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Introduction
——— e ——————

e 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
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Gravitational Waves
Two Polarizations




Gravitational vs
E.M. Waves

EM WAVES GRAV.WAVES
Oscillation of EM Oscillations of the
Nature Fields Propagating "fabric” of spacetime
Through Spacetime
Emission Incoherent'superposition Coherent emission
Mechanism of waves from molecules, by bulk motiomn
atoms, particles of energy
Strong absorption and Essentially None!
Interaction with Scattering
Matter
Frequency Band f>107Hz f < 104Hz

m Implications

& Most gravitational sources not seen as
electromagnetic (and vice versa)

& Potential for great surprises
« Uncertainty in strengths of waves

LIGO: 4/22/95
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Gravitational Waves

A, Evidence
e Russell Hulse and Joseph Taylor

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

17 / sec

/~8hr
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Hulse and Taylor
Timing of Orbit

/

e Speed up 10 sec in 15 years
» measured to ~50 usec accuracy

e Deviation grows quadratically in time

|
) , .
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1975 1980 1983 1990

e Due to loss of orbital energy, from
‘emission of gravitational waves

LIGO-G960108-00-M
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Gravitational Waves
Effects

/
e Displacement of free particles
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Gravitational Waves
Detection
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Laboratory Experiment
(a la Hertz)

_________—_———_'_—

Laboratory Dumbbell System

1 tons 1 tdns

\ 2 meters

=1 kHz

frot -

R = detector distance (> 1 wavelength) = 300 km
h,,=9 10°

This is too weak by about 16 orders of magnitude!

LIGO-G960108-00-M
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Gravitational Waves
Sources and Detection

e binary star system
Sources Frequency | 2 |Event Rate Detection
Coalescing Binary Neu- | 10~1000 Hz|10 22| ~3/year |Interferometer -
tron Stars (200 Mpc) +Template
Supernovae ~1 kHz |10~ 18| ~3/century |Interferometer,
(in our Galaxy) Resonant
[Supernovae (in Virgo) <1 kHz |10~ 21| several/year | Interferometer
Generation of Large ~1mHz |10°17| 1/year |Interferometer
Black Holes in Space
Pulsars 10~1000 Hz |10~ 25| periodic |Interferometer,
Resonant
Cosmic Strings 10-7 Hz |10 | stochastic |Pulsar Timing

e sources and detection

LIGO-G960116-00-M




Gravitational Waves
Resonant Bar Detector
e

o ‘Schematic Version

LIGO™



Gravitational Waves
Resonant Bar Detection
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o Bar detector

Group Antenna Transducer Sensitivity (k)
CERN/Rome | Al5056, 2.3ton, 2.6K | Capacitive+SQUID 7Tx107%
CERN Al15056, 2.3ton, 0.1K | Capacitive+SQUID 2 x 10718
LSU(USA) | Al5056, 1.1ton, 4.2K | Inductive+SQUID 7% 10719
Stanford Al6061, 4.8ton, 4.2K | Inductive+SQUID 10718
UWA(Australia)| Nb, 1.5ton, 5K |  RF cavity 9 x 1071°
ICRR(Japan) | Al5056, 1.7ton, 300K | Laser Transducer -
KEK(Japan) | Al5056, 1.2ton, 4.2K | Capacitive+FET |4 x 1022 (60Hz)

e Status of bar detectors

L

g
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Michelson Interferometer
Schematic Diagram |
e Michelson Mo'rle}/ Experiment g |
— _| mirror

beam
o, splitter
| -
-output port -
eyeor
- photodetector
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Michelson Interferometer

Interference Fringes
‘/
e Michelson Morley Experiment
» Two beams misaligned
e Impressionistic rendering

L e
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Michelson Interferometer

Transfer function
f

e Example
» mirrors are defined at 500 km from beam splitter

» wavelength of light = 0.5 microns
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Gravitational Wave
| Forces
H

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

(10 kHz - 10 Hz LIGO)

THEN

e Free Masses
e Quadrupolar._Lines.of Force -
) y .

<

I
<&

"~
o
g

a

+ Polarization  x Polarization

LIGO\% LIGO-G960108-00-M



Gravitational Wave
Detector

e Antenna Pattern
» coordinate system

LIGO-G960116-00-M
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gravitational

nction of direction, of an interferometric
meter arms are oriented

Figure 2.7 The sensitivity, as a fu
wave detector 10 unpolarized gravitational waves. The interfero

along the x and y axes.



