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LIGO
lntroduction

o Laser lnterferometer Gravitational
Wave Observatory
)) DIRECT Detection of Gravitational Waves

o Joint Caltech/MlT Project funded by
the National Science Foundation

o Under Construction

LIGO-Ge601 15-00-M



LIGO

o Views of LIGO

r#l LIGO-G960108-00-M
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Noise Budget For First LIGO Detectors

5 Watt Laser

Mlrror Losses 50 PPm

Becycllng Factor of 30

10 kg Test Masses

Suspenslep Q=107
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Gravitational Wave Strength

Strain SensitivitY

, G(Ef,,, lc27 1 '
ft=-3 rc-

for EX:, lr'- M"

h - I0-'o for Virgo Cluster of Galaxies

h - I\tt at Hubble Distance

LIGOGoaI: h-10-'
Detector At. _ 6
L - 4km :+ Af - I0-t6 cm

This leads to Stringent Specifications:

Vacuum

Seismic and Acoustic Isolation

Test Mass SusPensions

OPtics

etc"

3
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Gravitational Waves
General Relativity

o

o

Non-sphe rical ly sym metric
accelerations of mass

main term - time dePendence of
quadrupole moment
)> binary systems alwaYs radiate

types of waves

primordial waves and cosmic strings or phase

transitions :

o

X Polarization

LIGO-G960108-00-M



Gravitational Waves
Evidence

o
o

Russell Hulse

Neutron Binary
>) PSR 1913 + 16

and Joseph Taylor
System
-- Timing of Pulsars

17 | sec

<J

LIGO-G960108-OS'M



Hulse and Taylor
Timing of Orbit

o Speed up 10 sec in 15 years
)> measured to -50 psec accuracy

o Deviation grows quadratically in time

o

-z
at -4

(sca ) '

-L

-8
-to

lgr.i*' ileo lig.F l?eo

o Due to loss of orbital energy, from
emission of gravitational waves

LIGO-G960108-00-M



Astrophysical Sources
Frequency Range
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Combination of terrestrial and space
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Gravitational Waves
Space Experiment

o LISA - Laser Interferometer Space
Antenna

)> pair at each vertex

5x1oo km

l.----a..1
relotive orbits
of spocecroft

Venus

Mercury

LIGO-G960108-0GM



: LISA
Annual Revolution

o
o

60 degree half opening angle

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

WAVE

tLSl LIGO-Gs60108-00-M



Laboratory Experiment
Hertz)(a la

Laboratory Dumbbell System

1 tons 1 tons

frot = 1 kHz

h,uo -1.6 10-33 m x 1/R

R - detector distance (r 1 wavelength) = 300 krn

h,"o = I 10-3e

This is too weak by about 16 orders of magnitudel

)

\ 2 meters

LIGO-G960108-00-M



Gravitational Waves
lnternational Effofr

o Techniques

narrow band

broad band

o lnternational lnterferometer Effort

Caltech & MIT (Wash and Louisiana)

)> Europe -- VIRGO (One Site)
French and ltalian (near Pisa)

Germany, JaPan, Australia

o Time Scale (lnterferometers)

LIGO-G960108-00-M



Ilescription of LIGO

Two Sites - Widely SeParated

Hanford, Washington

- 4km and zk{Llnterferometers

Living3ton, Louisiana

- 4 km Interferometer

Expansion for Advanced Detectors

2
LIGO s/L8/94



NEUTRON STAR BINARIES

[" Near'G uaranteed" sou rc
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LIGO
Scientific Mission

o Direct Detection of Gravitational
Waves

Benchmark source: Neutron Binary coalescence
. Detect the last 15 minutes of Hulse/Taylor type

binary system (eg, 100 million years)

. Sensitivity -- detection rate >3 year

Other Sources

o Fundamental PhYsics (GR)

VelocitY Limit

LIGO-G960108-00-M



Neutron Star Binary
Coalescence

Progenitor Death
Rate

-1n000 yr 130 M.L.yr

Binary Pulsar
Searches and
Discoveries

-1llottt yr 600 M.L.yr.

Ultra-conservtive
Limit from Binary
Pulsar Searches

*111d yr 3000 M.L.yr

uccN 4l3019s



LIGO
Long Range Goals

o Final Coalescence of Binary Systerns

Design Benchmark: last 15 min

20,000 cYcles

600 MLYr

o Supernovae

o Early Universe

o Unknown Sources

LIGO-G960108-00-M



Neutron Binary
lnsqiral

Systems

o
o

LIGO frequency band

'ChirP Signal'

Detailed waveform gives masses'

spins, distance, ""Lntricity 
of orbit' etc

C\,^

/\0

T (sec)

LIGO-G960115-00-M
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LIGO Pali'$itCI

Hanfnrd, Wnshingf*n

' Located an U,$, [bpt- cl Energy Heservatian
r Treeles$, $emi-arid Desert
t Spprox, tS km frnm Hichlsnd {ltif*trnpolitan

{ , PoF. 1:40,00t1} : 
:,

'.''...

