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Gravitatlonal vs
E.llt. Ullaves

Oscillations of the
"fabric" of sPacetimeOscillation of EM

Fields ProPagating
Through SPacetime

N atu re

Coherent emission
bY bulk motion

of en ergy

hcoh erent su PerPosition
of waves from molecules,

atoms, Particles

Emission
Mech an ism

EssentiallY None!
Strong absorPtion and

Scatterin glnteraction with
Matter

| < la4Hzf > 107H2FrequencY Band

E lrnp,llircations

+ Most gravitational soLlrFces not seen as

electr6magnetic (and viice versa)

+ Fotential for great surprises

+ Uncertainty in strengths of waves

l1
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17/se
Timing Pulsars

Timed to -50 prsec

Since discovery, observed Period
graduallY sPeed uP

' o 1 0 sec in -$5 
Years

a growing quadraticallY in time

Due to loss of orbital energy, from

emission of gravitational waves

of

l5

I hir
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Neutron Star tstiitrlary

Coalescence

iF.: .:. . i- .'r.

F.i:;;.i;;:i;l : i:' ;

ffiffi
-1i/rXO00 yr 130 M.L.YrProgenitor Dea$D

Rate

-1i['30o' yr 600 M.L.Yr'Binary Pulsar
Searches and
Discoveries

-11'i0' yr 3000t M.L.yrUltra-conseMive
Limit from Binary
Pulsar Searches

urc.cN 4130195



GravitationalWaves
n Techniques

= Resonant Bar Detectors
{t narrow band

=Largescalelnterferometerst broad band

n International lnterferometer Effort

= U.S. LIGO (Two Sites)

'Caltech&MlT(WashandLouisiana)

= Europe -- VIRGO (One Site)

o French and ltalian (near Pisai

= Smaller efforts
o Germany, Japan, Australia

n Time Scale

= ApProximatelY Year 2O0'O

LlccN s19l9s



LIGO
Scientific Mission

tr Direct Detection of Gravitational
Waves

Neutron Binary Coalescence

(Last 15 minutes of Hulse/TaYlor

in 100 Million Years)

=+ Test General Relativity in Strong

, Field and High VelocitY Lirnit

= Measure Pol arizalion and
Propagation SPeed

uecN 4l30l9s
t3
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LlGo Long Ravtge 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

I Black-hole/Black-hole or /Neutron star

= Supernovae
o Axisvmmetric in our galaxY

{D Non-uxisYmmetric -300M LYr

= EarlY Universe
t Vibrating Cosmic Strings

, Vacuum Phase Transitions

dDVacuumF|uctuationsfromP|anckEra

- The Unknown

l7
uccN 4l30l9s



Gravitational Wave Strength

Srain Sensitiviry

C(\ff, l r') 1

fu=, rct

for Ef,^ I ,' - M,

h - I}to for Virgo Ciuster of Galaxies

h - L0-23 at Hubble Distance

LIGOGoaI: h-L012

Detector LL = hL

L-4km + Al,-L0-'6cm

This leads to Stringent Specifications:

. 
Vacuum

Seismic and Acoustic Isolation

Test Mass SusPensions

OPtics

ofn
UL\v.

LIGO 1113194
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SCH EMATIC INTERFEROM ETRIC DETECTOR

AL= La" Le tr hXt

--@

PHOTODETECTOR



0.5 n6

V

- ^ runction of directio,n, o,f arii, i,rnterferometric

Figure 2.7 The sensrttvtty' tt ' ':l::;^":;*;;.r. Th," iirn,terfero'ni}eter arms

wave detector to unpolarized gravitational waves'

along the x and Y axes'

gravitational
a re oriented



Forces,Fger;fr#l by a
m[ tfi/ave

(a krn) (300-30,000km)

I$lherni: Quadrupolan Lines of Force

+ Polarization x Polarization

Size

l-lc{N 4t30195
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t]llEtUffR@lN STAR
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1 00010 100
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m'Rich rnformation in waveforms:
m,ass es, spins, distance, dtrection,
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LIGO
n National Science Foundation

n Construction Proiect (1994-1 999)

= Facilities and lruirtiial Detector

tr commission Facility (1999-2001)

