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Gravitational Waves
Two Potarizations

fgtroNl
LIGO-G9601 16-00-M



Gravitational vs
E.nt, Waves

Oscillations of the
"fabric" of sPacetime

Oscillation of EM

Fields ProPagating
Through SPacetime

Nature

Coherent emission
by bulk moUon

of energY

ln coh erent s u PerPosition
of waves from molecules,

atoms, Particles

Emission
Mechanism

EssentialtY lrfonelStrong absorPtion and
Scatteringlnteraction with

Matter

f < l04Hzf > lg7hlzFrequencY Band

I lmplications
l Most gravitational sources not seen as

electromagnetic (and vice versa)

t Potential for great surprises

I Uncertainty in strengths of waves

uccN
l14l22l9s



Gravitational Waves
Evidence

o
o

Russell Hulse

Neutron Binary

and JosePh TaYlor

System
-- Timing of Pulsars

-/

Bhr

17 | sec

/

Llco-G960108-00-M



Hulse and Taylor
Timing of Orbit

o Speed uP 10 sec in 15 Years

o Deviation grows quadratically in time

o
-lo/

-t

^*-a9 .ar3.,,\
[5ca 1

-L

-.8

-lo

ffiso lfeF lero

o Due to loss of orbital energy, from

emission of gravitational waves

LIGO-G960108-00-M



Gravitational Waves
Effects

o Displacement of free Particles
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Gravitational Waves
Detection
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@ Gravitational Waves
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c Bar detector

O Gravitational Waves
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o Interferometer detector
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Laboratory Experiment
Ia Hertz)(a

LaboratorY Dumbbell SYstem

1 tons

f,ot = 1 kHz

h,"n-2.6 10-33mx1/R

ft = detector distance (>

h,"u = 9 10-3e

1 tons

1 wavelength) = 300 km

\

This is too weak by about 16 0rders of magnitude!

2 meters

LIGO-G960108-00-M



Gravitational Waves
So urces and Detection

I

o binary star sYstem

o gources and detection

Event Rate -DetectionSources trbeguencY h

-3/Year Interferometer
fTemPlate

C$sciltBinary Neu-

tron Stars (200 MP")
J0..,1000 Ez l}-""

^'3lcenturY Interferometer,
Resonant

Supernovae
(in our G9]9*Y)

.-,1. kHZ 10

several/year Interferometer.,1 kHz 10

lf year lnterferometer
in SPace

ffiration of Large
Black lloles

".r1, mHZ 10-'

periodic Interferometer,
Resonant

Pulsars 10,-,1ooo Hz 10-""

stochastic Fular Timing
Cosrnic Strings 10-7 Hz 10-^"

LIGO-G9601 16-00-M



Gravitational Waves
Fesonant Bar Detector

o Schematic Version

lr rl

trsl LIGO-G960116-00-M



Gravitational Waves
Fesonant Bar Detection

scnsor

tector

,
I
I
a

I
I
I
I
I
I
I
I
I
I

I

o Bard

\*r)

\

Group Antenna Ibansducer Sensitivity (h
CERN/Rome

CER^IV

LSU(usA)
Stanford

UWA(Austrlia)
ICRR(Japan)
KEK(Japan)

A15056, 2.3ton, 2.6K
A15056, 2.3toa, 0.1K
A15056, l.lton, 4.2K
416061, 4.8ton, 4.2K

Nb, 1.5ton, 5K
A15056, 1.7ton, 300K
A15056, 1.2ton, 4.2K

Capacitive*SQUID
Capacitive*SQUID
Inductive*SQUID
Iqductive*SQUID

nF cavity
Laser Tbar,"ducer
Capacitive*FET

7 x 10-".
2 x 10-18
7 x 10-le

10-18
9 x 10-1e

4 x !o-22 (ooUz)

o Status of bar detectors

LIGO-G9601 16-00-M



M i c h e I s6h;l nte rfe ro mete r
cnhematic Diagramr)Vt Il

r Michelson MorleY ExPeriment

LIGO-G960116-00-M
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M ichelson lnterferometer
Interference Fringes

Michelson MorleY ExPeriment
)) Two beams misaligned

I mpressionistic rendering

LIGO-G9601 16-00-M
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M i chelson I nterferometer
Transfer function

. Example
)> mirrors are defined at 500 km from beam splitter

l oto

E6

€
oo
(6

o-

10

fLrcNl

10'
Frequency (Hz) LIGO-G960116-00-M



Forces

IF

Detector Size
(a km) (300-30,000km)

(10 kHz - 10 Hz LIGO)

THEN

o Free Masses

o Quadrupolar-Lines of F-orce
vy

I Pol arization x Polarization

.v

LIGO-G96010S-00-M



Gravitational Wave
Detector

o Antenna Pattern
)> coordinate system

LIGO-G960116-00-M



0.5

X

v

Figure 2.7 The sensitivity, as a function of direction, of an interferometric

wave detector to unpolarized gravitational waves' The interferometer arms

along the x and Y axes'

gravitation al

a re oriented

0.5 0.5



Astrophysical Sources
Frequency Range
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C9

