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Laser Interferometer pace Antenna

Arm Locking for
Laser Interferometer Space Antenna
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Gravitational Wave Astronomy
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Gravitational Wave Sources for LISA

Coalescence of massive black holes
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Cosmic strings and phase transition?
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% Detect and observe GWs from 0.03 mHz to 1 Hz

% Three spacecraft in independent heliocentric orbits
% Large separation 5 X10° m, variation 1%

% Trailing Earth by 20 degrees, out of the ecliptic by 60 & B el
degrees ~ 10pmHz™on5Gm:

Earth 2 5Gm

20° " q00

1AU

Key Technologies

% picometer precision interferometry in space

% drag-free proof masses (to be tested by LPF )
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Laser Interferometer Space Antenna
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% Thermal effect ~ (3 fm/s2-Hz12) E

= Magnetic field z I ]

J Z 107 - E

% Gravity gradient 3 - ]

E e T sensing & displacement noise

_ 3 10 3 (18 pm Hz'1/2)
S_ensmg & - _G;g :

displacement noise: E 09 L |

% Shot noise é“

« i i

% Pathlength noise g 10720 -

= Laser frequency noise Z -
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Laser Interferometer Space Antenna

Interferometry Measurement System (IMS)

% Optical system
% optical bench
\ % telescope
% Laser system
% 1064 nm Nd:YAG or laser diode
% frequency stabilization subsystem
% Phase measurement system

% phasemeter




]1.JSA A T Architecture of IMS

Laser Interferometer Space Antenna

LISA # LIGO In Space

\
% Large distance and diffraction — optical transponder

% Unequal and time-varying arm lengths

% Heterodyne interferometry in MHz

% |Individual phase measurement
with respect to the local clock

% Synthesize Michelson or Saghac
interferometer in post-processing




LIS f*m'j’*;:**““ smmssEEE— - From Proof Mass to Proof Mass

Laser Interferometer Space Antenna

shlort alrm | long arm short arm

|
— e—— :< > — e——
| | |

5 I ‘
% Proof mass relative to the optical bench:
Reference interferometry (PDg) pr(t) = O(t) — P,(t) + Na(t)

Short arm interferometry (PD) ps(t) = ®(t) — D,(t) + FALpm (1) + Na(t)
% Optical bench to optical bench

Long arm interferometry (PD,) ¢L(t) = ®i(t) — Pe(t — 75i(t)) + Nyrans(t — 75(1)) + hii(t)
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= Noise allocation for laser frequency noise: 2 pm Hz 12

9
_ 2TSL = 1.2 x 1077 rads Hz~1/2

Converted into phase noise: 0@ X
Converted into frequency noise: §p — %y — 1.1x10"% Hz Hz~ /2

% Free-running laser frequency noise: (10 kHz/f) Hz Hz1/2

% How can we suppress the laser frequency noise by more than 12 orders of magnitude?

SC2&3: optical transponder O _
% Time Delay Interferometry

Equal-arm Michelson interferometer in post-processing

% Require arm length knowledge
Limited by 1 m ranging accuracy (if PRN ranging is used)

2.8 mHz\*
Vpre—TDI(F) < 282 X \/1 + (g) Hz Hz—1/2

SC1: “beamsplitter”
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Active Laser Frequency Stabilization

Laser Interferometer Space Antenna
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Active
stabilization

— Free-running
— pre-TDI with 1 m ranging accuracy
— LISA frequency noise requirement ||

TDI

10

10”
Frequency (Hz)

10

% Lock laser to

a local frequency reference
% Fabry-Perot cavity
% Mach-Zehnder

% Molecular line




Temsmmmmimasim==— - Arm Length as a Better Reference

% Arm Locking: lock laser frequency to the LISA arms
= More stable in the LISA frequency band: ~ §L/L ~ 1072! Hz1/2

% Estimate frequency noise from inter-SC phase measurements
% Can be fully implemented in on-board data processing

% Can be integrated with pre-stabilization system (requires tunable reference)

1 Pre-stabilization

1 Arm locking

| =

Ll L L I | L L Lol L L I S
10° 10° 10" 10°
Frequency (Hz)
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Laser Interferometer Space Antenna

Analysis Single arm Common arm Dual arm Modified dual arm

: . Single arm Dual arm Simulation with
Simulation simulation simulation noise sources

Single with 10 km
Single with  fiber (33 s delay)
300 m cable

Experiment (1 s delay)

Single with 1 ms

electronic delay

2003 2004 2005 2006 2007 2008 2009 2010 2011

A 4



Arm Locking in Lab

" Laser Interferometer Space Antenna

How to reproduce the 5 Gm arm length in lab?