+ lmplement Initial Detectors
{t h - 10-20 - lnitia$ Search ln 2000

* h - -l O-tt - Sensltlvi{y by end 2001

n Full OPerations (2OO2 + "'. )
+ operate/Enhance Initial Detector

o data collaboratlon with VIRGO

e incorPoraie outside Users

+ Advanced Detectors
+ SYracuse, Colorado, Stanford' etc

eCaltechefforls(LlGO,Drever'Kimble")

uctN s1919s



LIGO Proiect

o Detector

o R&D

o Major Facilitles

e Status and Pfans

\J LlGo-G9500e5-00-M



Gravitatironal Wave
Detectiton Strategy

n Interferometer SensitivitY
+ R&D Prograr,r^!

r Technolory Development

r Demonstratiro'n Experiments

=+ Engineering frnPlementation
r Precision Engiineering Design

{D Quality Cont$-e'l _;:
tr Two Sites - Three

Interferometers

= Single Interferometer -50/hr
o non-gaussian [evet

= Hanford (Doubles) -1 ldaY

e correlated rate {x]O0O)

= Hanford + Livingston <0 -1 lYr

a uncorrelated (x5000)

r8uccN 4t30t95



t-auLT| 7 lz Lo |l'9lgEjli€
I ocA r./ i arla q, I rttsc e

?ton. f l crrl rer tnJ'o rer ?o n8r'a

rJ

^ t-
*4f

I

Jt
\"4

Io'

tol

ld,

.3
lo

LorJ :t|f* , -coii'[*irrl v 

^/ 
y

,$.f
,t/ {"7*//gr

y oi'

lV.>
C'

ec

8
5
r}

T
rl
!
0

(,

GoA U
r-!| 

----r 7F
lo*9

e-owe!+t, or. a

,t lgt/1"

fj
g

,*

' ro'

"9r 
n3 les

lor

R*te

lo3

(Err^ts/,g,, )
tdt



Description of LIGO

Two Sites - Widely SeParated

Hanford, Washington

, 4km and zk<rfiInterferometers

Livingston,, Louisiana

- 4 km Interferometer

Expansion for Advanced Detectors

2
LIGO 9/rB/94
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Detec.tors'

il Approach and ch aracteristics

; Employ Demonstrated Techniques

s Required R&D has been defined

r 40m, 5fi1, CP'tics ExPeriments, etc

= Precision Engiineering
. Design Fre eze {1997)

= systems Englneer*ng/lntegration
r Interfaces, flexibilitY

= Advanced control/Data system

Status and Plans

+ Design lPerformance for Detector is

ConsistentwiththeDesignGoa|s
o OPtimization of the Design

a Define ResPonsibilitles

o Advanced options: seismic isolation,

suspension, lase r ???

tr

uccN 4130195
26



Itqho Etldget For First LIGO Detectors

:S SFS| Lsffir

M.Jirnqr Loses 50 PPm

,ffiydllir€ Fector of 30

1o kq Tqst Masses

$ggp'erftslon Q:107

10-r8

10-rs

cv

I
N 1 0-?1

1o-22

1 o-?3

1 o-?'

1 0-2s
lnn
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a
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h
k,\
[,\

Hesidual n^

-1dS
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o

"6

Internal Thermal

1 000

LIG{N



Tab1e, 1:,1-. ]ffiifi''1$erteriometer slncifications

St rai n' Senleiltivl"W

4x10'ta m
D is p I acenernt Ser*sitivity

Fab ry- P e rot Arrmr, Len g[lir;

< 10$ torr
Vacuum Level

514.5 nm
Lasbr Wavelengrth

Ootical Power at Laser OutPut

Optical Power at lnterferometer lnput

Power RecYcling Factor

Flat, ReflectivitY - 0'97
lnput Mirror P roPerties

+f.- Curvature, Fleflectivity > 0'9999
End Mirror ProPerties

Arm CavitY OPtical Loss

Light Storage Time in Arms

Fused Silica,'11 kg
Test Masses

Mirror Diameter

Test Mass Period Pendulum

Passive, 4 stage
Seismic lsolation SYstem

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

Altenuation
1 per minute

Maximum Background Pulse Rate

l3A



R&D Prograw\
n Overview

+Demonstration ExPeriments
c Technical: Suspensions; OPtics,

Servos,..
c sensitivity: Displacement, Phase Noise

= Priorities for Detector Design
Fre eze

= Operations: Reliability, Stability

= Develop Advanced Techniques
o Active Seismic lsolation

n Progress and Plafirs

= OPtics, Test rnasses, Mirrors, etc

= 4Om DisPfacement Results

l-ld 4t30t95 25
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Displocement Sensitivity of 40-Meter Interferometer
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Reaching Des;lgn

SensitivitY
n Technicafl

= R&D - Iinrnrprovements

= Engineerirnrgr Design lmprovements

= Systems Engiineering/l ntegration

n Silte Speciflc Factors

= Length 4 km (factor of 100)

= Environmental Factors (e.g'.