1 o-18

1 o-20

1 o-22

1 o-21

Electromagnetic Waves H 2A orders
of magnnitude (ULF radio -> HE y rays)

Gravitational Waves - - 10 orders of

magnitude

Combination of terrestrial and space
experimentsf

Block Hole BtnorY
j Coolosconco

Blsck Hole
o Formqrion

O Blsok Hole-
Blnory, l0rMo

lo5 Mo
BH-BH

1o-2 1oo

Freq u e ncy
102

IH']
1011 o-1
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Gravitational Waves
Space Experiment

o LISA - Laser Interferometer Space
Antenna

>) six spacecraft in triangle (four needed)

5x106 km

1 .,.---11:.... I

relotive orbits
of spocecroft

Venus

Mercury

LIGO-G960108-00-M



: tISA
Annual Revolution

o

o
60 degree half opening angle

'tumbling' allows determination of
position of source and pol arization of

WAVE

LIGO-G960108-00-M



Gravitational Waves
lnternational Effort

o Techniques

narrow band

>) Large Scale Interferometers
broad band

o International lnterferometer Effort
>, U.S. -- LIGO (Two Sites)

Caltech & MIT (Wash and Louisiana)

French and ltalian (near Pisa)

>) Smaller efforts
Germany, Japan, Australia

o Time Scale (lnterferometers)

LIGO-G960108-00-M
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LIGO
Achieving 1A18 m SensitivitY

How is it

o Air molecules:
Buffer mirrors

-_.------..-__

Buffet light beam

(f luctuati n g dispe rsion)

possible????

\
.-t-

/o

))Mlrrplsagdligltt=b-eam:El-Ltslbei=Lvru=u=um

o Mirror's atoms vibrate (thermal noise)

o Earth vibrates and shakes
)) anti-vibration susPension

mirrors

)> quiet environment
a------- \\rr.|

lLlco\l
LIGO-G960108-0GM



Noise Budget For First LIGO Detectors

5 Watt Laser

Mlrror Losses 50 PPm

Becycllng Factor of 30

10 kg Test Masses

Suspension Q=107

10-r8

10-re

E
I
N't'

ls

1 0-?1

1o-22

1 0-23

1 0-21

100

f (Hz)

,g
q
k,\
[,\

n*iOra S,

LTGCN

1 000 1 0000
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Neutron Binary Systems
lnspiral

o
o

LIGO frequencY band
)> last 15 minutes (-100 cYcles)

'Chirp Signal'

Detailed waveform gives masses,

SpiflS, distanCe, eccentricity of orbit, etc

C!-.

^0

T (sec)

LIGO-G9601 15-00-M



LIGO
Scientific fr/lission

o Direct Detection of Gravitational

Waves
BenchmarkSource:NeutronBinaryCoa|escence

.Detectthelastl5minutesofHu|se/Tay|ortype
binary system (eg' 100 million years)

. . Sensitivity -- detection rate >3 year

Other Sources

o Fundamental PhYsics (GR)

VelocitY Limit

>) Measure POlarization and Propagation speed

LIGO-Ge6o108-00-M



Neutron Star Binary

Coalescence

-111000 Yr 130 M.L.YrProgenitor Death
Rate

-'lllOot yr 600 ill.L.Ytr.Binary Pulsar
Searches and
Discoveries

-lllO'Yr 3000 M.L.YrUltra-conseMive
Limit from Biinary
Pulsar Searches

uccN 4130195
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NEUTRON STAR BINARIES

[our best understood so urce] oo
n HutselTaytor (Iggs Nobel Prize):

@ observed slight inspiral of PsRl 913+1 6,

due to eneigY lost to grav'l waves

sTherebyproved(indirectly)
that gTavitational waves exist

WL IGO's Goals:
To detect the waves directly,

and by extracting the rich information

theYcarr6,usethemtostudY:

@Thenatureanddynamicsof
gravitY (s1aceti me warP age)

(8 The "dark side" of the universe

ffi The trouble with PSR1 913+16:

@ttswavefrequencyis0.000lHz
oLIGo,sbandisl0to1000Hz
@ we must wait 100 million yrs for

PsRl913+1 6 to reach LIGO',s band



G rav itatiOn-al Wavefo rms
;- binary insPiral

o;can-determine ---
-,'' -eftstftftee from-the-earth r- ------" -dbtfrftee

f, - -- - a l'
'i

l,rrcrbmf eceenfricity-e-and orbital-inctination-i

W"y-rl-qn ---.-=---__ r 
p-ead€nc-e-on--e'fot-t--=-90?:

-.---DependerlCe on t, for s = oi

(fi;f---Z cosr

-rrmp -

LlGo-G9601oe-oo-M
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NEUTRON STAR BINARIES

