
A.S.Pp
ASPEN WINTER CONFERENCE

GRAVITATIONAL WAVES AND THEIR
DETECTION

JANUARY 26- FEBRUARY I, 1997

ADVANCED DETECTOR
RESEARCH AND DEVELOPMENT

PROGRAIVT COMMITTEE/ASPEN ORGANIZING COMMITTEE

Sydney Meshkov (Chair) .....Caltech
Barry Barish...... ..Caltech
Alain Brillet...... ......Orsay
Mark Coles....... ...Caltech
Karsten Danzmann...........Hannover
Ron Drever..........................CaItech
Sam Finn ...Northwestern
Adalberto Giazotto...........INFN Pisa
James Hough ....Clasgow
Peter Michelson ..Stanford
Fred Raab ...........Ca1tech

Norna Robertson ...............Glasgow
Albrecht Ruediger ......MPI-Garching
Gary Sanders ......Caltech
Peter Saulson ...Syracuse
David Shoemaker .....................MIT
Robin Stebbins ........JIL4
Kip Thorne..........................Caltech
Harry Ward ........Glasgow
Rainer Weiss .............MIT
Stan Whitcomb ...Caltech

ON

EDITOR: SYDNEY MESHKOV

Ltqo - G97o t95-oo-r.4



PROGRAM

ASPEN I^M\TIER CONEERENCE ON GRAVITATIOI{AL T,I[A\/ES AI{D TIIEIR DETE TION

Aspen Center for Physics
,January 26 - Febnrarlr 1, L997

Monday AI"1: Status of Present DetecLors
'Januarlz 27 Chair: S. Meshkov

8:00 S. Meshkov(Caltech) Welcome

'Jane Kelly(ACP)
8:10 A. Giazotto(Pisa) Status of Virgo
8.35 Discussion
8245 .f. Hough(Glasgow) Status of GEO 500
9:10 Discussion
9220 Coffee Break
9:35 D. Shoemaker(MlT) SEaEus of LIGO
10:OO Discussion
L0:10 W. Hamilton(LSU) Status of Bar Detectors
l-0:35 Discussion

Monday PM: A. Advanced Interferometers and Detectors
Jarruary 27 Chair: R. Schilling

4:30 M. Fejer(Stanford) topologies for Advanced DetecEors
4:55 Discussion
5:05 R. Flaminio(Annecy) Virgo Plans for a Long Term R&D Program
5:30 Discussion
5:40 Coffee Break

B. CollaboraEion Format,ion for Advanced Detectors I
Chair: M. Coles

6:00 G. Sanders(Caltech) lntroductory Rernarks
6:30 Discussion
6:40 Round Table Discussion Fir:n, Flanrinio, Gustafson, Reit,ze, Ruediger,

Sanders, Stebbins, Ward

Trresday AIvI: A. Adrranced Interferometry
.farruary 28 Chair: R. Drever

8:00 A. Ruediger(Garching) fhe Sagrnac Interferometer - Pro and Con
8225 Discussion
8:35 D. Schnier(Garching) Resonance Coincidence Method-A Ne\^r Locking

Scheme for Narrow Band Dual Recycling
9:00 Discrrssion
9:1-0 Coffee Break
925 S. Kawarm-rra(Ca1tech) Sigrnal Recycling and

Resonant Sideband Ebctraction
9z40 Discussion
9:50 V. BraginsJqr(Moscow) Recent Results of the ldSU Group
1-0: l-5 Discussion
L0225 R. Schilling(Garching) Transfer Ftrnctsion of Interferometric Gt'I

Detectors aE Higher Frequencies
1-0:50 Discussion



Tuesday PM Suspensions and Seismic Isolation I
.Tanuary 28 Chair: R. Stebbins

4:30 S. Richman(.TILA) Progrress on Low-Freqnrency Active
Seismic Isolation

4:55 Discussion
5:05 iI. Giaime(.TILA) Inprovements to the ,JILA Isolation Platform
5:30 Discussion
5:40 D. DeBra(Stanford) Strategies for Vibration Isolation and

Aligrnment
6:05 Discussion
6: l-5 Coffee Break
6:30 S. Kawarm:ra{Caltech) lltre Initial LIGO Suspension and Isolation
6:45 Discussion

i 6:55 G. Gonzales(MfT) Advanced LIGO Suspensions and Seismic
Isolation

7zLj Discussion
, 7220 Round Table Discussion Braccini, DeBra, DeSaIvo, Drever, Kawanmrra,

Robertson, Stebbins

O Wednesday AIvI LIGO Research Conrrnrnity(i,RC)

I ,ranuary 29 Chair: S. Finn

8:00 J. Munch(Adelaide) ACIGA Prototlpe and Activities
8:30 Discussion
8:45 D. Berley(NSF) The View From NSF
9:15 Discussion

- 9:30 Coffee Break
lJ 9245 Meeting of LIGO Research Corwnunity and Discussion
I 1:30 MeeEing of LIGO Research Conrnunity(continued)

Wednesday PM A. Lasers
Jarruary 29 Chair: R. Byer

4:30 S. Rowan(Glasgow) E:<cess Intensity Noise at High Frequencies
in Nd:YAG Laser Anrplifiers

4:50 Discussion
5:00 W. Tulloch(Stanford) Conceptual Desigm of a 100W Diode Laser

Pumped Nd:YAG Laser for GlrI Interferometry
5:20 DiscussionI 5:30 Coffee Break

B. Optical Elernents
/ Chair: P. Saulson

5:45 D. Reitze(Florida) Desigrn Considerations for LIGO Input @tics5:10 Discussion
5z2O W. Kells(Caltech) LIGO Optic Quality and Inprovement R&D

, 6245 Discussion

C. Advanced Concepts

I e ,ss R. D"":5tE;ri;.ilitt coupled suspensions, Masrneric Levirarion,
and Other Ideas

7:20 Discussion
r 7:30 iI. Wilson(Livermore) General Relativistic l{umerical Hydrodlmamics

for Neutron Star Binaries
7:50 Discussion



lltrursday AI"1 Suspensions and Seismic Isolation If
Jaruary 30 Chair: .f. Hough

8:00 S. Braccini(Pisa) Virgo Superattenuator Systen
8225 Discussion
8:35 L. Holloway(Illinois) a Pre-Isolation Stage for the Virgo

Superatterruator
9:00 Discussion
9:10 R. DeSalvo(INFN-Pisa) Noise in the Virgo Superatterruators
9:35 Discussion
9:55 S. Rowan(Glasgow) Measurements on Fused Quartz pendulums for

Gravitational Wave Detectors
tOz20 Discussion
L0:30 N. Robertson(Glasgow) Suspension Desigrn for GEO G00
l-0:55 Discussion
11-:05 P. Saulson(Syracuse) a Fer,r Advances in Understanding Ttrermal NoiseL1:30 Discussion

, O*rary 30 Chair: R. Flaminio

4:30 M. Barton(ICRR-To\ro) a 2D X-pendulum Vibration Isolation Svstem' 4:55 Discussion
5:05 G. l"lathews(Notre Dame) GR Numerical Results Relevant to Gravitv

Wave Detectors
5:30 Discussion

I

Ttrursday Eivening: R-rblic Lecture, V{heeler Opera House
Chair: S. Meshkov

8:00 G. Sanders(Caltech) tistening to Einstein,s Universe

Friday AIvI Sigrnal Processing and Data Analysis of s<isting and Future Data r.January 3J_ Chair: N. Robertson

8:00 S. Vitale(T?ento) Data Analysis for Resonant Detectors_
AURIGA Data Analysis8225 Discussion

8:35 W. ,fohnson(Lstt) Lessons Learned from Allegro and Others9:00 Discussion
t 9:10 Coffee Break
t 9225 P. Astone(Rome) Interactive Method for the GarI periodic!"r Sources Search9:50 Discussion

l-0:00 A. Wiseman(Caltech) Future of Coalescing Binary Data Analysis, L0:25 Discussion
l-0:35 C. Cutler(penn State) G1rir hrlsar Searches11-:00 Discussion



i F'riday PM Sigrnal Processing and Data Analysis of Dcisting and Future Data fI
ilarruary 3L Chair: M. Cerdonio

4:30 S. Fir:n(Nortlnrestern) Report on G'lilDAW Meeting
4:55 Discussion
5:05 B. Allen(Caltech) cRAsP(Gravitational Radiation Analysis

and Sinn:lation Package)
' 5:30 Discussion

5:00 Coffee Break
6:15 P. Brady(Caltech) Continuous Wave Sources: Hierarchical

Searches and Stepping
6:40 Discussion
6:50 M. Cerdonio(Padova) (Almost) Isotropic Slqr Coverage for Gl{ Bursts

of the Ilpcoming World Network of
fnterferometric and Bar Detectors

7zt5 Discussion

Saturday Al'I A. Advanced Detectors in the Future
Febnrary L Chair: A. GiazoEto

8:00 R. Stebbins(JILA) A IASA-Led Version of LISA
8:30 Discussion
8:40 M. Choptuik(Ul-Austin) Binary Black Hole Grand Challenge llpdate
9:L0 Discussion
9:20 Coffee Break

B. Collaboration Formation for Advanced Detectors II
Chair: H. Ward

9:35 S. Finn(Northwestern) Sunrnary of Opinions S<pressed at Meeting
1-0:05 Discussion
1-0:L5 P. Saulson(Slracuse) Vrlhere Do We Go From Here?
10:40 Discussion



Monday AIvl: Status of Present Detectors
.Janua4r 27 Chair: S. Meshkov

8 : 00 S. Mestrkov (Caltech) Welcome
,Jane Kelly(ACP)

8:L0 A. Giazotto(Pisa) Status of Virgo
8.35 Discussion
8:45 ,f . Hough(Glasgow) Status of GEO 500
9:10 Discussion
9:20 Coffee Break
9 :35 D. Shoemaker (MIT) Status of tI@
L0:00 Discussion
L0:10 W. Hamilton(Lsu) Status of Bar Detectors10:35 Discussion
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Organisation structure of WRGO

8,L\
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lnput muror

lngut opucs

Highpowu f I 
-:f"T*

OPTICAL SCFIEME

- lnput mrror

i End mrrror

tscam splinct
Detcctron ootics

ARTIST VIEW OF THE VIRGO ANTENNA
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phase lock of the Laser

on interferom.
l0-oHzltlHz

MC control

IntensitY
Stabilisation

Laser l0-81\iHz
High Power

Laser Control

AutomaUc
Beam
Positioning
10-s rdllHz





MIRRORS

D iam./Th ic k. (rn m)

FP Cavity Input 350 / 100 Suprasil 3I2

FP Cavity Output 350 | 200 ULE

Beam Splitter 230 / 5 5 SuPrasil 311

Recycling I20 130 SuPrasil 312

Substrate Absorption

COATINGS

Results obtained in. 1995 by the Lyon Group
using DIBS on 80 mm Diam. Mirrors:

Absorption < 0.5 ppm

Scattering < 0.6 PPm

Band Centering < 10 nm

Values inside Virgo Spec.

Currently under design the large coater
for 300 mm coatings Production.

VACUUM PIPE

Diam.12fi) mm

Lengh 2x3fiX)m
Material: Stainless Steel3{14 L
Non corrugated tube totally welded with reiforcing rings

Thickness 4 mm

Module lengh 15 m

Module bake-out in air at 4fi) C

Bellows: One per module (elastic regime)

Residual pressure 10-(9) mbar for H2

Outgassing rate: 5 10-(L4) mbar.Ucm2.s for H2

VACUUM SYSTEM
INSTALLATION

A. Errlco
Plsa

Pisa Vacuum Group

M.Bernardini (Phys.)
C. Bradaschla (Phys.)
A. Errico (Eng.)
H.B.Pan (Eng.)
A Pasqualetti (Eng.)
R Cosci (Techn.)
A. Ragonesi (Techn.)

ffiW ffiffi

VACUUM
C. Brsdrs€hh

Plce
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BAFFLES
-2Lno Baffle) ^,ff

BLACK GLASS :

Transmisslonl0-7@lp
Total Diffusion < l0-5
Reflectivity

Total Number of Baffles: 160
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1) Phase Noise: O,, =

NOISS,S

J4;

2) Thermal Noise:
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8 FL

3) Seismic Noise:

largeF.L.VR
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h (1/sqrt(Hz)) 4) Newtonian Noise:' 
Seisriric Noise vibrates masses sourrounding mirrors, creating a

variable Newtonian Force on the mirrors.

5) Quantum Limit:' iitnit, the position measurement precision of a mass M in a time

t=1/v.

r lTnt'.= Lrli M

Virgo Sensitivity Curve evaluated with:
L=3b0O m, Qp.nc,itun'=, Qminor=106, Ptr""r=20 W, F=100, R=50
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VIRGO General Plannlng
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A = CENTRAL BUIDING

B =CONTROLBUILDINO
C = SERVICE BUILDING

D=MODECL.EANm'
E = ASSEMBLY BIJILDINC

F = TERMINAL BULDING
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GEO 600: Current Status

J. Hough
University of Glasgow

for the GEO Team

Aspen, JanuarY 1997

GEO 600 background

I Based on experiences with
prototype systems at :

a Garching (3m / 30m delay lines)

r Glasgow (10m Fabry-Perot)

I Descoped version of original GEO
proposal for a 3km interferometer

I Main personnel :

o Hannover
Danzmann, Aufmuth, Luck, Rinkleff, Schrempel,
Welling, Willke + colleagues

r Garching
Mizuno, RUdiger, Schilling, Schnier, Winkler +

colleagues
r Glasgow

Hough, Newton, Plissi, N.Robertson,
D.Robertson, Rowan, Skeldon, Strain, Ward +
colleagues

r Cardiff / Potsdam
Schutz + colleagues



GEO 600 - rationale

t 600m baseline, low cost, high
performance system

t planned sensitivity close to that of
first stage LIGO or VIRGO above a
few hundred Hertz

I construction on a timescale
equivalent to that of the longer
detectors

i can participate in coincidence
experiments with LIGO and VIRGO

I can undertake meaningful stand-

alone pulsar searches

t will allow development of advanced
i nterferometric techn iq ues

I nterferometer outline

I The main detector is a recycled
Michelson interferometer with :

o 600m arm length

o power recycling with a factor of

1 500

o signal recycling tunable in

bandwidth and centre frequency

o external modulation for signal

recovery
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Figurc A.5.4: Scole plan of thc ccnn e statrcn and pilrt of one of the
intet{eronrcter arnrs
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GEO 600 specifications - 1

I Arms
o 2x600m, bearing NNW and ENE, near

Ruthe,,"l9-." to Hannover

Laser system
o Nd:YAG, diode-pumPed, 1064nm,

master/slave sygtgm with injection lock

o 10 Watt output Power

o frequency stabilised

o intensity stabilised

Mode cleaners
o twin suspended mirror ring cavities

o length Bm, finesse 1900, linewidth 20kHz

o 50dB suppression of beam jitter per cavity

a

t



GEO 600 specifications - 2 GEO 600 specifications - 3

t Optics t Seismic isolation / suspension
o 25cm diameter, 15cm thick oH -free fused a z-layer stacks plus 2 vertical springs

silica' absorption < l ppmicm 
3 double pendulums with reaction masses

i Mirrors where required

eionsputtered,absorptionloss<1ppm/cm'lowerstagemonolithicfusedsilica

<) Power recycling I Vacuum

o up to 10kw of circulating power e 60cm diameter pipes

o 5x10 I mbar for Hydrogen, 5 x 10 'e mbar

O Signal recycling ror other sases

c up to 1oo0 - fold signal power ' 
hydrocarbon-free

enhancement t Sensitivity
o tunabitity from 50Hz to 1500H2, with 9 depending on chosen bandwidth

bandwidth from sHz to 500H2 h - 2 x1O 22 | Hz 12 lo
h - 3 x 10 23 lHz 1t2



GEO 600 collaboration

l Garching (30m prototype)
o power recycling

o signal recycling

e auto-alignment

C Glasgow (10m prototype)
e seismic isolation

o monolithic pendulum suspensions

o computer control

Hannover (600m detector)
o buildings

s vacuum system

e laser system

Cardiff / Potsdam
o data acquisition

c data unslysis

Timetable

1 996
@ vacuum sYstem

1997

o mode-cleaners, laser bench

s 1998

o investigations with a 1200m long

cavity formed from single arm

$ 1999
o 600m Michelson interferometer

$ 2000
o final oPtics

DAT*\ TAKING

0

o

o

o
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LIGO Overview LIGO Interferometer Design

Phllosophy of Inltlal deslgn
o cons€wotive: designs tested, many in sensitive interlerometers
. minimum of extrapolation required

' displacement, phase sensitivity demonstraled
. sofilo systems revised from first design

, Argon laser, Viton springs

Role of R&D In process
. modeling helps target importanUdifficult design questions
. small-scale experiments test models in some regimes
. in general, test in sensitive inlerferometer follows
. aclual LIGO' aclual LIGO design then possible
Subsystems breakdown

Aspen'97

D. Shoemaker

27 January 97

Organlzatlon ol presentatlon
. Detector research and design
. Facilities status
. Schedule

a

a

a

a

a

Length Control

Alignment Control

Pre-Stabilized Laser

Input Optics

Core Optics Components,
Support

Suspension

Seismic lsolation

Physics Environment
Monitor

a

a

a

. control and Data system I 
"".,,,,,,?"11"1"trraces 

tflopricrr,nrcrraces ''i?;fillli"'J;ll;],,..,
I llit I
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Len gth Sensi n g/Control

Phase modulatlon key to obtainlng slgnals
. Pound-Drever-Hall reflection locking techniques

. Asymmetry in Michelson to give differential signals

Deslgns tlghtly coupled to work on 40m, Phase Nolse lfo.

. acquisition and operation are both challenges

. modeling crucial, due to scaling required lrom lab to LIGO

. recycling experiment on 40m will give system lesl

Largely dlgital servoloop to be used

. transmission of signals over 4km eased (dynamic rangel)

Reconflguratlon of 40m as recycled Fabry'Perot Mlchelson

. significant aclivily in '97

. gives data directly to interferometer length control design

. allows tests of models in dynamic regime

3o121

40 m Recycling

Theory:

Oplical and Servo Topology for the Recycled 40-m InlerferometerI
I--*
1',
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40 m Recycling Alignment Sensing/Control

Allgnment of cavltles to laser beam
. effective use of laser power

. dvoid spurious effects from undesired modes

. performance requirement of - l0-8 rad

. elegant model using expansion in modes of cavities

Senslng analogous to length senslng
. ddd spatial resolution to photodeteclors
. look ln near field/far field to separale translations, angles

Experlmental test on table-top
. modelverified

wFs r @-l{ o l-englh selsor
@Wavcfiont sensor
(D fiBit'rtlt'lsl

--o

WFS 3
WFS 4

Practlce:

wFs 2
WFS 5

@-r
o-r

s
-o
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Alignment Sensing/Control
Modeland prototypes tested on table'top system

. beautifulconfirmation ol Modal Model

' prediclions for placement ol sensors, telescopes

' predictions for signal decomposition al ports

. digital acquisition/control demonstrated

' each quadrant digitized

' all 'matrix operalions' in software

' all dithering of elements, read-in of monitors, data

' servoloop transfer function

. wavefront sensor head, demodulation syslem shaken down

' basically ready for production

Many aspects to comPlete deslgn
. initialalignment

' gel the beam down lhe tube ( tO-4 rad)

, get close enough for length control 1tO-z rad)

. ; pre-operational; operational alignment

. cenlering: <1mm to limit noise coupling

7 ol21 LlGO,G97002 r.00-D

R&D: Phase Noise Research

Goal: to demonstrate requlred Inltlal LIGO phase sensltlvlty
. test models for shot-noise, sensing system

. develop photodetector technology

o ur]coVer laser, servo, scattered light problems/solutions

Slmpllfled optlcal system to mlnlmlze posltlon sensltlvlty

8of21 LlGO.G97002r-00-D



R&D: Phase noise research

Comparlson of recycled, unrecycled cases

. high-frequency noise, 4xl0-to ra,J/ J-H4 shot noise limited

. low-frequency noise from parasitics, frequency noise....

Pre-stabilized laser

Laser Source
. being developed and produced by Lightwave, Inc.

. monolithic Nd:YAG oscillalor, followed by amplifier; 10 W outpul

. first units lo be delivered in Oct 97

Stablllzatlon
. based on rich experience with Argon lon lasers
. modifications for Nd:YAG; e.9., filter cavity (Stanford)

. development underway using available 700 mW laser

. initial protolype for test in Phase Noise lfo., in coming months

Input Optics
Under development In collaboratlon wlth Unlv. Florlda
. helped by clean interfaces, frequent visits, good communication

Prlnclpal components
. phase modulation system (multiple sidebands required)
. 3-mirror Fabry-Perot suspended mode cleaner

. malching telescope to main optics; reflective

PNI Spsclrum
lo-

to-'

a
3'o''g
oIoc

Ero''o

,li.

fii
j,. /r"i.tlro'{.,$oi

s|mple Mrch€lson FNI 0ll?9196
' Recycled PNI 10/10/96

!o-

to -.:
to' tolo"

k€q(Hz)

Next phase: converslon to Nd:YAG/1064 nm

. experiment will run to -Jan 98

. tests low-power lR laser in characterized lestbed

9o121 LtGO G97002r"00.O 10 of 21 LlGO.G97002t-OO.D



Core Optics

'Pathllnder' process
. exploring/developing polishing, metrology, coating technologies
. significanl progress on all fronls

Substrates: fused quartz,25cm x 10 cm
. Heraeus low-OH malerialwhere absorption critical
. Corning for other applications

Pollshlng
. Three firms qualified for LIGO polishing

. 1 nm surface figure over 1Ocm required, and possible!

Coatlng
. REO and LIGO cooperaling in measurement, characterization
. use AR coating reflectivity designs lo study uniformity

Metrology
. NIST is the independent contractor for Pathfinder

. coffiparisons wilh vendor metrology; probably the limiting
technology

Core Optlcs Support
. baffling, in-vacuum relay mirrors, etc.

Polished Surfaces

<1 nm over a 20cm dlameterl

5-s
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"FEco
to -7
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Coating

Use propertles ol AH coatlng to advantage

. reflectivity Very strong function ol thickness near zero reflection

. tune layer thickness to study uniformity, scan samples

Syntheslze complete coatlng from these measurements

. fit to complete the surface

. ffioke fictive 40-layer coating

. give feedback to REO on nature of problems

Rapldly approachlng deslgn flatness
40 layer HR coating phase maP

thlclness (nmt

IovaB

Suspensions

Two baslc flavors:
. SmallOptic Suspensions: Input Optics components

. Large Optic Suspensions: Core Optics

Prototypes In constructlon/test

. challenges in liber attachment (Q), initial balancing

. also in control electronics: severe dynamic range requirements

. tests in 40m interferometer for control, noise performance

Seismic lsolation
Deslgn contracted to Hytec, Inc.

. requirements developed by LIGO

. design makes incremental changes in initial design

. principal change in springs: Constrained Layer Damping

Requlrements In control, GW band

o resoodnces create servo-control challenges, bul...

. atlenuation in signalband crucial

Prellmlnary deslgn well advanced
. actuators for drift, tidal, microseismic peak also in developmenl

05
X (cm)

13 of 21 LtGO,G97002 l-00.D l4 ol 21 LtGO.G97002 t-O0-D



Coil and Leaf Spring concepts

petal shell

@
viscoelastic DBetat blades wero

Control and Data System

Backbone of the Interferometer
. electronics standards and design

. cotnrnuhicalions between subsystems

. all centralized control, monilor, operator consoles

. liming

. software up to the data analysis

Data Acqulsltlon
. order of 5 MB/sec per interferometer total data rate

. data assembled into frames, short and long term slorage

On-llne Dlagnostlcs
. interferometer console to allow quick-look, scripts

Prototyplng and deslgn well advanced
. ffiuch R&D now using CDS eleclronics
. soV€rdl subsystems tests (laser)

. data acquisition/frame builder in test

DYAD Damping

15 of 21

Phosphor Bronze

Aluminum
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Physics Environment Monitor R&D Plans tor'97

All probabl€ paths lrom snvlronment to Interloromster F&D for Inlllal Intertelomelell ends In '07

. seismic (low 'drlft' fr€quenct€s to GW band) . alldesigns ffnlshed, fabtlcatlon undeMay

. acoustlc . 40m l€cycllng

. ol€clromagnetic: lightenlng, RFl, magnetic fi€lds ' length conlrol acqulsltlon

. temperature humldlty, wind, raln, etc. ' lengith contml opsratlonal mode

' l€sls of CDS €l€ctronlcs, dala acqulsltlon, etc.

Charactetlzatlon of tfanst€r functlona . Phasg nolse measut€menis
. sllmulus-respons€ ' chaEct€rlzatlon of Nd:YAG las€r

, guldance to Pr€-Slabilized Laser d€slgn
System s€parate lrom Intorlerom€ler ' €xpedonce with Intra-r€d optics, compon€nts
. to ba used lor veto, corelatlon, regresslons . Suso€nslon l€sts In 40m
. prlnclpally commerclal instruments ' conlroland mechanlcal slabillty

Ea,ry ro rhs srr€s : il:i:ffi1lif:Hfi::'norse 
mschanrsms

. portablo carts to enable measuremenls as bulldlnw go up . Thermalnolso research

. moasure changes in th€ environmenl , measur€m€ntg ol C for suspended tegl mass optics

. early data on correlatlons belween siles . Temporal, spallal modellng

' lo support deslgn aciivities; inlegrallon ot models

17 ol 21 L|GO G97002r.00 D 1B ol 2l



Beam Tube Civil Construction

Beam Tube slabs In ptaca Hanlord

. a shorl Interstale. laid In a w€ek . slab jusl pour€d and cur€d tor LVEA (large vertex building)

. struclural steel frama golng up
Tubes In full productlon . olhsr buildings nsarlng complo on
. all actlvlty ls al Hanlord lor now; Llvlngston In Sprlng '98
. an enormous sleel mlll/faclory churnlng away Llvlngalon

. some 190 tube s€ctions tormed, 52 Installed; no leaksl ' heavy aqulpmenl now arriving

Bafllgs baflllng schsdule

. destgned to tlmlt scatter€d llght ' Hanlord occupancy fall '97

. coated wilh powdored glass and'fired'to reduce backscaltsr ' Llvingston occupancy spdng'98

. some spallingi tiny glass misslles launched through b€am VaCUUm EqUipment
' solutions under sludt 

atn chambsrs (Bsc)
Covers coverlng (cowerlng?) . 5 chambers largely llnlshed (-1l2 WA complemsnl)
. over 2200 manufacturgd, awailing inslallatlon . other 10ln varlous states of construction

Installatlon and baksout tlnlshod by end-98; LA end-99 Inpuuoutput chambors (HAM)

:;:filiiJ,lf:ff:iTTX".
Other €lem€nta {8pool plecoa, valvea, pumps} keeplng up

19 ol 21 LlGO,G97002 r-00-D 2O ot 21 LlGO.G97002t.00.D
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Monday PM: A. Advanced rnterferoueters and Detectors
,January 27 Chair: R. SchiUing

4:30 M. Fejer(Stanford) fopologries for Advanced Detectors4:55 Discussion
5:05 R. Flaninio (Anneql) Virgo plans for a Long Term R&D program
5:30 Discussion
5:40 Coffee Break

B. corraboration Formation for Advanced Detectors r
Chair: M. Coles

6:00 G. Sanders(Caltech) fntroductory Rernarks5:30 Discussion
5:40 Rorrnd Table Discussj_on Finrr, Flaminio, Gustafson, Reitze, Ruediger,

Sanders, SLebtiins, Ward



Topologies for Advanced lnterferometers

Ke-Xun Sun, Peter ByersdorJ, Eric Gustafson

R. L. BYer, and M' M' Fejer

E. L. Ginzton Laboratory

Stanford UniversitY

Receiver SensitivitY
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Phase Noise
more Powerful laser
recycling
low-loss oPtical comPonents

Thermal Noise
higher Q materials and suspensions

imProved fabrication techniques

Seismic Noise and SYstem Control
active and Passive isolation

System Control

lnterterometer topology inftuences many of these choices



ts addressed briefly in the next 6ectron. A complete sumDary of prior work is available as a
supplement to tlus propossl.

Table l.I
for Initial and Interferometers

neasurements (Whitromb 1994)_

2. A Brief Review of PriorNSF Supported Work
For the interferometric neasurement of optical phase, advanced gravitatronal-wave

recervers require an efficient laser that provides hundreds of watts of optical power with low
amplitude noise, frequency noise md spatial mode noise, in a dilFactionlimited beam. During
the past 5 yeils the NSF funded research program (PIIY-89 1A01?, plfy-g2 lilb?) directed by
Professor Robert L Byer has accomplisbed the following: l) frequency stabilized the output of
drode-laser-pumped nonplanar ring oscillators (NPROs) to high-fiDesse Fabry-Perot
interferomet€rs, thus reducing lmer frequency noise at all frequencies ofintcrest to LIGO 00 Hz
to 10 kHz), 2) desrgned md chnacterized a medium-power (5.5 W) iujection-lcked diode-laser.
pumpcd laser as a fust step toward meeting the laser requirements for the initral LIGO
lnterferometers, 3) measured the spebral demity of hequenry noise of u injection-locked laser,

Interferometer Topology

Delay-Line
Sagnac

All Reflective
Michelson

Grating

GAI,tr,EO 1995



I nterferometer ToPolog ies

Power Recycled EP Michelson

Laser

- ultra-narrow linewidth

- moderate Power

Controls

- multiPlY-nested looPs

Optical ComPonents

- thermooPtic sensitivitY

Single Pass Sagnac

Laser

- broadband

- high Power

Controls

- many fewer looPs

Optical ComPonents

- some reduced sensitivitY

-:i:

Commonpathtnterferometerssimplifysomeengineeringproblems
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Sagnac vs. Michelson: Responsivity
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Sagnac vs Michelson: Sensitivity

LQ1= R(/)tMr,"(,f) + M,,o,,,(f))* LQuoi'"

R(/) > ^+t* = M'ou" limits resolution' AJ.noir"

Laser power and storage time can affect low-frequency sensitivity for sl

Spectrum
Analyzer

ETs

Experimental SetuP- for a
Tero- Area Sagnac I nterferometer

L
EO

L
(opt.)ow

BSit- 550 mm +l 
I

Laser lsolator HW QW

BS PBS DET 
P



Signal e*ttugtion *ith Po"tM

. Shift detection to frequencies above technical noise

. Retain simple polarization-based signal extraction

. Modulator after dark Port

- onlY low oPtical Power handling

90 MHz EOM
Detect 10 - 1000 Hz mirror displacements

Phase noise several dB > SNL above acoustic noise

- electronics, not fundamental

Compare Sagnac to Possible Advanced FPM

N=80
P=12kw

N=40,20
P=12kW



Key lssues for Advanced Sagnac Interferometer

Responsivity: How to obtain required storage time?