(1)

To far spacecraft

From far spacecraft

o) - o(t-1)

LISA

1064 nm laser
5 Gm long arm length
Doppler shifts
Constellation phase locking
Heterodyne interference
Phasemeter
Arm locking sensing & control law

Integration with pre-stabilized lasers

. ~<P(t)

e s
—r PM—’C-NCO—|—|
—————— ) @)

(P(t) ¢(t- 1)

Interferometer Simulator
1064 nm laser MHz beat

16 s electronic phase delay (EPD)
MHz frequency shifts in EPD
Analog PLL
Analog mixing
DPLL phasemeter prototype
Sensor & controller on FPGA

Heterodyne PLL / PZT cavity
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% Mach-Zehnder interferometer with 10 Gm arm
length mismatch

% Interferometer response:

¢ I'(S) —ST| ;
Pli(S):q)%l(S)%l—e n =23

2
% % insensitive at interferometer nulls
= % pbandwidth is not limited by 33 s time delay
107 10 10"« controller design needs to carefully keep enough phase

Frequency (Hz) .
margin

% control system is verified in simulations and experiments
(with very short delay times)

i
o
o

Phase shift (degree)
o

N 107 107
Frequency (Hz)

-
o
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Control System - Single

Laser Interferometer Space Antenna

DSPboard 1 (EPD)

62.5MHz clock

1/s4

iMHz ;
_ PM - T - NCO —-
13 MHz 5MHz [ ; 3 MHz
_,, > Ja 2 [ “‘
VSC _______________________________________________________________
2 7 E ;' 11 filter
o 8MHz N
SC2 _'_ NCO — + 4_stage integrafor — PM
|

% “Reflective mirror” at far SC
% NCO tracks the input phase noise
% 1 s delay, Doppler shift

% common clock for both DSP boards

DSP board 2 (controller)

]



Sl S s R g s i i S P8
qr mime & mewy ooy oa ths Unlverse

-‘—-—t’ 2 8 LY

Control System - Single

Laser Interferometer Space Antenna

300

200
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Relative frequency noise (Hz/riHz)

s A
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— Initial phase of the laser beat
—— Residual phase of the laser-NCO beat

10 20 30 40 50 60

Time (s)

10

6 orders

— Input frequency noise of laser beat
~——Residual frequency noise of laser-NCO beat
- - -32-bit digitization ncise floor

-4 -2 o

10

10 10
Frequency (Hz)

“ MW

7 8 9 10 11 12 13 14 15
Time (s)

—_—
—_——
— T —

Phase (cycles)
N

% First peak at 1 Hz
% 6 orders of magnitude suppression

% Limited by 32-bit digitization noise

In realistic case, a 33 s delay would generate the
first peak at 30 mHz, well inside the LISA band.
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DSP board 1 (EPD)

Relative frequency noise (Hz/rtHz)

13 MHz 'ZlMHZ
E o (Pm PM T NCO —-
5 MHz | 2mHz
s L ---------------------- Y
(pou[
:'/ 1Ns filter
1)8 MHz ; 8 MHz \ Ee—
\D'%'l ; NCO —+ 4-stage integrator — PM
i 1/s4

DSP board 2 (controller)

(]

‘10 T T T TTTTIT T T 1 AL LIT I | E——— — I ) ———— T ! ————
: — Frequency noise of RL-L1 beat signal
i|— Frequency noise of RL-L2 beat signal

10* _-H ---32-hit digitization noise floor

10° F ..........

10° |t

1072 _1._; ......