Seismic)

n Long Term

= Re I i abi I ity/Stabi I ity

= Flexibility Detector lmprovements

+ Allow for Future New Detectors

11uccN 4t30t9s
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Hanford corner station sw Arm Axis, Morning Traffic December 13,1994
(Preliminary Data)

5-0

Fi'Uq":Ancy'ir\'l-iz

Windspeeds<5mPh

sensor
noise
limited
reqion

t"

T--->-

50.0 100.0

Specl -3-95/seg.1 .w.id

GTE96(t'
E
F
P: *(I):

al
s:
o(l).
06-' qg
C.t
(D
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SusPension Thermal Noise

observation of rhermar Noise in violin Modes of 40-m

Test Mass SusPensions

1o-14

1o-tt

10,-tu | -' 
=

East End Mass Violin Resonances

N
Y

d

; 1o-1oq)
.H

Q)
C)
U

U)

a\
1o-tt

430 335
315 36

Frequency (Ht)

solid line:
data ol Jan- 9, 1992

electronic dalnPing off

Sccondrrt pcaJcl tr tnrcrlcrrc pohrlrrUonr

dashed line:

thermal noise

prediclion

\
\ I

I

\
\

I
\

LIGCN



suspension Thermal Noise Fqr LlGo Interferometers

. proiected rhermal Noise for LlGo lnterferometers

. Model suspension system using Frequency

Independent Loss Function
. use current 40-m suspension Design (standoff

on Test Mass and clamps at suspension Point)

Suspension Thermal N'oise

curreal su'sPcnsion 
I

initial LIGO ProPosal 
I

I
I

I
I

I-__l_\il\\ l\
\\ /\\-= . 1\V\

)

lo-10

1o-r"

1o-ro

1 o-rr

N
Fr{

\ < n-16. .1 lu

.,
f<
0)
F
aJ < n-lg(JI\J
d
o.

a

1000'
50 100

FrequencY (Hz)

LIGCN



Phase Noise Dernonstratioh

., Goal is to Developand Demonstrate Technolo'gytor
Shot-Noise Limited Phase Measurements at lnlttiatr

LIGO Interferometer Power Levels

. Requires Development and Testing Of Modula-
' tors and Photodetectors.' -

Build Up 5-m Interferometef in Stages toward Full

Recombined, RecYcled OPeration

. Begin with Simple Michblson lnterferometer
Using LIGO Readout Scheme (P" fi - 1 W)

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

. Reconfigure with lnput Mode Cleaner (Per '- 70 W)

lfode Cjester
oofrool

P hase ncise ifilerfaronteier
S€cord stag€, shorrirq rnode deaner input

-/*-6m 

r

{-#r->i t:l---'.?;
.----+

9'ry
+ L-6m -

[ll SusPenstrn:

[-l s'x 8'looPrrrt



=Iffi(r)) 
-'

Shot Noise

60(f)

?owE{z
, ^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

dh(f)

?eoeuv otr /
/uZe RFESIv4ETEF
o Prt cfrL coN F t6a?,w'toil

(u tt Rorl R'r., Erc )

LIGO Hequirement

Current 40-m Interferometer

MPQ Garching

De*epalilED Petx AStLy

6Y EWCAIVE OfrICAL

1o-10 rad'l',ffi
1o-B rad'l ^ffi
1o-e rad,f ffi

LIGCN



@ptlcal Contiguration lnvestigations

-----++----7-.tg

FI-IiOTODETECTOR

Must Control at Least Foturr Critical Lengths

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

Required Control Signatrs

In 1991, Started Efforts to Builld a1'nd Tbst Twao

Possibte Schemes in Tabletop EXperiirrniemrts For

Comparison with Model Predictior-ls of Ferformance

. Tbst Signal Sizes, Servoloop Stability

. Look for GaPs in Models

. Not Practical to Test Noise Performance

LIGCN



LIGO Proiect

n Major Facilities

+ Beam Tube

= Vacuum SYstems

= Civil Construction

tr R&D

n Detector
+ Intederometers

= Control and Data S'Ystems

n P roj ect Man agennren't

t9
rJG$ 4130195
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Beam Tube
n Ch aracteristics