- delay-line design that fits

- scattered light issues

Phase noise: How to obtain required power on beamsplitter?
laser design for high Power
mode cleaner for broadband laser

Obtaining Required ResPonsivitY

Recycling schemes
- signal recycling

resonant sideband extraction
Require narrowband laser

Increase storage time
Fabry-Perot arms

Require narrowband laser

- delay lines
Realistic mirror size?

Delay line scaling
mirror size an issue

must fit in system
must be fabricatable

- tolerable clipping a key parameter
low coherence source helPs

- double"pass designs useful



Obtaining Required Phase Sensitivity

. Power recycling
Requires ultrastable 100 W laser

Single-pass interferometer
Requires broadband = 10 kW laser

High power lasers
Today: 350 W Yb:YAG, M2 = 1.1 (Giesen)

10 - 15 years: Photons will be cheap 1 - 1OkW

High power laser designs
power scaling with oscil lato r/am plif er conf i g u ration

broadband: Noise modulation on oscillator
Pseudothermal fiber ASE source

- spatial mode control: Active mirror
Hollow fiber mode filter

Thick
Substrate

Laser
Beam

--\
t/

Thermally-lnduced Optical Effects in

Hign-Power Laser lnterferometers

.Thermal tensing due to refractive index changes

. Birefringence due to mechanical stresses

. Mirror curvature changes due to thermal expansion

i Mirror radius of
I curvature change
L---------
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High Contrast Ratio
M ichelson I nterferometry

Contrast ratio -0.99 with an off-shelf grating of 1200 line/mm
J( - X. 1u,t
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. Delay line designs

. Scattered light effects

. lnterferometry with broadband sources

. SNL signal extraction at higher powers

. Sagnac alignment control

. Spatial mode control and filtering of input radiation

. All-reflective interferometers

. Operation with power-scaled lasers

. Thermal effects in Sagnac interferometers

. Compare scaling with other topologies



Summary

. Sagnac interferometer provides common path advantages

- zerc DC response: lOOSer lOw frequency control tolerances

white light inter{erometer: broadband laser

- tolerant of some types of optical pefturbations

. Polarization-based signal extraction scheme

- generates common path local oscillator

SNL detection retaining these advantages

. Recycling schemes or FP arms eliminate most of these advantages

. Key lssues
high power laser design
delay line design
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((U)) wneo hns rrr* nan orn itv
Prospect

o Two possibilities:

l) VIRGO and/or LIGO detect some signals'

New detectors will be builr
Upgrades for astrophysical research will be needed

2) VIRGO and LIGO reach the expected sensitivity but no detection is achieved

Upgrades will be required to increase sensitivity

o In both cases a long term R&D activity is required

VIRG0 pl"',,"s {o.

& tong te,^- R -" t' D Profr",-Y"-z

R. Tl*r,n, ^,'o
( l-. A. P. ?. Anne.7)

$o* the

VlRG0 co)lob.".e-t,o^-
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Frequency (Hz)

VIRGO sensitivitY
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Thermal noise lnvestigations

Mirror thermal noise

. Sapphire test masses (lower losses, larger sound speed, optical quality?)

o Eiectrostatic actuator (no magnets attached to mirrors)

Pendulum thermal noise

o New wire materials (larger tensile strength, lower losses)

o Monolithic suspensions (no clamps losses)

. Cryogenics

Aspen 1997 26-31 January 3
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Direct Thermal Noise Measurement

r Q measurements will give indications but ....

o Test of possible solutions need to set-up a special apparatus to measure thermal noise

. This test dedicated apparatus cannot be the interferometers (duty cicle !!)

. Required displacement sensitivity: 10'18 to 10'20 ml\lnz (10 Hz to lkHz range)

use short Fabry-Perot cavity made by two 'real' mirrors

Aspen 1997 26-31 January



(@))l VIRGO Lons Term R&D ac

. requfements:

1) good seismic isolation
(similar to VIRGO)

+ use Super Attenuator

2) good laser frequency stabilitY

(3 l0-1 to 3 l0-3 Hzl"l]Hz if L:imm)
+ stabilization cavity also suspended

r critical poins:

- thermal noise of stabilization cavity ?

reduced by L/L,oo=l/300 (L=1mm Lroo=3Ocm)

- doppler rioise ?

splitter also seismically isolated

- short cavity geometry ?

flat-flar cavity degeneracy .... alignement

flat-curved: reduce degeneracy .... waist dimension

Direct Thermal Noise Measurement

Aspen 1997 26-3I January



Bruit de frequence et specifications

ld

100

10'2

1o{

10'6
1 000

frequence (Hz)

fful
. short term:

- increase laser Power

laser technology rapidly progressing

- decrease losses

surface aberrations & corrective coating (+ improve metrology)

. mean tenn:

- reduce thermal lensing

sapphire mirrors: better thermal conductivity

- dual recYcling

VIRGO infrastucture adapted to the use of this technique

. long term:

- reflecting oPtics

- ligth squeezing

VIRGO Lons Tenn R&D acti

Improving shot noise

Aspen 1997 26-31 January
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As sensitivitY imProves ""

o review'technical' noises:

- laser amPlitude noise

-laserfrequencynoise(relevantforthermalnoiseexperimentalso)
- actuator noise

o review the dynamic range issue:

- improve suspended mass damping (ultra-low noise accelerometers)

- electronics dynamic range (digital and analog)

r don't forget maintenance and diagnostic:

- Ex. in-situ mirror cleaning techniques

Aspen 1997 26-31 January |

(@I ,,-"t t",r r,,- -*
Conclusions

o The construction effort may weaken the R&D acitvity

o A long term R&D program is required to improve sensitivity and detection probability

- First priority: thermal noise improvement

+ sapphire investigation, thermal noise measurement

- Then shot noise '... but don't forget 'technical' noises

- Important: interferometer diagnostic and maintenance (very short tenn)

r Many activities + otganization, coordination and coliaboration are required

- collaboration with LIGO and AGIGA for sapphire investigations

- collaboration with ACIGA for thermal noise measurement

- the R&D program should develop the French-Italian comunity around VIRCO

- it should reinforce the collaboration among the euoropean groups (VIRGO-GEO)



LIGO Advanced Detector R&D ProPosal

Gary Sanders

NSF Technical Review

Octob er 22 - 24, 1996

LtGo-G960209-00'M

What We ProPose

. A program of research to define advanced subsystems

intended to be enhancements to the initial LIGO interferom-

eters
. A program of research to define new advanced detectors

. A five year Program in each thrust

)) Some areas of research will enable implementation proposals

>> some research areas will not be completed and will become part of a

following R&D ProPosal

. A program based upon the benchmark stiYilll":?ly.?1,:^
sourc6s, but intended to be flexible if the course ot physlcs

research dictates a different evolution of LIGO capabilities



Collaboration

. Most proposed tasks are highly collaborative, involving
institutions outside the LIGO Project

. These institutions will separately propose their required
resources

))very few subcontracts from LIGO to collaborators

. The proposed program is the LIGO R&D program and col-
laborators may propose other activities for their institutions

. lt is our intention that this collaboration is the "training
wheels" for the larger LIGO Collaboration. This is an impor-
tant development in building this experimental field and it
follows the recommendations of the McDaniel Report.

steps in the Advanced subsystems
Research

4

o
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hr*, Noise Envelopes for Initial LIGO

and Advanced Subsystems/Detectors
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Advanced SubsYstems R&D

Double Pendulum SusPension

Reduced Thermal Noise

Reduced Internal Test Mass Thermal Noise: Sapphire

Higher Laser Power and Core Optics for Higher Power

Increased Mass (SaPPhire)

12 LIGO-G960209.()0-M

Double Pendulum SusPension

One ConcePt: Added isolation from thermal noise
of seismic isolation

Reduce actuator force dYnamic
range

Remove test mass magnets which
degrade Q

Reduce magnetic field and domain
jump noise on test mass

Additional stage of 6rri' isolation



Reduced Test Mass Internal Noise:
Sapphire Devefopment

' Develop the techniques to grow, pofish and coat sapphire
with all of the required toferances to enable them to be used
as end test masses in LIGO and VIRGO.

' lnvestigate the absorption, birefringence and optical homo-
geneity with the goal of demonstraiing suitabilify for the
input test masses in LIGO and VIRGO.

' Investigate alternatives to the current wire suspensions
which would not degrade the high intrinsic e of the sapphire
and which give higher suspension e's.

18 LIGO-G960209-00-tl

Reduced Test Mass Internal Noise:
Sapphire DeveloPment

Significant Events Responsible Date

Sample Characterization Complete LIGO. VIRGO, LIWA July 1997

Test Masses (2) Delivered LIGO, VIRGO Jan. 1998

Test Mass Polishing and Figure Character-

ization Complete

CSIRO July 1998

Test Mass Q, Absorption Birefringence

Char acteizati on Co mPlete

LIGO, VIRGO, LIWA Dec. 1998

First Monolithic Suspension Resuits I.IWA Juiy 1999

r,ml 19 LtGO-G960209{0-M



Higher Laser Power

ContinuesL|Godeve|opmentofl0Wl064nmforinitia|
irCO with Stanford and Lightwave

Lightwave will continue development.witl lod 
geometry

master osciilator-power"o ur-iritier (rrloPA) with an sBlR

proposal

LlGowi||workwithStanfordtoapplyLlGorequirementsto
a slab geometrY design

>>ALightwavel0Wlaserwillbeusedasthemasterosci||atorforthe
resulting 100 W pt"t"iyp" *f itf' will be fully investigated

Thisprogramisplan.nedforthreeye3.rs:leadingtoanengi.
neering proposal to be carried out with industry

LtGO-G960209-00-M

Core Optics for Higher Power

. Goat of 1 00 W laser is phase sensitivity of 3 x 1 0-11 radl^l Uz

' Achieve this by raising laser power OR by reducing optical

losses OR bY both

. This program proposes to follow on to LIGO Pathfinder pro-

gram by extension to more demanding:

>>optical metrology - principally of mirror polish and coating phase distortions

>>optimurn polishing technique for LIGO requirements

>>control of coating uniformity and absolute optical characteristics such as

reflectivitv and loss

r.-..rcl 21 LtGO-G960209-O0-M



Core Optics for Higher Power

Respowibilities Collaborators
Schedule
Initiate--
Complete

Full precision phase mapping @ l08l nm
of surface figure (upgrade)

LIGO and udustry 1998 (mrd)--.
19990arc)

Acquire, install, characterize micro-
roughness instrument

LIGO and indusw 1997(nid)--
1998(early)

Fully caiibrated surface scaterAoss test
bed (upgrade)

VIRGO
LIGO and industry

1998(early)---
I998(lare)

< lppm level coating loss measuremelts.
3 l. llVo bulk subsrate loss mapping

EMU/VIRGO 1999(mid)--
2001

Design and fabricate deveiopmental silica
mirror substrates (quantity -30)

LIGO and industry 1998 (eariy)--
1998(mid)

Surface polishin g optrmization LIGO and rndustry 1998(lae)--
2002(early)

Coating uniformity development LIGO and industry, VIRGO 1998(late)--
2002(md)

22

Advanced Detector R&D

o Resonant Sideband Extraction and Signal Recycling

. Advanced Seismic lsolation

. Signal Processing

. Measurement and Feedback of Thermal Noise

@ 23 LtGO-G960209-O0-M



RSE/SR Research Program

. University of Florida wilt study dual recycling in a tabletop

experiment lasting two Years
. LIGO will study resonant sideband extraction in a tabletop

experiment lasting two Years

. An analytic study will be made by LIGO of suitable future

intederometer configurations using the entire range of pos-

sibilities promised by these two techniques

>>mode|ingofinterferometersensitivityandresponse

>>modeling of optical sensitivity to distortions using paraxial FFT methods

, Following tabletop experiments, one of the techniques will

be studiJO in a large scale test in a LIGO test interferometer

LtGO-G960209-00-M

Advanced Seismic lsolation

. lnitial LIGO measurement band limited by seismic noise at

40 Hz

. Goal of research is to:

>)push this envelope down to about 1 Hz such that the limiting noise source

for the interferometer becomes gravity gradients

))reduce the dynamic range required of the fine control actuators by

providing isolation to frequencies as low as the microseismic peak (0'17 Hz)'

. Three approaches:
))LlGoMlTStacisactivesystemfromBarryContro|sdoesnotmeetlow

f requencY requirements

))JILA 3-stage active system promises low frequency performance

>>Virgo passive stack is tall and requires additional material qualification

r-r 
28 Llco-Ge6o2oe'oo'M



Advanced Seismic lsolation Work Plan

St"tit toiaton: Design' Fab

tmprouea Stacrs Isolaton:2kn iFO

Thisresearchisexpectedtoextendintothenextfiveyearresearch

LtGO-G960209'00-M
29

Collaboration Formation for Advanced
Detectors: I ntroductory Remarks

Gary Sanders

LIGO/Caltech

Aspen Winter Conference on Gravitational
Waves and Their Detection

January 26 - Feb. 1, 1997



Steps Leading to TodaY

o
o

o

Aspen 1995 workshop stimulates formation of LlGo

Research CommunitY

LIGO Research CommunitY forms

NSF forms Panel on the Long Range Use of LlGo

Reporl of Panel (on NSF Web page) calls for

' formation of LIGO Laboratory

,, formation of LIGO Science Collaboration

,, formation of strong LlGo Program Advisory Committee

> aggressive program of advanced R&D

,, definition of needs for data analysis

' initiation of a Visitor's Program

[- \\\l
LLIGO\I

LIGO€970022-00'M

LIGO Laboratory

LIGO LABORATORY ORGANIZATION

M -F RaS

t-r;;d;;;q

I adEnd R6ea'd
I tndDRd@m€nt

IBD._

-t

l

Ol 40 Mab O@tons
MIT IFO[at O@!6s

9ehmF.-G sl4b'

LtGO-G970022-Oo-M



Advanced R&D Program

o LIGO submitted ProPosal to NSF

' goal is improving sensitivity of LIGO

,, organized very strongly with collaborative emphasis

. Collaborators submitted independent proposals with

collaborative activities proposed

o This collaboration organized between August receipt of

Panel Reporl and NSF October 8 deadline

o Much remains to be done in defining collaborative

program and refining ProPosals

. NSF may separate first year supporl from outyears to

allow further time for formation and definition

LIGO-G970022-00-M

LIGO Program Advisory Committee

o Principal advisory group to LIGO management

o Will review all aspects of the program

" including L|GO-related research by outside groups

o Review requests from LIGO Director or the PAC's own

initiation

LrGO-G9700224GM



PAC Charge

The LIGO Program Advisory committee (PAC) is the

principal advisory group to the LIGO management' The

"ommittee 
will *".t approximately two times per year and

will give advice on policy, management, and scientific and

technical issues. Tlie PAC will review all aspects of the

program, including LIGO related research by outside

groups, as requested uy the Director or as initiated by the

FeCitself. Some of the work may be done by

subcommittees, which can include outside members' The

committee will assist LIGO in giving the NSF input on

related issues.LIGO

EcSI LtGO-G970022-0SM

PAC MembershiP

o

a
o

o
o

o
o
o
o
o

W. Frazer - Univ. of California - Chair

P. Avery - Florida

A. Brillet - lN2P3A/irgo

W. Hamilton - LSU

P. Michelson - Stanford

V. Sandberg - LANL

P. Saulson - SYracuse

A. Seiden - UC Santa Cruz

R. Vogt - Caltech/LIGO

LRC Ex Officio - s. Finn (H. ward sat in this time)



First Meeting Jan 6-7, 1997

o lnformational
,' review project

o tour 40 Meter, vacuum chamber models, Drever laboratory

,, overview of computing/data analysis

o Review and determine PAC Charge

. Review 5 proposals transmitted by NSF

,> review transmitted in confidence to NSF

o Review and comment on plan to form the LIGO

Scientific Collaboration

Results - PAC Transmittal Letter

LIGO-G970022-00-M

Dear Barry:

Attached is the report of your Program Advisory committee on the meeting of

January 6 and 7. wefound the meeting very inform?!u"' and thank you'

the LlGo staff, and the spokesmen for the advanced R&D proposals for

the excellent Presentations.

The principal theme of the meeting was collaboration, a topic of great

promise and urgency. we comment below on the plan for creating the

LleO Scientific botdUoration, and then review the specific proposals'

Again, an overriding concem in our reviews is the extent to which a true

collaboration is evident in the proposals. In many cases, we find this to

beindicatedonlyinaverysketchy,preliminaryway'Weemphasizethe
urgent need for in" propoted researchers to develop, with the help of the

LIGO staff and with ihose making related proposals, better defined plans

for Productive collaboration.

W. R. Frazer, Chair, LIGO Program Advisory Committee

l---- N\irLlGOsl s
l-f

LtGO-G970022-OO-M



Draft Plan For LIGO Science
Collaboration

o Draft written with input from Stebbins and

Michelson/Allen drafts, PAC made aware of these

. L|GOlish -10'21 reached+2Years

LlGo science collaboration will be formed soon

" Collab. Council - 1 member from each institution per 5 participating

scientists at the institution

, collab. spokesman - elected for 3 year term, approved by Director

- first spokesman appointed by Director through construction phase

" Collab. Deputy Spokesman - chosen by Spokesman

,, Governance detailed by Collaboration Council

Membership in Collaboration as LIGO I or ll

determined in negotiated MOU's

10 LtGO-G970022-0GM

Results - Plan for LIGO Science
Collaboration

..The PAC endorses the statement in the Plan that "lt is now prudent to

form an overall LIGO Science Collaboration ...", and we find the

proposed Plan to be generally sound. We recommend, however' that

the initial rules for joining the collaboration be specified in the Plan'

subsequent modifications in these rules could be made by the

Collabbration Council, with the concurrence of the Director.

The members of the LSC are those individuals making rnajor

contributions to the project as formalizedby MOU's with the LIGO

iaboratory rnanagemeni. P.opoted additional members may be added

at the r.ro**.ndation of the collaboration council, with the

concurence of the Director. The criterion for membership should be

evidence of intention to contribute significantly to the development'

implementation, or data analysis of LIGO' " '

+
LIGO-G9700?2-00'M11



Results - Plan for LIGO Science

Collaboration

...Civen the plan for an initial two year.dala ru1' followed by-l:l"-i:l:
lvslr urs yrorr rvr *^ ^^""-:-^;']J^-^^,t^*^, ' ul initial LIGO I
enhancements to the project, the collaboration^w-ill comprlse ' ,^^^r^r+r.a
sroupandanext.naei'iiCoe'o'p-tn',!]99.|?1:.YL':,:"f ::'":"1""J*:ilHffi'r"ffiffi who havi made major contributions to the design and

--.^..1,1 l-.o 11ro

construction of LIco and to the initial two year data runand would be the

authorsofther.rur,tcomingfromthesedata.TheextendedLIGOgroup'
based on their contributionslo the enhanced experiment. would be authors of

the subsequent results'

The LSC should be led by a spokesperson. we endorse the description of the

selection pro..r, *itengitr of iervice in the Plan. The spokesperson would

represent the collaboratio]r to the laboratory management. be responsible for

communication*ithinthecollaboration,andhavearoleinenhancingthe
coherenceandfocusoftheextendedLlGotechnologydevelopment.other
special*.u,or,.,po*iuiti.yshouldbeeitherspecifiedorclarifiedrviththe
LSC Collaboration Council'"

LtGO-G970022'0SM12

LIGO ResPonse to Advice

o we will incorporate PAC advice into Draft LSC Plan

o We will act right after Aspen meeting

,, Aspen meeting discussions can provide input to Plan

o PAC reviewed Llco-related Advanced R&D Proposals

reviews are Provided to NSF

Frasercover|etterindicatesdirectionoftop|eveladvice

))

))

13 LtGO-G970022-00'M



T\resday Al{: A. A&ranced Interferometry
,Iarruarlr 28 Chair: R. Drever

8:00 A. Ruediger(Garching) Ttre Sagrnac Interferometer _ pro and Con8:25 Discrrssion
, 8:35 D. Schnier(Garching) nesonance Coincidelrce Method_A New Locking

Sclreme for Narrow Band Dual Reqgcling9:00 Discussion
9:10 Coffee Break
9225 S. Kawamura(Caltech) SigrnaL Recycling and

9:40 Discussion Resonant sideband Ectract'ion
9:50 Y: Braginslqr(Irfirscow) Recent Results.of ttre I"1SU GroupL0:15 Discussion
10:25 R- sctrilLing(c'arctring) Transfer Fturction of rnterferonetric G[r{

10:50 Discussion Detectors at Higher Frequencies



Aspen Winter Conference

on

Gravitational Waves and Their Detection

26 January - 1 February, 1997

Aspen, Colorado, USA

The Sagnac Interferometer - Pro and Con

Albrecht Riidiger

M ax- P I a nck- I nstitut fii r Q u a ntenopti k

D-85748 Garching bei Miinchen

27 January t997

Tel: *49 89 32905-265 e-mail: atr@mpq.mpg de Fax f49 89 32905-200

Sagnac Interferometer - Pro and Con

usurp position not due to me

in recent years revived interest in Sagnac:

1987 Rai Weiss first realistic suggestion for GW

1991 T. l(obayastri Proposal, Osaka University

1996 Bob Byer Aspen 1996: showed advantages

1996 SLanford Galileo Proposal, NSF Review

1996 Ke-Xun Sun paper on principle, experimeni

1996 Jun Mizuno paper submitted, analysis

1997 Marty l:ejer Aspen L997: shows feasibility

L997 Albreclrt lliidiger Aspen t997: summarize ?

not presuming to be arbiter, buf

"no ax to grind":

neither proposing nor opposing Sagnac

nor having to fear competition for funds



3

The Sagnac Effect

23 l. 199? - rl:l0ATn - .rtdp

Historical note:

G.M.M. Sagrrac made crucial experiment in 1913

dealt final death blow to ether theory
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counter-propagating beams,

measure rotation in space

application: gyroscopes Ezekiel, MIT

Signal proportional to:

area A
rotation Q

but here: zero-area Sagnac configuration

(a)

t*l-

ATR - .!!ep

Comparison Michelson / Sagnac

Frequency Responses Michelson vs. Sagnac

assuming:

equal arm lengths /
equaf number of passes, N :2, in the arms

i.e.2N - 4 passes in the Sagnac

before recombination

1.0 1.5 2.0 2.5
normellzod frequoncy ( f /fo )

2t. l, 1997 - 11.26

1.5

t.0

c
6
a

R
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E
E
g

0.0 L
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Mlchelson



Advantages of Sagnac

0'0 o'5 
noJ,i,0"rrr.o r,Ji?,.nry t?ioro I 

2'5 3'0

Common Path Interferfometer :

less sensitive to
drifts in armlength (robustness)

polarization effects

different losses in the arms

even with unequal arms

(as are typical for delay line arms)

insensitive to frequency fluctuations

sensitivity:
apparently by = 1.4 higher

due partly to double-length Path
(or, in other words) doubled energy

ATR -ogup I

The Frequency Scale

0 0 0'5 
no,hl'o"o uJiur.n.v t ?i''ro t 2'5 3'0

The frequency scale, ,fo, is given by

lo: *
ZL

full cancellation at all fn: n fo

for typical (geometrical) arm length of I - 3 km

n ? ?km
fo:fi, x SokHz" (

Have to increase storage time

either use delay lines
or Fabry-Perot cavities in the arms

to get into range of GW frequencies

0.5 1.0 1.5 2.0 2.5
normallzed lrequency (f/fo ) 0.5 1.0 1.5 2.O 2.5

normallzed lrequency ( l/lo )



ATR -.arup 8

Shot Noise Considerations

Gravitational Wave Detection :

at higher detection frequency end:

sensitivity determined by shot noise

required: high light power (kW)

as long as no such kW lasers in sight.'

attainable power gain

2{, l. ls7 - l?.o0

ATR - rasup

Delay Lines

d rawings strongly simplified :

show neither true Herriot delay line,

nor zero-area Sagnac

number of transits (passes) in one arm:

for unambiguity: script "A/,

l[ in earlier literature: l/ - "A/
l{ in Galileo proposal 2 N : N

signal response proportional to A/,

until optical path L-N(.
of order Al2, half GW wavelength

2.{. l. lg0? - 16:16

Poalr, -n"ry*3
depends on typical losses of mirrors

and on number of bounces, ,A/, on mirrors

Best condition for comparison (Jun Mizuno) :

have identical 'stored energy' trt in detectors

t1 plays a decisive role in attainable sensitivity

leads to similar peak sensitivities

',.. 
\ PR Sagnac

I l:\
.1 

\'. I'.\
PR
Mrchelson..
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Delay Lines revisited

again: response of power recycled interferometers:

Delay Lines more

Delay Lines (in particular the Herriot DL)

have many favorable features:

non-resonant
easy to align
insensitive to far-mirror alignment

easy to change bounces .A/

but also have price to paY:

mirror size

armlengths determined by radii of curvature

difficulty of separating in/out beams

most obvious handicap:

mirror size

, typical size (for optimized Herriot scheme):

Dxs2+\/2 J^L
T

with safety factor of (onlY) S x 2

leading to D x 0.71m far L: 100km

so just barely compatible with LIGO tubes

One can relax assumptions,

but high-tech schemes required

ATR - ra6up

. \ PFI Sagnac

PR
Michelsori.

0.00 0.05 0.10 0.15 0.20
normallzed frequeneY ll /lo)

here with rather modest value for

number of bounces: "A/ - 30

and rather optimistic value for

recycling gain fpp : 1000

each leading to sensitivity enhancement of = 30

first zero in response down in frequency by N 12

i.e. at frl fo - LltS: 0.067

(still /' : 3.33 or 2.5 kHz,

for (, - 3 or 4km, respectivelY)
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Figure 4: schenratics of (a) Michelson and (b) sagnac layout using an optical cavity in

""Jh 
.rn. Positions for possiblc power- and eignal-recycling (extraction) mirrors (Mpn,

Msp) are also shown (in dashed lines).
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Figure 5: Responsc of Michelson and sagnac interferometers with cavities in the arms

(f x 200). Power rccycling is optinrized. Those with multiple-reflection erms (N :
:f x 254) are also shown for comparison.
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di{fcrent tuninjcondition of the signal recycling mirror. The response without the signal
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Figure 8: Response of a power-recycled Sagnac interferometer with multiple-refiection

arms (N : 20) and a eignal recycling mirror (lp"l2 c 0.?). Each curve represents a

different tuning condition of the signal recycling ntirror. The response without signal
recycling mirror is also ehown for comparison
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The Resonance Coincidence Method
a new loclcing scheme for

llarr-ow band dual recycling

Dietnrar Schuier l,

l l rt- I' h rtL k- I ttqtt l ut f ir Q unnl enrtlt rk. II u n s- Ji opfcntuntt- S l r I.
D 857-18 (latchrug. (ierrtany, Fnr: *19(89):12905-200

- lrrtlotlu<'tion

- The Right Choicc of Cru'it1- Lenghts

Cir:uoriti,iou of the SR-trIirlor Control Signrrl

lirning of tlrr: Signal Recycling Cavitl'

Scrrsitivit)' of PR-Cl.rvitt- nntl SR-C.u'ity Locli

Dr:t orrplc<l lurl Cortplctl C.rtit,ics

\ll-Ph.rsc Contlol

Cotrclusion

|,' 
111.111 rl15tr1;1grr1-rrrgtg rlr.

.rl<r,rr \ll'() ,\rr.slrr"lcl[' ll.rttrrrrrt't \ltlrclstr J. l)-:]01(i; llattttorct

Set-up for Narlow Band Dual Recyclirrg
with R.esonance Coinciclence Methocl

T^r-7Y I)D,
I

l)l)r
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-v-TTf

T
I

+

\[,
Irotrr l,asr.r:

r'ttLtier
f 50NIllz
12.2\ u tz I.]JT I

L0lL.l

\{l is ;tt rlnrli trirrgr: fot tlto r':tlLicL

PR-r avrtt' is rt'srlrr.rrrt n'ith thc rtrnicr'

SR-r'ar-iil ls r(.sollilllt u'ith l sigrral sitlellantl

i0 \lIIz sirL'b.rrrtls scr' \ll at, lrliglrt flirrgc if L2-Ll:l irrr

C;n'itr'lrctu'r.t,u PR-.rrrrl Sll rrrillol is rcsorr:urt l'itlr orrc rrt

t lrr':t' sirllll,tttrls

.\ll 3 r,'sorrarrr,' r'orrrlitiorts t.rtt lr<' trrllfille,l at thc sanrc tirrro
{irl ccll;un choir',.s o['llr,', ar.it.r-lcrrBths lp11 arrrl Ls11 !l!
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The Right Choice of Cavity Lengths

For the Clco600 rlt'tectot thc lollorving t'ehltiotts trt'e I'alirl:

1:'^gllsrr r FSIipp ry 2' F,9Rnn = 125kHz.

-f.,gnnl 
: lkII:x fitrSnrn.

One posssible choice fol cavity lengths

Qr:50i1.F1:. l<'.rn : 1/rrrr)

Lo:lttt

lr = 1198.25rrt

trr : 1199.75ttt

L:t:2.176nt * 4' 10--'lnr

Lr this configutaliou Qr : 100 ' FSllpn is vali<l!

Reflected and tratrsnritted liglrt intensities

honr Ltser': I lt,.l=O.ttOt

Porvel recycling cavity: Lpn - L0 + t+t

Signal recycling cavity: Lsn : L3*U*E =

50 N{Hz sidebaud cavity: LsB : Lsn * Lpn

: nr . ll.nr

(n2+ffi.). j4,,."

- ("' + i) i,t.o

(r,r + j) because the i\'ll catlses an arlclitiorral plrascshilt of zr

I0r. the tli-rnsmittr:rl Phasols cortrPi'rr:crl to a stautlilrtl litreal < avitr-.

(101)\,ll{z siclel;arrtl rvill be ;tttti-tcsotltrttt in the PR-cavit}' l,lcc.rttsc

of a sirniltrr phaseshift of ir !!)

Rcflecterl irttcl tlattstrtittc<l 1;ltasors irr a \'II:

ci'u f lef
t50NI[Iz. NI:0.1

tlt
darli [rirrgc:

rcll<'tt / lr;rnsttr.
bright [ringe'

transnt /2*ltattstrt-rt
tltl

t\,12.T:0.001

N,l5n.T=0.002

I-f



llclft'r'it'rl irruplitrtrlr' .rtt<l pltirse of thc 5()t'lHz
as ;r frrrr< Liou ol tlr. SR-nrirlor' Po"itiou L3 1

L SB : uppct' 5{)NIHz sideliturtl

sirlellanr ls
tll3

Control Signal for SR.-rnirror position:
lt'llct'tcrl light yrol'r.r tk'ntorhrl.rteil n'ith sin(2 . Oy t)
as a furrctiou of thr. SR-rrrirlot'positiou L3 + dl3

Or:50MHz : SR-cavity resonant with lkHz signal-sideband

- le-(ltl '5e'09 0 5e-09 lc-08
dL3

Qr:50.0004MH2: SR-cavity detuned to 200H2 sideband

Eos

L - ,r<

=(l

6 .05
U

- lc-08

LSB : lorver'

t

o-

EosJ

tl

-lc 08

-5e'09 0
dL3

50NIHz sirlcbtrutl

U:

-l

A

-l

A

: 05

-r)
.:'

o
;

tl
dl-3

lc-{)lt tl
dt._.|



Conl,rol Signal
lt'flct tctl liglrt ptxvt'r
{-11=50.0316MH2 :

L3=2.476tn * if,.

for SR-nriuor position:
rlcrrrorlrrlatcrl u ith sirr(2 . (2t ' f)
Sl1-cavity autiresonant with cerrlier'

\n + dL3

Serrsitivity of PR-cavity lock to Ml-phase off-
sets fbr diffelent positions of the SR-mirror
rcflecterl liglrt pos'el rlt'ruorltrl.ttctl tvith sin(Q2.t) as ir trrnctiou
ol thc PR-ruillor' positiorr L0+.(lL0

L3:2,476* 1e-9nr: SR-cavity close to carrier l-esollallce
sl,rong sensitivity to Ml-phase offset L2-L1:1.5 * 1e-8m.