-4 . b3 H HEERH
10 1 — 1 |||||'|‘1_ 1 1 |||||||_ 1
107 107 107 107" 10° 10

Frequency (Hz)

Single AL with Pre-stabilized Laser

Laser Interferometer Space Antenna

Relative frequency noise (Hz/rtHz)

PZT actuated cavity

Z_erodurcavity 1 EOM
. _DSP board 1 (EPD).
: » -3lMHz
ﬂ 81 MHz 4_ PM-T-Nco—:-|
PZT cavity EOM l OMHz|\ 4o 2MHz
BE Y 51 G Function Generator
\y 71 L‘N ®
#J 72 MHz
\E@I—;-J Lo B e
! s filter
| 5MHz | -
SRS Amlpliﬁer o N :(;: & 4-stage1 ilr:grator
\-.J &/ 5 Z
T—‘,— NCO
””””””” DSP board 2 (controller)
10*
10° -
10" -
107+
4 B Ll - B B B -Z B B -
10 '~ —Frequency noise of free-running PZT cavity
—Frequency noise of arm locking stabilized PZT cavity|
---32-bit digitization noise floor
108 .|~ ~-Idealized frequency noise under arm locking
== LISA pre-stabilization requirement

10" 10°

Frequency (Hz)

10



Zerodur cavity l
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PZT actuated cavity

Zerodur cavity
5

DSP board 1 (EPD)

-

s M o {I N
13 MHz | ‘ 81 MHz 1
ferodurcavlt/yﬂ ;.M . ;“;;(pln | B ol NCO —| A I P7T cavity a.-m. ‘I\“ ctlonGenera_t}or_l 9 MHz
_@H;jlm " The third actuation method: Oz
_________ ;,"’
— 4y . c ! 5MHz
| ;v awe  Lock the laser sideband to the cavity ——— o —.
= L=y : : ; | suHz st
(Sideband locking) T g

.|~ ~-Idealized frequency noise under arm locking

—Frequency noise of free-running PZT cavity
—Frequency noise of arm locking stabilized PZT cavity|
---32-bit digitization noise floor

== LISA pre-stabilization requirement

10° S Same setup tested at GSFC
. i|——Frequency . . Do
N :|—Frequency noise > of RL-L2 beat 5|gnal = SEE
= aqt Lo - -32-bit digitization noise floor I,z
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Laser Interferometer Space Antenna

G3

sca\ % push sensor nulls beyond the LISA band
% petter bandwidth performance

% petter noise suppression performance

% never verified in experiments before

S :H_|_P_|_+H_P_
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Sensor Sensor Transfer Function
gm"
H.(s) = 1, g
107 16’2 . 10"1 § 16" 10"
Common S requency (Hz)
H_ (S) = 0 % .
é =100 = - 5 1
10 10 10 10 10

Frequency (Hz)

Magnitude

H.(s) = 1,

_ E(S) . 10° 1(3_2 FrequL(r;w_;y (Hz) 10 10
Dual H_(S) — SAT %: 100 : -
E (s) — low-pass filter 5 °
@ 1/4AT §'100 -3 2 = o 1
10 10 10 10 10

Frequency (Hz)
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Laser Interferometer Space Antenna

% Doppler shifts from relative SC motions (=18 m/s > +17 MHz)
% cause a Doppler error in phase measurements
()

T192 To far spacecraft

VD (t) due to relative SC motion

T21 From far spacecratft

2m(v + vp (L))t + o(t) — o(t — 712 — To1)

Heterodyne frequency Phase to be measured

2rAvp ()t + o(t) — o(t — 10 — To1)

Doppler frequency error Frequency pulllng rate

Single Avp(t)/T

Common Avpy(t)/27

Dual Avp_ (1) /2A7
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Laser Interferometer Space Antenna

% A combination of
% common arm sensor at f < 30 mHz (frequency pulling Avp (t)/27 & noise advantage)

% dual arm sensor at f > 30 mHz (gain advantage)