["Guaranteed" source]

ZQorlttol_rstfrr\*-(estima&e;;;fr=l-\:{.

sstfffiffi*?ri*-_;
Tl|llqiti$yls__ j__

(about 
";; ;;;d"\i- - - _ _ i_

10 100

frequencY, Hz

1 000

oa
\-.--l

t o-16

to-17

t o-18

- 
t o-19

h

t o-20

rc-21

lo-22

t o-23

ffi 1 S minutes &l 0,000 orbits in LIGO band

Wnich information in waveforms:

masses, Spins, distance, direction,

nuclear equation of state



SENSITIVITY OF LIGO'S
FIRST INTERFEROMETERS -
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BinarySqurces
--lnspiral and Coalescence

E'""Nl
LtGO-G960108-00-M



1 0-16

1o-17

1 0-1e

10-20

1o-21

Spacetime Present

Volurne
Searched
[in units of

103volume
searched
nowl

/search
'L --l 1
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LIGO
Long Range Goals

o Final Coalescence of Binary Systems

Design Benchmark: last 15 min

20,000 cycles

600 MLyr

o Supernovae

o Early Universe
>) Vibrating Cosmic Strings

)> Vacuum Fluctuations from Planck Era

o Unknown Sources

LIGO-G960108-00-M



BLACK HOLE BINARIES
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TWOWAVEFORMS [stereop onicl

ffi Richjnfotf--natbri
0fs@@lm€wafrygel

@No nlinear vibrations of spacetime

tco:mpilre with Grand Chelletige
S u pe rcom pute r Si m u I ati onsl
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FICURES

FIG.r..\grey.scalerenderingoftheentroPydistributionattheendofthesimulation,about

s0 miriseconds into rhe explosion. Note rhe pronounced, por*ro-pole asymmetry in the ejecta

and rhe velocity fierd (as depicred with rhe velociry vecrors). The physicar scale is 2000 km from

rhe center to rhe edge. Darker coror indicares rorver enrropy and 0 = 0 0n the bulge side of the

symmetrY a-xis'
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LIGO
Sensitivity

o Comparison of sensitivity and wave
strengths (hrn = 1thrms )
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LIGO
The Proiect

o National Science Foundation

o Construction Proiect (1 995-1 999)

o Commlssion Facility (1999-2001)

o Full Operations (2002 + ... )

data collaboration with VIRGO

incorporate outside collaborations

SYracuse, Colorado, Stanford, etc

Caltech/MlT efforts

h _ 10_20 _ COi,nciidenCe

- lnitial search (end of 2000)

h - 10-" - l,n,itial Design Sensitivity (end 2001 )

LIGO-G960108-00-M



Untfited- 6

LIGO $ite Pair

lf*nfurd, Warhingtorl

' Located on tt*$. S*pt. trf Ensrgy Reservatian
r Treeless, $enl*-l-frrid Desert

' Approx. g# km frrm Hicillsnd {il{*tr*pulitan
Fop* 140,Gtr1)

Living*tcn, Laulsiana
, LocEt*d in Fsrested Rural Are*
r Apprax. $S lem from Baton Houge (Fop. 450,0S0)

Ph

LrcS



LIGO INTERFEROMETERS

hotodetector-

requires
f Zf-km

g- M &s u?e d rru-auefoff,-tl(fimd =AUf ,

:

is a line ar combination of h+ and.h*

which depends on interferometer's

orientation



Description of LIGO

Two Sites - Widely SeParated

Hanford, Washington

- 4km and zkffii Interferometers

Livingston, Louisiana

- 4 km Interferometer

Expansion for Advanced l)etectors

2
LIGO

e/18/e4



Hanford/Livingston

f, Consequences:

Pisa CANf*ST b'e' u'sed',

together wlth t-fanford' o'11

to search for waves :



lnterferometers

o AuL = 11 = F*h*(t) + Frt*ft)

AL= L^' L" = hXL

-@
PHOTODETECTOR

LIGO Measures onewaveform

LIGO + VIRGO(ltalY)

LlGo-G960115-0GM



Source Positions

o Celestial Sphere position location from
LIGO {two interferometers)

o

o

D
O - arcsin

LIGO-G9601 16-00-M
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LIGO
Basic Configuration

o Michelson with Fabry-Perot cavities

End Mlnor

Recycling
Mirror

V

lnput Mirror

<__- +----- ------>
rJJ2[2

Photodetector

LIGO-G960108-00-M



I n iti al' I nterferometer
Specifications

StEh Sens$lttltY irms, 100 Hz bandl 10zr

4x1&ramDi+bcsnerfi Sensitlvity [nirs' 100

Hz bandt

Fabry-Perot Arm Len$h 4000 m

< 1F tonVacuum Level

1Q64 nmLaser Wavelength

. 1OWOptical Power at Laser OutPut

5WOptical Power at lnterferometer lnput

@Power RecYclhg Factor

lnput Mirror FroPerties Reflecliuily = O.9f

End Minor ProPerties Reflectivl[y > 0.9998

Arm CavitY OPtical Loss sg%

Light StorageTime in Arms 1ms

Fused Silica, 1'l kg
Test Masses

Minor Diameter 25 cm

1 secTest Mass Period Pendulum

Seismic lsobtion SYstem Passive,4 stage

> 1e7 (100 HaSeismic fsohilbn System Horizontal
Attenuation

1 per minuteMa,rimum Background Pulse Rate

fL6l L|GO-G960108-00-M



NEUTRON STAR BINARIES

[" N ear-G u aranteed" soL] rc
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lnich information in waveforms:

