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Gravitatlonal vs
E,M, Waves

Oscillations of the
"fabric" of sPacetime

Oscillation of EM

Fields ProPagating
Through SPacetime

Coh erent emission
by b u lk motio n

of en ergy

hcoherent su PerPosition
of waves from molecules,

atoms, Particles

Emission
Mechan ism

EssentiallY None!Strong absorPtion and
Scatterin glnteraction with

Matter

f < 1O4Hzf > 107H2FrequencY Band

!! lrnrp'1t16ations

+Mostgravitationa|Sot]rcesnotSeenaS
electromagnetic (and viice versa)

+ Fotential for great surprises

+ Uncerlainty in strengths of waves
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Timing Pulsars

Timed to -50 Frsec

Since discovery, observed Period
graduallY speed uP

' a 1 0 sec in 15 Years

a growing quadraticallY in time

Due to loss of orbital energy' from

emissionofgravitationalWaves

Joseph TaYlor
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Neutron Star tstiitrlary

Coalescence

)
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lnternationa[ Effiert r

WavesGravitationaJ
n Techniques

+ Resonant Bar Detectors
{t narrow band

+LargeSca|elnterterometers
. broad band

n International lnterferometer Effort

= U.S, LIGO (Two Sites)

,Caltech&MlT(WashandLouisiana)

= Europe -- VIRGO (One Site)

t French and ltalian (near Pisa)

= Smaller effotls
c Germany, Japan, Australla

x Time Scale

= ApProximatelY Year 2OOO

)
L!c$ < /o/Q 5



LIGO
Scientific Mission

u Direct Detection of Gravitational
Waves

Neutron Bin ary Coalescence

(Last 15 minutes of Hulse/Taylor

in 100 Million Years)

= Test General Relativity in strong

, Field and High VelocitY Lirn'it

+ Measure Pol arizalion andi

Propagati'on SPeed

uetN 4130195
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LIGO Long Rautge Goals

n *New Tool" to Explore the

Universe
+ Final Coalescence of Bin ary

Systems
o Neutron Star/Neutron Star

Design Benchmark: last 15 min;

20,000 cYcles

600MLYr

o Black-hole/Black-hole or /Neutron star

= Supernovae
o AxisYmmetric in our galaxY

a Non-axisYmmetric -3OOMLYr

= EarlY Universe
* Vibrating Cosmic Strings

, Vacuum Phase Transitions

''VacuumFluctuationsfromPlanckEra

= The Unknown

uccN 4130195
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Gravitational W av e Strength

Srain Sensitiviry

. G@f,, l t') In=---; r C-.

for EX:, lr'- M"

h - L}to for Virgo Cluster of Galaxies

h - 1013 at Hubble Distance

LIGO Goal:

Detector

L-4km

h - !a_22

At,_6
+ AI. -L0-t6 cm

This leads to Skingent Specifications:

Vacuum

Seismic and Acoustic Isolation

Test Mass SusPensions

OPtics

etc.

4
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SCH EMATIC INTERFEROMETRIC DETECTOR

La" Ls e hxt

-o
PHOTODETECTOR



u.c t).1

v

^lrk.sensitivit'y,asaiunctionofdirection'o,{arn.i,ri}terferometricl-tgu re z. t I rrc

wave detector to unporarized gravitational waves- Tr\'e iin'terfero'rnreter arms

along the x and Y axes'

gravit a tion al

are oriented



Forces 'F@Mi by a
Wave

Force

+ Polarization x Polarization

Size

l-lccN 4130l9s
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LIGO
n
n

n

National science Foundation

construction Proiect (1994-1 999)

= Facilities and lruirtiial Detector

commission Facility (1 999-2001 )

+ lmplement Initial Detectors
s h - -1 0-20 - lnitia[ Search ln 2000

* h - '1 0-" - SensltivitY bY end 200i

Full Operations \OAZ + .r' )

= operate/Enhance xnitial Detector

o data collaboratlon with VIRGO

o incorPorate outside Users

= Advanced Detectors
o SYracuse, Colorado, Stanford' etc

@ caltech efforts (LlGo, Drever, Kimble-.)

