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LIGO
Introduction

@ Laser Interferometer Gravitational

Wave Observatory
» DIRECT Detection of Gravitational Waves

e Joint Caltech/MIT Project funded by
the National Science Foundation

e Under Construction
» Two Sites -- Louisiana and Washington

LIGO-G960115-00-M
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Noise Budget For First LIGO Detectors

« 5 Watt Laser

« Mirror Losses 50 ppm
« Recycling Factor of 30
+ 10 kg Test Masses

« Suspension Q=107
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Gravitational Wave Strength

e

Strain Sensitivity
G(EZ /c*) 1
h = —i-
r C

for EX /¢~ Mg

kin
h~10"° for Virgo Cluster of Galaxies
h ~107 at Hubble Distance

LIGO Goal: h ~107%
Detector AL =hL

L=4km = AL= 107 °cm

This leads to Stringent Specifications:
Vacuum
Seismic and Acoustic Isolation
Test Mass Suspensions
Optics
etc.
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Gravitational Waves
General Relativity

e Non-spherically symmetric
accelerations of mass

e main term - time dependence of

quadrupole moment
» binary systems always radiate
» non-sherically symmetric supernova collapse

e types of waves
» bursts, periodic or quasi-periodic waves

» stochastic background from compact binaries,
primordial waves and cosmic strings or phase
transitions

X Po_larization

y
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Gravitational Waves
Evidence

e Russell Hulse and Joseph Taylor

e Neutron Binary System
» PSR 1913 + 16 -- Timing of Pulsars

17 / sec

~ 8 hr
/

<«
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Hulse and Taylor
Timing of Orbit

® Speed up 10 sec in 15 years
» measured to ~50 pusec accuracy

e Deviation grows quadratically in time

(sec B
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® Due to loss of orbital energy, from
emission of gravitational waves
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Astrophysical Sources
Frequency Range
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Gravitational Wave A

e Electromagnetic Waves - ~ 20 orders
of magnnitude (ULF radio -> HE yrays)

e Gravitational Waves - ~ 10 orders of
magnitude

e Combination of terrestrial and space
experiments

Black Hole Blnary
@ Coalescence

Black Hole
® Formation

\ @ Black Hole
Binary, 10°Mpo T\©
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Gravitational Waves
Space Experiment

e LISA - Laser Inferferometer Space

Antenna
» six spacecratft in triangle (four needed)
» pair at each vertex

¥ relative orbits
i of spacecroft

LIGO-G960108-00-M
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LISA
Annual Revolution

e 60 degree half opéning angle

e ‘tumbling’ allows determination of
position of source and polarization of

wave

LIGO-G960108-00-M



Laboratory Experiment
(a la Hertz)

Laboratory Dumbbell System

1 tons 1 tons

2 meters

for=1kHz

R = detector distance (> 1 wavelength) = 300 km
hlab — 9 10-39

This is too weak by about 16 orders of magnitude!

N
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Gravitational Waves
International Effort

® Techniques

» Resonant Bar Detectors (LSU, Rome, etc)
— narrow band

» Large Scale Interferometers
— broad band

@ International Interferometer Effort

» U.S. -- LIGO (Two Sites)
— Caltech & MIT (Wash and Louisiana)

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

» Smaller efforts
— Germany, Japan, Australia

e Time Scale (Interferometers)
» Approximately year 2000

LIGO-G960108-00-M
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Description of LIGO

R e ]

e Two Sites - Widely Separated
e Hanford, Washington |

- 4km and 2km Interferometers
e Livingston, Louisiana

- 4 km Interferometer

» Expansion for Advanced Detectors

©
®
®

LIGO 9/18/94 2



NEUTRON STAR BINARIES ¢ e
[“Near-Guaranteed” source]
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frequency, Hz
B 15 minutes &10,000 orbits in L ]GO band
B Rich information in waveforms:

masses, spins, distance, direction,
nuclear equation of state



LIGO

Scientific Mission

e Direct Detection of Gravitational

Waves

— Benchmark Source: Neutron Binary Coalescence
e Detect the last 15 minutes of Hulse/Taylor type
binary system (eg. 100 million years)
e Sensitivity -- detection rate >3 year
— Other Sources

e Fundamental Physics (GR)

» Test General Relativity in Strong Field and High
Velocity Limit
» Measure Polarization and Propagation Speed

LIGO-G960108-00-M



Neutron Star Binary
Coalescence

RS A et

...........