masses, spins, distanCe, direction,

nuclear equation of state
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I nitial lnterferometers
Noise Floor
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Gravitational Wave
Detection Strategy

tr I nterferometer SensitivitY

+ R&D Program
r TechnologY DeveloPment

I Demonstration ExPeriments

+ Engineering lmPlementation
t Precision Engineering Design

rl QualitY Contral

n Two Sites - Three
lntenferome*ers

= single lnterferometer -50/hr
I non-gaussian level

= Hanford (Doubles) -1 ldaY

. correlated rate (xl 000)

= Hanford + Livingston <0' l lYr

t uncorrelated (x5000)

LlccN 4l3019s 18
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lnterferometers
Coi ncidence Ex7eriment

ĉ-l\
N
-v
r̂{-. \../

,C{.\
?

Ea

o Lnterfetqmelers

o Strain Sensitivities (^'10-17 rms noise)

trbNl
frequencY f (Hz) LIGO-G9601 16-00-M



lnterferometer
types

o Folded interferometers
)> DelaY-Line (N=4)

Fabry-PerotDelay-Line (N=4)

L|GO-G9601 16-00-M



lnterferometers
Coi ncidence ExPe riment

o Glasgow - Garching

1 0o h o u r cdinci-dence-experi me nt

level 1 - housekeePing vetoes j-
level 2 - 62hrs good data (.4 1 O-17 for 1.6 sec)

level 3 - require same strain in both detectors

h < 1.6 10-16from zenith and optimumpolarization

h < 3.6 10-16 any direction and any polarization

o

o

'rl
.h,j.

a

o
Oo

6
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LIGO Proiect
Technical

o Maior Facilities
)) Beam Tube

, 
- 
Vacuum SYstems

>) Civil Construction

o Detector
)) Detection StrategY

. R&D
)> Noise Sources and SensitivitY

o Status and Plans

2 LlGo-G950085-OGM
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Gravitational Wave Strength

Strain SensitivitY

,-G(E#, 
lc2) t

rc'

for Ef,, I ,' - M,

h - t}to for Virgo Cluster of Galaxies

h - l0-" at Hubble Distance

LIGOGoaI: h-L012

Detector LL = hL

L - 4km + AI.=10-tu cm

This leads to Stringent Specifications:

Vacuum

Seismic and Acoustic Isolation

Test Mass SusPensions

OPtics

etc.

3
LIGO 1113194
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BeamTube

Bpon$sn Joht
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Beam Tube

tr Characteristics
+ Arm Lengths 4km

= Tube Diameter - 4 ft

= Initial Detector
, 10-6 torr Hydrogenl 10-z torr Water

= Advanced Detectors
il 10-s tarr ltydrogsnl "l 0-t0 torr water

= Qua*itY Control
il {materials, welding, cleaning, etc)

il Status and Plans

=DeslgnContractWaSwithCBl
r Final Design Report Accepted {6/94)

= Qualification Test
| 130 ft Section - success (4195)

= Contract OPtions
LIGGN 4t3ote5 2A



LIGO Facilities
Beam Tube Enclosure

I

'/ 
+24"

13'-4"

Figure 2.1-1 - Cross Section of Design Baseline at
Hanford

4trsl LlGo-G950085-OGM
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I nitial I nterferometer
Noise Budget

-9*

R-%

c-l-l-6@ Aft4U

cpHq 100 AMUc{i/ co

N
'r{

k
du

d
d
k
o
q)

d.F
C'
t{
h0

o
bI)
0

2

log10 frequencY (Hz)
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N

t{
C'
v)

d
dk
ut

o -25
(U

F

0d
t-l
u0

o
ho -26o

Advanced' I nterfe rometer
Noise Budget

23
tog10 frequencY (Hr)

Advance{ amplitude recycled interferometer parameters:
Am = 10'3
Pin = 100W Pcirc- 1 MW
tepl = 0.3
l.'=1.06tr