Astrophysical Sources
Frequency Range

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

e Gravitational Waves - ~ 10 orders of

magnitude
e Combination of terrestrial and space
experiments |
o ;
S 10718 -
<E,: Black Hole Binary
© 10-29 - @ Coalescence
3 Black Hole
= Formation
_ 7 \® Black Hole NN
o Binary, 105M@ *
g 10-22 &
5
'S ~ LISA
O 24 |
O 10 ' | I 1

} | i 1
104 ' 10™2 _ 109 102 104
Frequency [Hz]
LIGO\ - LIGO-G960115-00-M



Gravitational Waves
Space Experiment

e® LISA - Laser Interferometer Space -
Antenna '

» Six spacecraft in triangle (four needed)
» pair at each vertex

# relative orbits
i of spacecraft

LIGO-G960108-00-M

LIGO®



Annual Revolution

e 60 degree half opening angle

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

\S LIGO-G960108-00-M

LIGOS




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

L N LIGO-G960108-00-M
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LIGO
Achieving 108 m Sensitivity

How is it possible????

e Air molecules:
Buffer mirrors Buffet light beam
(fluctuating dispersion)

» Mirrors and light beam must be in vacuum

e Mirror's atoms vibrate (thermal noise)

» light beam feels 10'® atoms
» atoms vibrate fast: ~10"3 Hz
» beam measures slow variables: ~ 100 Hz

e Earth vibrates and shakes mirrdrs

» anti-vibration suspension
» quiet environment

LIGO-G960108-00-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

10-18
g
1019 @
3,
s)
1020 3
S
Ty 10
=5
E 10-22
10-23 - 2,
1 Residual Gag
Internal\Therma! \ \ \ - X
10-24 -
10-25 ] ] |
1 10 100 1000
f (Hz)

LIGOS
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Neutron Binary Systems
S Inspiral
M
e LIGO frequency band '

» last 15 minutes (~10* cycles)
e ‘Chirp Signal’ -
e Detailed waveform gives masses,

spins, distance, eccentricity of orbit, etc

9}
11
No
O
- X0y .
> |
< | . ,
4l
NE 0.6 0.7

T (sec)

LIGO-G960115-00-M
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LIGO

Scientific Mission
e

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

Progenitor Death | ~1/1 000 yr |130 M.L.yr
Rate

Binary Pulsar ~1/10™' yr |600 M.L.yr.
Searches and
Discoveries

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

LIGO™ 4/30/95
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NEUTRON STAR BINARIES
[our best understood source] @ @

W Hulse/Taylor (1993 Nobel Prize ):

@ Observed slight inspiral of PSR1913+16,
due to energy lost to grav’l waves

@ Thereby proved (indirectly)
that gravitational waves exist

B | /GO’s Goals:
To detect the waves directly,
and by extracting the rich information

they carry, use them to study:

® The nature and dynamics of
gravity (spacetime warpage)

® The “dark side” of the universe

B The trouble with PSR1913+16:
@ |i's wave frequency is 0. 0001 Hz

® L/GO’s band is 10 to 1000 Hz

® Ve must wait 100 million yrs for
PSR1913+16 to reach | |IGO’s band



Grawtatlonal Waveforms
~ binary inspiral =~

@ can determme , -
— ——-distance from-the-earthrr

s—masses of thetwo bodies
» d"rb’irar"e‘t:'ceﬁfri"c‘i‘ty‘e"a“rfd"O‘rb“it'al"i nclination

o Waveform _ Dependenceon e, fort=90°
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NEUTRON STAR BINARIES

VS

[“Guaranteed” source] @ @

SN——
10-16 | \ l |
10717 -

18 |- .

10

‘10"19'— PR
h

10720 4 illion light yrs -

(estim -
21 GQém:{;; gf;f;,‘fe‘;;’ >
107" [~ --!’ﬂczn.'m%z E
Lhilion light yrs B
10722 (about one per, gk ;}- _____ .
10725 [ 1 | ]
| 1 10 100 1000

frequency, Hz

| 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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SENSITIVITY OF LIGO’S

L FIRST INTERFEROMETERS _
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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

L



A

SN~—

BLACK HOLE BINARIES

10716

10717

10718

10719

h

10720

10721

ne®
.......
e

_— ey
---
gy

- gy
---
—

[0
........
.o

= 200 million light

(estimate pasey on A:
_ Observed parents )j

N N ey

[ .
[ J—
: ——_

_(probab/y Several per week)

l |

|

10 100
frequency, Hz

1000




BH SP r\-—) 37\ -}_ “"33’0 .L : s1d?”
_ ’VZO P essions o-?oﬂa‘t: :

