phasemeter Status

e Digital Part:

e Hilters
¢ Digital Noise

PM x (1)

PM

PM =

LI o
T

Meet requirements

T Chan 1 ® ADCS:
104 T~ i Tone hl‘)' MKz . . 5
e —Tone O e Timing Jitter
e Dispersion

Might need

AR e Pilot tone

106 | T e W \ e Temperature
" stabilization

cylc/rtHz
o
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Laser Frequency Noise

_ 7
Hz | 2.8 mHz
v Hz f

Stabilized to Zerodur
Reference Cavity e
using PDH

" () < 141

(Hz/rtHZ)

pectrum

Options:

e Heterodyne Interferometry use LISA Phasemeter
| Cavity
| Mach-Zehnder (LTP-style)

e Arm LocKking

18
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Ranging

PRN Rangins:

e Modulate/Demodulate Carrier/Carrier

Beat Phase with PRN

e Known local start times used to

synchronize clocks

=
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Inter S/C Communication: Switch Sign of PRN Code
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il

Local Laser

Clock Noise

Fiber Modulator !

2-8 GHz

e Sidebands carry clock noise

°* S
°* S

3/S:

3/S:

B beat 1MHz off from Carrier/Carrier beat

B phase - Carrier/Carrier beat

gives clock noise

14
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Clock Noise

-
Phase Fidelity of -
O—=

Fiber Modulator:

. R . o CC
e Requirement relaxed by 1 (R ' |ss
X o 3
20 MHz @— Top (/ PM
fM Od RL EC")M \
= 5 —SS
1 _ \\= —[\Sﬂg?c(llgﬁcﬁ?::gargconverters SucceSSfU]']'y teSted a‘t
g .| ——88S - CC - Mixed Upconverters (frac. delay) [ -
A, Requrement | AEI, JPL, UF

* integrated at JPL and UF
into testbeds

Additional signals for
TDI combinations
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TDI for LISA

LISA uses 18+ Signals:

to cancel: to generate:
e Laser frequency noise e TDI Combinations
e Spacecraft motion  Depend only on PM
motion
3 Types of IFO:

1. Bench to Bench
|  Measure S/C to S/C motion

2. Backlink
|  Correlate the local laser

S
LN

3. Proof mass to Bench
|  Measure PM to S/C motion

R3S
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JPL Testbed

* Injected 800Hz/rtHz laser frequency noise

e B
.-’ A
o4 ’ ' .
7 'rtlﬁy am

Post-processed TDI:
* Fractional delay filtered

* Time delays determined by PRN

% Clock Noise corrected
% 10 suppressen at 3mHz

See: Experimental Demonstration of Time-Delay Interferometry for the Laser Interferometer
Space Antenna, Glenn de Vine, Brent Ware, Kirk McKenzie, Robert E. Spero, William M.

Klipstein, and Daniel A. Shaddock, Phys. Rev. Lett. 104, 211103 (May 2010)

* 6 GHz clock noise transfer

* PRN Ranging

* Two Independent multi-channel PM
* Two Independent clocks (USOs)
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Generation of

TDI-X Combination with:

e One Laser per S/C
e LISA-like delays
e Doppler shifts

o GW
108 \_\-\
104 bbb TPk

Cycl./rtHz

001

UF Testbed

|-<}—G

Laser2
Q % RLIL, @ Oa
{2 T
12 21

- Pre-Stabilized Laser Input
Sensor BN measurement

—TDI wio PLL Noise Extraction
Total PLL Error Level
Complete TDI Noise Extraction
Entangled Phase

- =24pm Requirement

Frequency [Hz]

RL ]

R -6 |
Laser1 7 T T, X—{PM|
] ] . RUL S0

1 W - Phasemeter
—D—~ Laser3
T | - EPD Unit

7 @ - GW Modulation

e Optical PLL’s

e Frequency pre-stabilization
e Fractional Delay Filtering

e Ranging with ranging tone
at 1.5Hz

Within factor 4 of LISA req.