\qb

cpHq100 AMUI
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65432

Mirror ol
Suspension-Point
lnterferomeler

CLEARAPEBTUBE=1 m

BAFFLE l.D" = 1.10 m

BEAM TUBE l.D. = 1'22m

Test Mass

Suspension
Wires

Fabrv-Perot
Test Mass Mirror



BIG FASCO
AN CdPR€SSS

WAREHOUSE #5, BAYS #1 &#2 IESI ROOM OXWIT

ui lia tHh,ili

T{$'"":F.$u*lj
;pi ralt*iJ

3-; HEl,l
VA

CLEANING ROOM

lu{it

lu,l
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;lt

h2 TANK & EVAP()RATOR UNIT



LICOINSTALLATION PIAN

TERMINATION

STRUCTURE

& VALVB

,i.ii urorru*,0*""*'
SILTENATION 8

CONC&ETB

OVE R

AIJ.ATION

CHAI.{GE &

SCREEN
ER

SUN
cov

WHEELED
CLEAN ROOM

FLATBED
(Jurv .scxlxN
rrANSloxT)

WHEELED WELD/

TE ST SHELTER

TRACTOR/TRAILER
xEQurxto Itux!NO

ri'HBDF

OFFICE TRAILERS



INSTALLI\TION PLI\N

L]GO 14 FT WIDE SI.AB
ROOMS MOVE ON'VEE" TRACK(TYP)



LIGO Facilities
Vacuum EquiPment

o Characteristics

1st stage roughing atm -> 0'1 torr

2nd stage roughing 0-1 torr -> 10-6 torr

steadY state - ion/getter PUmPS

access and flexibility

o Status

down select (6/95) to PSI

CDR approved 10/95

FDR May 96; some prototype/acquisitions now

6 LIGO-G950085-00-M
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Astrophysical Sources
Frequency Range

o Electromagnetic Waves - ^- 20 orders
of magnnitude (ULF radio -> HE y rays)

Gravitational Waves - - 10 orders of
magnitude

Combination of terrestrial and space
gxperiments

Block Holc Blnory
j Coolosconco

- Block Hole
o iormsiion

O Blgck Holo-
Blnory,'1OrMs

1or Ms
BH-BH

o
-ro

5
=d,

' ,'-E/r-
/

o
o

=
o
c
o

a-

o
=
o
L.

(,

1 o-18

1 o';20

1 o-22

1o-2 loo
Frequency

102

IHz]
101

1 o-21

r o-4

[lco-Ge601'ls-oGM



Gravitational Waves
Space Ex4eriment

o LlsA - Laser Interferometer space
Antenna

5x106 km

Eorth
lr-r...I

relqtive qrrbi,ts
of spocecroft

LIGO-G960108-00-M



: l-lsA
Annual Revolution

o

o

60 degree half opening angle

'tumbling' allows determination of
position of source and pol arization of
WAVE

LtGO-G960108-00-M



LISA
Space Interferometry

o Gravitational dynamics
)) wide range of masses and radii or sources with

1013

1012

1011

101o

1os

1oB

107

106

1os

1oa

103

102

BH binary

ot Mo BH burstc
tr
q
:l
o
(d t

1o'1 1081oo 1ol 102 103 1oa 1os 1oo

mass M (solar masses)

107

a

LIGO-G960108-OG.M



LISA
Sensitivity

e n'19
I \.'

o
fl
J <n'20
:=

E

9 to'"
3
E
8 to'22

'5
su
610-'"

1o'24

o Strength of various sources and
sensitivity curve of LISA

V 
lotMoBH coalescence z=1

a 4uf8e9-30

ffi gbackground,0*= lo-8

1o-3

frequency f (Hz)

O normat binarles

I lwDB's

A X*ay binary

Y possibte extragalactic

BH coalesceflco Z=1
BH formation z=1

'] to*tdruo BH z=1

LISA threshold, typical S/N = 5 as

detector tums during a 1-year

observation of a fixed source

LIGO-G960108-00-M



LISA
spacecraft layout

o six identical spacecraft
c

s/c6 As/c5V' \X
/q

/Arml /
\, 

Arm 3

s/c 2
Arm 2

s/c 3

LIGO-G960108-00-M



LISA
payload and optical bench

o cross sectionof-PaYload

Diode (3)

Rear
Reference

Beam

Multi-element
Diode (l)

Reference
Cavity

Main
Telescope

Multi-element
Diode (a)'

Optical
Fibre

Phase
Ivlodulator

Proof Mass
Diode (2)

LIGO-G960108-00-M



Table I. LIS.A, Mission Summary

Objectives: Dctecti<in of low-frequcncy (10-{ to l0-l Hz) gravitauiracal radiation ryith
a strain aensitivity of 10-21|,ffi.
tpical sources are galactic binaricr (black hoks' neutron stars, whitc
dwarfs), a$ra-galactic supermassivc black bole fornnations and coales-

c€nce1 and background gravitalional wavcs froro tbe Big Bang.

Paytoad: Lasir interferometry with elcctrostaticalty conlrolled drag-frec teference

mirrors housed in slt spacecraft; optical arm lcngths 5 x 106 bn.
Each'spacecraft has two tasers (one sparc) which operatc together in a

phase-locked iraruporder scheme.