2
zo
.!'

b .oso-
aa

; .0 )
I

-le'08

rcflectetl light porvel tlcnrothtlatcrl
Cl1 =50.00047MH2 : SR-cavity
L3:2.476nl + dL3

-l

0
dL3

u'ith cos (Ar .t)
resonatrt with calrier

- le-{}8 0
dL0

L3:2.476* .25e-6rn: SR-cavity at carriel antiresonance
rveal< seusitivity to MI-phase offset L2-L1:1.5 * 1e-8rn.
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Sensitivity of SR-Cavity lock to
ancl Pll-Mirrol position offset
rr'flrr tetl light, porr'<'r rlcrrtorlulatctl rvith sin(2

a

: lr)
l

_Q -05
o

.l

MI-Phase

Q1 .t) as a furt< f iou

Decoupled -+ Couplecl Cavities

Corrtlol Sigual lor' -\.1.;p position - P,,.n rleurorlulatr:rl n'itlr sirr(2
!)1 . t) as ir frrrtctiott ol' -\1,.n positirlu

Qr : 50M[Iz + 15MHz,L3 - 6m : signal btoadenecl

of SR-mirr:or' 1;osition L3+(lL3

SR-mirror follows PR-ruirrol position offsets
L0=1*1e-9m

1 =o

r -05
o

? ()5

;,
2
=t\

n -05
e

-5c-08 '2 5c-08

2 5c-08

U

dL3
2 5c-08

2 5e-08

le'Olt

weak sensitivil,y to Ml-phase offset L2-L1 - 1.5 + 3e-8nr

t,
dLl

I

L

Z $5

=z0
q

n -t)5o-
;

L2-Ll = 1.Snr -+ 0.3rrr : sigrral bloadened

AN/. \ i \--
V

I {t
rlLl

5e-l)tl

lc-(18 {,
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MI-phase coutrol
lvith Resorlalrce Coincidence Methotl

tlansmitted carlier and trausuritterl resouant 50MHz side-
barrd as a fnnctiou of Ml-phase L2-LL:1.5m * d(L2-L1)

Conclusion

- No modulation of optical compoueuts necessary to gen-
erate contlol signals

- The rrrethode is well suitetl for impeadance uralched
case and the GEO600 setup

- Sll-mirror can be continonsly tuued with f,)1 to auy
signal frequency

- 0.2ur <L2 - L1 < 1.5ru, SMHz < {-lr ( 50MHz

- Pound- Drever'- Signal fot PR-cavity lock is sensitive
to Ml-phase

- For locking aquisition tltis sensitivity can be reduced
if SR-cavity is at anti-r'esonance for the calrieret'

- Beat-Signal between tlansmitted calrer aud trausurit-
ted resorraut 50MHz sideband gives Ml-phase coutrol

leflected light detected with a quadrant photodetector
and demodulatecl with with sitt (2.f,)1 .t) gives tilting
contlol fol SR-mirror

-l

drl-! | lr

total tlansmitted light power demodulated with cos(Q1't)
as a fturctiorr of Ml-phase L2-L1 : 1'5m + d(L2-L1)

F
L
o

t t,)

o

i{}
q

P -()5U-
C

. I c-()8 {)

d(L2.L | )



Advanced Optical Configuration

Signal Recycling (Dual Recycling)

>rlnvented by B. Meers

>>Signal is recycled by an additional mirror at an

antisymmetric port.

>>Narrowband operation is possible.

))Experiment (no arm cavities) done using external
modulation

>rAdopted for GEO configuration (No arm cavities)

Resonant Sideband Extraction
>>lnvented by J. Mizuno

>rsignal is extracted by an additional mirror at an

antisymmetric port.

>>Narrowband operation is possible.

>>Power at a beamsplitter can be low, thus less heating
effect.

))Experiment done using external modulation.

Research Program

@
I RSE

I tMason and Kawamura)

| ,"o," roo \
| 
(Caltech/Florida) 

\l\
Select

lFt"iA
SR

(PostDoc and Reitze)

/
/
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Comparison between
SR and RSETWo Table Top Experiments

. First experiment of DR (with arm cavities) and
RSE using the Schnupp modulation

)>Sensing and controlthe length signals

r>Switching between broad band mode to narrow band mode

. Comparison
))Practically achievable broad and narrow band sensitivity

r>Ease of the band-switching, lock holding, and lock
acquisition

r >General feasibility and reliability

))Future potentiality

. General experience with each method as a
basis for selection for a suspended interferome-
ter experiment

5 ol7 LIGO G9700r9-00,F| 6of7 LlGO,G9700 r 9,00,R



Experiment
on a Suspended Interferometer

r Ji1 investigate issues associated with scaling to
a suspended intederometer

. To learn the way to operate the interferometer
(including control issues such as lock acquisi-
tion and hold) with the scheme in more realistic
condition

. To achieve the shot noise limited sensitivity pre-
dicted by the model

. To assess the feasibility of implementing at the
level of a full scale enhanced LIGO

7 ot7 LIGO-G970019 00,n
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?H\5.LET1tfr zlSr(lsq
16Y.t'(t) [{=

e)

sronal mode berng o,uo = -l x l0' rad/s) as a sup-
pon ild (o use the Iorsronal'lxndulum mode of the
cylinder oscillation which hrd u,o,,*^o--2 rtd,/s
for the distmce 2a = 2.5 cm Relrrrvely simple ccl-
culations which we omit gave m estrmare of the

limr! of 0,.,, eid to the recoil loses ar a levcl of lOe

due for the above values of o,o. *no md o,uo md
with the mcs of the cage rr-,r. = 25 kg.

All accunrulated expenence [3,4.61 of losses rn
fused silica fiber p€mits one ro Nsume &at a sub-
stantial pan of the materral losss may be destnbed
by ille suuctural drssrparron model [7] Accordrng ro
this r.he Young's modulus f and the sherr moduius
G of the matenal have rmagrnary pms whtch re
rndependent of $e frequency,

t= /o(l + i6,), G = Go(l + tdc),

Frg I Dcign of thc pcndolum ild rhc rliFnlon rupFd

s
I

I
I

-3
to

I
I
I

.t,3) G@,r

Jrr

Hvirrourn

Uil rile6Lt-!/na''*:

,1, 
=

Z//
,il

,l)il

s! h'tryi
Cow(

O-! n !q,"?Y ' ' 1n(uaaor)"
(*0.h" ?,,a/z{ )\ 

(c'ol Y cnnst)

aa%uCi z A.' (f,(t;veQz')

A v'cnqt

( visco,'u (a'atton

-> us4ol Ln tb //|?ualst 1"'/z/)
v B A,ugBln.tul /Plt\Ktl..il.ts t:t3tt996t t64-t66

o0 o. 0t r t2 ,, ?o<- 2 c{+iit''' t
Fig ? Trmc dcrnd.ncc of rhc mphtudc ot 6e rodronrt Fndu
lum mqlc o*rlla[on dunng i fEa daciy

where rf, ud So re rhe ugles of losses In 6e
material. Th€se (wo values define e.. *^0,

. rGrt t f"vr'
O,;;,..o= W0"* ,\f u* A,.

where g rs the grtvitalronal accelerltron. r rhe
(adius of rhe fibers. Subsrrtu(ing In rhts fomruh
6r=Qr= l4x lO-7 (see Ref- [i]). o= t?5 cm.
r = | X l0-! cm, we cm exfrecr p;,| 

".^d 
= lO-e ro

be rerched. ex-p??fE6-
ln the described e\lxnnlents four pcndulunr sus-

pensions were tested. ud ure values obtarned rvere

O.,.*"o = (0.5-l) x lOr. These values ilc more
tlrm one order smaller thu &e e\Fcred O = lOe
Addrtronal losses could be erplarned 6 due to sev-
errl small dust panicles on the fiber's surlace ild
due to de sedimenrarion of srlica vapour on rhe
surface of the fiber netr rhe weldrng uer

Frg. 2 presents the measured time dependence of
the mplitude of torsronol-pendulum mode frce oscrl-
laltons rn one of our tests. Thc recorded relatrve
decrese of the amplitude 2 x l0-J dunng rrvo davs
cone sponds lo lhe reluation tltne i- = 4 8 x lot s
( + l07o). The gtr pressurc in thc vacuunr chanrber
wu 2 X l0- o Ton. Conectrng lbr thrs prcrsurc wc
obtatn the e\cellen! valuc r; = I X l0r s=3 ycrs.
whrch conesponds to o,o,,_*no = | x l0' (125oo)
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L
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PHYSICS

Energy Dissipation in Violin Modes
of the Test Mass Suspensions

of Gravitational-Wave Antennas
Conespoading Nlember of tte RAS V. B. Braginskii, V. P. Mitrofanov, and K. V. Tokmakov

Rcccrvcd May 17, 1995
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Onc of the basrc problems concenlng the LIGO,
WRGO,- and CEO-600 laser gravirauonal-wave
artennas, which rc currcntly being constructcd (see, for
example, I I ]) rs a suppression of the thermal motioo of
the cenrers of resr masses (interferometer mirrors).
The only mcthod for solvrng this problem is to increase
the qualrry factors Q of all the mecharical vibntion
modes that rnfluence dre mouon of the test mses.
Accorcirng to the flucruaoon-drssrpatton theorcm. an
Incr:rse rn Q leads ro a decrease in thc spectra.l densr-
rres of ihe drsplacements of the c:ntrotd oi a est mass
away from the rcsonanc: trequcncies ofthe mechanical
vrbraaron modes of the suspenslon and, consequentlv,
to th€ posslbihty oi riete:ttng a broadband burst of
grar rnttonal raciiatron The rnost lmDonim( modcs are
ihc:e of rhe oerdulum md ,'rolrn vrbiatrons n tie sus-
pensron and ihe normal (mt:mal) modes of a test mass
(mrnor) (see, for exemote, [2, 3]) Thrs work rcports the
results of mersuremenrs oi Q,,o, for the vtolin vibraoon
mories of the suspension oi the (est mass m that ts close
rn value to thc mass of the mors m tfre LIGO ald
VIRGO artenns The devclopment of a technique for
the suspensron of masses was nmed at the posstbrliry
oi reecnrng md exceedrng thc so-called stmdard quan-
tum hmrr (SQL) of sensrtrvrry

It rs known rh,rr. at a surircrertly low levcl of dissr-
paron (se3, ior eremole, [4]), the reuoacuon of t]re
insmrme nral fluctuauons (u rnevrtable consmuence of
the qumrum rheo4 ) det:rmrnes the sensnrvrrv limrt for
the mersurements of r force acuon on a test mrs If m
Instrumcn( rs contrnuously recording the coordinatc of
a mass dunng the trme interval t. md the acttng force
hrs the shaoe of r srngle penod t of a srnusotdal wavc,
then the SQL for the drsolaccmenr amplrtude of the test
mass ls

where i rs Plmck's constut
If the tesr mass is suspended by a thir Frlmenr of

lengt! I and total mass F, then the rms drsplacement of
the mass dJ.,"';'induced only by thermal vrbranons rn
the vrolin modes of rhe filamenr. is

^1. 
.= I F W- .'\-"*, _ 

;+;4 ^sA-^, (:,

where k rs the Bolumann consranr. 7ls the fremosrar
€mperarure, g rs the free-fall accelerarron, and n rs rhe
number oithe violin mode (n = l, 2, 3, . )
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Thus, (o achieve a high sensiovrry of the antenna
md, for rnsrmce, to satrsiT the condiuon M5q1 > M*,,
we need the smallest possrble value of p and luge val-
ues of Q,4. ln the measurements descnbed bclow, wc
marnly applied the same techrique as was used in the
prehminary expenments [5]: the test mass anci rhe
suspension filament, rncludmg the upper pan of rc
anachment, were made from fused srlicr. The hlarnent
was made f:om hrgh-punry fuscd silica md, as a rcsult,
had low chaacteristic losses. It was welded to tie test
mass and to the upper pm of the filament anachment.

In consast with the prcliminary expenmenc [5],
where the values of 0.or were me:sured rn filamenc
with a small suspended mass (m = 30 g), rn our experi-
m€nts, we suspended il mass m = 1.6 kg, whrch is close ,
to the mass of the mirror planned for the fi-oal versron
of the LIGO program. Thrs srgnriic:rnt rncrease in the
mass made l( necsssary to use m ntemediate element
wrth a mros of approximarely 2 kg in the suspension
(Fig. I .). Thrs allowed us to suppress the leaiiage of the
energy of the violin vrbrarions to the suppon.

The calculatrons of the rnsenion loss Q.'.' Introduced
by thrs lerkage (they ue not presented hcre) glve an

esumare of o;,:r s l0-"
The second srgnrficrnr difference rn our exDen-

menrs tiom the orelrmrnarT ones is thar the fused-srlict
filemenrs useC rvcre mors hcxviiy stresseC. Thrs made
rr possrble lor irlaments'vrth ihe drmerer D = t j0 lrm
rnJ lengrh I -02 r, to \ave a rather smali value of
u = I x l0-; g The susoended mass rn<iuced the stress

6 = JmgliD: = t[t N/m:,

rn these tlbe:s. r: , aoprorrmatelv 17o of the Young's
mooulus

The Q-iac:or for the vrolin vrbrauon modes Q",o, of
strrrned tllaments degenos on therr tensron, whrch rs

derermrned by (he susDended mass rl,/ md rntnnsrc
losses in rhe filarnenr marenal cnarac(e:lzeo by the loss
3ngle (oc.

.-r 2 iU . . irr): iTl .

'2,,.,=Ilil4t|- 2l .i 14t'l*. (r)

rvhelg / = a!r/64 rs the monert of rnenrl for the c;oss
secrron of the fuseo-;rlrcr tilemenr, f rs the Young's
modulus. and 3 rs the tie:-iall rcc:lereuon

The losses rn the marenJl rve;e derermred from the
mersureC value of Q*"", thc Q-iactor for the bendrng
vrbrarron modes ot unloacied lilament scgnrcnrs
roproxrmately l0 mm long wrth one end rvelded to a
massrve suoporr. The'r'ver: made tiom KS--IV ua-
lyrrcrl-puntv rused srlrc: wlth (he lowes( tmpunty

concentrJuon. [n thrs c:se. Q).0 =ro* Frgure 2 shows

rhe:xpenmenral veiues or O-t:crors for lower modcs
;i oeaorng vrbretrcns oi he tiirmerrs. T'ne currg 15

:etcrtatei ior lhc;ase'vncn ths:ner3y losses ue
deremmeC onlv bv the (hcrmoelJs{lc orechantsm [61

ENERGY DISSIP.ATIoN N vIoLIN IvloDEs oF THE TEST i\4q,5s sUsPEI\sIoNs

offi
\_______---l

f, Hz

F!S. ] O-ialtoa for towcr modcs of rhc oe.olng vroncoos
oia iuscd-silica rilocnr

i,Hz
Frg. J. Q"factors rcr vtohn vroraoon mcces ar ;. jusacn-
lon liimcib for th(c: ruled-5thct ceroutum5

The mantmum of thermoelastrc losses ibr ihe :llamenrs
under srudy rvas locared oetr the chrf,c::n:rrc ire-
quency/ =-10 Hz. so that. ar i-recuencres rbore I kllz.
themoelasrrc losses made ,n ,ns,=nu-r.an, contnburron
to the damprng or benorng vrbr au-ons oi rhc :llamears.

Subsututmg numencrl .ralues oi rhe omrnerers lnro
(l), we obrain rhe croecretl va.lue of rhe O.':clor tor
violin vtbratron modis ol the ,usoensiori dirmenrs.
0",.,=2xl0r.

Figure 3 prcsenrs rhc values of rhe Q-nc:ors for
lowc! harmonlcs of rhe vrolin vrbrarron mcoes or Jre
suspenslon irlamerts. mesured ror dre >e.,e:l cendu-
lum that rvcrc srudreC The statrsrtcel :;crs of rhe
mc3Jurcmen(s were Jboul 5Vo Tirc dunotn:'utroduc:d.by 

the ene13y trrnster ro (hc .norc-Jles ,)t
Ihe resldual 3as rn rhe /f,cuum chltncct .\:J

-D-
Fig l- Schanruc of ihc lc:t-niss 5usacx5roo
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Thesample \/i
(top vierv) -J___ reference rnrrror

Slow drift

I l/iv| .,/"_-)
Ampl itude r]*it i rution

loop

i f.-
t/

Figure l.
The sketch of the measurement system

( optic A( volout)
Table I f.he results of the violin mode noise measurements
on the tungsten wires The.!r is a break point stress value
for the samples, ,f is the mean amplutude of oscillation

Tw, tfry r+ n'o'iv'L:

L.

z.

f"lw+wt\ hnX ( Y !,rdn) anel v4v- o tr
utL "+ [r,^, twp lhoz (ab'e Bzoqf nian kvtl )

; \uuts ( ptak) wtvich utft '07t'n/a

,f * ,,^t* n4 il" slv*s'

Theory
predictioo
(averagin

rime l0 s)

Well stre*sed
samples

Idtem€dirl'e
'sttessed

saurples

Low stressed
sarhples

Sample number 2 J ) 6 7

total data length, hrs
0.84 0.85 0.83 0.48 063 0t8 025 0.2

Number of the
anrplitude bursts

overcoming the levels

2 l5 A )s 4 4.5 1

72
>34 ll5+15 343 306 7 t', 236 155 n2 126

4S
>qV )a+) 59 lt6;;

JO

t3

77 82 JZ 44
>54 4!4 t2 20 4 l5 t6
>64 0 9 J 4 0 4
>74 0 o 2.5 0 0 0 0
>8 ,4 n o 0 0 0 o 0 0 0
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e into the

;tacle [6]

ease of N
' the coor-

J quantum

\
I

. (2)

ower of the

:4xl0r2

rinciple Per-
sed recentl)'

re power has

e or the Pos-
le scheme ls

: principle of
ve antennae.

rear optical

use of a long
lnator, which
time z. In the

7lp, - l0-l s'

2l in the full
.a., ho - lO s

rll as 10-4.
he idea not to

beam outside

t
I
L---'---+ X

Fig. 2
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I gzdv. y'"ay6

optical *a,'", *lii.h has to be exite<i by an external

;;;t;" ( e.g. by a laser) ' The amplitude of this shift in

the area near mirror B is equal to

^ 6l,ro - 6Lsc (3)
Ox = --- 2-'
rvlrere SLas and SLas are the variations of tlre dis-

,0rl.., t"t*""n the mirors A' B and B' C' respectively'

f ,r',f-l" .or" of an optimal direction and polarization of

tl r grouitotional *ave tlre value of 5x is equal to

hL
4.. - 

-
v.! - !

where L is the unperturbed value of the distances'
'ii.t" 

,pntiot shifi of the wave may be measured by a

special device mounted on mirror B' This device has

to consist of two optical lenses separated by a double

iocat t"ngtt.t is"e ttig' 1) anct a thin dielectrical plate

rvithcubicnonlinearclielectricalsusceptibi|ityX(r).
This plate has to be situated insicle a capacitor part of

"',"'Jt*".,'" #0rnatot' lf the plate is located on the

where

n )'(3) ,
K--

(

Eoo, is the a
wave, c is
the dielectr
the plate wi

This char

measureme
ouator (see

5$" -- 6u"t

The device
monolithic
plate create
lattices.

It is nec,

optical ene
the value r

uncertainty
the level

i by an external

le of this shift in

(3)

tions of the dis-

, C, respectivelY.

d polariz-ation of
r is equal to

the distances.

re measured by a

This device has

il:l :t,1 1"::::

Capacitor

Frg 2

where

-. iiXt'r)Elo,-"L sin(ut'rJft f c)
r\--- Jt 'ec c}ooJ \/ e I c

Eop, is the arnplitude o[ the electric field of the optical

*ou", . is the speed of light, e is the linear term of

the dielectrical susceptibility and / is the thickness of

the plate with nonzero ;(l).
This change of frequency may be registered by the

measurement of the phase shift in the microwave res-

onator ( see Fig. 2),

It u oorT
56. = 

'(,"r 
= K'+-. (5)

L

The device describe<J above evidently has to be a

monolithic drelectrical structure with the nonlinear

plate created by doping in the rvay it is done in super-

lartices. _20 _
It is neceiirfitqto note that the fiuctuations of the

^nrierl ^,''fi-,.,?iQhT resonnt()r wiII rnndornlv change

Inductance

Comparir
clude that tl
efficiency o,

I x l0-r{ C

(the optical
l0ll s-I, e

Thus the
phase shift'
the phase st

in the traditi
be necessar-t

lo2o in the

power W" u
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is necessary
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optical ener
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Single round trip in a single arm of length lg
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ction
lto

t(t) - (.o + +. "or2 
t I n[t a t/1r - sin o)] atl
ts-lslc

For h(t) - fi exp(i u.rt) and t6 = 0 this becomes

t ^ ,n or2rg ,in" ltlo ( It(tl-h+ihr- 
12..1 -sind)l

i?h- 1- sin rt)lexnliart- 2c, ,)

or, expressed as normalized transfer function 7,

7 = cos28{ sinc[zra (1 - sin d)] exp[-irn (3 + sin o)] tvo()

* sinc [zrQ (1 * sin re)] exp [-i na (1 + sin o)]] (Wt,)

with the red term representing the forward pass
and the green term representing the return pass.
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Multiple round trips in a single arm of length ls

Normalized transfer function Tn for n round trips:

Tn - "o.2o{ 
sinclzrQ (1 - sin d)] exp(-inA) t ril)

* sincfzra (1 * sin d)] exp(izrQ)] (fu.", )
sin(2nrrQ)

X --:r---:i:::1 exp [-i rr{t (Z.n * sin r9) I / {, u".,, )n sin(2zrQ

with the red term representing a single forward pass,

the green term representing a single return pass and the
brown term describing the effect of multiple round trips.

9L = 1, //,

:i,{
4a. 1 .r'
e|.',1. -i., "
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A single Fabry-Perot cavity of length lg

Corresponds to multiple round trips with ?? -+ oo and
amplitude attenuation factor per round trip of €r < 1 .

Tc =.or2O{ sinc[nQ (1 - sin d)] exp(-izrA)

an

(url )

(1tt', )f sinclnQ (1 -p sin d)] exp(ira))

.. exp[-inn(z+sino)] I - p 
)

^ 1 - exp[-4 inft) p
co

x L n" [1 - exp(-an izra)]
n.=l

with the violet term decribing the infinite number of round
trips.

This is equivalent to

Tc=
s)2+ 4sin2lrgl r^',Ii)

f rr,-,,y:rt

)

Tt

Here the violet term

.-D t, //,

decribes the reson#e of the cavity.

a
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$resday PM Suspensions and Seismic Isolation I
Jarruanf 28 Chair: R. Stebbins

4:30 S. Richman(,JILA) Progiress on Low-FreEnrenclf Active
Seisnuic Isolation

4:55 Discussion
5:05 'J. Giaime('JILA) Inprovements to the ,IILA IsoLation PlaEform
5:30 Discussion

5:40 D. DeBra(Stanford) Strategies for Vibration Isolation and
Aligrrunent

5:05 Discussion
5:L5 Coffee Break
6:30 S. Kawamura(Caltech) Tlee Initrial LIC'O Suspension and lsolation
6:45 Discussion
6:55 G. Gonzales(MlT) Advanced LfGO Suspensions and Seismic

Isolation
7:1,0 Discussion
7:2Q Round Table Discussion Braccini, DeBra, DeSalvo, Drever, Kawamura,

Robertson, Stebbins



Progress on
Low-Frequency

Active Seismic Isolation

S. J. Richman, J. A. Giaime, R. T. Stebbins,
P. L. Bender, J. E. Faller

JILA

Aspen Winter Conference on Gravitational Waves and
' their Detection

JanuarY 28,1997

Project Outline

. Demonstrate technology for reduction of seismic
noise below other noise sources at 1 Hz an{
above in an advanced, low-frequency
gravitational wave interferometer

. Combination of soft suspensions (passive

isolation) and feedback (active isolation)

o J stages, each providing -40 dB attenuation

^ [, xrcu,(tH=r.\" *, xto-,,\^l^ln,'L \// I
noise floor for both vertical and horizontal
motion
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Present state of the
isolation platform

Intentions:

JILA active seismic

Improvements to the JILA isolation platform

J. Giaime, P.Bender, J. Faller, S. Richman,
R. Stebbins

JILA Gravity Group, University of Colorado

http z / / onehertz . colorado . edu

(username & password: JILA)

proof-of-principle test bed

show concept feasibility

show performance goals could be met

function as quiet site for suspension
thermal noise experiment.

Concept: Three cascaded stages, each stage
instrumented with 6 seismometers. Each
measures an error signal, which is the
displacement away from a test mass along
one of 6 non_orthogonal axes. Servo loops
minimize the error signals by applying forces
along the 6 axes with non_contacting forcers.



Realization: design focus was on simplicity and

symmetry, both to reduce risk of complicated

extra noise sources and to allow easier

computer modelling. (Complete details as

described bY Sam Richman)

If "proof-of-principle," principles proven so

far:

r c?sc?ded active stages with similar modal

frequencies can give cascaded isolation, both

verticallY and horizontallY.

r Servo stability up to desired gains (two stages

at least) can be obtained without MIMO'

r Operation of control loop using

interferorneter readout seismometer is

possible, although necessary seismometer

noise floor not Yet demonstrated.

Forccd vcrr.^tranrfcr funaion. solid: grurnd o prclim rugc. deshcd: gmund ro lsr main sbge. (ven toops closed)

/"

-l?Ot: """' """. ....., .[,...1lO"2 to-t l0o l0r 16r

frcqucncy (Hz)

a -20
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E -40
EE
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-80
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Refining the initial design:

In Progress/ near term planned for
proof-of-principle apparatus:

r redesigned universal joint for platform
suspension.

Installation of interferometric seismometer
readouts.

Elimination of quadrupole mass distribution
in test masses.

Damping or elimination of "uncontrollable"
or "unobservable" DOFs.

Preliminary tests of feed-forward
(with Stanford: DeBra, How, etc.)

test mor5
t,rndrrpolt vreovrtrrt
o
* two Ptrrd*lnnn
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Research leading to the prototype design:

o Comp uter / DSP servo implementation.

- computer control of lock acquisition

. possible seismometer improvements: - dynamic range monitoring

constrained suspensions, variable dampers on
a test mass DOFS ? make posslble more complex servo design

to tailor impulse resoonses to common
local noises.

. Imaging position sensors on upper stages:

- Measure position w.r.t. preliminary stage r MIMO study (with Stanford: DeBra, How,
etc.) MIMO servos might allow servo stability

- used to quiet system for interferometer greater range of misalignment of sensors and
readout seismometer lock. forcers than is possible with 5ISO.

- used to monitor exact platform position in

case of interferometer re-lock, and for
system alignment

r Automatic Alignment/system identification
study. This will allow automated setting of
feedforward system functions after initial
alignment.



Interferometric readout for JILA
Seismometers

Sensitivity goal

*(f)- 10-13 (+)''u * 3 x 1o- ts 
^1r/yq7

Interferometer design

Light source: L.3tr Lightwave miser,
coupled to single-mode PM fiber.

Light delivery: Light split 12 ways in fiber,
fed into vacuum, and terminated in
connectorized GRIN lenses.

Topology: equal-arm-length one-bounce
Michelson.

Control/Readout: reference arm dithered
and output held at dark fringe using PZT
stack; dynamic range 2pm. P*r fDFl

Scismrrnetrr
t"rt qcrs5

-r'i-fu

tr/eyc 4tttct
Gllr.rltra-,n- tcscr

P.r.R.\
&*c1ro{,el ootir,tibi. em \titcrs

ol^J- J,-i.la



interferometer
reference arm

position

demoduletor edjust moduiation

". prearnp .

and
line drirtr

I test mass

I Posltlon

L--____

Interferometric Seismometer Readout
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force

actuator
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Ioolr
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Preiiminary Stage Vertical Servo

Ambicnr verocal rmdon mcrsurcd wrtl thc iilcrfcrornctcr (solid) and LED s€nsors (dash€d)
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Noise sources:

Frequency noise from laser
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uQ)2n'

r(f) : 3x to-15m/ rffi + OG) : 1.5 xLo-8 I \/Hz
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u(f :1Hz) :1o3Hzlt/Hz + ar ( o.7mm

Amplitude noise

ou) d1(/)
dnvrs I

For the Miser:

dr(/) : Lo_4I
dnnas<1.5x10-4.

For the Preliminary stage,

n(f) < 10-em /'/Hz =+ d(/) 17 x L0-4.
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The Initial LIGO
Suspension and lsolation

Mechanical System
of LIGO Suspension

Seiji Kawamura
(LlGO, Caltech)

Aspen Winter Conference

Jan. 26 - Feb. 2,1997

Suspension
Block=\

Stiffening - _

Suspension
Wire

Safety Bar .---- _

MagneUStandoff
Assembly -- --

Head Holder z/

Cable Harness

Suspension

,,. Support Structure

Guide Rod

1of 8 2 ol8



Balancing Test Mass
with Single Loop Wire Screening of

Wire Material

. Test Mass: balanced within 0.3 mrad.

. Qz OK with attachments

Wire Standoff

3.f = 10 ctn, Q = 0.25 mm except steel music wire (Q = 0.30 mm)
b.H: Hardened steel, S: Stainless steel, T: Titanium, A: Aluminum
c.Diameter of wire is chosen to give half yield tension lor the LIGO test

mass (10.7 kg).