= Arm Lengths 4km

= Tube Diameter - 4 tt

= Initial Detector

'10-6torrHydrogen;1.0-TtorrWater

= Advarlced Detectors
a 10-9 torr Hydrogen; 10.10 torr \lVater

= QualitY Control
& {materials, welding, cleaning' etc)

tr Status and Plans

+ Design Contract was with CBI

I Final Design Report Accepted (6/94)

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

= Contract OPtions
LIccN 4t3otes

,)^





6543

Mirror of
Suspension'Point
lnterferomeler

SUspenslon
Wires

Fabrv.Perot
Test Ma.ss Mlrror

CLEABAPERTURE=1 m

BAFFLE l.D. = 1.10 m

BEAM TUBE l.D. n 1.22 m

Test'Mass



FrGURE1.1.2 #4 BAFTLE SCHEMATIC



Beam Turbe Enclosure

1tl,L1

uccN 4130195
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n Charaelenlstlcs

= Enormous volugnnre (p2A,000 m3)

= MostlY Standardi Vac' Equipment

e 1st stage roughin'g' - Atr-fl -> C'1 torr

sZndstageroughing-0.1tcrr->10.6torr
s SteadY State - lon/getter PUmPs'

+ Large Gate Valves (4ft diam)

, access and flexibilitY

- Controls and Monitoring

n Status and Plans

= SPecifications D'e'fi'n'ed'

a Science Review ComPlete - Aug '95

= RFP for Desig'n an'd' Manufacturing

o CBI and PSI awarded design contracts

o Down-select 6/95

LIG$ 4t3ots5 ))
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Civil Const:nuction

il Ch aracteristics
+ structures, Foundation, Roads, etc

s Large and Cleafi Laboratory Bldgs

o Beam Enclosures

D Office/Lab SPace

= Requirements
9 Seismic Stability, Noise SourCeS, etc

s Cleanl'iness

u status and Plans

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

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

= ConcePtual Design
,,0 90% A&E receive d 4195

e Trade Studies; Value Engineering

uc<)s 4nols )a
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LIVINGSTON PARISH

LOUISIANA

AERIAL PHOTO BY:

OULF COAST AERIAL MAPPINq

FLOWN:AUGUST 
26. 1986
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Project Status and Plans

n Ready for constructi,on Phase

+Acquisition Pians; Designs; etc

tr Construction Project :

. I 
.'.

- ComPlete in 1999

il Operations

= Begins as Constr:uction
ComPleted

= Operatlonal for

= Design Goal bY

32
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LIGO Detectors
R&D Program

o SensitivitY
main features of 40 m sPectrum

monolithic test masses imProve

understood

sensitivitY

o Demonstration Experiments

o Pre- [detector design f re eze]

effelt design over the next two years

o Post- [detector design f re eze]

f-'
experience running an interJerometer facility

10 LIGO-G950085S-M



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
Mod'e Requirements Tightened

Current Suspension Design Projected to Meet

LIGO Goal

Shot Noise

LIGOGoa|l0xBetterthanBestDemonstrated
RequiresCharacterizationandlntegrationof
Different Electro-Optical Components and

subsystems (Photodetectors, Modulators, Laser

StabiliTation,..')
HighPowerShotNoiseExperimentUnderway
at MIT

Where Do We Stand?

(Fundamental Noise Sources)

LIGCN



lmprovement Toward

ln itial Interfero meter

Advanced Interferometers

Advanced Interte rometer
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NEUTRON STAR BINARIES

[" N e ar- G u aranteed" sou rce]
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g1 s minutes &10,000 orbits rn LtGo band

Hni ch information rn waveforms:
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nl)clear equation of state
I2A



Conclusions

r LIGO Construction is well

UnderwaY

r Direct Detection of

Gravitational waves Appears

Realisticwithinl0years

r Ultirnate Sensitivities
Capable of CPening a New

Field of Observational
Astronomy with Gravitational

Waves is the Long Term

Goal,

2

uticN 4t30195