Diode-pumped Nd-YAG lasers: waveleogth 1.064 ;rm, outPut power I W,
Fabry-Perot refeteuce cavity for frequency-stability of 3 Hz/r/Hz.

Quadrant photodiode detectors with interferonreter fringe resolulion of
10-5A.

38 cm diameler f/L Cassegrain telescope (transnrit/receive) with A/30
wavefront quality.

Drag-free proof mass (mirror): 4 cm cube, Au-Pt alloy of extrem-ely low

magnetic susceptibility (< 10-'); Ti-housing at vacuum ( 10-E mbar;

si.x-degree-of-fieedom capacitive sensing.

Orbit:

Launcher:

Each spacecraft orbits the Sun at 1 AU. The inclinations are such that
their rclatiuc orbits define a circle rvith radius 3 x 106 km and a period of
1 year. The plane of the circle is inclined 60' with respec! to lhe ecliptic'

On this circle, the spacecraf! are distributed at tluee vertices, defining

an equilateral triangle with a sidc length of 5 x 106 knr {interferometer
baseline). Each virtex has two closcly-spaced spacecraft (200kt" apart)'

This constellatioo is located at l AU from lhe Sun, 20n behind lhe Earth'

Ariane 5, dual ]alrnch co,nfiSuration rith two sets of two spacecrafl in the

lower compartroeut, aod one set in tbe upper, under the shori fairicg'

Each spacecraft bas its own jettisonable propulsion modutre to provide a

AV of 1000 m/s for final orbit injection.

Annual launch window: April - October

Spacecraft:
mass:
propulsion module:
propellant:
total launch mass:

Power:

D rag- free performance:

Pointing performance:

Payload, mass:
power:
dimension:

Telenretry:

3-axis stabilized drag-free spacecraft (six)
290 kg, each spacccraJl in orlit
216 kg, luo spacecraJl 7cr moilulc
2.10-920 kg (depending on launch date), /or lwo spacccraJl

6200 kg
183 W, cach spacecraft in orbit

1g-tsrn/r: (rms) in the band 10-{ to 10-l Hz achieved with 6x4 Cesium

FEsp thrusters
few nrad/rffi in the band 10-{ to 10-r Hz

67 kg, ccci sptcccrafl
48 lV, cccJl spacccrall
diamefer; 0.5 m, height: 1.7 m, coch spaccctafl

560 bps continuous, lotal for all six sgocccraft

Ground stations: Villafranca (Spain), Perth (Australia)

Nominal \{ission Lifetime: specification 2 years; 3-10 years feasible

l4



Gravitational Waves
Fesonant Bar Detector

o Schematic Version

lr

r'"sl LIGO-G960116-00-M



Gravitational Waves
Resonant Bar Detection

,
a

I
a

I
I
I
I
3

I
I
I
I
I

o Bar detector

sensor

)

\
- --------o - ----o-- ! ------___-

\*r
Sensitjivityft

CERN
Lsu(usA)
Stanford

UWA(Ar:str"lia)
ICRR(Japan)

cen^ni/Mme
Al505O, 2.Bton, 0.lK
AI505O, l.lton, 4,ZK
Al606L, 4.8toa, 4.ZK

Nb, l.Eton, EK
4'15056, l.Ztou, g00K

etsoso,-_stii]FR

A15056, l.2ton, 4.2K

Capacitive*SeUID
Inductive*SQUID
Iqductive*SeUID

RF cavity
Laser llbanoducer

Capacitiffi

Capacitive*FET

2 x 10-18
7 x 10-1e

1.0-18
9 x 10-le

1 x ro-r, (60H2

o Status of bar detectors

LIGO-G9601 16-00-M



Resonant Bars
Support Scheme

o ALLEGRO detector

Air SPrings 

-Titanium Rods Omm)+

Brcnze Intermediate Mass

Eslifldod Ailgtuation

5r4OdB

_ 60dB<a-

> 70dB

> 75dB

-.- > 405 dB

(22oa ks)

I
t

........4,

m
LtGO-G9601 16-00-M



Resonant Bars
ALLEGRO

o average detected noise

Noise Temperalure (vetos i(lnoreo) lor Each Mod€ 1994 Day 142

9zo
E

veleon
-off

Universal Time (hanrs)

<footer>
LIGO-G960116-00-M



Resonant Bars
ALLEGRO

day 140-150 1994

typical of existing data (LSU and Rome)

'l4p- 145
dayof 1994

PLOT-ELIST94

:-

es+-tli

v
C!

o
E3
-cl

'

LIGO-G960116-00-M



Resonant Bars
ALLEGRO

o

o

All events

Non-gaussian tail

U',
E ro'
trl

E
a

5 10'z

ro''!
1o''

Energy distribdion for all ev€nts in 1994 Day 1 to 149

EnergY Kelvin)

LIGO-G9601 16-00-M



Resonant Bars
_--AETEGRO

o Rate of events

Rate of evenF observed during 1994 Day 1 to 149

1o'