n

uc<N s1919s



LIGO Proiect

o Detector

I 1, lnterflerometers

o R&D

o Major Facilitles

e Status and Plans

v LlGo-G950085-00-M



Gravitatironal Wave
Detectiion Strategy

tr Interferometer SensitivitY

= R&D ProgranCI

r Technology DeveloPment

. Demonstratiror-l ExPeriments

+ Engineering fmPlernentation
, Precision Engrirneering Design

r Quality ContrQ'l 4t
tr Two Sites - Three

Interferometers

= Single Interferor neter -50/hr
r non-gaussian levet

= Hanford (Doubles) P1 ldary

c correlated rate {xl O0O)

= Hanford + Livingston <0 '1 lYr

D uncorrelated (x5000)

LIG{N 4130195 l8
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Description of LIGO

Two Sites - Widely SeParated

Hanford, Washington

- 4km and zhnlnterferometers

Livingston,, Louisiana

- 4 km Interferometer

Expansion for Advanced Detectors

2
LIGO s/rB/94
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Detec,tors,

il Approach and characteristics

= Employ Demonstrated Techniques

o Required R&D has been defined

t 40m, Srfi, CP'tiics Experiments, etc

= Precision Er-rgiineering

. Design Fre eze {1997)

= systems Engineerlng/lntegration
I lnterfaces, flexibilitY

= Advanced control/Data system

tr Status and Plans

= Design/Pedormance for Detector is

consistent with the Design Goals

e OPtimization of the Design

o Define Responsibilities

o Advanced options: seismic isolation,

suspension, lase r ???

!-o
uccN 4130195
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Table, 1:1-. Idlisli ifiherferometer slncfications

St rai n' Sennj'li'v t'!Y

4x10'14 m
D is p I acenernt Seriisitivity

Fab ry-P erot Arrinr' lten gthr

< 10s torr
Vacuum Level

514.5 nm
Lasbr Wavelengrth

Ootical Power at Laser OutPut

Ootical Power at lnterferometer lnput

Power RecYcling Factor

Flat, ReflectivitY - 0'97
lnput Mirro r P roPerties

O-f.- Cutature, Fleflectivity > 0'9999
End Mirror ProPerties

Arm CavitY OPtical Loss

Light Storage Time in Arms

Fused Silica''l-l kg
Test Masses

Mirror Diameter

Test Mass Period Pendulum

Passive, 4 stage
Seismic lsolation SYstem

> 1o-7 (100 Hz)
Seismic lsolation System Horizontal

Attenuation
1 per minute

Maximum Background Pulse Rate

l3A



R&D Prograrv\

tr Overview
+ Demonstration Experiments

c Technical: Suspensions; Optics,

Servos,..
c sensitivity: Displacement, Phase Noise

= Priorities for Detector Design
Fre eze

= Operations: Reliabitity, Stability

= Develop Advanced Techniques
o Active Seismic lsolation

n Progress and Plafi^lrs

= OPtics, Test n'lasses, Mirrors, etc

=+ 40m DisPfacement Results

l-rccN 4130195
25
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Displocement Sensitivity of 40-Meter Inter{erometer
fiolr tlodol (e/s/o+)
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Reaching Des;lgn

SensitivitY
n Technical

= R&D - Iirnrprovements

= Enginee'r'ingh Design lmprovements

= Systems Erngi'neering/l ntegration

n SIte Specific Factors
+ Length 4 km (factor of 100)

= Environmental Factors (e.g..

Seismic)

n Long Term

= Rel iabi l ity/Stability

= Flexibility Detector lmprovements

= Allow for Future New Detectors

27I-IG{N 4/30t9s
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Hanford Corner Station SW Arm Axis, hlorning Traffic
(Preliminary Data)

December 13,1994

WindsPeeds<5mPh
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SusPension Thermal Noise

observation of rhermal Noise in violin Modes of 40-m

Test Mass SusPensions

East End Mass Violin Resonances

N
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tr
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d
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1o-tt

solid line:

data ol Jan- 9' 1992

electronic darnPing ofl
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Suspension Thermal Noise For LIGO Interferometers

. Projected Thermat Noise for LIGO lnterferometers

. Model suspension system using Frequency
lndependent Loss Function

. Use Current 40-m suspension Design (Standoff

on Test Mass and Clamps at Suspension Point)