Living$ton, Lcuisiana

,, L*cst*d in Fsrested f,ural Ares
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0.5

v

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

wave detector to unpolariied gravitational waves' The interferometer arms

along the x and Y axes'

gravitational
are oriented

-0.5

0.5



lnterferometers

o AL/L = h - F*h*(t) + F*h*(t)

AL= L^- Lr = hXL

\ Yrl.uJ
PHOTODETEfiOR

LIGO Measures onewaveform
)> orientation aligned (Washington & Louisiana)

,, .direction(timing) determined -10' to - 10 on ring

LIGO + VIRGO(ltalY)

LIGO-G96011s-00-M



Source Positions

o Celestial Sphere position location from
LIGO (two interferometers)

determine from time shift between
detectors (^,.1 msec accuracy)
'declination angle' of circle (ring)

. cLttis@-arcsin;

o

o

LtGO-G9601 16-00-M



I

I

t

Source Positions I
I

UGO + VIRGO

o

o

LIGO (2 det) + VIRGO (1 det)

decomposition of waveforms

o position on sky (two Positions)

Llco-G9601 16-00-M



Gravitational Wave
Fa .A E,tl t^t an

-I 
ltt -lLJ\-

M lJlJr)

IF
Detector Size

(4 km) (300-30,000km)

(10 kHz - 10 Hz LIGO)

o

o

THEN
Free Masses

Quad rupolar-Lines-of Fo rce

;

I Pof arization x Polarization

.v

LIGO-G960108-00-M



I n itial l nterferometers
Noise Floor

A
N

--L7\\
F\/

Eo
Fr-o
(f,
o
T'rl
-H

Ir!

CL
tr
-

C
t-

$l-+,
U'

1.00F18

1.00F19

1.00E-20

1.00E-Zl

1.00F22

1.00F23

1.00E-24

1.00E-25

1,00E+01 1.00E+02 I 1.00E+031.00E+00

Frequency (Hz)

L|GO-G960108-00-M



Gravitational Wave
Detection Strategy

n I nterferometer Sensitivity
+ R&D Program

r Technology Development
I Demonstration Experiments

+ Engineering lmplementation
r Precision Engineering Design

r Quality Control

u Two Sites - Three
lnterferometers

=+ Single Interferometer -50/hr
. non-gaussian level

=+ Hanford (Doubles) -1 lday
. correlated rate {xl 000)

=+ Hanford + Livingston <0. 1/yr
r uncorrelated {x5000)

rJGcN 4l30t9s t8
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LIGO Proiect
Technical

o Major Facilities
)> Beam Tube

>) Civil Construction

. Detector

. R&D

a'bs . Status and Plans

2 LtGO-G950085-0GM



Beam Tube
n Characteristics

= Arm Lengths 4km

=+ Tube Diameter - 4 tt

+ Initial Detector
. 10-6 torr Hydrogen; 10-7 torr Water

= Advanced Detectors
il 10-s torr Hydrogeni 10-t0 torr Water

= Quality Control
. {materials, welding, cleaning, etc)

n Status and Plans

= Design Contract was with CBI
r Final Design Report Accepted {6/94)

= Qualification Test
. 130 ft Section - success (a/95)

= Contract OPtions
tJ 4lotes 20



ReamTube

Brysl*tt Joht
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LIGO Facilities
Beam Tube Enclosure

rl
--I--

' ' 1t-0"ffi
13'4"

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

I

I
I
I

I

I

I
I

t 6l 4 LIGO-G950085-00-M



NEUTRON STAR BINARIES

[" N ear-G u aranteed" sou rce]
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I nitial I nterferometer
Noise Budget
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Advanced' I nte rfe ro mete r
Noise Budget

Ng -24
,..rtu

d
dk
V)

o -25
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h0

o
b0 -26I
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Advance{ amplitude recycled interfe rometer paramete rs:
Am = 10'c
Pin = 100W Pcirc- 1 MW
tqpl = 0.3
l,'=1.06p

k"

cpHq 100 AMU:
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65432

Mirror of
Suspension-point
lnterferometer

Suspenslon
Wiras

Fabry-Perot
Test Mags Mirror

CLEARAPERTUFE=1 m

BAFFLE l.D. = 1.10 m

BEAM TUBE l.D. = 1.22 m

Test Mass
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BIG PASCO
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LICO INSTALLATION PLAN

TBRMINATION
STRUiTURB
& VALVE

CONCRETB SUN SCj

C()VER
REEN

WHEELED
CLEAN ROOM

\VHEELED WELD/
TEST SHELTER OVER

BDF
BLOWBR'DRYBR'

FILTBRATION 8Y

FLATBED
fJUrJ SCltt/r,
ftANErOnf)

TRAC TOR/TRAI LE R
RtQutrtD ITUIINO INSTAI-IA'TION

CI{AI.IGE &
OFFICE TRAILERS



INSTALLATION PLAN

LIGO 14 FT WIDE SLAB
ROOMS MOVE oN'VEE" TRACK0fTP)