Progenitor Death
Rate |

Binary Pulsar ~1/10°**" yr |600 M.L.yr.
Searches and
Discoveries

Ultra-conservtive |~1/10"yr 3000 M.L.yr
Limit from Binary
Pulsar Searches

LIGOS 4/30/95



LIGO
Long Range Goals

e Final Coalescence of Binary Systems

» Neutron Star/Neutron Star

— Design Benchmark: last 15 min
20,000 cycles

600 MLyr

» Black-hole/Black-hole
» Black-hole/Neutron Star

® Supernovae

» Axisymmetric in our galaxy
» Non-axisymmetric ~300MLyr

e Early Universe
» Vibrating Cosmic Strings
» Vacuum Phase Transitions
» Vacuum Fluctuations from Planck Era

e Unknown Sources

LIGO-G960108-00-M
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Neutron Binary Systems
B Inspiral ...
e LIGO frequency band |
» last 15 minutes (~10% cycles)
e ‘Chirp Signal’ B
e Detailed waveform gives masses,
spins, distance, eccentricity of orbit, etc
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‘Binary Sources
“Inspiral and Coalescence

AMPLITUDE
—
S~
C
=
7 by
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Vi bk ~ O

LIGO Site Pair

‘ Hanfard Washingtan

'+ “Located on U.S. Dept. of Energy Reservat:cn

. Treeless Semi-arid Beseﬂ R ~

+ Approx. 25 km from Rich!and (Metmpohtan
Pop 140 C}OO) » .

. Livi ngstcn, Louisxana o |
» Located in Farested Rural Area |
~+  Approx. 50 km from Baton Rouge (Pop. 450 000)

LIGOS



tion, of an interferometric grawtatlonal

Figure 2.7 The sensitivity, as a function of direc
iented

wave detector to unpolarized gravitational waves. The interferometer arms are ori

along the x and y axes.



Interferometers

e ALL=h=Fh()+Fh0

~ @
PHOTODETECTOR

LASER
e LIGO Measures one waveform

» orientation aligned (Washington & Louisiana)
» -direction(timing) determined ~10’ to ~ 1° on ring
e LIGO + VIRGO(ltaly)

» decompose waveforms (h,(t),h,(1))
» direction 10’ to 1°

LIGO-G960115-00-M
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Source Positions

® Celestial Sphere position location from
LIGO (two interferometers)

dO o=

® determine from tlme shift between
detectors (~.1 msec accuracy)

e ‘declination angle’ of circle (ring)

. CAtsig
® = arcsin

S ; -00-
LIGO LIGO-G960116-00-M



Source Positions
LIGO + VIRGO
———————————————————————
e LIGO (2 det) + VIRGO (1 det)
e decomposition of waveforms

» hy(t), h,(Y)
@ position on sky (two positions)

LIGO-G960116-00-M




Gravitational Wave

Forces
IF
e Detector Size << Wavelength
(4km)  (300-30,000km)

(10 kHz - 10 Hz LIGO)

THEN
® Free Masses
e® Quadrupolar_Lines of Force -
: y .

<

2

I

Camn
O

)

+ Polarization  x Polarization
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Initial Interferometers
Noise Floor
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Gravitational Wave
Detection Strategy

O Interferometer Sensitivity
= R&D Program -

e Technology Development

e Demonstration Experiments
= Engineering Implementation

s Precision Engineering Design

e Quality Control

O Two Sites - Three

Interferometers

= Single Interferometer ~50/hr
e non-gaussian level

= Hanford (Doubles) ~1/day
e correlated rate (x1000)

= Hanford + Livingston <0.1/yr

e uncorrelated (x5000)