1ot

1oo

tot

1o'o

C'

.n

o
@

[U

(t

o
o
o
o

o
t!
o
(D

(lt

Energy (KeMn)
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Resonant Bars
Coincidence Run

{

og
q,

E
@

ur 0.1

o Stanford 1982

o Explorer and Allegro 1991 - 6 months

Upper Umit forG.W. short bursts

(1eel)

Stranford

(1e82)

h (x I e18)

L!GC)€960116-OGM



Resonant Detectors
Next Generation

o Omni-directional detectors

-o-Tf
dodecahedron (Johnson and Merkowitz)

tons

t\
J--

x

LIGO-G960116-00-M



Resonant Detectors
Spherical Array

o B spherical detectors (xylophone)

1o-"

ol

I

N .ltr
J-l , ,n-66
ir.i IU

3F{

(FH

10-"
1000 2000

f (Hz)
3000

ll;l: rl \l 'llYiri i

Ili\i\i\i!ili\iiii;
irljiiil\ililiiii\liirili
,i"l'*i 'lJ,

r
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Resonant Detectors
Spherical Array

o B spherical detectors (xylophone)
)> first excited quadruPole mode

N

I

N -22E1O 
NH

rF{

r (-1
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10-t1

10-23
1000 2000

f
3000 4000 5000
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,"r'I
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I nitial I nterferometers
Configuration

Recycling
Mirror
T -3/"

6W U2OOW

4 km Fabry-Perot Arm GavitY

Input Mirror
T - 3o/"

6: Photodetector

End Mirror
R-1007"

tt$l LIGO-G960't 08-00-M



Noise Floor
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LIGO lnterferometers
Optical Parameters

ImrnmRoMETERbrrgnrpnoMETEROmrcer, CgARAcrERIsrIcs

mql,= 1.064 Fm

InPut Power mto
Recycling Cryity'P
6-n-tr-as-tPefect,l-c

1.3 x 10-'s8.8 x l0- sffiCitr/ Storage'l ime' rAtm

2x lO-23 x 10-2
Traismission, T

3 x 10-34 x l0-2I0LaI UtPl'rvsr lveet

Lr - (AbsorP-tion *jtuttttin9

trB,Nl
Ll(@@ffiqlDil9l



LIGO lnterferometers
A/l ech an ical P aram eters

ImrrlEI IT.ITERIENOMETERCnenecmnrsrrcs
8SS' IVI16

3x107Mirror Internal Qy
1 x 106 (material)I x ld (material)

fLrr$l
LIGO-G960'108-00-M



lnterferometer
Noise Limitations

INTERFEROMETER,
SIGNAL, AND NOISE

st ma

t

\
\

\
SSES

(frequency

rylge)

laser recycli
ffi*siduatgas noise)

photodetector

I

SIGNAL= Ll - l-

LIGO-G960108-00-M



LIGO
R&D Program

o Sensitivity

o Demonstration Experiments

o Pre- [detector design freeze][<l998J

effect design over the next two years

o Post- [detector design freeze][>1998]

improved sensitivity;

facility (perform search)
10 LtGO-G950085-OGM
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Springn

PROTOTYPE ISOLATION STACK

TOP P|."{TE

conFEst lTEs
ehnpnt

giAsE



SEI Configuration

LOC
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Baseline lsolation Performance
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o Displacement noise 10-21 m/rHz @ 100 Hz





(Preliminary
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Hanford Corner Station SW Arm Axis, Morning Traffic December 13,1994
(Preliminary Data)
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lnterferometers
fi/lechanical Therm al Noise

<+
pendulum

pendulum noise

violin mode

test mass vibrational

m
(

f'I
violin

s - 5 10-16m, fo >

1Hz

600n Hz

mode
10 kHz
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Suspension Thermal Noise

Observation of Thermal Noise in Violin Modes of 40-m
Test Mass Suspensions

East End Mass Violin Resonanees
1o-1r

solid line:

data ol Jan. 9. 1992
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LIGO
Suspended Test Mass

o 40 m prototype design

o Pendulum suspension of test mass

lludinal motion

MAGNET &

PN

EDGE
SENSOR

&
colL

OPTICAL

E'""Nl



LIGO
Test fr/lasses

o Monollithic fused silica (Q t 106)

o lnternal resonance - 30 kH'z

o structural vs viscous damping
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Magnetically Levitated Test Mass

Permanent Magnets
f or Lifting Field

Pbotodlodes for
betght sensing

Stabilizing
Ifindings

HlSh-Q tegt mass

1fW,:'



LIGO
Phase Noise

o Phase Noise lnterferometer (MlT)

)) O**onttt"t" Ph"t* "*ntl 
GO

.-

Phass noise interterometer

Hiti.t g", showing fiber inPut
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Shot Noise

=i ffi(r))
-1

6Q(f)dh(f)
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oPrcrlL coNrt6u{?fr7toil DereeruilED ftrrt AQtLy