Suspension Thermal Noise
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Phase Noise Dernonstratidn

., Goal is to Developand Demonstrate Technolqytor
Shot-Noise Limited Phase Measurements at lniitiatr

LIGO Interferometer Power Levels

. Hequires Development and Testing Of Modula-

tors and Photodetectors.' -

Build Up 5-m Interferometel in stages toward Full

Recombined, RecYcled OPeration

. Begin with Simple Michblson Interferometer
Using LIGO Readout Scheme (Per - 1 W)

. Add RecYcling [dError {P*r ^' 15 W)

. Reconfigure with lnput Mode Cleaner (Pet ^' 70 W)

Itode Ctstor
oofr'.o|

P hase ncis€ ifileriarontgier
S€cord stage, stondrq nrode dearcr input

+ L-6m -

l-]l SirsPensbn:

Ll 5'x 8' fooPrr*

Ml diffsrontiai

rL
I

I

I

I
I

G+
J

- --l- \-t.\t \-1'q-r---'ls-1----L--f-,

-$

Y

toc./ctn3
cadry
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Shot Noise

dh(f)

LIGO Requirement

Current 40-m lnterferometer

MPQ Garching

x: (X(r)) 
-'

6Q(f)

Teorwv aF
lvten FePor-lETEF
oPrLcflL coNFt^uPftTtot ont€Hl}JED Petn Ap.tLy

(n,tloe R'r., Erc) By Eweatg OfrtcflL
?owErz

Achieving shot-Noise Limited Phase sensitivity
Requires understanding and control of All other
Optical Sources of Noise

" Laser Noise
. Photodiode UniformitY
. Modulator-lnduced Noise
. Scattered Light

10-10 rad/',8,
1o-s rad'l',ffi
1o-s rad.l^,ffi'

LIGCN



@ptical Configuration lnvestigations

'l
I

rltAl
*------'

<F ------ ls

PIi|OTODETECTOB

Must Control at Least Fotuir Critical Lengths

. Need to specify Placemenl of Pick:offs,
Photodetectors, and Modtllators to Extract

Required Control Signals

ln 1991, Started Efforts to Bu-nfrld arrnd Test Two

Possible Schemes in Tabletop EXperfirnienrts For

Comparison with Model Predictions of Ferformance

. Tbst Signal Sizes, Servoloop Stability

. Look for GaPs in.Models

. Not Practical to Test Noise Performance

LIGCN



;i:l{',r}'^ "W
1'Y;i '

LIGO Proiect

n Maior Facilities

= Beam Tube

= Vacuum SYstems

= Civil Construction

tr R&D

n Detector
+ lnterferometers

+ Control and Data S'Ystems

n P roj ect Man agernrenrt

t9
Lrcd\ 4l30l9s
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Beannr Tube
n Ch aracteristics

= Arm Lengths - 4km

= Tube Diameter - 4 ft

= Initial Detector
e 10-6 torr Hydrogen; 1 C-7 torr Water

= Advanced Detectotis
*10-etorrHydrogen;10-l0torrWater

= QualitY Control
& (materials, welding, cleaning, etc)

n Status and Plans

= Design Contract was with CBI

o Final Design Report Accepted (6/94)

= Qualification Test
o 130 ft Section - success (4/95)

= Contract OPtions
LIGcN 4noq5

/v
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5 643

Mirror ol
Suspenslon'Point
lntorferometor

Si.rspenslon
Wiras

Fabrv'Perot
Test Mags Mlrror

CLEABAPERTURE=1 m

BAFFLE l.D. - 1-10 m

{-- BEAM TUBE l.D. * 1.22 m

Test'Mass



o\

F I GURE 1 .1 .2 #+ enrrLE SCHEMAT I C



Beam Tube Enclosure

1A./-a

LlccN 4l30l9s





n Charaetenistlcs

= Enormous Volarr,rmre (-Zg',000 m3)

=MostlyStandardiVac'Equlpment
o 1st stage roughifi'$: - Atm -> 0'1 torr

s Znd stage roughing - 0.1 torr ->10-6 torr

s SteadY State - lon/getter PUmPS'