Wlrea Clampb
Tensio

n (N) Measured O
Yield

Tenslo
n (N)

Extrapolated
Q for LIGO

Suspensionc

SteelMusic
Wire

H'S 10-34 17,000 - 40,000 90 200,000

lnvar H,S 3.5 - 11 28,000 - 91,000 21 140,000

Tungsten H,S,T 13-32 10,000 - 40,000 100 130,000

Niobium S 3.6 25,000 - 31,000 10 65,000

Molybdenum S 6-14 14,000 - 14,500 30 59,000

A 1 900 - 1,600 N/A N/A

Tantalum S 1.3 '15,000 I 46,000

Titanium H,T 4-10 20,000 - 43,000 I 22,OOO

Berylllum
Copper

s 4-5 1,000 - 11,000 12 20,000

Aluminum Too weak to test 3 N/A

3of8
4of8



Requirements
Sensor and Actuator

Resonant frequency of the magneVstandoff
assembly: -B kHz

Q: OK with attachments

(Large Optics Suspension)

Item Requirements

Actuator Range Displacement > 40 pmoo (f < 0.15 Hz)

Orientation > 2 mradoo (f < 0.15 Hz)

Actuator Noise
> 5x ro-20.(tF)* rJ-n,

Mechanical
Loss

Internal Mode <4x1O-7
Pendulum <7x10-6
Eddy Current < 6 x 10-e at O.74Hz

Resonance of
Support
Structure

Frequency 160 Hz

0 < 300

5of8 6of8 LlGO.G970020-00.D
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To ! ddebra@su -valley. stmford. EDU

FYm: nRobert s. Polvili" <RoberL.Polvmi@nist.gow>
SubJectr CREEP IIOISE
Cc: cjffis@sh.nLaE.gov

Dil,

ff you are serious about scrajn resiatilce beltr le-17 per yeil, f bhink you
have a prdbls.

Yes, yeaa ago we ild Drals w*e rcrking EogeLher Eo m@sue micrereep,
ol{R sup[Erted ua. To me the deflnitlve result vas t]nt the 8tock. iEself,
wag dlnoeionally lnatable ats the ) I e-6 glraln ps ytr level, despLtse

bests fabricatlon prast.ice. DlHsldal insbabtllty ie the part strain thaE
ocdrs wLEhout' u dEenal applied load.ing. NoEabl-y, w€ focused dr f400
grrade, Ehe hlgheet atrdgth Be' Draper contlnued mkJ.ng m€srrr44e6, bJts

ueing a meEhod thac lrlrclved unJ.edhg ild rel@dlng the epecins €ch ltme
a stral,n r€dlng was taks, Thl-s Mde the taak very practl,cal, but
ineroduces a serloua enor frcn the led cycling. Evs bhey vere dl-wlded
a-bouc the utllity of bheir reaults.

Ats NrsI we ue etlLl rnaking ilJmenelonal lnebablllhy meaBuqents on a small
assortment of oglnealng consErucEion trEterials ruging frm 6061 al-lrrdntJn
onEo Reactlon B@ded and g,/D eilicon cubldes. l'he xpartsn vse fabricated
Eo recrgrrlzed rbest. stablllty" speclflcallons. we ue fu1ly colfldent of
ou pracclce, bub here agaJ-n we gee monobonic strajna thac ue more tho I
e-7 ps ye8 ds ln the ceranlcs. T'he expsimac tla6 ro for 4-5 ywa
now. ltre problsn Bem6 to be an fuetabiliby of the rbul-kr mterlal lEself.
sme ets@dL1y gry ild oEhss Bh!in&. we indepqdstly trled to fl.lter out
a sEface fajrrLcaEl-on contrLbutl-on to tshe lnstablllty, buE cordd flnd nme.
sEeel gauge block have Ehls eme prcbla, which Le EraceabLe to very m1l
retalned auat@ite concabraElons,

If necesaaryr I could dlg out me of ttEt old Be mrk, but lf you rell-y
meil eErains of I e-17 per yee, I queation the utilLty. Could re tsalk
about your probla. eapeclal-l-y your choices of construcEion mt.erial,
beforetHd? !{here doe6 thermal lnaEabllity fit lnEo tttlB sltuaticn?

You clwly have m lnteresting sitution, buE I rculd hope yo could vork
with fil more gErain lnstablllcy. You cil reach me hse or at (30I)
975-348', on Ehe telephone,

Bob
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Advanced LIGO detector:

Suspensions and seismic isolation

-Gabriela Gonzalez
LIGO - MIT

January 28,1997

1of14 LtGO.G950000-00-M

Initial and Advanced ("Enhanced") Detectors

-19

o

l{
,s -21

n0

-22

0123
loglO(frequencY Hz)

fr$l 2ot14



lnitial LIGO Detector

lnitial LlGo Det€ctor
7

noisa: single 1 Hz Pendulum

thermal noise: M=10.7 kg, O(D=1e5

mode thermal noise: Q=1e6, f0=10kHz

6 W at rosycling cavity inPut

sensitivity

NT

'6
o

3o114 LlGO.G950000-00-M

Seismic Noise at the Sites

Ground noise at the sites (horizontal)

t0-

10'

.^{
N

?

1 0-"

10-

t0'

10-



Seismic Noise at the Sites

G@nd Ms n Uungolon, LA cpmd nqs In Hsfod,wA
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lnitial LIGO Goal vs. Seismic Noise

LlGO.G950000-00-M



Use a single pendulum...

Initial LIGO goal vs. gound noise, lilterad by a 1 Hz p€ndulum

Add (a lot of) seismic isolation:

- Initial LIGO goal vs. ground noise, filtered by a 1 Hz pendulum and leat spnng stacks

10-



BUT...

The free mirrors still move too much: the interferometer needs to be locked, and the resid-

ual rms motion has to be controlled by the "length sensing servos".

'ro-t

a whole fringe! -----> 1o-'

t o-t

rn -

t,o-'
E

'lo-tt

desired residual rL_-

9of14 LIGO-G950000-00.M

Advanced Detector: how to do better

fr€q(Hz)

r o-tt

with
more
power

10-

t0-

10
NT

?

1o-"

'lo-o

1 o-t'

_ rl\[\ .\\ '\

-ti \_--,
--.L,--'I tr '

nors€: srnglo 1 Hz Pendulum

thermal noise: M=10.7 kg, O(0=1€5

mode thermal noise: Q=1€6. f0=10LHz

1 00 W at recycling cavity Input

treq(Hz)

10 of 14 LtGO.G950000-00-M



Advanced Detector: how to do even better

better Qs,

improved isolation

(double pendulum)

10,

11 of 14

Double Pendulum

thermal noise: M=10.7 kg, Q(0=1e8

thermal nois€: O=3€8. fO=1OkHz

1 00 W at r€cycling cavity Input

freq(Hz)

>>A double pendulum provides

-more seismic isolation=>a broader detection band

-easier requirements on the servos => sglvos with

less noise

-no magnets on the mass => makes it easier to

achieve high Qs, masses less sensitive to magnetic fields.

)>We require on the suspensions

-the ability to be used with length and alignment

servos that guarantee lock stability and small residual motion

-local damping servos that guarantee lock acquisition

-violin modes resonances?

-angular thermal noise?

firsl 3!tgp
ms3

lesl ma$
m[or

frml 12 0f 14



lmproved Seismic isolation

An "improved" seismic isolation means

-better (more) isolation => broadens the detection band

AND/OR

-better isolation at low frequencies=> makes lock acquisition, stability

easier to get: highly desired!.

lvcadh€dlarGa lGdFddild

The first can probably be done with different

springs.

The latter can be achieved with ACTIVE seismic

isolation.

to'

too

to

I ro'

ro'

to-

13 of 14 LtGO-G950000-00-M

Conclusions

Advanced R&D in LIGO focuses on

)>vibration noise:

-passive isolators;

-active feedback control isolation:

-multiple suspensions systems.

))thermal noise:

-high-Q materials and fixtures

-electrostatic test mass control

> >Shot noise, other interferometer configurations.

The program starts in 1997, and it is expected to be done in collaboration with other
groups.

14 ol 14 LIGO-G9s0000.00-M



wednesday AIvI LrGo Research conununity(LRc)
January 29 Chair: S. Fir:n

00 .f . Munch(Adelaide) ACfGA prototl4>e and Activities30 Discussion
45 D. Berley (XSr)
L5 Discussion
30 Coffee Break

TLre View From NSF
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SLAVE GEN-3
LASER

OUTPUT

INJECTED
LASER LIGFIT

I Schematic diagram shor,ving the basic elements of the.

injection locking system.

I The abbreviations are:

r DL :: diode laser;

r AM := amplitude modulator;

rPM := phase modulator;

r GEN :: sinusoidal signal generator; and

r DBS := dichroic beamsplitter.
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MASTERLASER:100mWDIODE-PUMPED,Nd:YAGNPRO
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s*^v21tt Hz) - tor / ^ltl"

HIGH POWER
SLAVE LASER

= 100w

MEDruM POWER
SLAVE LASER

5W

MASTER LASER

100mW



MEDIUM POWER SLAVE LASER

+
I e.ltt

beam-splitter
outcoupler

max-R
llat miror

. CONDUCTION COOOLED THROUGH TOP AND BOTTOM FACES

. FREE-RLINNING (20w PUMP):

THERMAL LENSES: 2.0m (horizontal), 200-250mm (vertical)

WAISTS: 240pm (horizontal), 190ttm (vertical)

2.6W OF TEMoo IN EACH DIRF'CTION

M2 =1.1 (h>rizontal), 172 =1.15 (vertical)

Slab Laser Pumping Scheme

Collimating Fibre Punnp Light Reflector

Copper Block

Brewster-angled
surface

Pumped region of the slab
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O-ring seals

Right-angled
Prism

Optical fibre PumP sources

Optical fibre PumP sources Surface
Water+ooling

I
I

:

Layers of PumP
Fibres

Crystal Entrance/Exit
Faces

Water-cooling
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VRM
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Max-R Mirror,
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PROBLEM: VISIBILITY OF INTERFERENCE
FRINGES LIMITED BY

. QUALITY OF OPTICS

. LASER HEATING AND
DEFORMATION OF
TRANSMTSSIVE COMPONENTS



USE HOLOGRAPHIC / DIFFRACTIVE OPTICAL COMPONENTS

1. CORRECTION OF OPTICAL ABERRATIONS

2. SPATIAL MODE MATCHING

3. BEAM SPLITTERS WITHOUT TRANSMISSION



EXPERIMENTAL DEMONSTRATION OF

POWER RECYCLING WITH HOLOGR,APHIC

BEAM SPLITTER



ABERRATION CORRECTION
WITH RECYCLING

a

o

VISIBILITY OF SIGNAL > 0.97

ABERMTIONS -+ POWER LOSS

3 BEAM HOLOGRAPHIC MIRROR

RECORDING WITH
3 BEAMS

RECONSTRUCTING
WITH 2 BEAMS
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LIGO
THE VIEWFROM

NSF

WINTER CONFERENCE
ON GRAVITATIONAL

WAVES
January 29,1997

David Berley

LIGO Project Funding

Panel on the Use of LIGO

NSF Review of Proposals

F'unding Projections

$272M QaTo)
24Jv I (91%o)

LIGO STATTJS

SITES

- Hanford, Washington

- Livingston, Louisiana

COST/ToAWARDED

- Construction

- Supporting R&D
* Operations to 2001 69M (0.47o)

COMPLETION

- Construction 2000

- Commissioning 2001
.h=10-2rat2006z



PANEL ON THE USE
OF'LIGO
CHARGE

. ADVISE

- on the development of a users

community

- on procedures, NSF policics, and

resources required
. on the respective roles of the LIGO

Project and the NSF in the

organization, review and funding of
the scientific observations and the

detector R&D

. ESTIMATE

- the size of the likely users

community

PANEL ON THE t]SE
OF LIGO

Web Address

http : | | www.nsf. gov : 80/mps/phy/ligorpt.htm



PAIELOI\TTFIE
TJSE OFIJGO

Members

WliamFraznr
Edwin L. Goldwasser

Russel Hulse

Boyce McDaniel (Chair)

Piermraria Oddone

Peter Saulson

Sydney C. Wolff

PANEL ON THE USE,

OF LIGO
COMMUNITY

REPRESENTATIVES
. Barrv Barish

IJ

iI o Alain Brillet
. Robert Byer
. Karsten Danzmann
. Ronald Drever

' Sam Finn
. William Hamilton
. AlbertLazzarinr
. Gena Mitselmakher
. Robin Stebbins

' David Tanner
. Rai Weiss
. Bernard Whiting



PANEL ON THE TJSE

PANEL OI{ THE T]SE OF'LIGO
OF'LIGO Recommendations

. Priorities
_ Near Term . Incorporate Outside Community

. LIGo Construction & Commissioning - National

_ Mid-Term - International

. Definitive Detection of GW . Establish Two Entities

- LongTerm - Laboratory
. Inauguration of GW Astronomy - Collaboration

. Institute Aggressive R&D
Program

- Open to Groups Inside and
Outside LIGO

- Coordinated by LIGO Project



PANEL OI\T THE TJSE

OFLIGO REVIEW OFPENDING
Recommendation NSF PROPOSALS

. Program Advisory Committee
_ provide Advice ' NSF Request to LIGO Project

. Formation ofThe Collaboration - Provide a Scientific and Technical

. Acceptance of other collaborations , Evaluation

. Assignmentof priorities . Process within LIGO

- Review Proposals Relevant to LIGO - Internal Staff Review
. Part of NSF review process - PAC Review

. NSF Peer Review

- NSF Criteria



LIGO PANEL ON THE USE

COLLABORATIVE OF LIGO
ACTIVITIES Recommendation

. Contributions to Initial Detector Data Handling

. R&D fOr Detector UpgradeS - Take measures to avoid false

- collaboratie with signals

. LIGo Project ' Data Processing

. Later with the Collaboration - Initially by collaboration

- Define Collaboration Tasks - Possible later distribution of data
through Substantive Memoranda products
of Understanding . Analvsis. Development of Advanced - Technical scope of the task to be

Detectors defined

- Requires a Coherent Effort



PANEL ON THE IJSE
OFLIGO

Recommendation

Form an International
Coordinating Group

- exchange information

- coordinate facility utilization

- coordinate research activities

- minimize redundant efforts

Be Open to Foreign
Participation in the

Collaboration

PANEL OI\ THE IJSE
OF LIGO

Funding Projection
Uncertainties

- Size of the community

- Little understanding of the

computing requirements

Anticipated Requirements

- LIGO & Collaborators

- Collaborator base 3 to 5

- Operations

- Equipment
_ R&D

- Computing Net

- Computing

TOTAL

$20M/yr....

6

5+1

1.5

?

36 to 39



Wednesday PM A. Lasers
,Jarruary 29 Chair: R. Byer

4:30 S. Ronran(Glasgow) n<cess Intensity Noise at High Frequencies
in Nd:YAG Laser Anplifiers4:50 Discussion

5:00 W. firlloch(Stanford) Conceptual Desigrn of a 1OOW Diode Laser
puneea Nd:YAG Laser for @rI Interferometry5:20 Discussion

5:30 Coffee Break

B. Opt,ical Elenrents
Chair: P. Saulson

5:45 D. Reitze(Florida) Oesign Considerations for LIGO lrrput Optics6:10 Discussion
5:20 W. Kells (Caltech) t ICO Optic euality and Inprovement R&D6:45 Discussion

C. Advanced Concepts
Chair: .t. IlalL

5:55 R. Drever(Caltech) Coupled Suspensions, ldagrnetic Levitation,
and Other Ideas7:24 Discussion r

7:30 J. WiLson(Livermore) General Relativistic ltrmerical Hydrodfrnamics
for Neutron Star Bi-rraries?:50 Discussion



PreliminarY Measurements on

Excess IntensitY Noise at high

frequencies in Nd:YAG Laser

Amplifiers

R.Ewart, W.Tulloch, S.Rowan,

KeXun Sun' E.Gustafson, J. Hough,

M.Fejer, R.Byer

Plans for curent generation gravitational wave

detectors require -10W of very stable

I.{d:YAG light

one way to get this - use a laser amplifier

- Relatively simPle

- Scalable to high (100W+) Powers

In this context - impo ttant to understand the

noise associated with amplified light

In particular would like intensify noise to be

shot noise limited at modulation frequencies /

(in the amount of light detected at the

interferometer outPut)



ffi_
Consider simple amplifier, with gain G.

Let : power at output: Po

power at input - P"/G, shot noise limited

Naively,

noise in power out - G x shot noise at input

Then

noise observed =G
shot noise in power out

In fact this estimate of the noise is too low.

It can be shown (Harris et al 1992) that

noise observed = 1+ 2(G -I)ryercX - R
orn glif,cr J [;rsu,r -

rno& r-;"{-t.t

shot noise in power out avrrpUf;gl
Spon*ane.ous
e*v'i 6gio.r."

where e6 - effective quantum efficiency of the

optical chain including detector

X : possible excess noise factor

Want to measure intensity noise of amplified Jight
as a function of Gain. G and compare with
photoelectron shot noise



300oW Frraday
Isolator

Half-Wave
Platc-1':

Cubc

Fiber Couplcd Diodc Lascr hmpcd
7.tg-Zag Siab Amplif icr

hGaAs
Recoaan
Detcctor

Figure 1.: Scluoatic of the sJngh parr uplifier intanstty noire rn:uurearent.

Experimental check

M

Vleasurements made at 13f5, over lMHz bandwidth
'fypical modulation frequency)

A.11 noise measurements - photocuffent - lmA

- NPRO input beam attenuated appropriately for different

pump powers

- Amplifier outp#$lotoelectron shot noise limited for G

-l
A.s pump power varied between 10 and I00oA,

bllowing quantities measured: /

- ASE power : G : 4 "6 
and output intensitv noise



0.8

Tplified A -?

'ntaneous 
v' '

;sion (mW)
u.o

0.5

0'4

0.3

0.2

0.1

0

Measured amplified spontaneous errission as a function

of (Gain -'l)

Measuredintensitynoiseofamplified|ight,alongwithexpected
noise rever if no elcess noise, protted as a function of (Gain '1)

2

1.8

1.6

1.4

io of intensitY 
" nnoise to t 'a

:oelectron shot I
ise in 1mA of I

hotocurrent 
0.g

i\.el
-s I u.o

0'4

0'2

0

* st'-t
rlot:<

t.I,
1-'-'-- / -*

. (a) Measured intensity nolse ''-
i

' (b) Best expected Performancer
- no excess nolse:====:-=

G-l



Excess noise
factor, X

4.5

4

3.5

3

2.5

X, Excess noise factor as a function of G-1

21

1.5-l:

f

Interpretation o f re sults

Excess noise clearlY Present'

Excess noise approximately cc (G-1)

Excess noise approximately o. ASE1/2

ixcess noise due to inclusion in

neasurement of ASE not in the mode

rf the amplified beam?



, Thus these measurements are a worst case

situation
, Noise may be improved by placing by putting

single mode fibre or modecleaner in front of
detection diode.

Assuming worst case :

consider 700mw NPRO amplified by diode

pumped slab to give output power of 10W'

. Thus(G-1)-11
' 4 ,ff- 0'1

o X *orst case - 40 (at l5MHz)

Thus R - 89, or noise Power is 89 times

photo-electron shot noise in the detected

photocurrent

['.

Crr



Passive filtering

Single optical cavity - 6db/octave filtering of
intensity fluctuations above corner frequency

+ Cavity corner frequency -1.5MHz for

photoelectron shot noise limited performance

Easily provided by modecleaner for example

--'--"-- .-1
, ir ,..

\
t"



1997 ASPEN WINTER CONFERENCE ON GRAVITATIONAL WAVES AND THEIR DETECTION.

".Qave Reitze,
Physics Depaftment
University of Florida

Gainesville, FL 32611

UF LIGO GrouP

F aculyt ( P hY sic s D eP artment.l :

Guenakh M'itselmakher - IFO simulations

PauI Avery - Data Handling
Bob Coldwelt - Signal Extraction from Noise

Dave Reitze - Lasers, Optics, Materials

David Tanner - Optics, Interferometry, Materials

B ernard Whiting - Gravitational Astrophy sic s

Research Scientist:

Qi-Ze Shu - Cavity optics, RF modulation,

prototyping, simulations

Graduate Students:

Tom Delker - Opttcs Design; prototyping

UFtrco
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Input Optics Conceptual layout

ASC Wavefront Scnsing
lo sleenng mtfiots

lntcnsky I
Sbbrlizarion
lo PSL
RFAM monitor

+
I
I

I
v Stabilizarion
from LSC

IFO
Control ro LS(YASC

Figure 2l Conceptual layout ofIOO optical
components

I Mechanical interfaces 
l,H 

o*n" interfaces 
I 

Electrical interfaces

I

Figure 1: Relationship of IOO to the rest of the detector subsystem' IOO is shaded'

UFttco UFr-rco



Overall IOO Layout

' In-air IOO components mounted on PSL platform; enclosed and

F{EPA filtered

Functions of the InPut OPtics

.BE Modulation

""
c( aa

- Pound-Drever locking of FP arms

- pure TEM 00 mode for the IFO

- in-band suppression of beam pointing
fluctuations

- additional fiequency/intensity stabilization in

GW band

.\4ode M_44Ss
-aeGfl &

- good couPling efficiencY

- no added frequency noise in GW band

c' of recYcling cavitY
" of mode cleaner

.Mode qggq--lg

I

UFrtco UFr-rco



Vacuum chamber dimensions RF modulation design requirements

. Fix mode-cleaner and recycling cavity lengths.

- Relevant dimensions are given in the following table.

- HAMI and HAMZ are part of the IOO system; hold mode cleaner.

- HAM3 holds the recycling mirror.

- BSC3 (4 km IFO) or BSCS (2km trO) hold the input test masses.

- Assume the separation may be adjusted over a total range of 3 m for

the mode cleaner and2.4 m for the.recycling cavity.

(See M. Zucker and P. Fritschel, LIGO-T960122-00-I)

4km IFO 2km IFO

HAM1 -- HAM2 spacing
(center - center, m)

13.72 13.72

HAM1 -- HAM2 adjustment (m) +l- 1.5 +l- 1.5

HAM3 -- BSC3/8 (cntr-cntr, m) 8.41 13.05

HAM3 -- BSC3/8 adjustment (m) +l- 1.2 +l- 1.2

8of40

,, Length and alignment control require sidebands

for cavity locking.
. Modulation frequencies

- Sideband 1 resonant in the recycling cavity for locking FP

arrns.

- sideband 2 which is not fesonarlt in the interferometer for

locking recYcling cavitY.

- Sideband 3 for locking mode cleaner'

- Sidebands 1,2 resonant in mode cleaner' Sideband 3

antiresonant in mode cleaner'

. Modulation depths

- Sideband 1 set by GW shot noise considerations: f - 0'5

- Sideband 2 set by reflected light shot noise: f - 0'05

-Sideband3setby " " " " :f-0'005

- The IOO must provide for a range of modulations about the

specified depths to accommodate diagnostic functions and

changes in interferometer controls configuration'

LtGO.G960226.Oo.D UFuco



RF modulation design requirements

. Modulation cross products

- Modulation cross products, far from IFO resonance and anti-
resonance, can mix to give in-band signals.

- Eliminate cross Products bY:

1) parallel modulation
2) phase+amplitude modulation

. Free spectral range stability

- Variation of the modulation frequency from the mode cleaner FSR

couples with oscillator phase noise to produce AM of the
transmitted sidebands.

- to limit AM to ll%o of shot noise on 6 W laser light requires the RF

modulation frequency and the mode cleaner free spectral range

to be held equal within <2Hz

UFlrco

Modulation frequencles

. Two modulation frequencies: \

>> f1: Resonant in the recycling cavity but not resonant in the

interferometer arm cavities; used to lock the arm cavity mirrors and
the beam splitter.

>> f2: Not resonant in the recycling cavity, used to lock the

recycling mirror.

o f1 set by the lengths of vacuum chambers,

f*.=ncl2L^"
fr".=(k+Wc/2Lr"

here, n is an integer (1,2,3...), L*" the mode cleaner length,

k=O,I,2..., and Lr" the recycling cavity length.

f1 =f*"=f.",

UFnco



Modulation frequencies (2)

. f2 set to a mode-cleaner resonance with a dffirent

n; not resonant in recycling cavity. (fails to satisfy

eqn for fr"r)

. It is not possible to make f2 maximally antiresonant

(unless it is 2f1)'

. Nominal values given in the table:

RF modulation I

, Produces both resonant and non-resonant sidebands'

, Modulation is applied so cross products of the two

frequencies do not occur.

. Length control either of beam combiner or PM2.

f=0.5

DtS.1DfA./7)l6E : Aoo t rro<)

eo& rGoL sltftjf

Mode cleaner length (m)

Free spectral range (MHz)

Resonant modulation frequency (MHz)

Recycling cavitY length (m)

Indices n, k

Non-rtsonunt modulation frequency (MHz)

Otfsrt from closest RC resonance (MHz)

f = 0.56

p

R=907o
f - 0.005 T=t07o

UFrrco UFt-rco



Complex Optical Modulation

Ftttlt,fApl=
E- s-i(at+f(t))

te
E-t',,)

Phase Modulator Amplitude Modulator

f(t1=E(t)+ia(r)

Q{t) 02(t)+ia(t)

o@=Qr(r)+a2(r)

Dtc,lD r//// rl6E : Elc26 )t co33

ltl"to"T 
I

u.b

0.4

o2

0

-o2

-0.4

-u t)

o oo1 oo',(*,fo'

tet r l'
tllt

"'I L I L.-,,"
+.-+- +. f.t f. r

Single FrequencY Sidebands

Waveforms of the phase and amplitude modulation

Q( t ) -- to'a - t I L"' t-t a' "t
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Mode cleaner design requirements Mode cleaner ConcePtual Design

Mode Cleaner - provide frequency and spatial

stabilization
. FrequencY Stabilization

>> Frequency noise < 1 x 10-7 Hz lHzrtz at IFO input

-- > mode cleaner stability; frequency noise: 6v(0 < 10-a Hz lHzrt2

Int e ns ity s t ab ilizat i on

, Intensity stabilization feedback to the PSL from the IOO; '

' li! e 'o't/ {Tr
Mo de Cle aner Sp atial Stab ilization

_ Attenuation of 01, 10 modes ancl higher modes at the ps'- output to a

levelconsistentwithASCbeamjitterrequirements:El<3'5x10'9l]Htrlz

- No frequency degeneracy of high-order modes with fundamental up to

mode 15

. suspended triangular ring cavity for isolatidn of
laser/suppression of back-reflected light

crroidnor
ffi&iG

UFt tco UFrren



Mode cleaner Conceptual Design Transmission of mode cleaner

' Optical parameters: t{ k*t
4KIFO 2K IFO

Optics diameter (mm) 75 75

Optics thickness (mm) 2s 25

Cavity length (m) -o.s5 t4.75

Free spectral range (MHz) tff-.rrl 10.1

Finesse 1550 1550

Radius of curvature of converging minor (m) 18.15 2r.34

waist size (mm) 1.685 r.827

Rayleigh range (m) 8.38 9.86

Cavity stability product g 0.309 r@]
Beam radius at curved mirror (mm) 3.03 3.29

Beam radius at flat mirrors (mm) 1.68 1.83

Flat mirror transmittance (o/o) 0.2 0.2

Mirror absorption/scattering loss (ppm) 30 30

Intensity at curved mirror (kWcm2) T4 l2

Intensity at flat mirror (kWcm2) 45 38

Circulating power (kW) 4.0 4.0

c)
og
CI.F
.F
.-
a
c
o
L

t---

0.01

o.oo 1

o.oo01

o 00001

10 15 20 25 30
Frequency (UUz)

35

UFrtco 4 of 7



Higher-order mode suppression

' The TEMq,r,n mode is resonant when

l- lacos(ffi)11 c
fo*n=lq*(m+n+1)'l. L [ 'r )]21

Choose R; such that only TEMqOO fesonates at a given L.

Avoid confocal (Ri = L) cavity.

Best rejection of modes up to m*n=15 when g; = WQg

Mode Cleaner Length Control

a

I

o

Mode N=n+m 4k IFO MC Suppression 2k IFO MC Suppression

0.0014 0.0014

2 0.0012 0.0012

0.0058 l- - o.oo58

4 0.0016 0.0016

0.00il 0.0011

t) 0.0029 0.0029

't 0.0020 0.0020

8 0.001| 0.00 t I

9 0.0020 0.0020

t0 0.0029 0.0029

100 Hz - l0 kIIz X
F

Coil driver

Photodiode
0 Hz - 300 kllz

Figure 3: Mode Cleaner v
Stabilization Topology

UFnco UFuco
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Mode Cleaner Alignment
Requirement

. DC: Preserve v noise Performance
,rBeam drift -> v norse

-A0*r-3x 10-? rad RCQ vt flGD

- verifY with modal model

- A 0,,n. (open loop) < 10 prad (I'IPRO YAG laser)

- feedback to steering mirrors (in air)

>>other requirements satisfied

- power throughPut (10-5 rad)

In-B and: Preserve pointing fluctuation rej ection

,, A0 _ 10-12 rad lHzrlz (achieved with suspended optic)

IF'O Mode-Matching Telescope
(cont.)

HAM 2
M1l-M2 separation

HAM 1

vrzfvn separation d
Diverging Mirror M2l

I d" from M3 to IFO Waist
L--------J

Diverging Minor M3

Radii of Curvature Selection

', waist magnification: os,1p6 / olo,lrtc = 20.9 (4 km)

= 17.1 (2 km)

,> d1, d12, d23 constrained by HAM dimensions and separation

UFr-rco UFuao



IFO Mode-Matching Telescope

Table 1: Input to Telescope Design Parameters

UFt-rco

wAt9l
(cont.)