(n,ruoQ R'r., Erc) By Errecttg O?ttc*-

/vfen FePor'tErE F

Pow Efz

. 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

LIGO Hequirement 10-10 rad,ltffi
Current 40-m Interferometer 10-8 lrld,l ,,

MPQ Garching 1o-e ndltffi'

LrcCN



Prestab ilized Laser (PSL)

PC: Pockels Cell
AOM: Acousto Optical Modulator

Reference
Cavity

From
roo

FI: Faraday Isolator

f Photodiode

From I

LSC t
I FromI loo

Input Optics laser
mirror

laser
mirror

Power Stabilization AP / P '\' 10-7 I { Hz

FrequencyStabilization Lf lf - 10-1 5t{Hz

Status: Working LIGO subsYstem

))DRR, PDR complete



Input Optics
To IFO length control

12 m Mode Cleaner

To PSL v control

To
Core OPtics

From PSL

o Phase modulation for IFO length control

12 m Mode Cleaner

>>Reduces pointing jitter A0out / A01n - 10-3

))A,Cditional frequency stabilization Lf lf - 10-18 / { Vlt

. Mode matching, beam steering to Core Optlcs

IFO
length control
phase
modulation

. Status: ConcePtual Design Phase



HIGH REFLECTIVE
DIELECTRIC CI]ATING

CnRf IPTICS'
-ALL I]PTICS SEISMIC IST]LATED
ivrnf LuoP PENDULUM SUSPENDED)

ALL NPTICS ULTRA HOMOGENEOUS FUSED SILICA
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LARGEST EIPTICST 10crr THICK 25-30cn DIA' (12 Kg)
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Length Sensing/Control SYstem

Signal 1

LIGO Recycled/Recombined Interferometer

- 4 signats used for controlling 4 degrees of fneedorn

- tmportant degrees of freedom: 2 arm cavlty lengrths

and 2 recYcling cavitY lengths

Control Design tor 2 Modes of Operation

- Operations Mode (linear dynamic model)

- Lock Acquisition (highly nonlinear dynamic model)

Model Develop,ment for Control Design

- OPerations Mode model comPlete
- Acquisition Mode model complete for coupled cavity

interferometer



LIGO
Length Sensing

o Signals sensitive to length degrees of

freedom
DEGREE OF
FREEDOM

SIGNAL
LOCATION

-l-. differenti
arrn caviry length

anti-sy:nmetric
port

mode arm cavity
length

t+14, COmmOn
reflected from

recycling mirrorC and CSB

Ir-lz, differential
mode Micbelson

leugtb

anti-synmetric
port

FSSC and
SCSBl

L+b, co,Inmon

mode Michetrson
length

reflected from
recycling minor

FSSC and
SCSBz

CSB

Subcarrier
FSSC

SCSB1 SCSB2 SCSBz SCSBl

rrxsl LlGo-G960108-00-M



Initial LIGO Noise Sources
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LIGO Systems Engineering and Integration

40 m Lab

40 m Displaccment SensitivitY
Comparison cl Estimaled Noise Levels on 10128194
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E n hanced, I nterfero meter
Noise Budget
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LIGO Facilities
Limiting lVotse Floor
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Quantum limit for interferometer performance

Two important noise terms, inverse dependence on light power:

?+il
rl:lrl

Shot noise
1--glit"ations in number of photons/sec

o equivalently, shot noise in photocurrent

r T^ lh"n - B"L'rl e
Radiation Pressure
o uncorrelated in arms
; impirts random momentum to test masses

A-

TL- =J ,'/Pa',
cJ-'Lmu'

o minimum for
L2 \mua

L) 
-/ opr _ 

2rc

limited sensitivitY of

hqr,(/) -
1 t4r,.ll 

-
2rLf Y nm

Tnt: 5x10-24 Hz-t for L - 4 km, f - 100 Hz'

; :10 kg, .\ - 514 nm , P :7kW;
a probl.* fot second (or third?) generation antennas

L (length)

I

(transmission)

\7
I

o gives quantum -^-t;3ligp
shot lctul(

pressure

power, w
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For now, wish to rnaximize circulating power'
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lnterferometers
Ort rrrnr -t Aoagt lav

o Stanford (b for advanced detectors
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lnterferometers
Sagnac

ll

o Stanford test Sagnac

NULL-AREA
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lnterferometers
Sagnac

o shot Noise Phase sensitivity

Measurement

o Phase sensitivity = 3 10-e rad/Hz1t2

>) (within 3 db of shot noise limit)
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SUnrnrlRY |NTEGRATED SCHEDULE

CALENDAR YEAR
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Conclusions
r [_lGO Construction is well

Underway

il Direct Detection of

G ravitational Waves APPears

Realistic within 10 Years

,r Ultimate Sensltivities
Capable of OPening a New

Field of Observational
Astronomy with Gravitational

Waves is the Long Term

Goal.
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