LIGO Facilities
Vacuum Equipment

o Characteristics

1st stage roughing atm -> 0.1 torr

2ndstage roughing 0.1 torr -> 10-6torr

steadY state - ion/getter PUmPS

access and flexibility

>) controls and monitoring

o Status

down select (6/95) to PSI

CDR approved 10/95

FDRMayg6;someprototype/acquisitionsnow

6 LIGO-G950085-0c'M
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I n itial I nterfeliometers
Configuration

Recycling
Mirror
T - 3o/o

6W U2OOW

4 km Fabry-Perot Arm GavitY

lnput Mirror
T -3/"

q! Photodetector

End Mirror
R - 100%

trr$l LIGO-G960108-00-M



LIGO
R&D Program

o Sensitivity

o Demonstration Experiments

o Pre- [detector design freezeJl<1998J
)> Program testing directed at tasks that could

effect design over the next two years

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

improved sensitivitY;

facility (perform search)
10 LIGO-G9s0085-00-M
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Hanford corner station sw Arm Axis, Late Night December 12,1994
(Preliminary Data)
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(Preliminary

Windspeeds<5mPh

,95th %

sensor
noise
limited

. region
I
F--->
I

' 50th %

LIGO Standard
Spectrum

S€NSOT
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Hanford Corner Station SW Arm Axis, Morning Traffic December 13'1994
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DREUER + AuG.sT

Levitation Seismic Isolation Stage

)_

Magnetic

Hall-effect

Levitated SYstem



Magnetically Levitated Test Mass

Permanent Magnets
for Lifting Field

Stab[izing 'V

Light-emitting
diodes

Pbotodtodes tor
helght senslng

High-Q test mass

II!I'
6/C/E



Laser

Diffractlve-Coupled Recycling Interferometer

Isolator

(n+ L/4) 
^Power

Directio
\
n

Signal ,\
Direction \

(Diagram shows main beams onty) Dtnmt
6/A/5 8



I n itial'' I nterferometer
Specifications

:,
Strain Sensitivity irms, 100 Hz bandJ 104

Displacement Sensitivfiy [rmi, 100,

Hz bandJ l

4xl0tam

Fabry-Perot Arm Length 4000 m

Vacuum Level < 1N ton

Laser Wavelengrth 1064 nm

Opticat Power at Laser OutPut r 1OW

5W

Power RecYcling Factor 30

Input Minor ProPerties Reflectivity = 0.97

End Minor Properties ReflectivitY > 0.9998

Arm Cavity OPtlcal Loss s3%

Ught Stonage Time in Arms 1ms

Test Masses Fused Silica, 11 kg

Minor Diameter 25 cm

Test Mass Period Pendulum 1 sec

Seismic lsolation SYstem Passive,4 stage

Seismic lsotation System Horhontal
Attenuation

> 1o-7 iroo fz)

Maximum Background Pulse Bate 1 per minute

tL#l LtGO-G960108-0GM



LIGO lnterferometers
Optical Parameters

IT.ITtsRTEROMEIER

@cno
INIERTEROME"TER

4000 m4UUU rn
Nd:YAU, A =r-uo"r Frrr

@"ltqgth_J

-Fil@
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I

Conftast Defect, l-c -]
€

Nd:YAU, lv= I.Uo4r Pru
IOOIV6!V

3 x 10-r

-

3"10-3
r-g i to-51x104

-0_
rerower KecysrllB ua"

I rransmission, T

I t* = (Absorption + Scattering)

13-103s8.8 x 10* s

2xrCJ3 x 10-2

3 x 10-34 x 10-2
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LIGO lnterferometers
Mechanicat Parameters

MECHAMCAL
Cganecrrru,srrcs

NOMINAL
hTmeI INTERTEROMETER

SEfvCf,n .UNIIANCED
hrnnrgRoMETER

Mirror Mass, M14 10.7 kg 40 kg

Mirror Diameter, Dy 0.25 m 0.40 m

Mirror Internal Q6 1x106 3x107
Pendulum Qp (damping mechanism) I x 10t (material) 1 x lOE (material)

Pendulum Feriod, Tp I s (Single) I s (Double)

Seismic Isolation System f(100 Liz) = -100 dts T(10 Llz) = -lUU dB

trl#l LIGO€960108-00-M
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E n hanced' I nterfero meter
Noise Budget
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Limiting Noise Floor

1.00F18

1.00F19

1.00E-20

1.00Fz|

N
T

o
oo
o
T'
5

CL

G
l-

o

1.WE-z,

1.00F23

1.00F24

1.00F25 1.00E+03 1.00E+041100E+02

FrequencY (Hz)

GravitY Gradients

- Quantum Limit'

. I Residual Gas
Phase Noise
10'9 Torr, H 2

1.00E{00 1.00E{01

LIGO-G960108-00-M



Inltlal LIGO Notse Sources
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LIGO Systems Engineering and Integration

40 m Lab

40 m Displacement Sensitivity
Comparlson of Estlmated Noiso Levels on 10/28/94
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SUMMARY INTEGRATED SGHEDULE
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NEUTRON STAR BINARIES
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Conclusions

r LIGO Construction is well
Underway

r Direct Detection of
G ravitational Waves Appears
Realistic within 10 years

Lr Ultimate Sensitivities
Capable of Opening a New
Field of Observational
Astronomy with Gravitational
Waves is the Long Term
Goal.
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