0030 10 3 1 03 0.4 003
time to coalescence, secC



TWO WAVEFORMS [Stereop on/c]
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FIGURES

FIG. 1. A grey-scale rendering of the entropy distribution at the end of the simulation, about
50 milliseconds into the explosion. Note the pronounced pole-to—pole asymmetry in the ejecta
and the velocity field (as depicted with the velocity vectors). The physical scale is 2000 km from

the center to the edge. Darker color indicates lower entropy and 8 = 0 on the bulge side of the

symmetry axis.
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Sensitivity

Comparison of sensitivity and wave
®
strengths (hy, = 1 ?h,ms )
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LIGO
The Project

M

e National Science Foundation

e Construction Project (1995-1999)

» Facilities and Initial Detector

e Commission Facility (1999-2001)

» Implement Initial Detectors
— h ~ 1020 - Coincidence
- Initial Search (end of 2000)
— h~10?" - Initial Design Sensitivity (end 2001)

e Full Operations (2002 + ...)

» Data Dating/Analysis
— data collaboration with VIRGO
» Enhance Initial Detector
| — incorporate outside collaborations
» Advanced Detectors
— Syracuse, Colorado, Stanford, etc
— Caltech/MIT efforts

LIGO-G960108-00-M

;
ff



Untitled - 6

LIGO Site Pair

. Hanfcrd, Washington

» Located on U.S. Dept. of Energy Reservation

+  Treeless, Semi-arid Desert

« Approx. 2% km from Richland (Metropolitan
Pop. 140,000) |

. Livingston, Louisiana

» Located in Forested Rural Area |
- Approx. 50 km from Baton Rouge (Pop. 450,000)

LIGOS



LlGO INTERFEROMETERS

large enough——
_ for d_etechon @km)
- requires - e

I___l\/leasu red waveform, h(tlme) AL/L
~is a linear combination of h- and- hx —_
which depends on interferometers

orientation




Description of LIGO
——_—_________-.?-_—-———————-__

« Two Sites - Widely Separated
e Hanford, Washington |

_ 4km and 2km Interferometers
e Livingston, Louisiana

- 4 km Interferometer
e Expansion for Advanced Detectors

LIGO 9/18/94



tO be nearly in same
plane same onenta’uon

l Consequences:

" Pisa CANNOT be used,
together with Hanford or Livi ngsiom

to search for waves

Both WaVeformS hyt o




|nterferdmeters
[

o AL/L = h :,",_,F+h+(t)__ + F.h (1)

R,

PHOTODETECTOR

LASER

e LIGO Measures one waveform

orientation aligned (Washington & Louisiana)
~ 10 on ring

»

» direction(timing) determined ~10" to

e LIGO + VIRGO(ltaly)

» decompose waveforms (h,(1),h,(1))
» direction 10" to 1°

S LIGO-G960115-00-M

LIGOS

7z



Source Positions
M
e Celestial Sphere position location from

LIGO (two inteﬁerometers)

IR S X ]

e determine from time shift between
detectors (~.1 msec accuracy)

e ‘declination angle’ of circle (ring)
. CAtsig

e =
' arcsin D

LIGO-G960116-00-M
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LIGO

Basic Configuration

/

e Michelson with Fabry-Perot cavities

End Mirror

,"
I
|
{
]
}
i

L1
i
I
!
1
}
!
Recycling : #
Mirror Y Input Mirror End Mirror

‘ Laser

LIGO& LIGO-G960108-00-M




Initial Interferometer
Specifications

M

Strain Sensitivity imms, 100 Hz band]

1028
Displacement Sensitivity {mns, 100, 4x10%m
Hz band] o
Fabry-Perot Arm Length 4000 m
Vacuum Level <108 torr
Laser Wavelength . B 1064 nm -
Optical Power at Laser Qutput . /""" 10 W
Optical Power at Interferometer Input 5 W
Power Recycling Factor | | 30
Input Mirror Propetties Refleclivity = 0.97
End Mirror Properties Reﬂecti.viay > 0.9998
Arm Cavity Optical Loss <3%
Light Storage Time in Arms 1ms

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

Seismic Isolation System Passive, 4 stage'
Seismic Isolation System Horizontal > 107 (100 H2)
Attenuation :