= Large Gate Valves (4ft diam)

e access and flexibilitY

- Controls and Monitoring

n Status and Plans

= S Pecifications D'e'fiiin'ed'

a Science Revlew Complete - Aug '95

= RFP for Desig'n an'd Manufacturing

o CBI and PSI awarded design ccntracts

o Down-select 6/95

L!G$ 4t3otss ))
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Civil Const:nuction

n Ch aracteristics
+ structures, Foundation, ROads, etc

s Large and Clean Laboratory Bldgs

Beam Enclosures

e Office lLab SPace

= Requirements
a seisrnic stability, Noise scurces, etc

a Cleanl'in,ess

tr Status and Plans

= Both Sites Acquired
o Grading - Wash; Clearing in Lousiana

= Design/Const' Management
. Awarded to Parsons (Nov 95)

= ConcePtual Design
6 gO% A&E received 4/95

o Trade Studies; Value Engineering

uc<)s 4lotss )1
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LI GO

LIVINGSTON PARISH

LOUISIANA

AERIAL PHOTO BY:

GULF GOAST AERIAL M^PPINO

FLOWN:AUGUST 
25' 1ss6

ALTITUOE: 12'OOo FEET
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Project Status and Plans

n Ready for constructi,on Phase

= Acquisition Flans; Designs; elc

Construction
.-* (lomnlete in
-) 

\J, vrl I lr

ItlJvrnrnratr | \JlttvL)

I OOOI \., \-/ \-/

l-l

tl Operations

= Begins as

ComPleted

= Operatlonal

= Design Goal

uctls 4l3019s
a /'l)/



LIGO Detectors
R&D Program

)>

c Demonstration Experiments

o Pre- [detector design f re eze]

etfelt design over the next two years

e Post- fdetector design f re eze]

t_'
experience running an interferometer facility

o SensitivitY
main features of 40 m sPectrum

monolithic tesi masses imProve

understood

sensitivitY

1n LlGo-G950085-00-M



Where Do

(Fundamental

We Stand?

Noise Sources)

Seismic Noise

Passive seismic lsolation stack understood

stacks with softer Elastomer in Preparation

significant Reduction in seismic Background at

Remote Sites

Ther.mal Noise

lmprovernents in Quanitative Understanding

SuspensionRequirementsRelaxed,Internal
Mode Requirements Tightened

CurrentSuspensionDesignProjectedtoMeet
LIGO Goal

Shot Noise

LlGo Goal 10x Better than Best Demonstrated

Requires characterization and Integration of

DifferentE|ectro.opticalComponentsand
subsystems (Photodetectors, Modulators, Laser

StabiliSation,...)
High Power shot Noise Experiment underway

at MIT

LIGCN



lmprovement Toward

lnitial Intederometer

Advanced lntederometers

Advanced lntede rometer

100

t (Hz1

1o-'t

1o{

q
t

N:r

lc

t
I
N"r

1-

10

ao
a^

36
zq
ato

"g

\,

Rosidualtos

U)o
(^
3

lt5lz
lo.
l(,
l(D

Hq
q
k*

ffo
Rcslduel G1s

T T| TN



NEUTRON STAR BINARIES % >%

[" N ear- G u aranteed" sou rce]

t o-16

lo-17

r o-18

-1q10 '!v

to-2o

lo-22

lo-23
t 10 100 1000

f requency, Hz

:----Z

Present
Search

l o-21

1

103

106

q
10"

1012

15
10

E 75 minutes &1 0,000 orbits in LtGo band

Wni ch information in waveforms:

maSS eS, SpInS, dtstanCe, dtrectton,

nuclear equatton of state
t2A

h

\;J

iJt..- - - tl-l--*.i-')-
E!E___*

'\

-E-r___i>

b1 e
-.--""-ACo{oq\c

ilu
1\a
<\".' E\s
2\

ysAls_?3_l{si\

?t'grT U 5d-;iC -:
i'*qH*a{99Hqq--

gfiggff-:ffi,
\L



Gonclusions

n l-lGO Construction
UnderwaY

is well

r Direct Detection of

Gravitational waves Appears

Realisticwithinl0years

il ultirnate sensitivities
Capable of CPening a New

Field of Observational
Astronomy with Gravitational

Waves is the Long Term

Goal,

uccN 4130195