. Possible solution for independent adjustment of

waist size and position by moving Ml and M2

l/birgMl rdt!/zsdr0d0ewistszeadFxitlnqrle irtrye&ts{iuea

Po rrtror'l
OF

utl3?
:E l(m

*m

y: - O.r t.fzf

V=-u,oqLX

!iai$ SzendlsrEt Y=- 06x

- 
$hig ttritior A{r$rur y=-O I

-'o-l00l0zJ
ttsitioxcfMdntoqrLUun(otl I I

Mode Matching Adjustment
a-..|--->x <-.-l-.--)y l tfo

ct fL--- '--l--..--..-_- r . t!
otr F

Parameter 4km 2 knt

MC waist (cm) 0.168 0.183

IFO FP cavitY waist (cm) 3.51 3.13

1.5 13.1
dt = MC waist - M1 distance (m)

M3- IFO waist distance (m) 960.0 628.2

9998.0 9934.0
recycling mirror radius of curvature (m)

14558.0 14558.0
ITM radius of curvature (m)

Ml radius of curvature (m) -7.00 TBD

M2 radius of curvature (m) -13.41 TBD

M3 radius of curvature (m) 35.27 TBD

M1 - M2 seParation (m)

M2 - M3 seParation (m)

13.0 TBD

13.0 TBD

Ml Incident Angle (mrad) 10,0 10.0

10.0 10.0
MZ Incident Angle (mrad)

UFt tco



Mode Matching Adjustment Telescope Beam Steering: Modal

Modeling
-<. Beam porntr@ fidelitY \

, - Inler&rlqetenlp-cavlly- -- -- - 1

nfrrftgMl.xdN,zsdrMtEVVi$ SzerdkdtfrncrrbeirUaanHydl*d tr-*
"cav

9t2C 0F

ttl tt7

3@

^36
5rs
'a

ta5
,2

-l54

35a

.4-10010
FmiricnxdM *nr eqilitlunlqd

l: -D.ac, x

I:'?.tttrr

'i6i$SEF{rsrcrry=-06x

-\46is 
[lxitiotA{r*rar y=- q 

1 6

lD modar anatysij for misarigned terescope coupling into 4 km

cavity (include effects of spherical optics)

( ?,*'1 l. ^ .-r
E,,r =, tM i,.1t - ?, " 

*)r' - P,o;-' P rM nP ztM rzP nM rtP rE ;n

E = IT EM o,Tn u r,...lr 3 
P n,n = 6 n,,rr-'kd'i(n 

* 
"' 

* t']t"o, (r ) (-r 2)M'P LM 2P L

;;r-r- ," "*;rplcs 
of calculaung Alignmcnr Srgnals in complex Resonant oPtical Intcrfcromctc6' Llco-

T960005-00-R

UFr-tco
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Telescope Beam Steering: Modal
Modeling

Misalignments
/\@

* *,,rlrr, rr) = il u *o t*, z1)M(x)u r(x, z2)dx

1

0.9

S o.e

E 0.7

E 0.6
E o.s( 

o.a

€ o.s
9 o.z
- 0.1

0

.)'i '' -0-. ,

-Zik (xodl*l:
Mg(x) = e '.-1'

Plerr?C RADI I

.1.
-ziket'*i;

M6@) - e '"'

where 0 = angular deviation from aligned configuration

A= transverse displacement deviation

r = mirror radius of curvature

O" c!$Verul3

Tilt rnisaligmnent of M12

1

0.9

0.8

€ o.z5€ o.o
CL

E 0.5

o 0.4
!g o'.

o.2

0.1

0

0.4 0.8 1.2 1.6 2 2.4 2.4 3.2

Tilt Angle (urad)

Compensating Tilt by Mrl

-24 -32 -40 -48 -56

Tilt Angle (urad)

0\

ryI4L--------
| -----'- TEry!2..

UFr-Ico



IOO Optlcal Efficiency Design
Requirements

' shot noise limited requirement for TEM00 circulating IFo power (car_
rier + resonant sidebands) to detect strains of h _10-21

Pr,o > 6.0 w
. Expected PSL output power in TEM6': ppsl - g.0 W ( r:::r:;" )

Required IOO Optical throughput: > 75Vo I

. Model: Pout = T1T2........Tn pin

,r T' is the optical efficiency of each element or subsystem
>> AR coatings, max transmittances, reflectances taken from

standard optics vendor specifications.

IOO Optical Efficiency
(cont.)

Expected IOO Throughput - Ideal Optics \

Item Loss(7o) Transmittance Accumulated

Faraday isolator 1 5 0.9s 0.95
RF modulation unit 3.5 0.96s 0.917
3 mode matching lenses 0.6 0.994 0.911
HAM1 window 0.2 0.998 0.910
3 beam steering mirrors 0.06 0.999 0.909
Mode cleaner 5 0.9s 0.864
Faraday isolator 2 5 0.95 0.820
Steering mirror 0.02 0.998 0.820
Telescope negative mirror I 0.999 0.812
Telescope positive mirror 0.2 0.998 0.810

' "Dirty" optics: 1000 ppm scattering losses, 37 surfaces ( tClo ot,rtc,
. Efficiency reduced to 0.96 of ideal

Overall IOO efficiency: 0.781 j g t/r . . ,

UFuco UFuco



Conclusions

, Design issues for the LIGO input optics

' RF modulation
>> requirements, selection of frequencies

>> alternative methods for producing clean sidebands

. Mode cleaner
>> requirement and functions

rr ring cavitY oPtical laYout

>> controls

. Mode matching
>> reflective three element telescope design

>> waist size and position adjustment

>> beam steering

. Layout and oPtical efficiencY

UFt-tco



F ,&^kcrl*=n

ffi)s of LIGO Optic Quality and
lmprovement R&D

\
o Absorption (heating --> thermal lensing)

rtSubstrate Bulk 3 ITM and Splitter

>> Coatings and sudace (contamination)

. Scattering loss from cavity mirrors
r>Micro-roughness of polish process

r>lmperfections

t>Rayleigh

. Polishing ("Figure") accuracy
ItShperical shape deviations

rrAbsolute R"rrv and matching

. Coating uniformity
I >coating layer deposition flattening

>Matching and reproducibility (lTM pairing, BS split, Rr".r"1")

Aborption (heating)

. Low "OH" silica (-Sppm/cm) for ITM and splil _.fru,,
>>Loss and surface distortion insignificant.

>>Heating-> thermal lensing OPD -25o/" that of mirror (

t ) Degenerate recycling cavity properties altered.

-Resonant carrier power is unaffected.

-Resonant SB power in TEMs6 is markedly reduced.

-Arm matching of lensing not critical (5rlpprq(pK)

>>Reduction of h'ltOOHzl -10-2}o/o if uncompensated.

-Study compensation assuming predictable lensing

-Lower OH silica: special process Heraeus. Possible "Drying'?

--On going photo thermal characterization of sample material.

-Can advanced materials do at least as well (e.9. Sapphire)?

f'"-
rrM)

lqf&r

1of1 LlGO.G960000-00-M
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Absorption (heating)

COAI\NG ADr6cpTroN :

aI Prn
f,2 b,rm
(1'royn
/.3 ppn

' < l77m

ur,{*t =
- tPP.r"*tut To 

'ot^t 
1l&o mtpqoR9 /N DRSI&p.

- R-L.G. ElPEtttE^tcE \ P}|o?'onrGtrrrl L tP\TPF NG

/EDre /rE L/IRGa vftGnntps Pdgttt.E,

Lteo ftx.n1 t P >- t2 Kwott + /.6p/- ttoial,pTtotV

wtLL euvaE AENsuv& t TH4T oP ec)LR *?aRrrb.t (tm)

cilrr?Eps,+7lOl) p55,8LE OatLY tF (a.}nNG aBsd?rn4r'r
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Scattering loss

a /Vort 9?4tJl1& / UNcoRRF|.+7ED SctnEe LotS -

. coilc,r'tFP O^tgefr/ItMt? 6 ltRc-c;:

- u'il! gLEtA,tq eF t*7ot*rtusgl

- FIELO 
'uxttg117'rott 

fiFFE<7lvsFEi63

-/ - _\\
- q - \Op.tou (2-9-^') ]u.*.= cor;f,r,lrtrtt.t ?o
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- frttofire t|tt"1t^tilc c*4t PG tcelrE| NEAr&trLE C *t.e. F.tq\
- Pbfranat*L L=:) To turtlRttrE frovetuEse 6,n p, o, A'F\I

o Etphltill ,C4VER ( tmnt*te lo.ttH oe eo,rnAt& saeelts\
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REo micr"'?%t""T"T;li1t"tss measurements

Scattering loss

t Fowq,E *\ O

- 5vs.fe'|a714 gttecT nE+x)*EnEN-r pbCalrtr,
* t**utw6. ,Artf(uilrrT FatQ. L,.R,/g- /t{.f.*9 : <,ds >rrn6
+ FlooEe, ?(wt t,r't,.3s : gooorr-tr oaea'o, Trorr.

?ottlu ?roc,Est 
'),'vstop*rF.,v'T

I € s{+tusu 4 O BLr,ra,tH As i?EctF)olna^,/

+ € tlectnu s t i .*t a, ( i"rt^ rot,se") ..,,,rl*
NO torlAC= Fr9,rt,= cotrP&oarre,

t txPsct t teo lFo F.+iQrc*nc4) pH*1E 70 /N"tcA.;E

ttPEDt E^tt tD lroVEnartTs

- tN ,)ru ctE6p.pG \. m'/,t4ErrE^rT eF aogsEg

Thble l; rms (Angstroms) of micromap frames

Ptt*nppeR
Optic Surface

2.5x
resolution (at

optic axis)

20x resolution
(average of 5

locations)

PSD area analysis
(R. Weiss)

004 (HDOS) Curved 4.08 5.04 5

004 Flat 1.65 4.O7 3.8

001 (HDos) Curved 4.58 <11 3

001 Flat 2.59 3.47 5

005 (Go) Curved 0.89 0.85 0.6 - t.4

005 Flat 0.90 0.88 o.7 - t.2

006 (csrRo) Curved 4.3t 3.6'2 3.7

006 Flat 3.33 2.82 2;t

002 (csrRo) Curved 348 2.66 3

002 Flai 3.39 3. l0 3

0.5 A calibration flats (REO)
FulL ro?6R ?a\Jtl+

0.52

caviiy ring-down /d
loss (ppm) 616-

..f
1.0 A calibration flats (REO) t.02 J rf,
2.0 A calibration flats (REO) 2.O l6 6
4.0 A calibration Rats (REO) 3.77 s3 r.l

{n^

4ot4
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(2) TI2OS on AR1

.- .{L-

(1) sio2 on AR1
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lv 6w 'f? 6f GAllcrt G F eqlr 6M AgvAu.o> " 4o, .-,g1r,rcohTlc> SA r7g{sto NS ,

l.1A 6 /47 (c LGt tTA'f /o lV
1)

2)

Extendinq Low Frequency Performance

. Coupled isolation systems

, Coupled in position and tilt.

. Use of magnetic levitation.

Extendinq Hiqh Frequency Performance

* LAKGa(l- 76st1v4.-Alr> oTlt4k
\

| 7 e*r

Use of diffractive optics - can allow higher light power
reduce shot noise

. Reduces internal test mass thermal noise.

We concentrate on (1) initially, since in our situation this seems
likely to give important results earlier.
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STANDARD SEISMIC.ISOLATION - SPRING-MASS STAGES OF
LOWEST CONVENIENT RESONANT FREQUENCY

ADVANTAGES of Using Magnetic Fields Instead of Metal or Rubber
"Springs":

a) Avoid high-frequency paths through springs, etc'

b) Low resonant frequency obtainable in passive systems.

(Servo is only a stabilizer.)

c) Relatively simple - essentially passive.

d) Easy damping bY eddY currents.

e) High vacuum comPatible.

OBVIOUS DISADVANTAGES

a) Superconductors require reduced temp - hconvenient.

Plan to avoid them.

b) Permanent magnets unstable alone (Earnshaw's theorem)'

. But can make stable by servo sytem

c) Must avoid response to outside field noise.
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EXPERIMENTAL FINDINGS
with 1-magnet and 2-magnet versions test mass systems

Natural period depends on non-uniformity of support
magnet(s).

Tvpicaloeriod

with simple trim

Relaxation Time (Horizontal mode)

Tyoical in ranqe 8 to 'l 8 hours

(under investigation - preliminary only)

Typically longer with insulating magnets on mass (ceramic)
than conducting (rare-earth) (by factor <2).

Stabilizino Power << 1 mw

Typical -50 microwatts

Permanent magnets have temp coefficient.

Equilibrium height function of room temperature.

Now using servo to control lield via temperature.

ThermalNoise Plans

1)

2)

8 secondr-> 12 secondr

-> 20 secondl

3)

4)

5)
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Fig.3. View of initial assembly of 2-stage levitation system, incorporating
tilt control by optical lever.

;>
SusT sn'5roY 5{s 7e l-1 LEVl TATED

tq tf (rlroY l'tA Gve7
HE)Aer Y GYAL+

Fr$a,r7 lf,ef,af t orv f7/97-
-o(}

Ln'ref"472fttotv -fo
Gtv G ALa(rE V&ftTlcat

,*\4--+\

-v - < ^e ---i 
1set477"4,

wl

Ita{ ?
,s t {t/AL '

I

I

I

I
I

a

T ltAst
{J
Gr'i

ycsT F4.r5
Hc t cqr

copYr?a LafrtcaL LE v €R

FoR 'f u'-T

Co yTf? o1

/
coNrqfi(q,c.-, !.:_,1

S
.A
(r

F

(ttu>cra



R
, a, .\ v ,'\ \ -n \ \ f) (h : fD -( \a l.t t b :l x t\ q \ \ 3 \ q I q \ t t a \ q) u r,

\ \ l. s $ q lN l-f l\.
.

ll

lT
:,\

i
ni

i\i
R

-:
rit

l9
'F

i
t, 
l x \: 

x
ix f s
 J

x 
?h

\ F u 
t:! n\

a:
\

\\
\4

S
A \R
Jt

-
\'l h-

l n 
d;

}}
b 

F
J

-l 
hl

\R
 

t
9\

h
rD

{$
'x

b
fr

l 
\

\A
B

s-
f

14
b

\\ !\ lrn
\ s f\

S
T *R \v :T j) r\

\
rn

\
)0

tu

l
n{

}
no

N
1\ \\ \.r -i

\
P

\

Q
t) \R
,^ t\i

-l t'
s \ \ 0 \ -l \ \ n \ fn '( h rn \J

\ \\ R
\

q
(\

-f -l 
rt

5\
F

L? t j

\ \ !

t"
tl

gl \\^ 3i 'l

lv
l \R

 I
\{

} Ie
 *s

, ,n

\o
i

A
 

1'
h 

ti
A

br
\

r)
 

t- i i
t

., 
-t

 
)t

r)
U

o 
0'

l

\l
N

<
'\ \Y ih }I I xi (,v -:

q:
v |:l

:_
t

O
A \; v,
\

,'i
l

tr
\ l* \.. $) q0 1

\
\ 

C
,)

$e 5F JR a

4) -l a J tt t

H
}

bc
\

t\ 
f\

\(
\ i* ii

ft)

iT
d

Q
"

!

oo :t 
'Y

t 
t

-c
e

$C
n]

'
-(

no b^
'

, I '\1 rn f) \t A f) x { q l \ x tlt lx \r
f t\

l'
A

S \u 't \ ot
N

{} $ \* st t* /n -{
o

E
J 

-''
)

r 
/il t" 'l \ T L :I S

o
\\ {l \

o s fn \ \ IR

ff, -D -\
) {i) o r)

\.\ \l 5l l1 1
th ) {\ \\

>
,

N ii s) R s l- 1> \e \\ \q
r

T
] q

tr
a )

v1 ;: rn n n o \ \

>
{ rh -1

\-
) T
 $.-

d.
?

'rr
 V

?t
 r

t
;R .\

ln
t\ i$ \

ul
sf

n
\{ r/

{ 3R 'p
,\

ar
) )r
,r

o> tv {l h

-t F
,h Y
o .\

\
\f. \_

\ bo
'

S
\

tIt rH v v -t
!

O
\C \+ N
fl

t\\
.t,

P
'l

! i, b-
l

0'
s t.



Diffractive-Coupled Inte rferomclc rs

- proposed nen'techniclue aimed at improved porver-handling
capability and :hermal noise.

Basic Conccl': Couple light into and out of cavities and
interferometer arrns by dilli rction grating pattern on mirrors ef tes

masses or beamsplitters
- to divide rvavefront by diffraction instcad of transmission

Possible Advantnges: No need to pass lighi through '--st massos or
beamsplitters, so -

l. Can select materials for high Q , and if needed good thermal
conductivity / expansion properties

- without any transparancy constrai-rt

2 'lhermal lensing eliminated , leaving thermal cxpansioh as tle
only thermal effect - so higher light porver is practicable

3 Porver dissipation reduced, as transmission losses eliminated
- reduces thermal distortions further

4. Recluction in pcu'cr dissipation nrakes cryogenic test r..ss-s .n?-e
practicable

- improving possibility of getti.rg higher Q than at room
temperature, and possibiliry of lurther recluction in thermal noise.

i
-----$
t$ l, Slgnol| | Jrgnqt

il Rrcydlng

[-.qrrr

Porcr
RcoTcfing

Fig.13.
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Fig. 1. View of excavations for the west tunnel extension of the laboratory,
tooking eastwards at the west wall of the main building housing the
lab. (Photo taken January 16, 1997.)



Fig.2. View of west laboratory extension, taken from the'roof of the main
building looking nofthwest' showing the excavation for the end
housing. (Photo taken January 16, 1997.)
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General Relativistic
Numerical Hydrodynamics for Neutron Star Binaries

J. R. Wilsonl'2and G. J. Mathewsl

lUniversity of Notre Dame
2lawrence Livermore National Laboratory

METHOD

. solve general relativity equations for neutron star binaries
taking three space to be conformally flat

. These a.re exact solutions of general rerativity but:

No gravitational radiation is accounted for



Physical Processes in close Neutron star Binaries

. Orbit InstabilitY

. Collapse InstabilitY

o compression/Heating/Neutrino Emission

o Internal Steltar Fluid Circulation

The Metric:

d,s2 : -(o, - pogu)dtz + 20d,si dt + QaSiid,ri d'ri

Hamiltonian Constraint

R-L6npn+KniKni -gz

r Conformal Facto

V'Q: -Anpr,

,r,Et f \ t __,-.-l

o, : %-lpw' a ro(Twz -f + 1 | + *;x;iK"' IzL r ,i lOTf I

r Lapse function

-t/ 
/Y"(ail - 4nP,

,r: +loOw' - 2) + ePlst(w2+ 1) - 'l* fton,o"f



Momentum Constraint

p's: (oo^so- gnpw'(r*t.)) * fili,.Wffi.# -io,i#)l

DiKzt :8r5"

o Shift Vector
Y2Bi : +nP\

Relativistic HYdrodYnamics

Perfect Fluid Stress-Energy Tensor: Tu, : (P * pe * P)UpU' * Pgu"

. Eydrodynamic variables: 
I ,-3 u?1t/,

r CoordinaLe covariant matter density, D =W p ;W = aUt = 
11 

+ "T)
o Internal energy densitY, --E = Y P'
r Tbree velocity, Vi = ffi - A'

o Pressure, P: (f - l)Pu

r Momentum dersitY, S; = (D +tE)Ui

. Conservation of barYon number

AD ^^6lo9@ 1 A

K = -uo" ;f' - :-ou*,@" DV')

o Internal energy conservation

AE ^-n|IogQ L 0 1sa7 ' -lAW I }-j.uV,\)y= = _6rET _ 
FdA@"EVr) 

_ ,l_A; * F*,,, ,J

o Momeutum conservation

ilSt ^. 0logS t 0 , '6n,,it, ^.AP LlAl!16 *S,Y
-6t : -oo;-jl- - gu f, to",v\ - a;i +24(D -t'rE) (* - W' -a* - u' 

ax'

Ao 6Y
-w(D +rE)# - aw(D +tE);;i



SUMMARY OF RESULTS

1 We find that as the orbit shrinks, the increased gravita-
tional forces compress and heat the stars

Ethermal - 1053 ergs

fnterior temperatures as high as 70 MeV are possible

Neutrino luminosities as high as 0.5 x 1053 ergs sec*l per
star are possible before the stars collapse to black holes.

The neutrinos escaping the surface will cause the blow off
of an e+ - e- plasma.

5 Relativistically induced fluid
cause intense magnetic fields
the stars

vorticities in the stars may
.v 1017 gauss to form around

Stellar Compression in Neutron Star Binaries

r There exists ter.ms in the relativistic hydrodynamics equa-

tions which increase the effective self gravity of the stars
The Metric:

d,s2 : -(o' - Pogi)dtz +20;d,ridt+ lf 6;id'ridri

o Sources for lapse function (a) and conformal factor (d) .t"
enhanced , V l
Y26:2nQ5lp(r + e) + eT(w' - t) |1"'-'JCr
v'(",il -2trQ5ln(r + e) + 6(r -L)pr+ 3p(1 * er)(W' -r))
where W - I'T+rU?lOn and | - 1+ PlPr.

o Acceleration terms in equilibrium configuration

AP , , -., 
( Aiogc tli 7gi f 0logo .,dlog@l ,,

fr = -\PrPet / \ll - 
"t", 

- L A", -" Ar, ),

Note: a - llQ2

+\
,' -t) )



ComPression effect - (a f c)2

should be apparent in post Newtonian approximation

. In post-Newtonian approximation

9tt:-1 -2A-2O2-2'V

Q i,s the Newtonian Potenti,al
2(A'+ V) i,s the (r l")n correction

o In our rotating coordinates

Pt + 3P'l--L-. /L'\ I

. As in GR, fields are enhanced by factors - (W' - l)'
r The acceleration terms are also similarly enhanced.

Indicators that our method is satisfactory for neutron-star binaries

r Estimated relative rate of change of the orbit angular
momentum from the quadrupole formula is small:

fi:10-3



Our solution is exact but must contain hidden radiation components

r Estimate hidden gravitational wave energy using York's
extrinsic curvature decomposition

Kij-xi+x:i
where

DoK"i :8trSi

D6Kf - s

where Xif is traceless.

o We find f ,. d.v
I KH K*r? = 2 x 1o-b M6
J ' -67,

Note: KH Krni 'is a measure of the rad,'iat'i,on energy d,ensi,tg!

r Cook, Shapiro. & Teukolski (1996) calculated the struc-
ture of extremely rapidly rotating neutron t!""i both in
their exact formalism and in a conformally flat-approxi-
mationll
'J'h,eE lound di,fferences to be uery snxaU (:I%) '

But they assumed constant angular vel-ocrty
and four velocity,

J 3= ,-( h+JLy; ,



Likelyhood stars will collapse
infal-1 depends on:

before fir
A)
B)

Equation of StaLe
Neutron Star MassesReith & Schdfer (1996 preprint) calculated the proper_

ties of neutron star binaries to order (uldn in thl post_
Newtonian approximation in both an unconstrained and
conformally flat metric.

pot ttf e,n(.reLe P. M \

1+its-2vl3nln *r,t#* =-.t+ip-zafi+ftt r,t# WW
krnoi :t- 

ru - *, - #q3* frru 
_7, _ **,,r#

P =r-ft" -43-*ry '*;i*" ;u -,,4ry

For B) l-.15<M<1.50 Solar Mass
SCC S. FINN

'For A) We have thg resulLs:
If max M=1.55 then

t"i*=1-.35 is unstable
If max M=1. ?0 then

M*=1.35 is unstable to
at same .f

If max M=l-.84 then
M*=l-.45 is unsLable to

collapse&inspiral

collapseainspiral
.' at. same J

Hence if EOS max Mass>'l-.70 few collapses

M<1.56
LatLimer argues EOS soft for neutron
st.ar cooling IffY

St-aListical Mechanics arguement

weinberg G-"+C.

" It follor,'s tliat in general

P:no, = r - ftro - rri-_#, *a, - zs,slpi +

h=r * io.ir#+!ez_1n,n ir,#
r.or =r + jri + ir#+ f tzz_ so, -!;t$
P=fiffi1- e*- *se c^: = fal^l,**1

t=S h*G4' :otzA-a*.r =- ryP \sruArr

h=F^*

f - o rr /---?
;(ts - lu - 

a.L rz1{-2E"4,hc4

ArgumenLs for low max. Mass EOS

:-) SN198?a Stiff EOS cools troo quickly
2) Bel-he,Brown argue from nucleosynthesis

:)

s)

s)

p-p^*t = vL#9
!r-Pn*^-t--- tg$

I

I
I
I
I

4
I

,c oo\9^

.o@(-
p_'&'
3
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VIRGO Superattenuator System

by S.Braccini

I.M.FM PIS4

-r'
l

The input seismic noise is

t1r; = A /fz

approximated by

A=10-8-10-6m

\

i

@ 10 Hz this means

@ l0 Hz VIRGO needs

f,= 1o-8-to-lom/JHz

I = 1g-ta m/JHz

TTBNUATION
BCESSARY

111312



Horizontat attenua

H=# Above the resonant frequencies/\o\r,/ 
( 1= l,rr.l, F: )

Hcizmt:l
Trmsler
Functron4ot

4-

,lo-'

'10-1"

-lo-tl

'lo-'

-.- r LI

A g-ood horizontal attenuation at few Hz can be
obtained if the chain's resonant frequ;ncies

are at very low frequency 
-

Long pendula are desired !!!



yerticat attenmtiq

The coupling between different degrees of freedom
forces to attenuate seismic noise alio in the vertical

direction

The same attenuation scheme: a chain of vertical pendula

Low resonant frequencies, i.e. Sgft spltlgg-

tlv"
On this principle relies rhe design of the

VIRGO Superattenuators
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Clamp

Bladc shape under load
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aUlspgng systen

Vertical rransfer funcrion is a crucial point (high blade
stiffness and less sta_qes in the vertical direcrion)

Reduction of the blades stiffness by ma_eneti. anti.p.ingri

H ou NttU 6 oe Tfte ;l^tTt Sfie U/As
a N THE r(ec6,q1r11a4,

FtLTees

Kror = Ku$/0, - K*.+,,^h

, Magnel 2
(on tne crossbar) In

GOAL ====> f vert t [E--
i.ot =;r/ft* < 0.5 Hz

this way all the vertical resonances are below ihehighesr horizontal ."ronun"" (-Zj H;) l

Magner I
(on the filrer)

Fy=Foc=Fo(Ay/d)

ro uppcr
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THE WIRE ACTS AS

,ry 44s H.

sllqllL

E - ASPRINGBETWEENE MASS AND CROSSBAR

THE BLADES
VIBRATE

AS BEAMS

i
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Conclusion

-

The goal .(f < 0.5 Hz) is obtained within large tolerafrces
in the setting of the magnetic .utrT.", 

^-' 
t

THE SYSTEM IS NOT CRITICAL !!

i

Measurement of the performances as a fun"tioJ

_ of the remperarure 
i

- of the relative position between the magnetic matJices

l



Stability requiremews

l) stable mechanical response (to lock the
interferometer)

2) to avoid large swings of the chain position

fupsllmental evidence

The vertical direction is much more sensitive to thermar
changes because of the presence of ine antispring----

magnets

Main trouble

Magnetic field thermal dependence

Vw\{rr = Kol^o€s - KA.ip&rru6

v

l5mHz/ar)
{.atJ,=o =

TE'Y IE KA TU 4 E A661IZO {

Thermal vertical swing of the filter

LyINT=200pm/'C

Small enough to. make the remote control of the veqtical
position of the blades superfluous

Conclttsions on the sWerdttenuator stabry

- Temperature control of the tower is indispensable
(0.1 oC pk/pk)

- Passive chain: *" ..["O1;serring during the dalta
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I'he creeqgqblelq
\

Materials under stress, as the filter blades, are subjept to
creep processes

r
o

Experimental evidence

At 35 0C (VIRGO designed remperarure) the creep rate
was measured to be too high

3o AP,t/ /Dq|

Consequences for VIRGO

- The creep leads in few weeks the antispring sysiem
out of the working position (few tenthi of"mrirl

2 - It could generate mechanical vibrations in the
detection band (required stability < 10 nm per day)
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SOLUTION -=> Maraging steel

( e.. DE s,t.vo)

I - Good attenuation performances

2 - Good tolerances in the mounting

3 - Full characterization of the antispring sysrem

4 - Stability on long geriod obtained only by controlling
the temperature of the vacuum io*"r,

5 - Rem o te 
":ilffi i ::JJF J,",l,;:%f, :,';f " "' "' c a1 be

6 - Creep problem has been discovered

NEXT TALKS
Pre-isolator stage for the Superattenuator

Solution of the creep problem

(L.Holl]war)

(R.De Sralvo)
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How crazy is Virgo ?

VIRGO Design Sensitivity

S ensitivity;

1 nnm/y'Hi over 3 + 3 Km arm lengrh
nano-tnano

h = 3 t}'"h'|fr,

I Wavelength t 0 -6 m 100? nm

I Atom t 0- l0 m , O-,, nm

I proton t0-15 m 1000 nnm

I

seismic motion to-6 m/y'Hi - rol 2 nn^ll^[Hz

'i,,p I

l,S
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1

Attenuation Scheme

A t Hz pendulum at l0 Hz attenuates x 10-2

A 6 pendula chain at l0 Hz attenuates x 10-12

If you add x 10-3 active damping at level 0

the x 10-14 attenuation can be achieved

Believe ffie,
mathematically it can work !

encountered !

(and solved)
Let's look at the problems we

o5
5
8
E

5
ttc:t
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C
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frequency (Hz)
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Passive Attenuation

Need:

long lever springs and

high stress on spring material

to reach low vertical oscillation frequency

1.5 Hz

0.5 Hz

Mechanical filter

freq. reduction by

oscillation frequency

magnetic antisprings

--.t.I

A\,c t i.w,e ?\ t t,ernurar t trornr

armdl nm,o,d[,e dlaunnrp, il.rmg'
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Internal Excitations

Energy releases in the S.A. chain

can generate nano-seisms

Suspended masses are inexhaustible reserve of energy

Consider Crystal slippage

one single Crystal stressed near the metal yield
point of the metal contains (and releases at
slippage) energy equivalent to rhe dropping of
the suspended optical component by several pm

A pico-meter is a Mega-nano-nano-meter

Ir's the tt big onerf

Internal Excitations

I pm/day = 10 ,,big ones', per second ! ! !

This is independent from where in the system

creep happens

(+)The creep step energy spreads over all rnodes

(-)The attenuators above may bottle down the

internal excitation noise

creep figure old bltdes, figure creep vs temperature
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Sources of Internal Excitations

Dislocations inside single crystals

accumulate stress on

Crystai border imPurities

Eventually wiil exceed stress

all

yield point

crystals will siip

Integrated continuous motlon.



45

Sources of Internal Excitations

Dislocations have activation energies

of few Kcal/mole

FreQ.rrippog" =n *ffi 1nq;

Creep Speed x 10 for AT - 5 - 20uC

Creep speed is controlled by the temperature
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Sources of Internal Excitations

The onlv wavs out ale:

Inf initely small crystals

( gain with d3 but unfeasible)

frozen crystals

a)

b)

b1)

b2)

freeze by cooling

chemical freezing



Sources of Internal Excitations Sources of Internal Excitations

Freezing crystals by cooling Chemical freezing of crystals

Metal brittleness
Precipitation hardened steel

Spontaneous fracture

Maraging
freeze only high AE dislocations

Fe+Co+Ni+Ti
low AE dislocations can still move and

generare catastrophes High purity (no precipitation centers)

Solution stable in Fusion

Solid solution stable ar > 850"C

-Solid solution thermodynamically unstable < 4 5 0"C

in l0manY years would precipitate

Ti-Co nano-crystals insicle Fe crystals



Risolubilised State

oaoooaoo

Co

ooooooooooooooooo

Precipitation hardened steel

Precipitation process is impeded

at room temperature

by lack of Co and Ni diffusion

inside Fe crvstals

Solubilised form metastable at 20oC

At 450"C FE Crystal are still

Co, Ti, Ni atoms can

Fe

Ti

o

o

o

L,,l

typical diffusion

stable but

diffuse

distance 30 nm

Every 30 rlnl a nano-crystal forms inside

otherwise un-perturbed Fe Crystal

the

oooooooooooooaooocoooooo
oooooooooooooooooooooo

oooooooooooooaooooooooooooooooooooooooooooooooooooo

about 106 nano-cl'ystals/Crystal
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Precipitation hardened steel

-

Feo

o

oNano-crystals

form

inside crystals

dislocation drift balriers

DiS_LOe311A1S are trapped throughout the Crystal

Dislocations inrpeded to reach the Crystal border

cannot trigger Crystal slippage

creepstops!!!