Maximum Background Pulse Rate - 1 per minute

LIGO™

LIGO-G960108-00-M




NEUTRON STAR BINARIES

[“Near-Guaranteed” source]
10710

10717

10718

10"19
h
10

-20

10-21

.09 £

10

-23 |- _
10 | I |

1 10 100 1000
frequency, Hz

B 15 minutes &10,000 orbits in LIGO band

B Rich information in waveforms:
masses, spins, distance, direction,
nuclear equation of state




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
e Precision Engineering Design
» Quality Control

0 Two Sites - Three

Interferometers
— Single Interferomeier ~50/hr
e non-gaussian level |
— Hanford (Doubles) - ~1/day
e correlated rate (x1000)
— Hanford + Livingston <0.1/yr

o uncorrelated (x5000)

LIGO™ 4/30/95 18
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Interferometers
Coincidence Experiment

’

@ Interferometers
» Glasgow (Fabry-Perot interferometer)
» Garching (Michelson delay-line interferometer)
" ® Strain Sensitivities (~107'7 rms noise)
» (a) Glasgow
» (b) Garching

l L 3 | 4 4 L} l L { R 4 L 1 l L § L 4 L ] : |
(@) ]
3
Pt -
[a ]
3 X
X 3
~ o
L e
~r -
N g . . . e _
v (b) :
. = P
oF ]
2 o P
© 3
e | 1
]
=]
$ " N Y i i 1 2 N N ] A A " N 1 2 3 " N 1 " N A "
20 1000 2000 3000 4000 5000
LlGO& frequency f (Hz) LIGO-G960116-00-M



Interferometer

types
e Folded interferometers |
» Delay-Line (N=4)

» Fabry-Perot
/K\
"" N
i
> : > {e e»)
| Y
Delay-Line (N=4) Fabry-Perot

LIGO-G960116-00-M
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Interferometers
Coincidence Experiment

/

® Glasgow - Garching

» Analysis
— level 1 - housekeeping vetoes .
— level 2 - 62 hrs good data (<4 10-17 for 1 6 sec)
— level 3 - require same strain in both detectors
» Result
— h < 1.6 10-16 from zenith and optimumpolarization
_ h < 3.6 10-6 any direction and any polarization

10

T I ' w)
o~
o I
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T
o
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© - - ~ I
S D g
o £
[l L ad
< E i
E Q
[+ 20 o -t L
o . g'-
® 5 h
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o E
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~ | 3° P . . at : y
] 1 1 -IAA..I...‘I....IA-.A-
4 6 8 10 0.5 1 1.5 2 25
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LIGO Project
Technical
 ‘
e Major Facilities

» Beam Tube
» Vacuum Systems
» Civil Construction

e Detector
» Detection Strategy
» |nterferometers

e R&D

» Noise Sources and Sensitivity
» Demonstration Experiments

e Status and Plans

LIGO-G950085-00-M
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Gravitational Wave Strength

Strain Sensitivity |
_G(Eglc) 1

2
r C

h

for EX/c*~ M,

kin
h~102 for Virgo Cluster of Galaxies
h~102 at Hubble Distance

LIGO Goal: h ~107%
Detector AL =hL

L=d4km = AL=10"°cm

This leads to Stringent Specifications:
Vacuum
Seismic and Acoustic Isolation
Test Mass Suspensions
Optics

etc.

LIGO 11/3/94 3
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Beam Tube

”

] Characteristics
_, Arm Lengths - 4km
_. Tube Diameter - 4 ft

— |nitial Detector
e 106torr Hydrogen; 107 torr Water

_, Advanced Detectors
o 109torr 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
LIGO™ 4/30/95




LIGO Facilities
Beam Tube Enclosure

1 3!_4"

healf—— P

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

4 LIGO-G950085-00-M
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logl10 grav wave strain /sqrt(Hz)

Initial Interferometer

Noise Budget

T T
- . L .
_ \S

log10 frequency (Hz)

50f13
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pq
1 2 3

LIGO-G952001-00-B



Advanced Interferometer
Noise Budget

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

A =107
P, =100 W Pgirc~ 1 MW
Sopt= 0.3
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Test Mass

Mirror of
Suspension-point
Interferometer

Suspension
Wires

Fabry-Perot
Test Mass Mirror

CLEAR APERTURE=1m

BAFFLEI.D.=1.10m

<~ BEAM TUBE i.D.=1.22m
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LGO INSTALLATION PLAN