LIGO™ 4/30/95
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LIGO Project
Technical

.____.—-—-——-——————
e Major Facilities

» Beam Tube
» Vacuum Systems
» Civil Construction

@ Detector

» Detection Strategy
» Interferometers

e R&D

» Noise Sources and Sensitivity
» Demonstration Experiments

e Status and Plans

LIGO-G950085-00-M
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Beam Tube

0 Characteristics
— Arm Lengths - 4km
— Tube Diameter - 4 ft

= |nitial Detector

¢ 10%torr Hydrogen; 107 torr Water
— Advanced Detectors

e 109 torr Hydrogen; 10-'%torr Water

- Quality Control

¢ (materials, welding, cleaning, etc)

0 Status and Plans

— Design Contract was with CBI
e Final Design Report Accepted (6/94)

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

— Contract Options
LIGOS 4/30/95 20
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LIGO Facilities
Beam Tube Enclosure

1 3'_4"

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

4 LIGO-G950085-00-M



NEUTRON STAR BINARIES

[“Near-Guaranteed” source]
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logl10 grav wave strain /sqrt(Hz)

Initial Interferometer
Noise Budget

log10 frequency (Hz)
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Advanced Interferometer
Noise Budget

log10 grav wave strain /sqrt(Hz)
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Advanced amplitude recycled interferometer parameters:

Ay =10
Py, =100W
Sopt =03

Pcirc~ 1MW
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WHEELED
CLEAN ROOM

LIGO INSTALLATION PLAN

CONCRETE
COVER

TERMINATION
STRUCTURE
& VALVE

WHEELED WELD/
TEST SHELTER

SUN SCREEN
COVER

BLOWBR/DRYER/

FILTERATION 8Y

TRANSPORT)

FLATBED TRACTOR/TRAILER

(SUN SCREEN REXQUIXED DURING

N

INSTALLATION
CHANGE &
OFFICE TRAILERS




INSTALLATION PLAN

CLEAN

ROOM
R OVERED ¥ . WEATHER
PREP AREA _ /BELLOWS(TYP

y -

LIGO 14 FT WIDE SLAB
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LIGO Facilities
Vacuum Equipment

® Characteristics

» mostly standard vacuum equipment
— 1st stage roughing atm -> 0.1 torr
— 2nd stage roughing 0.1 torr -> 10 torr
— steady state - ion/getter pumps
» large gate valves (4 ft diam)
— access and flexibility

» controls and monitoring

e Status
» Science requirements and review 6/94
» RFP issued for design contract only
» Two competitive contracts awarded (CB&I, PSI)
» Final design and manufacturing
— down select (6/95) to PSI

— CDR approved 10/95
— FDR May 96; some prototype/acquisitions now

LIGO-G950085-00-M
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Laser
Nd:YAG

Initial Interferometers
Configuration

Recycling.
Mirror
T~3%

2

4 km Fabry-Perot Arm Cavity

Input Mirror End Mirror
T~3% - R ~ 100 %

LIGO™

' 7
6W |__!2OOW&I

N

|
|
|
]
|
!

=

] 10 KW ; l

. Photodetector
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LIGO
R&D Program

e Sensitivity
» main features of 40 m spectrum understood
» monolithic test masses improve sensitivity

e Demonstration Experiments
» optical recombination demonstrated on 40 m
» acquisition locking with LIGO controls
» MIT phase noise experiments

e Pre- [detector design freeze][<1998]

» Program testing directed at tasks that could
effect design over the next two years

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

» Advanced R&D program on techniques for
improved sensitivity;

» understand performance - initial interferometer

» gain experience running an interferometer
facility (perform search)
LIGOY 10 LIGO-G950085-00-M

Z



Displacement Sensitivity of 40-Meter Interferometer
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Hanford Corner Station SW Arm Axis, Late Night December 12,1994

Log Displacement Spectral Density (m/sqrt(Hz))
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Hanford Corner Station SW Arm Axis, Morning Traffic December 13,1994

Log Displacementt Spectral Density (m/sqrt(Hz))
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DREVER + AUGST