Precipitated State Co
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Precipitation hardened steel

Af ter precipitation hardening,

creep shows logarithmic behavior

o

t'flo Given our inbaSurement errors

can be directly measured at

creep

50-i00 nm/day
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Slope (microns/hours)
Precipitation hardened steel

With Maraging observe ttre creep speed

to increase x 30 for l0oc rises

Bake blades. under. stress.a.t >=.80"C for a week
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Observe creep at < 1 Vm /

Observe creep at < 50-100

Estimate residual creep at

1 Crystal slippage I day

Most residual creep nlay be due

to pure dislocations

(slippage und er threshold)

day

nm

@ 8o'c

I day @ 65'C

P^/day@20oCa
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bermal noise requirements for GE'O 600:

Require h sensitivity of Zxlffi l"tW at 50Hz

set by expected thermal noise from internal modes of test

maSS: {6.--rtg, €- {"'l s'l''cc'':-

Qint.,nul - 5 x 106 - airncult to improve on this

sets limits on thermal noise from pendulum modes,

violin modes suspension such that require

Qpendulu *r 2 x 106 (assumes structural damping)

Qviolin ' 1 x 106

. Would like Qpendulum 
> 107 - all fused quartz suspension ?

Relationship between Q*nourun., ?Ild Q*ut.rrur :

mgl
Qpendulum = Qmaterial 4",m

for a 2-loop

suspension

where:

m = mass

1= length

T = tension

E = Youngs modulus

I = filofilent of fi]&sS =

r = radius of wire

4nr'

n = number of wires
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Fused Silica tubbon Fibre

Q,-", measurements for fused quartz ribbons

. Fused quartz ribbon - drawn from fused

qtrartz slide using RF oven

. Use positive feedback and electrostatic
drive to excite resonances of quartz fibre

. Measure decay of amplitude of resonances

to find Q*u,



Plot showing measured material Q of fused quartz

ribbon as a function of frequency
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t

a

--a1'Uoncluslons

Qn,ot of the order of few x 106

Qn,ot of welded fibre of sirnilar order

Qn,at of replacement fibre of similar order

= 
Limiting Qo.n. : ferv x 108 - more than

good enough

i,,,lBcrilnents with pcndr-rIurns suspcnded

orr-

Measure Q of pendulum mode for pendulums

suspended on 2 fused quafiz fibres

Measure effect of different fibre attachment tnethods

fbr joining fused quartz fibres to mass

Initial experiments used:

Mass: 2009

Lengthi - 26cm

Iribres attached to mass and plate from which pendulum

is suspended by mixture of clamping/glueing



lurouofibreends 
ILl1 
llv\y

4.5cm

3 clamPing screws

2cm

lcm 6.5cm lcm

"Macor" machinable ceramic pendulum

PMa"or = 252gtcm3

Sen6 = 
2009

Macor pendulum
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Blimination of Internal E,xcitations

A)

Maraging steel used in all stressed components

B)

> 100'C 'baking 
of ' assembles attenuators

relieves excess stresses and

consumes all possible slippage

will detecl"
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Require h sensitivity of 2x1ffi l"tW at 50Hz

Set by expected thermal noise from internal modes of test

maSS: 6p,..orrg, f- {.-J s',li."^:-

Qint.rnul - 5 x 100 - aifncult to improve on this

sets limits on thermal noise from pendulum modes,

violin modes suspension such that require

Qpendul,r ,n, 2 X 106 (assumes structural damping)

Qviolin ' 1 x 106

Would like Qpendulum > 107 - all fused quattz suspension ?

Relationship between Qn.nourun, alld Qn.,,,t.riur :

mgl
Qpendulum = Qmaterial

4"ITEI

where:

m=mass E=Youngsmodulus

I = length I = moment of rloSS =

T = tension r = radius of wire

n = number of wires

for a }-Ioop
suspension

4
TET 

,
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vacuum tank

Limit to measurable Q as set by recoil damping:

Qnr'it:

m: pendulum mass: 0.21kg

470 
: f€Soflont frequency: IHz

k = stiffness of structure: 5.5 x 106 t 0.7 x 106 Nm-l

$ = phase angle between the recoil displacement and

drive force: -l.6lo + 0.05"

lk..'').
^oa

Qtirit -- 2.4 x 107 + 0.3 x 107



5. Ro",on et al

Clqss. Q"orr|. Gov
T,n Pres

' Noted that bare wire inside tank acting as an aerial
- picking up signal at pendulum frequency

' Srggests pendulum is charged - moving charge is
inducing currents in suffoundings
Experirnents suggest pendulu'r is 

'egativelycharged and that:

Ion purnp is producing UV
IJV is liberating erectrons from wails/structure inside
tank

Electrons are collecting on pendulum resultine in an
overall negative charge

Initial experiments

Found measured Qprno changed over course of a

decay - decreased iio* few x 106 to few x 104

Experiments revealed Qp.r,a sensitive to

electrostatic charging of pendulum by W from

ion pump

Problem overcome by suitable shielditrg, but,

Qp.na still only 3 x 106, - 6 times too low



-7crn

./

Fr,rrther experiments

. Made a series of measurements to try and

determine source of excess loss

. Consider:
1 11

*-* ^-- Qp.na Qrecoil Qt*""
1

*-
Q"t..rt

Q-"urured

Q.*p.cted



Possible sources of excess loss

Recoil loss of structure greater

than expected

( 1iQ,ou,).*r.r, oc stress

Losses at points where fibres are

clamped to top Plate and mass

Summary of redults from measurements of pendulum Q of a selection of pendttlums

suspended on fused quartz fibres ' assumin$ Qmat -1 x 106

New

clamps

5

6

12 290 6.9 x 10-8 4 x 10-8 (3+/-1) x '10-s

28 290 6.1 x 10-8 3x10' g+/-1) x 10-"

Clamps

tiqhtened

7

8

28 290 3.2 x 10-8 3 x 10-8 (0 +/-1) x '10

96 290 3.1 x 10-8 3 x 10-8 Q+/-l)x10

"The uncertainty in this number is a combination of uncertainties from

(a) the recoil of the sYstem
(b) the exact point of bending of the fibre and thus the exact fibre diameter and length of the pendulum "

a

a

Pendulun

mass (g)

Fibre diameter
(pm) (+A 10%)

1/Qpend

meas) (+l- 5o/o

1/Qrotation

(meas) (+l- 5%)

1/Qexpected

(+l- 25%)*

1/Qnxcess

Original

clamps

1

2

3

4

200 290 3.3 x 10-7 5 x 10-8 (2.8 +l- 0.2) x 10

32 60 1.0 x 10-'
-q

8 x 10 - (9.2 +l- 0.5) x 1C

96 60 2.2x 10-7 2 x 10-8 (2.0 +l- 0.1) x 1(

96 60 3.3 x 10-7



(a)

O

Exc'ess lo

For this case exPect

I Results 5q.m
Qr*rr*

and 7 suggest not

Results 3 and 4 suggest not
11

Qpend Qrot

= Excess loss NOT due to extra recoil

(b) ExcesS loss - stress dependent?

. For this case

1

Qr*r"r,

1

Vexcess

for sonstant

fibre radius

m const

r varying

( Results 5 and l
I
I sueeest not
\vv

{n.tnlts 3 and 8

[sugg.st not

Excess loss NOT due to any stress dependence

,^.f rneterinl loss of fuse d quartz



/
(c) Excess loss - loss at clarnps?

. For this case expect clamp changes to improve

rneasured Q

. Comparing : Results: 2 with 7

6 with 7

consistent with this

=> Excess losses are related to clamping

technique

Measurements of Pendulum Q

Using fused quartz as suspension material

allows possibility of monolithic suspensions

- minimising losses at fibre/mass joints

Possible approaches:

(a) welding of fibres to test mass

(b) optical contacting of fibres with rod

ends to mass



/'\/nuurrent rrogl'ess

Using an all fused quartz, welded pendulum
of mass -1009, Qp.,,a - 3 x 10i achieved

In agreement with measured suspension

fibre and recoil losses

Same pendulum with efforts made to reduce

recoil losses - evidence of Qp.nd - 1 x 108

n ,1 /' 1 '
Pendulunr excl tattoll bv se1s1111 c

-

nolse

Want to check that measured Q p.nd is not
significantly affected by seismic noise

Assume seismic noise - white noise

spectrum

Relation between pendulum motion, x\ ,

and seismic motiorr, xo) can be expressed

*r-
xg

AS:



,ffii[FHi*ii-d n,,

. Meas'ured ground motion

xo*10-8mlrffi,@LHz
Say Q , =3 x 10 /- -penc

) xI * 68Ptmr^,
) xI * I92,ttm'k-Pk

Initial pk-pk amplitude of pendulum swing

- 3-4mm

= fbctor of I 5-20 times larger tlran

seisttr ic exc itation

" This suggests that measured Qp.,rd should be

unaffected by ground motion

Qurrent plarts

Continue pendulum Q measurements on

(a) welded pendulums of greater mass +

(b) pendulums with suspension fibres attached

by optical contacting

Make measurements of internal Q of masses

with welded loptically contacted fibres attached

Largcr vyla3s gend-tonns L U". +.=t-J rr^ F.t1;e

J*a,t.l rec'lts (.i,+r^ Kovalik 't of eho.^r @F., ^fd 4. *;2b
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SUSPBNSION DBSIGN FOIT

GBO 600

Norna A Robertson

University of Glasgow

Aspcn

.Ian 1997

TEST MASS SUSPBNSIONS

Rerninder of design considerations

good seismic isolation

(horizontal, vertlcal and tilt)

good thermal noise properties

(pendulum, violin and internal modes)

implementation of control

(orientation, damping, longitudinal)

tIHV compatibility



SUSPI,NSION DEVELOPMENTS

FOR GEO 600

(Glasgow commitment)

stacks/double pendulum

N Robertson, M Plissi, K Strain, C Torrie,

S Killboum, J Hough * P Aufinuth (Hannover)

thermal noise developments

S Rowan, S Twyford, S Killbourn, J I{ough

o control/electronics

H Ward, D Robertson, K Strain, K Skeldon,

GPNewton,MCaseY

N Robertson head of working group on susllensions

H Ward head of working group on control

G[,O 600 llevised Specification:

h {io-"t^lHrar 5o Hz

AX,nur, < (7 x 10-20 rn/{tlz)56 g,

AXr"ir,,,," < (7 x 10-2t rn/rhfz)sotr,

AXground -rc'1 F mflllz

- 6 x l0e at 50 l-lz in horizontal

- 6 x 106 at 50 Hz in vertical

(assunlurg 0. 1 96 coupling)

Should be achievable with

o ) layer isolation stacl<

o 2 vertical sltring stages

.. double petrclulunr

-)
So design goal

Assuming

*) lsolation



Motor -.-

Rotational
flexure

2 stack '/
layers

GEO 600 Main Suspension

i0m

,Top plate

"----_ Leaf
spnngs

Reaction
MASS



GEO 600 STACK D[,SIG}.{

3 legs, each consisting of

o graphite loaded RTV cYlinders

o stainless steel masses

r €nctpsulated in bellows, and differentially

pumped

vertical section through stack

t 
-' 

Flex pivot

RTV element

Central mass

Steel bellows

SOME DtrTAILS OF STACK DESIGN

Use of RTV

advantages low spring constant
can be molded

stiffens with load
high Q (-20)

load RTV with graphite filler

o disadvantages

o solution

Damping tests

RTV CYLINDER

(diameter=30 mm; height=40 mm)

0.14

0.12

0.1

ire oot
006

0.0,1

0.02

0

0123
Ouantity of synthetic graphlte added

(grams)

1.

a

| -2ko
\y:-,f ..", ?

I Spacers

7

/ t, rt C,wf \', l( l1?Ar.) /



SOVTE DETAILS OF STACK

1. Use of RTV continued

RTV stiffness tests:

20

vertical 15

-resonant 10
trequency

(Hz) 
s

0

Quantity of synthetic graphite added
(grams)

Conclusions

Can achieve Q{10 by loading with graphite,

with no change in stiffness.

DtrSIGN SONIE DETAILS OF STACI{ DESIGN

2. Use of Bellows

o advantage remove potential contamination
from rubber

o disadvantage high Q rcsonances

o solution line inside of convolutions with
mixture of Q-comPound and

silicone grease

6
!

E
ct
t-



SOVTE DETAILS OF STACI{ DESIGN

3. Use of Flex Pivot

Bellows are very rigid in rotation about their
cylindrical axis

=) use flex pivot to reduce coupling of
rotational motion to toP of stacks

=> with loads envisaged (-30 kg per leg)

rotational resonance around l-2 llz

Vertical Transmissibility of Stach System (3 legs)

with Loatled ToP Plate

EO
i20
; ',0
o
l60
a

Iro;
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Double Pendulum Suspension

Clamp

Coils and Magnets

to Damp the Double
Pendulurn Modes

Input Laser Beant

,,:_":7

Test Mass

N

F 1o-'o
E
o
,9
oz
o
Eq)
o
6

i5

10m Prototype Displacement Noise

400 500 600 700 800 900 1000
Frequency (Hz)

Coils and Magnets for
Feedback to Cavity Length

Vertical Seismic Noise (Green)

Measured Sensitivity (Cyan)

Thermal Motions (Red) Shot Noise (Magenta)

Fig. I
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Q-factor verstts Servo Catn

IMI'LEMENTATION OF CONTROL

Design philosophy : to reduce coupling of electronic and

seismic noise to test mass

Orientation (tilt and rotation) and damping of modes

applied at upper mass using suspended reaction mass

with shadow sensors and coil and magnet actuators

(modecleaner masses - coils mounted on rigid

supports extended from toP Plate)

Longitudinal control - split feedback (except

modecleaners) aPPlied at

o upper mass at low frequencies

(shadow sensors and coil and magnet actuators)

and

ol
€ ao1

IGI
€ tnl:
c

€,0
6

5'o

0.4 0.6

Nonnalised Servo Gain

Sicp Rc.lmNe ([.Dgltudin,l InPut)

0.8

a
U

o lower (mirror) mass at high frequencies

(possiblY electrostatic drive)

using upper ancl lower suspended reaction masses'

Some experience already gained at Glasgow of using split

feedback and of orientation and longitudinal control of masses

fromasuspendedmass(e.g.PVeitchetal,RevScilnst64
1330, and current work on l0 metre prototype)

Time (Secondr)



SUSPBNSION DEVBLOPMENTS -
TIMESCALBS

. modecleanersuspension

o main suspension

test

deliverable prototype

design

test#
deliverable prototyPe

March'97
Summer'97

li4ay'97
late'97
Jan'98

a

a

a

o

a

further research to allow operation at high sensitivity

to lower frequencies ( - 20 Hz)

use of ultra-low loss materials

(collaboration with Stanford -t)
start earlv '98

clevelopment of active isolation start late '98

and low noise control sYstems,

and test in l0 m system

(collaboration with JILA -f)

GfO sn- t^ -h- c^- cl.2- ."J- "J lO z..,l-.e- p*e,y1le-* i,-'
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* Qcry hqsureneat (M, hr,oy)
Summary of results

* 
Did.the mostprecrse fesf of,Uissrp ation
dilution" effect,

* ?ls"p" tion ditution,,works

At stress comparable to the breaking stress
in wires;

With statistical error <1}yo;

, Agreement excellent for e,s up to 500,000;

Some discrepancies exist for
Qftqory>500,000, (a factor of 2 - 4);

* 
Developed clear diagnosis for

sliding friction (paftiat slip) at contact:

* 
Di"ror"red breakdown of classical

model of therm,oela.stic damping; Developed anew theory of the damping in n6am under large
tension :

steel'plate clamp
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Pov'Jul*rr

,\
Qre. mode, d{.125mm S wire, doubls pendu S ples damp ' 

y= \o' ! c-

106 
1o'l

-0"

/05
Ht

b Fu/ Q.,^t 0q l^=,,';. s/''ll lb,t o'/'

r{ltltz loLM
+ 
* 

rt"i'{M'
B.rter d^U , t^pl.t!*lii'r|

f*Strdi"d 
sources of excess /oss af

6b1 0-6 tevet.. 
r

Not due to residual gas damping (-10€ torr);

Not due to eddy cunent damping (- l Gauss);

Not due to recoil in support structure (double
pendulum);

Not due to excitation of test mass intemal
motion;

Not due to coupling with other modes
(bouncing, swing, rocking);

Not due to wire damage at clamping;

Not due to nonlinear (hysteresis) sliding friction
at contact;

10;-
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t&

T*1" sts -- 6of
': meagned Q
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Thursday PM Status of present Detectors II
.Ianua4r 30 Chair: R. Flaminio

4:30 14. Barton(ICRR-Tolqfo) A 2D X-pendulum Vibration Isolation Systeur4:55 Discussion
5:05 G. Matherrrrs(Notre Dane) GR Nrlmerical Result,s Relevant to Gravity

Wave Detectors5:30 Discussion

Tkrursday Ehrening: Rrblic Lecture, V{treeler Opera House
Chair: S. Meshkov

8 : 00 G. Sanders (Caltech) f,istening to Einstein' s Universe



Aspen Winter Conference

January 1997

A 2D X-Pendulum Vibration
Isolation System

Mark A. BartonA, Takashi Uchiyaroul

Kazuaki KurodaA and Masa-KaLsu FujimotoB

lnstitute for Cosmic Ray Reseat'ch, University of Tokyo,
3-2-l Midori-cho, Tanashi-shi, Tokyo 188 JAPAN
mbartonGicrr. u- Lokyo. ac . jP
uchiyama@icrr . u- tokyo . ac . jp
kurodaGicrr . u- tokyo .ac . jp

National Astronomical Observatory,
Mitaka-shi, Tokyo 181 JAPAN,
f u j imot-o@gravi t.y . mt.k. nao . ac . jp
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300-m laser interferometer
fundamental parameters
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h=3x10-21
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arm-length
300m

detecto r type
recombined Fabry-perot
type with power recycling

cavity finesse
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effective power gOW
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Laser interferometer GW deterctors

country project base-lLre

USN I-IGO 4km(x2)

Italy

France

VII).GO 3krr-t

Gennauy

UK

cIo 600m

Japan 1'AMA 300m

TIMETABLE
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Basic LD X-Pendulum

Fixecl strpport

1\- Wires (3 or 4)

Moving plate
Side View Connecting bar (rigid)

= 
- - -iHorizontally rnoving point

Centre of rnass

Suspended mass
(e.g.,^laser rnirror)

Advantages

r Low frequency

e Srnall slze, especially vertically

r Good stability

Disadvantages

r Rotation of suspended mass

r Poor high-frequency performance

r Mass position is critical

Fixed top support

Hinge action {

X-wires

X-plates

Intermediate wires

Advanced l"D X-Pendulum

Bottom plate

Use of wires

- saves weight

- decouples rotation of X-plate

Advantages

o Good high frequency performarlce

o Non-rotating lower table

o Mass position is not important
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Inverted X-Pendulum

| (viurs) I Botto* platett

Neither half is stable alone, due to
the lack of a horizontal reference.

Each half supplies the horizontal
reference foi the other.

No particular advantages used alone,
but allows a very simple 2D version.

z
+
I\/

).,
/\

Bottom plate J

Fixed top support

Clarnp Clarnp

lntennediate wires

2D X-Pendulum Mechanism
One of four identical corner mechanisms:

Top support ------.

Upper, normal X-plats --r'

Intermediate wires (4)

Lower, inverted X-plate

Lower X-wires

Special arrangement of
wires combines normal
X-mechanisms at 90o.

,f UPPer X-wires

intermediate
and inverted

t!

X



2D X-Pendulum Side Views
Side View

End View

Normal X-Mechanisms

Inverted X-Mechanisms

NormaI X-Mechanisms

Inverted X-Mechanisn-rs



a High quality clamps for good Q factor

Tool sl"eel iaws

Strong clamp sclew

X-mechanism Features

. Fine adjustment by bodily
clamps using double-screw

motion of X-wrre
actuated lever

M6 x 0.75 tnm

M5 x 0.8 mm

Clarnp point and rnotion
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Transfer Function Measurements

. X-)x, z->z and z->x successfully measured

\

. x->z contaminated by z motion of
vibration table - data useless

. Large displacernent far from the centre of
mass, as in Mr Uchiyama's experiment

. Much smaller displacement near centre of
mass of load table.

.'Performance is not especially good since

the second prototype was not optimised

for good high frequency performance

Transfer functions: z->z and z->x
PZI sensors on "kotatsu"

. Required irnprovements are straightforward.



X-Pendulum final Design (iii)

. Support table should probctbly be much
more rigid horizontally. This is still to be
determined. \

. Design should allow for the possibility of
adding PZT actuators for active vertical
isolation later if necessarv.

. Design should incorporate an automatic
levelling mechanism to remove long term tilt
due to vibration isolation stack.

. Normal mode analysis program has been
optimized for speed and some minor errors
have been eliminated.

. Agreement with measured mode frequencies
is improved but a slight discrepancy in some of
the tipping modes needs to be hunted down.

. Requirements for uew design are nearly
finalised.

. Drawing up is to be done by Nikon
Technologies, who will also make the double
.pendulurn.

Significance of Normal IVIodes

. The x and y pendulum modes are the useful
modes and involve mainly gravitational
restoring force.
. The moving parts are held together by
relatively thin wires. \

. Thus there will be many low to medium
frequency elastic modes as well.

. The elastic modes may amplify seismic
and thermal noise by resonance.

. Thus we would like to know the mode spectrum

Number of Normal Modes
. The load table and the 8 X-plates can move in
6 degrees of freedom (x, y, z, toll, pitch, yaw).

-> 54 degrees of freedom

. The support table is very stiff vertically due to
the legs, but can move horizontally (x, y, yaw).

-> 3 degrees of freedom
. Ignore internal degrees of lreedom of the
parts and violin modes of the wires which
are all very high frequency (>1000 Hz).

-> 57 degrees of freeclom
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FE lft (2) Working

Summary of Normal Modes
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Group
No.

Uount
of
Modes

Calc.
Freq.
(Hz)

Meas.
Freq.
(Hz)

Description

L 8 557 490(?) X-plate tipping
) 8 362 37s(?) X-plate tipping
3 4 339 344(?) X-plate tipping
4 4 233 239(?) X-plate tipping
5 4 155 180(?) X-plate tipping
6 2 59 57 X-plate vertical
l 4 32 36 X-plate tipping
8 2 n.5 2T X-plate tipping
9 1 17.5 T7 support plate yaw
10 7 9-12 ? X-plate horizontal
11 1 10 7.5 load plate vertical
L2 2 9.0 5.6 load plate tipping
1,3 I 8.6 8.0 support plate yaw

I4 2 5.6 8.0,
8.25

support plate
horizontal

15 I 2.7 2.1 load plate yaw
16 2 adjust-

able
adjust-
able

support plate
horizonl"al



l6.ut

E 16: (1: 55) Yawing mode of the load plate

eigennrodesl3 nt

H 13: (2, 50-51) Tipping modes of the load plate

Th"oi "
e'1 tl-

il.oso.r.ol : L"l Ht-

1000

Tk*3,
heos* ed, : S'6 Hz



X-Pendulum F'inal Design (i)

. X-wires and intermediate wires should attach
to the X-plates at the salne vertical level.

. X-plates should be as light as possible.

, Probably the centre of mass should also be at
the same height but this is still to be deterrnined.
There is a trade-off with optimising the basic
X-pendulum operaLion.

cigennrodes I 5.nr

H 15: (2, 53-54) Horizontal modes of the support plate.

'[[*or.1 : S' eH.
8.o,l'\"os,rrtd I 9. 2.5 Ha
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69: (2, 37-AlJ) More non-descript tipping nrodes involving all
the X-plates.

1."*l: lJ' 5 H.
10'15 l{zf4cagaraol "

eigenmodes06 nr

@62 (i, 29-30) Vertical motions of flre X-plates with top/bottom
pairs in phase

1k-'1'
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;
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Transfer function: x->x at different vertical

X-Pendulum Final Design (ii)

. There should be 4 X-wires (for greater
rigidity) but only 2 adjustment mechanisms
(for lower cost).

. The X-wires should attach to the load plate
the same vertical level as the centre of mass.

positions

Support plate x

- 
At the "kotatsu"

- 
frfqar the coM

Double screw

Adjustrnent lever

Mounting plate

X-plate

. The suspension point of the double
pendulum wires should also be at the COM
height

at

Height

Load table



Anticipated Improvements from
Optimization of Dynamics

Second proEoE)G)e (aE coM)
OoLimised version

The upper curve is based on a normal mode analysis of
the second prototype.

The lower curve is for a system with identical masses and moments
of inertia, but with X-plate and load table clamps aligned vertically
with the respective centres of mass.
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General Relativistic
Numerical Hydrodynamics for Neutron Star Binaries

Results Relevant to Gravity Wave Detectors

G. J. Mathews
P. Marronetti - Universitv of Notre Dame

J. R. Wilson - Lawrence Livermore National Laboratorv

c.LlNE f6^u13

Physical Processes in Close lr{eutron Star Binaries

7" Lr4o uJo v)

. Orbit Instability

o Collapse Instabitity

Compression/Heating/Neutrino Emission

Internal Stellar Fluid Circulation
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' Conclusions/Implications

o Orbit instability may occur at low frequency

o collapse instability may occur - sec to hrs before merger

o compression heating may produce observable signatures
Gravity 'Wave

Neutrino Burst
Baryon Wind
Gamma-Ray Burst?
Radio Burst?

?

6w {,"

, .\
o Power loss from neutrinos and(electromagnetic)radiation may dorni-

nate late evolution : 
- 

/

L:-Llf!€ 1tl^tr1ij

2000.0

1500.0
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Collapse
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Why is the FYequency Lower?

Circular Orbit Condition
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Why do the stars collaPse?

Newtonian

Momentum Equation

Hydrostatic Equilibrium

dP GM,
d,r 12

Os * : -ur,u):.:6-- **t ou{v\ -,* +2,,(D +rn)(w - #lW,/ 0t QG,}IJ 0si.#,ffi
Isotropic Coordinates
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When does the collaPse occur?
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Compression Heating
T (MeV)

Ero: Eon - L,

Input thermal energy

Enq(wA -t'

; dE;n d(l /& - 1)
uNrL - dW& - 1) dt

Neutrino flux

( r2r3 \d'(r") * t, tF"(r,T) * (o*iu )F o p'' d,
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Friday AI"I SigrnaL Processing and Data Analysis of Fcisting and Future Data I
Jarruary 31 Chair: N. Robertson

. 8:00 S. Vitale(Trento) Data Analysis for Resonant Detectors-
AIIRIGA Data Analysis

8:25 Discussion
' 8:35 W. ,Johnson(tstt) tessons Learned, from Allegrro and Others

9:00 Discussion
9:10 Coffee Break

' 9:25 P. Astone(Rome) Interactive Method for tlre G!{ Period.ic
Sources Search

9:50 Discussion
10:00 A. Wisenran(Caltech) zuture of Coalescing BinarY Data Analysis
10:25 Disctr.ssion

^ 1,0:35 C. Ctrtler(Penn State) @rf RrLsar Searches
Ll,:00 Discussion



DATA ANALYSIS FOR RESONANT DETECTORS:

1) AURIGA data analYsis

2) Signal Timing with ps Resolution (Experiment)

3) Background Measurement with bars and spheres (Theory)

M. Cerdonio, V. Crivelli-Viscontio A. Ortolan, G.A. Prodi, L. Taffarello' G.
Vedovato, h\4i@and J. P. Zendri

S. Vitale 1ll8/97 |

AU ZI G A
toTuvlt Z3Tons

L. Baggio
M. Bonaldi

M. Cerdonio
A. Colombo

L. Conti
V. Crivelli Visconti

P. Falferi
P.L. Fortini
R. Mezzena
A. Ortolan
G.A. Prodi

L. Taffarello
G. Vedovato

S. Vitale
J.P. Zendri
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The AURIGA
fully digital data
acquisition and

processing
system

23-bit (L8 linear)

5 kHz
sampling rate

30 Gbytes
cassettes raw
data storage

for full retrieval
ability

[Phys Rev D50, 4737,
( 1e94)l

S. Vitale 1118197 2

Tested on AURIGA
+

Room TemPerature Antenna

(Noise Spectrum->Scaled Replica of AURIGA at its Goal

(Av >10 Hz)

S. Vitaie 1/18/97 3



Template-Free AnalYsis: Signal Expanded in Statistically Independent
Ei nctions

The lowest eigen'function
(+ a nl2 phase shifted

companion)

The rapid decay of the SNR

For Most Signal a Delta is
a 907o faithful

representation uP to 50 Hz
Bandwidth

P[.2, L" b!P, (rrr 1r1111

S. Vitale IlI8l97 4

"goodness of the fit" rejection of spuria
[Nucl. Phys. 848, 104 (1996)]

\4/iener amplitude estimation: minimize the log-likelyhood (12) function as a

function of the amplitude A (and of other parameters 0):

A(e) = l),lu=ruik[xi -.0.r(t,,e)][xk -Af(tk,e)]

minimum

l[r-.N \ A2l r[r,?z A'l
=;l [)t.u=lPikxixk l-- l=;l N 7- t I--t oi l zl oi o-A J

= m.s. of whiteneddata; otr = expectedm-s)

A-in

(Y'

100

80

-60

A40

20

2Amin has to obey 72 statistics

S. Vrtale lll8l97 5
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?n

25

20

15

10

5

0

reo

Antennas ArraYs
oPtimal

1

E.z

.E

llJ

$uq
A(e)=#

5l
?-"?

amplitude estimation:

(M antennas)

log likelhood:

2A-i,, = ry=,[oo "* *]. r[,[q#] =

= I[,ri (No - r). I)'=,[q#]

each antenna has to
give a good fit

the M amplitudes
have to be
consistent

1

"-r
u-+

F0{
E

0j
-r

, tti tt t,.

'F
trF

E0{
F

-t
^FF
-l

S. Vitale l/18/97 7



Time of Arrival: Maximum of the output of the wiener Filter

v=l kHz : qoo,=30 

- 
Noise """"' SNR=10
Onlv

10

Wiener Filter g
Output
(o=1)

Two components:

S. Vrtale l/18/97 8

t (s)

Locating the time of each peak (phase timing)

Locating the highest peak (peak timing)

T
tarrival = k;+tQ

Total Time of Arrival Distribution

SNR=6

-JO

20

l5

t0

5

0

z

S. Vrtale IlI8l9'/ 9

k, t5 and Amplitude are Independent



Phase Timing
lPtrys. Rev. Lett., 71,

4107 (1ee3)l

S. Vitale 1/1819'7 10

=T 1 
-173Ps @9zo:Hz

2n SNR SNR
o,o

Peak Timing

for

for

( zn\z )Il- | <<n'-
\Tcox ) T
(zn\z .tx
l-l>>rc--
[Tco* ) T

Under Damped <---> Over Damped

Beating Mode

When ok<<l

t

Noise Autocorrelation: R(t; = o2u-frcos(co*t)*tf?lr)\ / \T )

Peak uncertainty:

21
CD*T SNRok=
4r I.

T SNnz

S. Vitale 1/18197 ll



The Room Temperature Antenna

Under Damped Beating Note

.0 06 -0 04 '0.02 0 0.02 0.04 0'06 o 1

Trne G) 10

At SNR>20 o1= $ P5

S. Vitale llIS/97 12

Gravitational-Wave
Stochastic Background

Detection with Resonant'
Mass Detectors.