SUN SCREEN

TERMINATION CONCRETE
COVER

WHEELED WEBLD/
STRUCTURE OVER

WHEELED
TEST SHELTER
& VALVE

CLEAN ROOM

BLOWBR/DRYBR/
it FILTBRATION 8Y

FLATBED TRACTOR/TRAILER

(SUN SCREEN KEQUIKED DURING . T

FTXKANSPUKT) " - e INSTALLATION
CHANGE &
OFFICE TRAILERS




INSTALLATION PLAN
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LIGO Facilities
Vacuum Equipment

F

e 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

o Status

» Science requirements and review 6/94
» RFP issued for design contract only
» Two competitive contracts awarded (CB&, 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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Astrophysical Sources
Frequency Range

mplitude

Gravitational Wave A

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

e Gravitational Waves - ~ 10 orders of
magnitude

e Combination of terrestrial and space
experiments

10778+
Black Hole Binary
10720 - @ Coalescence
(5 N Black Hole
2, . ® Formation
i 78\ @ Black Hole. GBI\ - |
Binary, 10°Mo NG |
1 0-22 - 4 “:;;‘
7] LISA
1072 -
' ! ! !

! 1
1072 10° 102
Frequency [Hz]
LIGO& y LIGO-G960115-00-M



Gravitational Waves
Space .EXperim ent

® LISA Laser Interferometer Space

Antenna’
»  SIX spacecraft in triangle (four needed)
» pair at each vertex

o

5% 105 km

Earth I/f“ny

v relcrtlve orbits

e e . =+ —

§ of spacecraft

Venus

LIGO-G960108-00-M



LISA
Annual Revolution

e 60 degree half opening angle

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

wave

LlGO& LIGO-G960108-00-M



LISA
Space Interferometry

e Gravitational dynamics

» wide range of masses and radii or sources with
. paturaldynamicakfrequency in the LISA band

1013 =
1012 5
1011 =
1010 5

10°
Sun

radius R (m)
2

-k
(]
5]
T
*

.(\6
10° \(:(\0\6\\
C
104
10° |
102 | 1 1 1 1 1 L ] 1 ]

mass M (solar masses)

LIGO& LIGO-G960108-00-M
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LISA
Sensitivity

e Strength of various sources and
sensitivity curve of LISA

v 107M,BH coalescence z=1 ®  normal binaries
| ] IWDB's
M 105M_ BH coalescence z= ¢ X-rav‘blnarv i
o = possible extragalactic

10°M, BH coalescence z=1
BH formation z=1

LISA threshold, typical S/N =5 as
5 detector turns during a 1-year
» "'V 1041 OGMO BH z=1] observation of a fixed source

A 4UT820-30
v »

v GW background, Q_. = 10®
) l//fp ‘e — g gw

< o@,s, e 1o rms detector noise
L Y. K 5 . for a 1 yr observation
= n /s * « | of a GW background
1 1t 111l L 1 (RN M | 1 IIII’IL ! i l?’]/!lf g
10 1073 102 107!

frequency f (Hz)

& LIGO-G960108-00-M
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LISA

spacecraft layout
R —

e six identical spacecraft

Cc

sce N sics

DR

LIGO-G960108-00-M
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LISA
payload and optical bench

e cross section-of-payload

-

Payload thermal shield

Multi-element
Diode (1)

Diode (3)

Rear
Reference
Beam

Main
Telescope

Proof Mass

Diode (2
@ Multi-element
Diode (4)

Reference
Cavity

[ Optical '
Isolator L, : Phase
solator Fibre Modulator

LIGO-G960108-00-M

;
ff

3360mm
—




TableI.- LISA Mission Summary

Objectives:

Detection of low-frequency (10~* to 10! Hz) gravitational radiation with
a strain sensitivity of 10~2!/v/Hz.

Typical sources are galactic binaries (black holes, newtron stars, white
dwarfs), extra-galactic supermassive black hole formations and coales-
cences, and background gravitational waves from the Big Bang.

Payloads

Laser interferometry with electrostatically controlled drag-free reference
mirrors housed in six spacecraft; optical arm lengths 5x 10° km.

Each spacecraft has two lasers (one spare) which operate together in a
phase-locked transponder scheme.

Diode-pumped Nd-YAG lasers: wavelength 1.064 ym, output power 1 W,
Fabry-Perot reference cavity for frequency-stability of 3 Hz/VHz.
Quadrant photodiode detectors with interferometer fringe resolution of
107%A.

38 cm diameter {/1 Cassegrain telescope (transmit/receive) with A/30
wavefront quality.

Drag-free proof mass {mirror): 4 cm cube, Au-Pt alloy of extremely low
magnetic susceptibility (< 107%); Ti-housing at vacuum < 10~% mbar;
six-degree-of-freedom capacitive sensing.