@ 0 ——— e \/‘-.-'"1.1n'_-"'.l"l,“ul'lﬁlﬂllﬁ‘f
S10° ¢
2 P
o -
m --j—d_.d'
E ’fi-)/_r.r
10'2"; LT e
107 107 1072 10" 10° 10"
Frequency (Hz)
g 100 '_'_';';l___'___'__'_'_""l T
g T ARIMA
2 0 I
q: l|
e F (s)H _(s
" _100l] oo
3 —F_(s)P(s)
-
RS0 § e ULV S0 U0/ UV S0 00
107 107° 1072 107" 10° 10’

Frequency (Hz)



Lluf*m?‘g%“’ i Noise Model of Arm Locking

Laser Interferometer Space Antenna
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% clock noise — phase noise of the referencing clock in phase measurements
% SC motion — arm length uncertainty from the DRS
% shot noise — limited number of photons received per second by photodiodes

% technical noise — ADC noise, digitization noise, etc. in signal processing
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10° ——————————— 108 -
- —clock —clock
o RN —sEacecraft motion N, —— spacecraft motion
— I T —shot | 10" ¢ T ——shot
S, T~ |[Z” TDlcapability | - —— TDI capability
% 10 = 'TI\I 102
T T
® o 10 4
s @
c g, 2
a >10 / _
c Q
[¢F) c
3 g -4
5 3 10™} 1
- o
L 6
107+ .
L .. Il L 8
10° 10° 107 10" 10° LR s 2 R
10 10 10 10 10
Frequency (Hz) Frequency (Hz)
Maximum arm length mismatch Minimum arm length mismatch
2At=0.515s, AL =76,000 km that meets the requirement

2At =20 pus, AL=3 km

Worse scenario only lasts for ~ 300 s, twice a year.

[ Arm locking alone can meet the pre-TDI requirement (with all six links operational). ]




Control System — Modified Dual
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Laser Interferometer Space Antenna

DSP board 2 i
—— s —1 H
TR A | |
i ; & g | |
L. PM LT, ! Neo A \/ | kg | | High-pass filter the dual arm
o— | . X TN I
Kl PM - T; | NCO H | A E(s) ‘wkszatarate: > Integrate the common arm
J— otiizdennrete+ 00BN 48— e i
5 488 kHz data rate " ’
62.5 MHz clock [
(1]
10’ . : : 10' . : : . .
A
AN
o - /\/\I /| Y m
o I P = f)\/\f'lﬂl
= =
E 107} . E10° b
& q &
= =
10 oF @ 3 _
—measure
—P. IR - - -theoratical
-|D_3 Ll | M| PR | o 10_1 P taail PP L .......l'1 Ll L Ll o
10 107 107 107 10° 10 107 107 107 107 107 10° 10
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Laser Interferometer Space Antenna

%"503

SC3
% Reproduce the noise property via phase locking
T, Ty % The replica is frequency tunable

% PLL noise will be suppressed by the arm locking gain.

4
Vsc2
i 2
(551
SC2

SC1



LIS f* @3;;*‘—'*“‘"" semesEEE=— . MDAL with Pre-stabilized Laser

Laser Interferometer Space Antenna

F ]
LS
13 MHz & M
B / ; z 1/s—1/T
= o— 9 — 1 \2 MHz —’
5 MHz | PM — +
) L _ e - Tonco ) J
Do — pPMm - 1. NCO — 3 MHz E(s) J
2 -3 MHz 2= PM - L 1fsk—aaT_—
| 1/+/s filter
8 MHz ~ ——
1 IJ 8 MHz
\%{ o NCO ——— + 4-stage integrator

1/s*

% 48-bit sensor & controller
» 7 =338, A7 =0.025 8

% Tested with dual & modified dual arm locking
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1.5 A\ @Gur Arm Locking with Doppler Errors

2 aser Interferometer Space Antenna

Avp,=6.4Hz
| 2 MHz
| 2MHz W—Ob- pMm |
7 MHz & MH — PM - T, : NCO _
z
@ R i Sensor ——
0 —F’M—T3-NCO—[
1 amHz —T,P PM ]
|
3 MHz 1/s filter

Avp;=9.6Hz ~__

2 MHz
NCO -+

4-stage integrator -
1/s4

% generate Doppler frequency error by shifting the clock frequency
o 7=233s, A7 =0.025 s