[Phys Rev D'97J

S. Vrtale IlI8l9'/ 13



Two Detectors Correlation (R distance)

thu(t)hb(t,t\ = I Tor.S(or)e-io{,-t') xOIS,e)\--\-/--\-//2nJ\c)

0.80

0.60
X

d0.40

0.20

ooi
-0.20 i

-0.40

S. Vitale lllS/9'7 14

0.80

0.60

0.40

X

0.20

0.0

-0.20

VIRGO-NAUTILUS -AURIGA

AURIGA.NAUTILUS:
Arrow: orR/c for

a=2nx920Hz R=400 km
57o: present value of 0

x =oR/c

Two Spheres

. 1.5

x

raI
trl

-0.5

S. Vitale 1/18/97 15



ThelinearizedestimationmethodwithNdetectors

halt; = n"(t) + Asa(t) {1 < a, b < N} (s-> signal, n->noise)

Bilinearunbiasedestimateofminimumvariance:

N

A2 = T. |.t u,i-\r'*"0(r,t')ha(t)hb(t') with (At)=o'A - .L .t-T J-T
a.b=1

Solution for Asa (t) << nu (t) :

TT
z t at" 

J 
ot"'gu51t", t"')Rfi(t - t') RH(t'- t"') = -| niblt - t'; 

a*b
-T -T

gru(t,t')=0 a=b

S. Viule 111819'7 16

Estimated
Table I

sensitivities of various detectors arrays.
2T =1

Detectors array

-AUNTCA.NAUTILUSDresent orientation
2xl0'eg 1.5x1.0'r

AURIGA.NAUTILUS
best orientation

L 0-4e 8.5x10's

NUNTCA.NAUTILUS-
VIRGO

present orientation

1.3x10-cc 10-4

AURIGA.NAUTILUS.
VIRGO

best orientation

8x10-so 7x10-s

VIRGO and
One 38 ton sphere

2.5x1O'so 2x10's

Two 38 tons spheres at
AURIGA ANd NAUTILUS

sites

2xL0'st 2xl0's

S Vitale 1/18/9'1 17
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ft r^uee Ro { otl'rvs

( qltial t .* t qlrcl\t 5 or;t'rtlicl ) coal : detecr coalegcins binary neutron etars

Qttrux Toxrlrv
l*orumr 9f'nu UiN'

The natural target for interferometers

Shot noise is reduced at lower frequencies

Signal is higher at lower frequencies
--long time at low f causes signal strain h(0 to vary as -(f)l

Puts very large premium on low frequency sensitivity

E



mass [] spring Ll0,QO

1500 kg 1500 kg 1500 kg 1500 kg

*Til'H",.^ t

f
10-

1O'8

10-lo

10-12

1O-14

1O'1u

10-18

10'20

7d7

Dominant problernS: Mechanical

I Seismic transmission

I Non-thermal generation within suspension

I Thermal generation within suspension

with < to-11 m/./ft $ <l Hz) via active isolation

with < 19'16 ml^lHz, (f > 10 Hz) via passive isolation

Looking at a different mix of ingredients, using mostly ones proposed by
people in this room, hoping to find a better recipe.

one remaining problem : thermal noise in final
stages -*iiio' ' rna [Gt.t6*, stt{+{, Ittstdr "' J

-\

Assume double pendulum mirror below platform

Actually need 2 more stages for final seismic isolation
to 10-20 r.r.l',lHz for f > 10 FIz

' Thermally generated random forces must be very low,
Equivarent?'SmuslgEy.bid't p9
Limits unknown ?

10FIz
10Q

l9Hz 10Hz
10Q 10Q

lor 102
frequency (Hz)

N
I--7
o
q)
(l)
E

3
+

15 kg
lHz

1e6 Q
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{dr
lo lo0 l00o
f (t*t

t
The pendulum is too good to dismiss'

It has plgye&bsg! for the mirrors, why not back a winner ?

Considered alternatives

Rubber springs under compression, St ^i{d 
LIGO were ruled out by

their mais an? stilfness atleasonabie working load

X-pendulum nlled out by stilfoiess in other DOFs

Use of over-iapped penduJa, to shorten totat height while preserrrlng

indiqral ieneth, wai calculate to be unstable to capsize'

g
? \ trtrTr{r. ?trtllRrl[s

\
7

t*d(



wire from the staee above.
Differences with'VIRGO :

As proposed and developed by lE99 collaboration

The wire has very low stiffness in 5 out of 6 DOF
so 5 out of 5 Problems solved \

The large axial (vertical) stiffness requires major effort to control.

all interferometers have used active isolation

but active isolatiory at best, is useful only up to a "sensor limit[ specific to its

configuration

so active isolation's real function is to maintain angular alignment and

cavity length within the needed range'

passive isolation witl superior in the signal frequency band. (excluding heroic

developement of sensors).

1) Make it smaller

moderate mass in each stage (250 kgm)

moderate pendulum length (25 cm),

=> oendulum freouencv =1.0H2

::> sta& height : (5+1) x (25+5 cm) = 1.3 tt

double pendulum height + clearance - 0.8 m ?

Natural lower limit for mass is not obvious
how small can one go?

1

detectors :

\O



2) Use design and construction details suggested by
resonant detector exnerience

Explicit normal mode conkol

Allow only high modes (> 2kl{z)
stiJf masses (compact)
sti{f attachments
smaller diameter fubes and wires require short lengths

Or require modes to be very low (< = 1 11r;

Intermediate frequency modes are guiity until proven innocent

But cannot avoid some modes in the springs ("violin modes", etc), so make
them low-mass which reduces their danger

All shesses levels far below yield G 25% of.yield ? )

All loads carried by metal, not rubber

Expect metal under suc-h moderate stress to have no micro-vield and creep
and other non-thennal excitations

Must admit that the physics here is largely unknown, and that the safe

stresslevelisjustaguess | _- ^. s | ,u€ss l,r1 c{ Bgirl hy

o\ict t en,*{irr.r I 
6nrr

Special attention to all joints

They are the suspicious locations for non-thermal noise : e.g., microyield.
microslip. and upconversion

So weld, braze, or solder all joints, induding all bolts

Put all loaded joints under compressiory and fill them witlia stiIf,
molecularly bonded'Joint compound", like solder ,

lolt

$tlp

Frtr b ftff

E.g. ordinary clamping method for wires has to be dangerous practice.
Even when they do not hurt the Q, they may well be a source of "microsliP"
as the wire saws back and forth across the edge' F-

Suggests copper alloys for all parts

BeCu for suspension wires

ordinary copper for bulk

Wide variely of compatible brazing compounds and solders for all joints

Ir 9r t{rlt} \ttv loO cc

{rlt hd tr $h", 8i0rr Cn , rr } ',

4 r-rf
tf-

re -N
ll\ I

I I lF

tl
I
t
V uo,tr

ll
l,%



Otherwise a compound pendulum will have enorrnous seismic motion

Electronics are probably better and cheaper than mechanicals,

but only for low frequencies and low loads'

Requires 6 sensors and 5 actuators for every stage 
\

Simpler iI actuators act between stages

Use a geometry that makes mode orthogonalization (MIMO?)

straightforward

For actuators - use magnets and coils

Evaluation required : which sensor is most reLiable and most sensitive ?

optical ? (ILA ?)

capacitive ? (MlT ?)

LVDT ? (VIRGO?)

Sensors and actuators and feedback networks ought to be cheap, but what

is realistic ? (does "mass" production reduce cost?)

Evaluation required: what is best inertial reference?
Proof mass in an accelerometer module?

Or the stage below?
This would cause all stages to ultimately follow the bottom stage, which
becomes the final reference
It should be the quietest object around.
Does a such a staged servo system have better or worse dynamic range
?t
Is servo stability a problem ?

4) Steer the bottom stage

Will require cavity length and alignment info from an optical system

Inertial reference is the flywheel, not the governor

Quiet and aligned stage should gteatly reduce (or even eliminate?) servo
requirements on the final mirror

Steering error depends on sensor drift and servo behavior
perhaps A(length)-10-11m - tO-51'
and A(theta) - 10-11 m/0.3m - 3 x 10-10 radians
or better ?

what is requirement ?

'tl.
',.|\?\t;?



r
O Finally. the radical proposal : reconsider gas
springs for vertical support

alternative to flexures

Mass comparison

Seems mechanically simpler (based on no experience)

Microphysics of gas support is absolutely reliable
no non-Gaussian noise mechanisms in the stressecl gas

but rnetal membrane (bellows) must be considered

Therrnal stability becomes a major question

But it is a slraightforward engineering firoblem (no unknown physics)

sensing of vertical height makes a fantastic thermometer, so use it-

Use heater for slow actuator, use magnet and coil for fast actuator

Drastically shorten thermal time constants iia"*f.'fty;'ili |(

(q. ..l1xH:ll;::iff:,ili1;:'ffionpath Il. .* g: * g0r
tzril; '..lnl Q;'tr.) 0 .l 3t* :
l'l'll' , .Vll
l,7l[...1,/f h rall t-..r., t) 

F*" tos
Very low heat flow ' It

Use good vacuum (free)
Use high reflectivity surfaces (cheap)

9..i

A

ture controlled radiation shield

absorber

et 1r'rT- t I

F#) [+J(*LJ
?"(o'{) [*,u)

a

but optical problem .

New cost : need temPeratur
expensive ?

how stable ?

could be light shield and ab

s (T.f-rrt) e e
-:: 

O

!*l -l 
-

€r'?a .6n,t

o O,5 r.t h

A

r{'" yY*,
.,(:!ir#

. D ._;fKTt q i' lo ?
t5 tG v) Al.t r/f(O-l r.a



Heater, gas, and bellows aPPear to be excellent slow actuator

easy to fill (capillaiY)
long stroke
perfectly smooth !! motion

High conducfivity and temperatur'e stability are good things anyway

Is thermal &ift a significant source of noise 2 \

Ignorant of vibration modes of a bellows
but intemal constrained layer damping might control any problems

Possible stumbling blocks

AII the other components (laser, input optics, etc) may require nearly
comparable mechanical stability

The Murphy daims this is obvious

Sensors may require impossible pre-alignment \

Sensor noise (as fedback force) might not cut off fast enough, and so
overwhelm thermal noise at 10 Hz

Mechanical "lff noise"
or is it only thermal drift ?

unknown physics at lower frequencies is possible

Support tower may amplify ground motion

Bellows may t'crinklett

Sensors, or feedback network, may be too difficult or too expensive

Height control may fail
from insufficient range in fast servo control
from complicated thermal dynamics

So far, there is not much in the way of good tests for a suspension system,
besides using it in a real detector (which is an expensive).

It would be helpful iI there was an inertial motion sensor
(accelerometer) with intemal noise less than 10-16 meters/{FIz
from 10 Hz to 1 kHz.

iB
\'.[



frle gas,sPrings-ltr

Short Pendulum - Gas Springs -- cross section, 3 stages

<- suspension
wire

mechanical
limiter
(3/stage)

Mirror

i
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Friday PM Sigrnal Processing and Data Analysis of scisting and Ftrture Data Ir
,January 31 Chair: M. Cerdonio
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5:05 B. Allen(Ca1tectr) enesp(GravitationaL Rad,iation Analysis

and Sjmulation Package)
5:30 Discussion
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6:L5 P. Brady(Caltech) Continuous Wave Sources: HierarchicaL

Searches and Stepping
6:40 Diseussion
6:50 M. Cerdonio(Padova) (Alrnost) Isotropic slry Coverage for qrf Bursts

of ttre Tscorning World Network of
fnterferometric and Bar Detectors7:L5 Discussion
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4 GRASP Routines: Reading/using Caltech 40-meter prototype
data

There is a good archive of data from the Caltech 4Gmeter prototypc intcrferometer. Although
the interferorneter is only sensitive cnough to detect events like biuary inspiral within = l0kpc
(the distance to the galactic ccntcr) lts output is ncverthcless very uscful in studying data malysis
algoril,hms on real-world interferometer noise. 'lhis data wm taken during the periqd from 1993 to
1996; for our purposes here we will concentrate on data taken during a one-weck long obseruation
run from November 14-21, 1994. t hc original data is conlained on 1l exabyte tapes with about 46
total hours of data; the instrument wm in lock about 88% of the time. 'fhe details of this run, the
status of the imtrument, and the properties of this data re well-described in thc'ses by Gillmpc
[11] and Lyons U2l.

The GRASP package includes routines for reading this data. The data is not read directly from
the tapes themselvm; thc data instead must be read off the tapes and put onto rlisk (or into pipes)
using a program called extract. The GRASP routines can then be used to read the rcsulting files.
While the GRASP routines can be used without any further understanding of the data format, it
is very helpful to understand this in morc detail. Note that these data formats and the amciated
struclure were defined yeus belore GRASP was writl,en; we did not choose this data forrnat and
should not be held accountable for its shortcomings.

4.1 The data format

f)ata js written onto the exabyle tapm in blocks about 1/2 megabyl.e in size. I'he lormat of the
data on the tapes is as shown in Table 4.1. The tape bcgiru with a main header (denoted "rnh" in

mh l 0's 0's mh | 0's 0's rnhlehl0's data nrlrlshl0's dala
1024 t024 toz4 t024 1024 1024 x n 1024 102,1 x n

Table 2: Forrnat of Exabyte data tapes (first row; coutenl,, second row: length in bytes).

the table). This is followed by a sct of zeros, padding the lcngth of the header block to 1024 bytes.
There is thcn an empty block of 1024 bytes conl,aiuing zeros. This pattcrn is repeatcrl until the
first bloci containing actual data. This is signaled by the appcuance of a rnain header, followed
by a gravity header (denotcd "gh" irr lhe figurc above). 'Ihese two headers are padded with zeros
to a length of 1024 bytcs. 'l'his is l,hen followed by a set of data (the lclglh of l,his set rs a multiple
of 1024 bytes). Informalion about the length of the data sets is containcd in the lrcaders 'I'hc data
sets themselves consist of data fronr a toCal of 16 channels, each of which corncs from a l2-bit A
to D converter. Four of the 16 channels are fast (samplc ratcs a bit slower t,han l0kHz) and the
rcmaining l2 channcls are slow (sarnple rates a brt slowcr than lkIIz). 'lhc ratio of sarnple rates is
exmtly l0 : l Within the blocks labeled "data", these sarnples are interlcavcd. 'l'he information
content of the dillerent channels is detailed on page 130 of Lyon's thesis [12], and is sumnrarrzcd in
fhble 4. l.

The prograrn ortract reads data ofl tlre {.apcs and writes thcm into filcs. Onc filc is produced
for each channel; typically these filct are nanrcd ch:uel.0 -+ chmel.15. 'I'hc cornplcte set of
these files for the November 1994 run lits onto two Exabytc tapes (in the 8500c cornpresser.l fornrat).
The inlormation in these liles begins only at the uromcnl wherr the usclul data (starting with the
gravity header blocks) begitts to arrivc. Thc lorrnat of the data in Lherc chmuel. r files is showrr
in Table 4.1. Here the maitr headers are thc saltrc as treforc. however tlrc lrctdurs that follow tlrcrn

r38
t39

140

t

74



Data Dropouts
'19 tlovemb€r94 tape 3

I

't00 0

500

oo

-50 0

-100.0 L
50 660

4

5

D

7

8
I

a10
ll
12

l3
l4
l5

Table 4: Channcl assigntnetrts lor the November 1994 data runs.

channels, sanrpled at about 10 kHz; thc remaining twclve ue the

aboui lI(Hz.

€tapsd bmo ($c)

Figure 15: This shows the appcarance of chmel.0 bcfore and after the grtract prograrn war;
repaired (on 14 November i996) to corrcctly ex[ract data lrom the Exabyte data tapesl 1'tru ot.l
version oI extract dropped the ten data points directly above the words;,missing data"; in efiect
thcse were interpolated by the diagonal line (but with tcn times the slope sho*n-sinco everything
in betwmn wu rnissing)

dc strain
nrode cleaner pzt

seismomcter
slow pzt

powcr stabilizer
unrrsed

TTL lockcd
arm I visibility
arrn 2 visibility

mode cleaner visibility
unused

arn I coil drivcr

.g

o

Channels 0-3 are thc "fast"
"slow" clrannels, sarnplctl at

IFO outpul,

mode cleaner pzt
seismonreter

unused

unuscd
urnrsed

TTL lockcd
arm I visibility
arnr 2 visibility

mode cleaner visibility
slow pzl,

arrn I coil drivcr

77
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4.8 Example: aninat€ Program

This examplc uscs the function getdataO dcscribal in the previom sectlon to producc an an-

imated drsplay showiug the time series output of the IFo in a lower witrdow, and a sirnulta-

neously calculated FFT power spectrum in the upper window. 'lhis output I'rom this program

must bc prped into a public domain graphing program called ngr. This may be obtainerl from

ttpt / /ttp,ta]leport . coD/pub./users,/ptmer/acegr. sorne sample output of uinate is shown

in Figure 16.

t0000 20@0 30000

pm
t(s)

Figure 16: Snapshot of output from aninato. This shows the (whitcned) cl'l 'lGmeter lFo a few

seconds after ac<luiring lock, bcfore the violin tnodcs have damped down

After cornpilation, to run the prograrn type:

uroate lrogr -PiPe t
to 6ct an alirnatcd {isplay showing thc data llowing by and the power spcctrum changitrg, starting

lrom thc first lockcd clata- You can also use this program with conrmand-liuc argunrcrtts, for

exaurple
uioat€ IOO 4 5OO 7 900 1.5 | rngr -pipe &

willshowthcdatafromtinrcl=l00totimet=l04seconds,thcnfromt=500tot:507'thcn
from | : 900 to t = 901 5. Notice that the scqucncc of stalt times nrust bc incrca.sing

4.12 Function: nornalrze,gvo

a vord norulize-gv(chu tfnue,int nPoint,float sratg,float +resPonae)

This routine gcnerates an array of complcx numbers R(/) from the inforrnation in the swept

sine file and an overall calibration constant. Multiplying this array of complex numbers by (the
FFT of) cb,.n*.0 yields the (FFT of the) differential displacement of the interferorneter artns

Al, in ruef.crs: Al(l\ : R(I)Cy(/). The units of I?(/) are meters/ADC-count.

-

The arguments-Af 

- 

\

fnme: Input. l'he name of the filc in which the swept sine nornralization data can be found.

npoiat : Input. Thc nurnber of poiuts N of chuel .0 which will be used to calculate arr FFT
for norrnalizal,iou. Must be atr iuteger power of 2.

6rate: Input. Thc sanrplc rate in Hz of chauel.0.

r€sponso: Output. Pointer to an array response[0. ,s] with s = N f I in which R(/) will be

returned. By convention, n(0):0 so that responsetOl-responge[1]=0. Array elements
response [2i1 and response [2i+ l] contain the real and imaginuy parts of It(/) at frcquency

I:i*ate/N. 'fhcrcsponseattheNyquistfrequencyreoponaellll=0andresponssltlrll=o
by convention.

Thc altsolrrtc normalization of the interferometer can be obtaincd from the information in the

swept sine filc, and one other normalization constant which we denote by Q. It is easy to understand
[ow this works. In the calibralion process, one of the interferometer end mirrors of tnass rt is driven
by a magnetic coil. 'I'he equalion of motion of the driven etrd mus is

(4. 12.l)

whcrc ll(l) is thc drivrrg force and Al is thr: diflerential lcngth of l,he two interferometer arms, in
meters. Sincc tlre driving force d(l) is proportional to the coil current and thus to the coil voltage,

in frequency space this eluation becomes

,,fio, = r1r1

1-2ntl)2Et= cor$tart x 7.orr = corrsrarr[ x ffi

with n(/) :##h,

(4.12.21

We have substitutcd in aluation (4 9 8) which rclales Vlps and V.o1. The IFO voltagc is dircctly
proportional to ihc quantity raordcd itr chmel.0: Vrno = ADC x Cq, with thc constant ADC
being the ratio o[ thc analog'to-digital convcrters inprrt voltage to output couut.

Prrlting togcl,hcr thcse factors, thc propcrly uornralized valuc of Al, in meters, may be obtaincd
frorn thc infornration lrr chilnel.0, lhe swcpt sine file, and the quantities given in Tablc 5 by

Al:n(/)xCo (4.12.3)

wficrc the-dcnotes Fouricr trartsfortn, and / dcnotcs frcquency in Hz. (Notc that, apart front thc
conrplcx conlugatc on S, tlrc corrveutions used in the Fortrier transform drop out of this equaliol,
provided that idcnt rcll convcntrons (4.9 3,4.9 4) arc applied to bol,h Al and to Cs). 'I'hc constanL
(llantity Q rndicatcd in thc above etltrations hu bcu calculated and docurnentcd iu a scrics of
cllibration experirnents carned out by Robert Spero. In these calibration expcrirnents, tlre irr
tr:rferorncter's Sorvo w,b lcfl, ogrcn-loop, ltrl tlte cltl rr&ss wes dlivcn at a singlc frcqtrency, hard

I (H.)

86
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lbble 5: Qrrantities entcrirrg into normalizatiou of the IFO output

enough to move the entl mass onFhalf wavclength and shift thc interferences frirrges pattern over
by one fringe. In this way, the coil voltagc required to bring about a given length motion a[ a
particular lrequency was established, and from this information, the lalue of Q rnay be infcrrcd.
During the November 1994 runs the value of Q was given by

4.13 Example: pouer-sp€ctruto program

This example uses the function nomalize4u O l,o produce a normalizal, properly calibrated power

spectrum of the interferonret€r noise, using lhe gravity-wave signal frotn chmel.0, the'I"l'Llock
signal from chme1. l0 and a swept-sine calibration curve.

The output of this program is a 2-colunrn file; l,he first column is lrequcncy and the second

column is the noise in units of meters/y'H2.
A couple of comments are in order herc: \

l. Even though we only ned the squared moduhrs, for pedagogic reffons, we explicitly calculate
both the real and imaginary prts of Ll(l) : nU)CoU).

2. The fast Fourier transform of Al, which we dcnote FFT[All, hu the sarne units (meters!) as Al.
As can be inrrnediately seen frorn ffumencql lleo;rs equation (12.1.6) the Fourier transform
Al has units of mcters-sec and is givcn by Al : At FfT[Atl, where Al is the sample interml.

The (one-si<led) power spectrum of Al in meters/ Jfr is p : ,/+El where T = NAt is the
total length of the obserntion interml, in scconds. Hence one has

o = 
l6Tffi: 

r.428 x ro-lrr*#" where r!: zmsorjsp. \4.r2.4)

(4.13. l )

This is the reason lor the frctor which appears in this example.

3 To gct a spectrunl with dccent lrequency resolution, the tirnedomain data must be windowed

lsee the example program calibrate and the lunction avgspecO to se how this works).

A sample of the output from this program is shown in Figure 18.

r--T- hntn: /"d a, FFr{arl: \/-tr FFrlarl.

tm lom

to'o

to-"

ro-"

to-"

r --

E to'''
3 ro-''

to-"

to-''

to"
to-"

Froquonct (ll2l

Figure t8: An cxample of a powcr spectrtrrrr cttrvc produced with porer-spectrm. The spectrurn
producetl olT a data tape (rvith 100 poirrt srnoothirg) is conrparcd to that produced by the HI'
sptrtrunr analyzer in the lab

1.428 x l0-

Displacement Spectrum
19Novgrh3
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Data Stream
19 Nov 94 run 1

19 November 1 994 run 1
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3.30 Vetoingtechniques

In an ideal workl, the output of an interferomcter would be a stat ionry signal dcscribed by Gausstan
statistics (with vcry rare superposed binary inspiral chirps and othcr gravitational-wave siglals).
This is unfortunately not the case, s can be qrrickly determincd by simply listening to the raw
(whi0ened) interferometer out,put. Typically the output is a stationary-sounding hiss, interupted
every few minutes by an obvious irregulrity in the data stream These ue typically npops",

"bumps", "chcks", "howlers", "scrapers" and other recognizable categories of noi!€s. In at lerot
some cases, there are "suspects" for these evenls. For example thc pops aud bumps mighi be
problcms in any of the hundreds of BNC cablc connectors used in the iustrument.

It, is an unfortunate fact that thc output of an optimal filter strongly rellects thcse events. As
you have seen in the previous section, a delta-function-like impulse signal in the IFO ouput can
cause a large signal in the optinral filtcr. And in prrctice, this happcns all of the time - the outputs
ofoptimal chirp filters arc frequcntly triggered by identifiable evcuts in l,he IFO data stream that
are cleuly not binuy irupiral chirps. Distinguishing these events from rcal inspiral chirps is called
ueloing We have found that two vetolng techniques work particularly wcll.

The first technique operates in the time domain, and is documented in the routine is4auseiaO.
The idea is straightforward: if a chirp del,cctor (optimal filter) is triggcred, then we look in the
data slreanr for an impulse event that might be rsponsible. Such events can bc forrnd by looking
at the statistical distribution of the points in the time domain. If this distribution is sigrrificant ly
notr-Gaussian then it indicates that some large transient event caused the fill,er to trigger, and the
event is rejected.

Thc second technique is dcscribcd here, and operates in the frequcncy domain It is a very
stringent test, which determines ifthe hypothetical chirp which has been found in the data srrcam
is consistent with a true binary inspiral chirp summed with Gaussian interferornetcr noise. If tIis is
true, it should be possible to subtract thc (best fit) cbirp frorn the signal, and be left with a signal
stream that is comisterrt with Garrssian IFO noise. One of the nice featurcs o[ this technique is
that it can be statistically characterized in a rigorous way.

Suppose that one of our optimal chirp filters Q is triggered wit,h a large SNR at tinre ls. We
will derrotc the sisnal uolu" o%

5 rgnaf ; | ': Ili',orYi-J?,-^''" | (r30,)

(llere, /p, denotes thc Nyqist frcqucncy, orre-halfof the sampling rate ) 'I'he chlrt) tctnplatc'l' is
norrrralizcd Eo that tlre expcclcd value (N2) = l;

f,tlct Notn :

are defirred by tlre condition that the erwcted stgnal cotttibulions tn each lre4trency baill Jrcnr a

do$n rJ b 1'. (3.30.4)

Because the filter is optimalDw4u5e!|lcu|ler|l0pfrma[tnI5a@on|ributionsinerchlrand
from the chirp is the same. The frequency subintervals Al arc fairly narow in regiols of freque'cy

o:(As:) =W2llp=r/p. (3.30.6)

space where the tnterferomel,er is <|uiet, and thcy are fairly wide in rcgioru wherc tlrg IIIO is noisj.
Now, define n rut

.fT-l5r1nd1 I t=/_^,,"^,.*'##u-2o'lto ror -t, .,, | (r.30.s)

ue that tlre st arc
real' If the detector output is Gaussian rroise plus a truelliililhg.$f'{pccted value of each of
thue signal values is (S,l = s/p. In this casc tlre nlues o[-AS, = S. - 5fuFe i1r-lcpentlc,t nornral
random variables with a ntean wlue of zcro and a mrianCf?GEliltilFty rhe expecicd walue of
the noise.squued. Because of our choice of template normalization this is:

Hence, in the presence o[ a true chirp and interfcrometer noise, the probability distribution ot the
A5, is given by

p

P(A.Sr,. . ., ASe) = ll(2ro)-t lz 
"- 

as: 12" - (2ro\-p/2e-(asi+ ..+ Lsjl/zo 
.

(3.30.8)

The probability that r > Il in the

(3.30 e)

(3.30. l0)

(3 30 il)

(3.30.7)

Thw, if our optimal chirp fi'tii. is triggere,l by an event, we can check thc contributions to ilie
signal in eruh of p frequency subintermls, to dctermine if the distribution of frequelcy anl therrival times in the p distinct subintervals is consistcnt with ,,chirp * Gaussian noisc',.

Because the A,s. ue indcpcndcnt randorn variables with zero mean and nriance l/p, trre surn

Pr.\ r
1""'atffi=t. (3 30 2)

We are going to investigate if this si6nal is "really" due to a chirp by invcstigating the way in whic[
.9 gel,s its contribution fronr difTercnt ranges of frcqucncies. 'lb do this, break up the intcgration
region in tlrrs integral inl,o a set of p disjoint subitttervals L I t, ' . . , Llp wlrrtsc rrrrrorr is t lrc e nt irc
rangc of frequcncies frorn DC to Nyquist. Here p is a small intcger (for cxarnplc, p = tt). 'l'[is
splitup cau bc pcrlormcd using l,hc GRASP function split!p.!J:Thc frc<lucncy intcrvals:

Lh = {l l0 <.f <.fr}

^.1: 
= lJl|t<l <lzl

LIp : {lllpt<l <INvl,

0l

ln practrcc (bascd on cl'l'40-nretcr data) brcaking up thc frequency rangc into p : g intervars
providcs a vory rcliable veto for rejating evcnts r,hat triggcr an optiural rilter, 5ut whidr are nou
themselves chirps. The value of Q(4, 10.0) = 9.6163... so if 12 > 2 b t,1cn onc ca* c'rclrrde 6r^t,
the likelyhood that a given trigger is actuaily duc to a chirp is less th*' l%; rcjccting or vctoing
such event3 will only reducc l,ltc "trttc evort" rale by 1% Howevcr rn practico it clminates alntost
all other evenes thal trigger an oPtirnal liltcr; a noisy evcrt that, stirnulatcs a lrrn;rry clirp filtcr
typically hm 12 = 100 or llrgcrl

Ftcl r
f r,lcrve\t 1

P(r > Il) : (2ro)-e/2fip-, [* ,r-tu-,'tr",1,
ln

l/6: #rr li,,."'''-'" 'o'

(J 3r) 3)
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3.35 Some output from the oPtimal program

Sonre output from the oPtiul program follows:

ou au: 3.11 offset: 23623 data strt: 180.00 66c. vuiilco: 0.9404'l
N 6r: 2.91 offsot: 3311 data gtartr 185.17 6ec. vuiuce: 0.84484

\
tDil Enr: 2.53 off6€t: 19041 data start: 309.26 aec. varianco:0.70333
nu au: 2.98 off6et: 35711 data start: 314.43 sec' cuimcs: 0.67523

l|ar SNR: 8.71 (off Bet 42109) vdianco 0.805030
If inpuleive svent, offset 55624 or tine 325.23
If iDspiral, teoplats €tut offsat 42109 (tine 323.86) coalescstrce tioo 325.23
Nomalization: S/N=l at 116.75 kpc

Linear conbination of nar SNR: 0.9316 r phaeo-0 + 0.3638 r phase-pi/2
Lo6s tbm 17. probability that thiB is a chirp (p=0.000000).
DlBtribution: s= 23, N>38= 12 (srp€ct 176), N>se= 0 (erpect 0)
Distrrbution does not app€u to have outliers.'.

ffi Bu; 2.51 offeet; 31183 data etartz 324.77 6ec. valiancsr 0.63028
nar ar: 2.56 offset: 49909 data stut; 329'94 asc. variucs: 0.66853

max su: 2.82 offset: 35080 data 6tut: 3002'03 Bec. varianco: 0.77306
nu 6M! 2.61 offsqt: 33141 data stut: 3007.20 s€c. valiance: 0.74268

Hu SNR: 89.75 (off sst 16678) vuimc€ 82'5470Os

If inpulsive €veot, offset 30193 or tine 3015.43
If iDspiral, templato stilt offset 16678 (tj.ne 3014.06) coaleBcence time 3015.43
llomlizatiou: S/N=l at 128.49 kPc

Lineu conbination of ou SNR: -0.3955 x phase-0 + 0.9185 r phase-pi,/2
LeBs thu 1Z probabrlity that this is a cbirp (P=0.000000).