Magnetic Levitation Seismic Isolation Stage

Hall—effect Sensor

Levitated System



Magnetically Levitated Test Mass

Permanent Magnets
for Lifting Field

N

Q) (°  Photodiodes for

/ N g height sensing
Stabilizing

3 5O

Light—emitting
diodes

High—Q test mass



Diffractive—Coupled Recycling Interferometer

Power \,
Direction

Signal
Direction

(Diagram shows main beams only)
B

DIFFRT1
8/8/96 RD



Initial Interferometer
Specifications

Strain Sensitivity irms, 100 Hz band]

1021
Displacement Sensitivity [rms 100 4x10® m
Hz band]
Fabry-Perot Arm Length - 4000 m
Vacuum Level - <108 torr
Laser Wavelength N . 1064 nm -
Optical Power at Laser.Outbut'."j," ' . 10 W
Optical Power at Interferometer Input - 5W
Power Recycling Factor ’ " 30

Input Mirror Properties

Reflectivity = 0.97

End Mirror Properties Reflectivity > 0.9998
Arm Cavity Optical Loss | <3%
Light Storage Time in Arms 1ms

Test Masses Fused Silica, 11 kg
Mirror Diameter 25cm
Test Mass Period Pendulum 1 sec

Seismic Isolation System

Passive, 4 stage'

Seismic Isolation System Honzontal > 107 (100 H2)
Attenuation .
Maximum Background Pulse Rate - 1 per minute

LIGO™

LIGO-G960108-00-M




LIGO Interferometers
Optical Parameters

e e—

e e i

SAMi’LE ENHANCED

- T i
OPTICAL CHARACTERISTICS INTERFEROMETER INTERFEROMETER
Arm Length 4000 m 4000 m
Taser Type & Wavelength NaYAG, h=1.064pm - | Nd:YAG, A =1.064 pm
Input Power into
Recycling Cavity, P 6w IOOW_’
Contrast Defect, 1-c 3% 107 3x 107
Mirror Loss, Ly 1x 10% 13 x 107
Power Recycling Gain 30 380
Arm Cavity Storage 11me, TAm 8.8x10%s 1.3x107s
Cavity Input Mirror o) -2
Transmission, T 3x10 2x10
Total Optical Loss, 2 3
Ly = (Absorption + Scattering) 4x10 3x10
LIGO& L | D GRS UB G




LIGO Interferometers
Mechanical Paramelers

MECHANICAL NOMINAL SAMPLE ENHANCED
CHARACTERISTICS INITIAL INTERFEROMETER | INTERFEROMETER
Mirror Mass, My : 10.7 kg 40 kg
Mirror Diameter, Dy 0.25m 040 m
Mirror Internal Qy - 1x10° 3x 107
Pendulum Qp(damping mechanism) 1x10° (material) 1x 108 (material)
Pendulum Penod, Tp - 1 s.(Single) 1 s (Double)

Seismic Isolation System . T(100 Hz) =-100dB T(10 Hz) =-100dB

LIGO-G960108-00-M
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Initial Interferometers

Noise Floor
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Enhanced Interferometer
Noise Budget
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LIGO Facilities
Limiting Noise Floor
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Initial LIGO Noise Sources

(April 8th 199
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LIGO Systems Engineering and Integration

40 m Lab

40 m Displacement Sensitivity
Comparison of Estimated Noise Levels on 10/28/94
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SUMMARY INTEGRATED SCHEDULE

" CALENDAR YEAR | 1995 1906 | 1997 | 1998 1999 2000 2001

. p | RO N T T 1 N — T e
‘| Vacuum Equipment I a7 LEGEND: [=r] DESIGN
Beam Tubes S ey~ W FAB/CONST
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NEUTRON STAR BINARIES
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— Present
Search

frequency, Hz

B 15 minutes &10,000 orbits in LIGO band

B Rich information in waveforms:

masses, spins, distance, direction,

nuclear equation of state
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Conclusions

0 LIGO Construction is well
Underway

0 Direct Detection of
~Gravitational Waves Appears
 Realistic within 10 years

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