% tested with dual & modified dual arm locking
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4
4710 . : : : . 900 ~
- \odified dual arm locking (0.245 Hz/s) P 0
3.5F |——Dual arm locking(64.2 Hz/s) / T
700

// [ AN M VAV~ A
e AVA S A
/ / rJN E—

e

Frequency fluctuation (Hz)
8]

0.5 Modified dual arm locking
! — ' 100 500 1000 1500 2050 2550 3050 3550 4000
0 100 200 ) 300 400 500 600
Time (s) 10*

—— Residual noise [

% Drift rate in dual arm locking: T — -

Aw[)f
——— =04 Hz/s
SA- 64 Hz/s

% Drift rate in modified dual arm locking:

AU]D+ :
= 0.24 Hz/s 10° et A M ANV
27 /s

Frequency noise (Hz/rtHz)

Frequency (Hz)
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Laser Interferometer Space Antenna

T I

SC1



LIS fL R Integrated with Far-end PLL

Laser Interferometer Space Antenna

\E‘L!ll
5 MHz
)
2MHz 6
- ; 4 X ' ®
| 2MHz 7 MHz
PM - Tix»- NCO
NCO - Ty PM —
13 MHz -3 MHz -
\ 1/s—1/T
Tl - (pm 2 MHz
5 MHz o PM i
- L ‘ Fn(s) J

i_/_

Pou — PM - Ts | NCO — 3MHz E(s)

i 3 MHz A= PM - —15—1AT_— N\

| 1/s filter
_1)8 MHz — TN ———
l 8 MHz
PLI_I NCO ——m + 4-stage integrator
1/s

% Phase-lock the far-end laser to the delayed signal
% Function generator is synchronized to the master clock

% Transponder noise includes limited PLL gain and clock noise
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Laser Interferometer Space Antenna

|——RL - L1 beat signal
10 bbb | ——RL = L2 beat signal
: Transponder noise floor
N | ——RL — L2 beat signal {lower PLL gain)
% ) §—R|_ L2 beat 5|gna| {h|gher F’LL gam}
510
O
@
[s)
c 0
::...'10 I S T e S A R SR AR - S R Y ]
(&
c
©
o
il -2
o 10 T a
Ll
‘10 i HE A | i HE S A | i HE R A | i i0ii il i I T T T I
-4 -3 -2 -1 0 1
10 10 10 10 10 10

Frequency (Hz)
% Still sufficiently meet the requirement with a margin of 25,000 at 3 mHz.

%The stabilized frequency noise is consistent with the transponder noise floor.

% The noise floor can be adjusted by changing the PLL gain.
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= Control system of arm locking

’ T r A Pk 6 txanr totudnns sk fhe X Endeasin

% Verified different arm locking schemes under realistic long time delay and Doppler shifts

% |ntegrate with cavity stabilized lasers and sufficiently meet the LISA requirement
% Noise limitations of arm locking

% Dominated by digitization noise or ADC noise in our experiments

% Demonstrate the noise advantage of modified dual arm locking

% Demonstrate arm locking performance in the presence of non-negligible transponder noise
% Doppler frequency error in arm locking

% Studied the frequency pulling in different arm locking schemes

Arm locking has solved the problem of laser frequency stabilization for LISA and can be used
in the frequency stabilization for future similar space-based interferometric detectors.




| S [ gopeesimssii==— - Current Status of ESA-led LISA...

‘Laser Interferometer pace Antenna

% As announced by ESA in March 2011, due to a modified international cooperation
scenario, it is now necessary to study a European-only mission that offers a
significant reduction of the cost while maintaining its core science objectives.

% Whilst maximizing the use of results of the LISA studies performed so far and the
heritage from LISA Pathfinder, a number of significant changes to the payload, the
spacecraft and the mission architecture have to be made to enable the mission to fit
the new budget profile.

% The goal is to be ready for a technical and programmatic review starting in
November 2011 and for a scientific review by the ESA advisory bodies thereafter, in
order to support an SPC downselection for entering phase A/B1 in February 2012.

http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=48728