» Limited by ADC noise

» Use Common Clock
25
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TDI for LISA

LISA uses 18+ Signals:

to cancel: to generate:
e Laser frequency noise e TDI Combinations
e Spacecraft motion  Depend only on PM
motion
3 Types of IFO:

1. Bench to Bench
| Measure S/C to S/C motion

2. Backlink
|  Correlate the local laser

S
LN

3. Proof mass to Bench
|  Measure PM to S/C motion

6
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Local Reference Beat

Compares local lasers:

e [,aser counter-propagate through
fiber

e One Beat Signal on each bench

e Requires reciprocity of fiber

107 ~Non-reciprocity 410
f Non-rec straylight corr. 1
: ——Non-rec, normalized strayl. corr.
[ ~ | ' -1
E lb er: .i\ 10" L Non-rec straylight & DWS corrected 110
. : Non-rec straylight, DWS and temp corrected !
N
= = P & } ~—5 pm Requirement 2N
® RGCIPPOClt y O £10° Lo ===*1 pm Requirement {10 :?
. C? E P ——Phase read-out limit ] g
optical path* s LN\ 5 e 1 Iy
£ 10 2
5 N i e
S I 10" 2
@ 10 | o
Q e ——
FPOI I l 10 17' .»‘:f"0°’--°-0"-“mﬂuum 00000000
Laser 2 S 111/ 1 B 000 e =1 LU
10 -4 -3 2 -1 0

BenCh H " 10 Frequ;gcy (Hz) 10 10
-»

Courtesy of the Albert Einstein Institute in Hannover 27
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Local Interferometer

Sa= ¢pi(t) ! @a(t) + wiolia! woodl o
S = @1(t) ! @o(t) + wiol1p! wool oy

< 1P oh Bench
To/From St e
Other Bench L1q B Oy,
Z
Lip
>
@—x Sa ! Sp: measures
- L, changes in Bench
J 2 to Proof mass
¥ \ distance
From Pol. —
Laser Vacuum window
Bench ®—%  Wave plate
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TDI for LISA

LISA uses 18+ Signals:

to cancel: to generate: \SO\
e Laser frequency noise e TDI Com* . NSAfT:
* Spacecraft motion e Der- 669 v on PM

3 Types of IFO: oV
&6
1. Bench to Bench 0@6
| Measure & 6‘&5, < motion
<. Backli~ %’CO
! X)e‘o’,d,te the local laser

3. Proof mass to Bench
|  Measure PM to S/C motion

9
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Half of the story ...

Critical Components:
e [Lasers
e Switch board
e Telescopes
e Photo detectors
e Point Ahead Actuator

30
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Laser Concept

Fiber Modulator

Master Laser Fiber Amplifier
10-50mW 1-8W

Challenges:

e Shot noise limited
(1mW) @ 2MHz

e Phase fidelity of Ampl.

e Space qualified
(Radiation, ...)

e Lifetime

Laser:

o >1W

e Around 1064nm
e Single Frequency
e Single Mode

31
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Laser Development

Master laser:

e Tesat laser (LTP)
¢ F'iber laser

e KCDL

Thermal cycl. of Fiber Laser
Pictures: Courtesy of Kenji Numata, GSFC

1 - 1 LI RLLL L] LB ALRLL L] LA ALLL L] LA RLLL L] IBR B AL
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. . . 01 .
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Q v 107 77
° ° 9 -4 .“‘:.1»\ . . 1 W 8
e [nitial test results e 10 "), length noise 1 W | 10° 2
& 1075 R R £
e length noise 2 W' g, 107 ©
EE' 10.6 . 10-3 3

° 107 | P

. \ 10

Pictures: Courtesy of Gerhard Heinzel, AEI 10%  10° 102 0.1 1 10 32
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Telescope

e 40cm Diameter
e 60cm Long
e 50nm Wavefront error

& Concepts:
¢ On-axis Cassegrain e Schiefspiegler
» pm/rtHz stability » Off-axis, no direct
» um long term stability scattered light
» Scattered light from » Optical truss IFO
secondary » Refocus mechanism

Telescope requirements similar to
Herschel and Silex telescopes
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Half of the story ...

Critical Components:
e [asers
¢ Telescopes
e Point Ahead Actuator
e Prototype has been successfully tested
e Photo detectors
e Eixperiments started at GSFC and AEI

otill many optical, mechanical, electrical components need
to be tested, but

So far, so good
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The End

35
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