Distribution: s.29,'rl>3s= 157 (€rp€ct 176), tt>5s- 30 (erpect 0)
Distribution has outllers! Rejsct

mx Bu: 3.24 offset: 224t2 data stilt: 3017.54 Bac. vuimco: 0.99474

oar au: 2.73 offset: 37777 data stut: 3022.71 eec. vuiance: 0'75325

w affi: 2.80 offset: 5893 data Etut: 4140.89 gec. viliance: 0.73240
Eu Bu: 2,75 offset: 46932 data stut: 4146.06 sec. vuimce: 0'69654

ilax SNR: 6.08 (offset 30002) vuiuco 0.883380
If inpulsive €vent, offsot 43517 or tine 4155.64
If in8piral, t€oplats stut offsst 30002 (tine 4154.27) coalescence trn€ 4155.64

Nomalizatioo; S/l'l'1 at 113.04 kpc

Lineu coDbrn&tion of nax SllR' -0.4773 x phase-o + 0.8787 x phase-pi/2
PoSSIBLE cttIRPr cith > 1./. probability (P'O.024f42).
Distribution: s= 31, t{>38= 399 (€xPect 176), [>5e' 53 (erpect o)
Distribution has outli€rs! Roioct

t]ru atrri 2.77 oflgett 15985 data stut:4156.40 6ec. vilimce:0.72095

:: "-, 
2.69 off8et: 47338 data stut: 4161.57 sec. vuia:lce:0.69709

This output shows thrrc eyents that triggered an opiimal filtering routine. The first and sccond
of thesc ewnts were rejected for dilTerent reasons. The 6rst was rejected baaurc if failed the
frequency-distribution test- The second was rejected because it had 30 outlicr poihts. The third
failed for the same rea.son: it had 53 outlier points,

Next, we show some output when a fake chirp signal is injected into the data stream. This can
be done for example by rnodifying optimal to read:

invllpc-inject=100.O; /. To inject a signal at 10 kpc, 6et this to 100.0 *,/
tiue_itrj €ct ( 1 .0,0 , O , 12345 , invMpc_itrject, chirp0, cbirpgO, data, re6pona€, output0,npoint) ;

'Ihis produces the following output:

Mar SNR: 9.96 (offset 12345) vuiuc' O.872624
If inpulsiv€ ov€nt, off8€t 25860 or tio€ 187.79
If inspiral, tonpl.ate stut offset 12345 (tine 186.42) coalescsaco tin€ 187.79
llomalization: S/N=l at 152.17 kpc
Lined coobination of nu SNR; 0.9995 r phase-o + -0.0304 x phase_pil2
P0SSIBLE CHIRP! sith > 1'l, probability (p=0.421294).
Di;tribution: s= 23, N>3s= 12 (expect 176), N>Ss= 0 (expect 0)
Distribution do€a aot appeu to have outliers...

tlu SNR: 12.84 (offset 12345) vuiance O.834527
If inpulsive event, offsat 25860 or tine 192.96
If iqspiral, tenplate stut offset 12345 (tine 191.S9) coalesceEce tins 192.96
l{omalization: S,/N=l at 132.47 kpc
Linear combination of max SNR: 0.9953 r phase_o + 0.0973 r phase_pil2
POSSIBLE CHIRP! oi.th > 17 probability (p=0.949737).
DistributioB: s= 22, N>3s= 28 (erpect 176), N>se= 0 (expect O)
Distribution does not app€a to have outliers,..

llu SNR: 14.86 (off8€t 12345) vuiuce 0.801640
If inpulsive event, offset 25860 or time 198.13
If inapiral, template stut off6ot 12345 (tine 196.76) coalescsnce tiE€ l9g.13
Nomalization: S/N=1 at 127.90 kpc
Litrear combination of nax SNR: 0.9993 x phass_o + -0.0372 x phase_pil2
P0SSIBLE CHIRPT vith > 1.l probability (p=0.999236).
Distribution: e- 22, N>3s= 35 (expecr 176), N>Ss= 0 (€xpect O)

n doss not appear to have outliers..-

'fhe code is correctly finrling the clrirps, getling tk: distarr:e and phase anrl t,ime location of l,he
chirps abou[ u accurately as one would exl)ccl, givcn thc levcl of the IFO noise.
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Intercontinental Nefrvo rk of
Gravitational Waves Detecto rs

Searching for GW short (6-like) bursts

Response of a gw detector at location r'and oricntation n'
(m") to a gw signal (R,r,or - rrhir 

12c21 of amplitude h6 .

incoming from the direction k and with polarizantion ty

x" (t) : h F" (8,(p,v)x

x f (t - to -7' .81o,g11

(after Wiener filtering)

Figure 
Fo (O.rp.vr\ =[n,a'"tr 

Bars

pattern l\, (n,nt _ m'm,)" Interf .

R,; grlarization tcnsor with thc distinctivc propcrtics ol'
Tnnsvcrsality and 

-fracclcssncs ol'thc gw Rie rttittrt tcns()r

The inverse problem has to be solved

a- AURICA @ If,Snaro (ltnly)

a<) NAUTILUS @ Fmsc;rlt (ltrly)

, a-l EXPLORGR @ CIjRN (Swrrcrtln,

I
I er-.r A!-LECRO@ Baron Rouge (US,\,

ai--a NIODE (A I'cnh (Ausu-illr)

vlR(;() rd, Prrr rlrrlU

I l(,()l'" 1 t\ro:{"n | \| \-\'

I l(:(): d !l.nrt"trl \\ \r \\

l'\\l\:r{l J I \.,, Jrrrtr

(.1(X{,1) d llrrr\r '(. rr\

-l
-l
-1

-l
-1



vL,.L

SEPARATE THE SEARCHING PROCEDURE

In gcncral to scarclr lilr ir signll buricd in addrtivc lltttsrtttt
noisc, the classical procedurc is to built a likclihood l'unctiorr .tttd

to maxinrizc it ovcr the signal spilcc pnrilrnctcrs (anrplitude h,..

dircction k and polarization \y).

A less demanding computational
proceclure

rEstimate the arrival time (on at least 3 detectors

of the network) and determine the direction k
oShift all the detector responses by the core-

sponding delay time

Arrival time estimate
W{+r

Outpui'bf the optinral Wiener t'ilter ntatched

to a 6 function at the detector input'

T e''' dalX(t1* l - -j* S, (ar)

hh'e
' (a)

oSolve the local inverse problem: estimate of total

energy, direction and polarization of the burst
oTest of (at least one) distinctive Riemann

simmetries of the burst (R',=0, H ni=g;
"r={

BAR

O.2 ms

SNR
2ms

Bar

Interf .

INTERF'ERONIEI-EII,

h.
SNR=.-

h^in

SJVR2

. Noticc: to sotve peak anrbiguity bar dctectors rcquirc SNlt> l()

-9
-?
-p

I rr -L-t-r ftrt w"agtz

-.'- - lry

R.= .t*5 on .1 intcrl'crrlrilctcs !

clustered in lcss than 42 ms
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Solution of the local inverse problem

Tlte 6 rcsp()nse ol' the dctectors ufe lirtclr i()nilrtillrtl()n \)t illc
indcpcnde nt e lcrncnt of the sirnnrctric nratrix ll,, \

Y" = Rr(n'nt)" Bar

Yo = R ,(n'nt -m'ml )o Interf .

=r each matrix element R4 is a linear combination ol'the X"

n, =\ci x"

il'tNotc: thc solu(itln cxists il'thc dctcctor ilxes ilrc ll()r Dilritlle I_+
I and thcre is at lcast a bar in the nctwork)

-
The 3 invariants of lhc rnatri.r, R undcr the rotation _uroup:

r Lincur T * Tr(ll): ntust bc zcro lilr it true gw burst
r Quadratic E * Tr(R:): total burst cncrsy in tlre nctwork
. Cubic D * Tr(11.1): transvcmalitv ol'thc rvuve (dit'tlculr to uscl

If the detector outputs are pure gaussian stochastic processes

with the same standard deviation h-;n

Reduction in the burst rnrplitu(lc sensitir.'itr, oi'
the netrvork

in respect to best orientationt

14 interferometers (LIGO I,VIRGO,TAMA,GEO)
.r.:u.t (AURICA+25",LSU-30") 

,!,(S
MAX :Elt5.

t t,Y. frrs

Avcragc on polarizations

Fly t6fft

f1 tN 5 r('j--,

\t=0 polariz.alion

-^ I . T is gaussian distributed with zero mean and standard

--.. 1 deviation = 3+4 hmin

: I . g is 12 with 6 degree of freedom distributetl with mean

: 4 and standard deviation = (4+5 h.in)2-l l,

a
Oq
1:

!:

ill

frtaitt Astgqs,oH
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Saturday AI"I A. Adrranced Detectors in the firture
Febnra4f l- Chair: A. Giazotto

8: 00 R. Stebbins (JILA) A liIA,gA-Led Version of LISA
8:30 Discussion
8:40 M. Choptuik(Ilf-Austin) Binary Black Hole Grand Challenge lbdate
9: l-0 Discussion
9t20 Coffee Break

B. Collaboration Formation for Adr,ranced Detectors II
Chair: H. Ward

9:35 S. Finn(Nortlxuestern) Sunnary of Opinions S<Srressed at Meeting
L0:05 Discussion
L0:15 P. Saulson(Slaacuse) Inlhere Do We Go From Here?
10:40 Discussion



A I\TASA-Led Version of LISA

Robin T. Stebbins

JILA - University of Colorado

Aspen Winter Conference on

Gravitational Waves and Their Detection

Aspen, CO

26 Ianuary - 1 FebruarY 1997

LISA mission concePt

. Interferometric measurement ovel 5 x 106 km provides

very high strain sensitivity from 10-a to \ Hz'

G Heliocentric orbit is a very benign environment.

. "Drdg-free" design further reduces disturbances from

the solar wind and photon Pressure'
. Laser transponder scheme offset locks local laser to the

received beam.
. Within each corner spacecraft of a triangular

formation, lasers for both arms are intercomPaled by

phase reference beams. Optical path_differences, laser

ir.q.t"r,cy noise and clock noise are determined.

. Third arm provides additional scientific information
and redundancy. All three sPacecraft are identical.



Extragalactic gravitationai wave science

. Objective: To detect and study gravitational wave

signals from sources involving massive black holes
(MBHs) with masses of 103 to 108 Mo.

. Possible sources:

- 5 or 10 Mo black holes (BHs) or compact stars orbiting 10s to

107 Mo MBHs.

- MBH-MBH binaries formed by growth of several seed BHs in
the same galactic nucleus.

MBH-ivlBH binaries formed by mergers of galaxies of Pre-
galactic structures that already contain MBHs'

Sudden formation of MBHs.

o It appears likely that at least one of these tvpes of

binaries can be detected and studied by LISA'

Galactic gravitational wave science

. Objective: To investigate the number and distribution
of different types of short period binaries in our galaxy.

Neutron star binaries: hundreds will be detectable and their

locations can be determined throughout the galaxy'

Close white dwarf binaries (CWDBs): thousands above about 1

mHz are exPected to be resolvable'

- Interacting white dwarf binaries (IWDBs): many will be

observable, with several known except for possible frequency

ambiguities.

- Other compact bir-raries: BH-neutron star and BH-BH binaries

are expected to be detectable.

cwDB background: beiow about 7 mHz, the very large

number of C-WOns will give a confusion-limited background'



Fundamental physics and cosmology

objective: To test general relativity in the high field

limit, and to search for cosmological information on

gravitational background rad-iation'

If BH-MBH or MBH-MBH coalescence signals are seen, they

will provide a unique test of general relativity at extremeiy

nigfr netas. Even jtignt deviations from the dynamicai

prldi.tions of the theory would be detectable'

Cosmologicai background radiation could be detected near 10

mHz with a seirsitivity of 10-10 to 10{1 of the closure density'

History

. EarlY NASA studies

. M3 - 4 spacecraft, proposed as a cooPerative ESA/

i{ASA mission, studied for ESA only'

Cornerstone - 6 spac ecraft, ESA only. Selected for

Horizons 2000 Programme. Launch tn2077'

Goals of a NASA version

- Cheaper - $300 M target

- Faster - z]A|launch

- Same science goals

- Basis for a cooperative mission witir ESA

Team-X study, 74-17 Jan.'97



New Elements in the NASA Version of LISA

3 Corner spacectaft, full "science" redundancy

Delta II7925H
Solar electric propulsion
Phased array telecom

Rely on European partners for drag-free Sel1sor, lasers,

FEEPs and teiescope

Team-X study
Speciaiists in propulsion, trajectorv, launch vehicle, attitude
control systems, iommand and data systems, instruments and

operations, ground. operations, telecom, Structtttes, thermal

engineering, power systems, SPacecraft systems, and costing'

"Coordin ated" engineering through spreadsheet web and

discussion.

- Databases, realism and models
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Sciencecraft - Structure

Y-shaped payload

Composite construction, rather than carbon-carbon

Two optical benches with optics, modulator, drag-free

t..,totl laser stabilization cavtty, photodiodes

Two electronics disks with uso, capacitive sensing

pre-amps, photodiode Pre-amPS

Radiator disk with 4 lasers



Sciencecraft - Thermal

o Top and bottom shields, with apProPliate coating

. Tensioned fiberglass bands

. Sciencecraft protected by ttre propulsion module
during cruise.

sciencecraft - Attitude and Position Control
System (ACS)

. Science payload provides angle and displacement

signals.
. Coarse and fine sun seekers

. Four star tracker heads, Processing by sciencecraft

computer (10 MIPS!).
. Fiber optic gyros for convenient rate information



Sciencecraft - Miscellaneous

Command and Data (CDS) System
RS-6000 (1s-20 MIPS)

- VME crates

Propulsion
FEEPs: cesium ion thrusters, 100 prN thrust, 0.1 pN noise
(ESA / Cer-rtrosp azio supplied)

Austrian aiternative (seibersdorf), based on indiurn (flight
heritage as discharge system)

Power
Fixed soiar array on shield
^A-')r./) m'

Systems
262k9
196 watts



Propulsion Module - ProPulsion

o 18 mN Hughes XIP 100 thrusters (xenon)

o Now in flight certification. Planned for 60 missions in
next few years (station keeping for telecommunications
satellites).

. 13 cmnozzIe,25 cm OD,25 cm long

. 35 kg (including gimbals), 440 w

. Gimbals

. 23 kg fuel (vs. 134 kg for chemical)

. Hydr azrne attitude control system, B nozzles, 5 kg fuel,

2 tanks, 10 kg hardware
. Saved 80 kglspacecraft!

Propulsion Module - Miscellaneous I

. Structure

- Composite ring

- SEP engine vectcjred through CM, exhausting through ring

- SEP engine gimbaled.

- P),to bolts for separation

. Telecom/ground - none

' Thermal - heaters for hydraziue tanks

" ACS - tip soiar arrays
c CDH - On sciencecraft, control valves of attitude

thrusters



Propulsion Module - Miscellaneous II

. Power
- 2 flop-out panels, -4 mz

' SPecial Power controi unit

. Trajectory
- 300/390 days ProPulsion

Probiem: thrust angle/sciencecraft solar arrav

' Systems

- Mass I75 kg

Power 573 w

Launch Vehicle

o Delta II7135H
. Third stage STAR 488

o Despin by PAM-D
. 9.5 ft. fairing
. C3 (hyperbolic excess energy) - 7.2 (km/s)2

. Launch vehicle lift capacity - 13BB-2 km
o With 30% mass margin, 2'/" (29 kg) over



Project Costs Through Phase D

Reserves (771'0)

Project Totai before Launch

Launcir Vehicle

Total with Reserves

Phase E No Science, with Reserves

Phase E Science, witir Reser"'es

Total Life Cycle Costs

Costing

Project Total EuroPean

Contribr-rtions

$M (1ee7) $M (1ee7)

$314 $52

$s3 $9

s367 $6i

q,476

\t4

q,465

$6i

NEt tO NASA

$M (1ee7)
6^/a
vrv-

q45

$307

$s9

$366

q))

$e

fi397

s?

q,\

$68



Schedule

o Phase A (industrial design study) 12 months, start Jan.

'99.

. Phase B (engineering design) 18 months
o Phases C/D (construction) 24 months

' 1 July 20041aunch
. 13 mo. cruise

" 3 yr operations
. Consumables for 10 yrs.

Conclusions

. Status

- We have conceptual design which is srnaller, cheaper, faster

and preserves the science.

The technology appears to be as ready as other missiolrs in the

structure ut d Errolution of the universe (sEU) therne.

- The initial cost is about the right size, but needs some

attention.

. What's Next
seeking to be a recommended mission in the strategic plan for

2000_2005 by the SEU Subcommittee (SEUS, a.k.a. Tlre

Blandford Committee)

Further small studies and a Team-X update'



BTNARY BLACK HOLE GRAND CHALLENGE UPDATE

. Formalisms

. Tlre Initial Value Problem

. Black-Hole-Excising Techniques

o Corriputational Infrastructure

o Current State and Outstanding Problems

Binary Black Hole Grand Challenge Personnel
http : / /utww.npac. syr. edu/projects /bh/

o UT Austin: MATZNER, BROI'JNE, CHOPTUIK, Huq,
Hirschmann, Parashar; Nielsen, Liebling

o NCSA/Potsdam: SAIED, SAYL0R, SEIDEL, SHAPIR0,
SMARR, Abrahams, Anninos, Baumgarte, Masso

o UNC Chapel Hill: EVANS, YORK; Rupright

o Cornell U: TEUK0LSKY, Cook, Scheel; Landry

o Syracuse U (NPAC): FOX, Haupt, Klasky

o U Pittsburgh: WINIC0UR, Gomez, Marsa; Lehner

o Northwestern U: FINN, Kidder

o Penn State: LAGUNA, Papadopoulos

Matthew Choptuik, The University of Texas, Austin TX

Gravitatj-onal Waves and Their Detection o Washirrgton U: Suen (associate)
Aspen C0, Feb 1, 1997

supported by NSF pHy93181s2 (ARpA supplemenred) 
o University of south Africa: Bishop (associate)



The3+1(ADM)Formalism

Pose general relativity as a dynamical theory (geometrody-

namics).

View geometry of spacet.ime as "time history" of the geometry

of a spacelike hypersurface ("instant of time"), t(t)

Geometry of spacetime is described by a 4-metric, (n) g,r,
Geometry of D is described by a 3-metric, gt';

t+dt

(a),1s2 - ('L) r,r,,4rr' 4*,'

: -o2 d,t2 * gu (rtri + /'dt) (drci + pi dt)

o Two types ol variables:

1) Kinematical: latrse function, a and shift vector, p'1

2) Dynamical. tlrree tnetric, O,y

The 3 + 1 (ADM) Formalism (cont.)

Extrinsic curvature: 1(;,

Describes manner in which X(t) is embedded in space-time.
Can be viewed as the "velocity" of gri

r{ii *(-W rD"{tt*D,fi,)

wlrere D" is the 3-covariant clerivative: Dihi -- O

Einstein equations (vacuum):

C,,,, : O

ConstrainL ecluations:
Go,:o

Evolution equations:

ug^tt : _2aK,, _r_ D, oi * Di o,at
nr{. .

# : Lljl(,, - I),1)ra 1- o (.R,, - 2K;1,1(k i 1- ]{,jK)dt '' 'J

where ,11,, is the 3-Riccr tensor, I( = I(;, and Lp is ilre
derivative alr>ng fi' .

Lie

rl'dt i,.x



Hyperbolic Formulations of Einstein's Eguations
(York, Choquet-Bruhat, Abrahams, Bona, Masso)

Standarcl 3*1 formulation of Einstein's equation yields set of
PDEs which is generically non-hyperbolic.

Possibility of ("gauge") information "propagating" at super-

luminal speeds: hampers black-lrole excising techniques

Hyperbolic formulation: Characteristic speeds are either 0 (some

dynamical variables simply "Lie-dragged" along normal to hy-

persurfaces) or local light speed. Information only propagates

along physical light cones.

Hyperbolic formulations ( "flux-conservative form" ) in principle

allow techniques developed for fluicl dynamics to be carried

over to NR calculations

Aids racliation extraction and formulation of boundary condi-

tions (inner and outer)

Einstein evolution equations:

05u 1- 0;F'(u'): '9(u)

First orcler flux-conservative, hyperbolic form: ,9(u) contains

no spatial derivatives of dynamical variables, u.

Possible clisaclvantage: lose some flexibility in choice of coor-

dinates

The lnitial Value Problem for Two Black Holes
(0 Murchadha & York, Cook et al)

o Constraint equations

Go, :0

are generically a system of 4 coupled, non-linear elliptic equa-

tions for {gti,I{;r1, setting up initial data for a general black
hole collision is non-trivial

Key problem: Which of tlre {O4,Kti} should be freely spec-

ified, which should be determined via solution of the con-

stra ints?

General strategy: use conformal scaling and "spin-decomposition"
of Kii; constraints -+ system of cluasi-linear elliptic equations
for four rrotentials: {d,, X'}

Momentum constraint can be solved analytically, Hamiltonian
constraint requires numerical solution for ls, typically usirrg

multi-grid technique.

,4 ^ ,d .
9zj :'tl 9,j :1t,' J"j



The IniLial Value Problem for Two Black Holes (cont.)

o State-of-the-art Hamiltonian Constraint Solver: (Cook). Uses

speciaf-purpose eadeZ coordinates, (rl, €, 6),

fs(double image)

Discretization is precisely O(h'), Richardson extrapolation can

be applied to get O(lta) or better results. Solutions can be

determined to essentially arbitrary accuracy

Key remaining problem: F{ow to generate realistic initial data-
i.e. data for two holes with relatively small separation but
representative of result of inspiral from wide separation.

Black Hole Excising Techniques

Fundamental Problem: Black hole spacetimes contain phys-

ical singularities-apparently must be avoided at all costs in

calculations

Traditional Approaclr: Use coordinate freedom (choice of lapse
and shift) to "freeze out" evolution in vicinity of physical sin-
gularity

Spherically Symnretric Example: Choose coordinates r, t so
that metric takes on "time-dependent-Schwarzschild" form:

d,s, :-a(r', t)z cttz n (t - 't !)-' or' + r2 rllz

Consider collapse of ball of matter to form black hole: when
horizon formation is imminent, then near the Schwarzschild
radius r : Rs

.,-+o (t- -+ oo

Ptrysical srngularity avoided, but coordinate singularity devel-
ops, cocle will craslr on the order of black-hole dynamical time,
M : Rsl2

2nr(r,t)\ -t
,)



Black Hole Excisirrg Techniques (cont.)

Excising Approaclr (Unruh): By definition, inLerior of black

hole is out of causal contact with exterior spacetitne. 5im-
ply renrove regions inside event horizons from computational
domain.

Event horizon location not known until after computatiotr is

conrDleted, use as inner boundary some surface known to lie
witlrin the event trorizon (EH).

Apparerrt horizon (AH): Two surface defined at some instant
of time on whiclt divergence of outgoing null rays vanishes-
outgoing light rays emanating from surface "lrover" at con-

stant radius

Assurning cosmic censorship, Ai1 will always lie within EH, AH

can be located at an instant of time by solving non-linear ellip-

tic equation (finite-clifterence techniques (Thornburg, Huq)

or spectral methods (NCSAltJash-U, Cornell groups))

Compubational boundary is essentially a characteristic surface:

modulo possible problenrs from non-hyperbolicity, don't need

boundarv conditions

Efficacy of approaclr demonstrated in several splrerically sym-

metriccalculations(Seidel & Suen, Scheel et al , Marsa

& Choptui-k, Anninos et al); now implemented in 3D codes,

some encouraging prelin-rinary results (Potsdam/NCSA/Wash

U)

Black Hole Excising Techniques (cont.)



Black Hole Excising Tectrniques (cont.)

Sample Calculation: Massless scalar field collapse onto a black

hole (Marsa & Choptuik)

Use Ingoing- Eddington-Finkelstein coordinates:

rts2 : 
"2 

(2p - L) (tt * ctr) (dt + dr) + 12 dQ2

Continuously track location of outer-most apfrarent horizon,

"throw away" grid-points inside AH.

t=4

A

t=20

Plot shows tinre series of scalar fielcl amplitude /(r', t) witlr
apparent horizon at left of each frame; evolution can be cotl-

tinued essentially indefinitely. Mass of scalar field is approxi "

mately eclual to initial black lrole mass.

ot2

Computational Infrastructure

r Part of GC charge is to "push the envelope" vis a vis large-
scale computation with particular emphasis on the efiective
use of massively parallel architectures.

r Observation: Our codes have tended to be remarkably ho-

mogeneous from a "high-level" point of view: Almost all have

employed low order (second-order) finite difference techniques
on single mesh, and lrave had the following structure:

Read (initial) state
for NUM-STEPS

for NUM-UPDATES & maybe until convergence
U (Grid Function(s)) -> Grid Function(s)

end for
end for
Write (final) state

r Most of the hard work in developing a new code involves the
construction of stable, accurate updates, U

o Also clear that significant dynamic range in black-hole prob-

lems such as binary coalescence means that adaptive-mesh-
refinement (AMR) algorithms essential for efficient computa-
tion

o Ultimate goal: allow relativist to concentrate on developing
stable, uni-grid code on serial architecture: parallelism and

adaptivity to be "automatically" provided by the infrastruc-
tu re



Comrrutational Infrastructure: AMR

Adopted AMR approach due to Berger & 011ger which achieves

adaptivity via nested structure of individually-uniform grids:

S chemofic Adoptive- M esh Slructure

2 : I Refinement fn Spoce and Time

Computational Infrastructure: DAGH
http: //wwwrel , ph, utexas . edu/Members/parashar/toolkit , html

. Computer scientists on project (Parashar, Brorme) have im-
plemented MPl-based infrastructure which provides full sup-
port for

(1) Parallelization (distributed-memory architectures) of reg-
ular, lattice-based calculations with local communication pat-
terns (i.e. typical finite-difference codes)

(2) Berger & Oliger style AMR

System is called DAGH (Distributed Adaptive Grid Hierarchy),
implemented in C** (using MPI) but designed to easily in-
terface with update routines written in Fortran 77, Fortran gO

or C.

Key features:

o Automatic dynamic partitionirrg and load distribution

o Shadow gricl lrierarchy for rnemory-efficient truncation er-
ror estimates

o Maintains data locality amotlg difterent refinement levels
(space-fillirrg curves)

Currently runs on IBM SP2, Cray T3D, Networked Worksta-
tions (RS6ooo, SGI)

Placenrent of conrponent grids controlled dynamically via

truncation error estimates

local

ooooooo
o@o@o@o
ooooooo
o@o@o@o
ooooooo
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ooo

ooooo
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Computational llrfrastructure: status

Evaluation and de-bugging continues, but DAGH is already

integral part of BBH GC eftort, and has been adopted by

other groups doing CFD, reservoir simulation, etc.

Current State of Main Code Effort

Personnel involved in main code efforts (Cornell/Texas/Syracuse)
recently agreed to focus effort on ADM code; Empire code
(based on Choquet-Bruhat/York hyperbolic formalism) shelved.

Has been used extensively in uni-grid
Cornell grolrp working on SP-2, AMR

context, particularly by

for IVPs (neutron stars)

ADM code: Based on

implemented in Fortran
Power Challenge, SP-2,

traditional 3*1" formalism, currently
90, runs on pretty well anything (C90,
...)

Most benchmarks (not many existl) show very good per-

formance; in several preliminary cases, DAGH application ran

faster than hand-coded MPI application

Full AMR code for 2D linear wave-equation implemented (Huq,

Parashar), currently being rigorously tested; will serve as ba-

sis for general AMR driver.

I/O support remains outstanding issue; collaboration with NCSA

groups underway, currently all I/O done through dedicated

processors, .hdf support providecl, hooks for o[her facilittes in

place

Code implements black-hole excising, as well as "causal differ-
encing" designed to ensure that numerical domain of depen-

dence includes physical domain of dependence

Resolution limited to 1283 (unigrid) in both cases; significantly
tess (653) for quick-turnaround runs.

Code currently urtstab/e for single Schwarzschild hole, appar-
ently due to treatmerrt of inner boundary

Lots of thirrgs to try, but
regular" inner-bounclary
cult

nature of eqtrations, differencing, "ir-
makes detailed stability analysis diffi-



Additional Outstancling Problems (partial list) Additional Outstanding Problems (cont.)

. Choice of coordlnate system: Almost certainly most lmportant
unsolved problem: . How can we set up near-plunge initial data which is astrophys

lcally realistlc?
o Black holes need to move through computational mesh

while Interlors of holes are simultaneously exclsed

o We have essentia y no expertence with formutating co . How should outer boundary be handled: wlll AMR techniques

orctinate condtflons which wllt alow for such propagation and standard radlatlon extractlon methods suffice, or must \ive

whlle remaining non-slngular match to a characteristic evolution to get an accurate estimate
of gravitational radiation?

o Intrinslc angular momentum of holes will only make mat-

o Dtfferenctng near horizons may need to be quite intricate ' AMR technology crucial if we want to solve thls problem in

to ensure conversent sorution :n:T.::'il:;#':"""::'""irillffi;11o"'n "n''"' o' *"'

. wilt excising work h highly dynamlc, asymmetrlc sltuations?

. Does horlzon excising requlre a hyperbolic formulatlon?

. If so, can the problem of "coordlnate shocks" (Alcubi€rr€)



Prognosis

o PROVIDED

o Current and future stability problems are overcome expe-

ditiously

A good coordinate prescription for generic translating,

rotating is found

o Some form of "outgoing" radiation conditions can be sta-

bly imposed at a reasonably finite radius

THEN odds are good

inspiral within 18 mos.

that we'll be able to crudely simulate

Waveform accuracy???

r Valuable infrastructure is being developed

. Nature of calculations is such that once stable, adaptive al-

gorithm is in place, rapicl increase in available computational

capacity (which we can reasonably assume) will quic/</y leacl

to more realistic, and accurate simulations

o Have and will learn interesting things about strong-field gravity

along the way