Orbit:

Launcher:

Each spacecraft orbits the Sun at 1 AU. The inclinations are such that
their relative orbits define a circle with radius 3x 106km and a period of
1 year. The plane of the circle is inclined 60° with respect to the ecliptic.

On this circle, the spacecraft are distributed at three vertices, defining
an equilateral triangle with a side length of $x 10°% km (interferometer
baseline). Each vertex has two closely-spaced spacecraft {200km apart).

This constellation is Jocated at 1 AU from the Sun, 20° behind the Earth.

Ariane 5, dual launch configuration with two sets of two spacecraft in the
lower compartment, and one set in the upper, under the short fairing.

Each spacecraft has its own jettisonable propulsion module 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:

Drag-{ree performance:

Pointing performance:

Payload, mass:
power:
dimension:

Telemetry:

3-axis stabilized drag-free spacecraft (six)

290 kg, eack spacecraft in orbit

216 kg, two spacecraft per module

210-920 kg (depending on launch date), for two spacecraft
6200 kg

183 W, each spacecraft in orbit

10~15 m/s® (rms) in the band 107 to 10~! Hz achieved with 6x Cesium
FEEP thrusters

few nrad/v/Hz in the band 1074 to 10~! Hz

67 kg, each spacecraft

A8 W, each spacecraft

diameter: 0.5 m, height: 1.7 m, each spacecraft

560 bps continuous, total for all siz spacecrafi
Ground stations: Villafranca (Spain), Perth (Australia)

Nominal Mission Lifetime:

specification 2 years; 3-10 years feasible

14




Gravitational Waves

Resonant Bar Detector

e Schematic Version

LIGO™



Gravitational Waves
Resonant Bar Detection

l-'r

--------
S A it

-
-

..............

® Bar detector

Group Antenna Transducer Sensitivity (k)
CERN/Rome [ AI5056, 2.3ton, 2.6K Capacitive+SQUID 7x1071%
CERN Al5056, 2.3ton, 0.1K | Capacitive+SQUID| 2 x 10-18
LSU(USA) | Also0ss, 1.1ton, 4.2K Inductive+-SQUID 7x 10719
Stanford Al6061, 4.8ton, 4.2K Inductive+SQUID 1018
UWA(Australia)|  Nb, 1.5ton, 5K . RF cavity 9 x 10~19
ICRR(Japan) Al5056, 1.7ton, 300K | Laser Transducer -
KEK(Japan) | Al5056, 1.2ton, 4.2K | Capacitive+FET |4 x 10722 (60Hz)

@ Status of bar detectors

LIGOY

LIGO-G960116-00-M




Resonant Bars
o W“SUPPUI’]FSC/’I'EHTG |

o ALLEGRO detector

Air Springs

e Titanium Rods (7Tmm)—»-

> 70dB

Bronze Intermediate Mass

> 75dB

> 405dB

7

\9
LlGO\\& LIGO-G960116-00-M



Resonant Bars
ALLEGRO

w
e average detected noise

» (day 142, 1994)
» large excursion is squid reset (vetoed)

Noise Temperature (vetos ignored) for Each Mode 1994 Day 142
40 s Y T
35
30 -
25
£
2
< 20 1 ,
g L W
15
10
) ' .
5t
veto-on 1
-off 0 1 1 1 1
0 5 10 15 20
Universal Time (hours)
footer>
LIGO-G960116-00-M



Resonant Bars
ALLEGRO

B A —

--—eo-Altevents-above-threshold -

» day 140-150 1994
» typical of existing data (LSU and Rome)

| 694_145 PLOT_ELIST94

2
10: T T T ‘I L S T T T T
; (o]
10 ¢ .
9
[
b
— r
5 b
>
2
0
§10 - 1
w
5 °
z

-2 1 [l [} 1 1 1 *
140 141 142 143 144 145 146 147 148 149 150
day of 1994

10
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Resonant Bars
ALLEGRO

e All events
» first 5 months of 1994

e Non-gaussian tail

Energy distribution for all events in 1994 Day 110 149

104 3 MM f 1 i 1
F 1 . i
r . ]
103 3
[7,)
£10°k -l
© 9 3
i |
= i
2 1
2 1
2 101 .1 1
i ) r
il
m
100 3
T
-1 N NN . ~ .
101 0? T 10 10° 10' 10° 10° 10
Energy (Kelvin)

LIGO®

LIGO-G960116-00-M



- Resonant Bars

o Rate of events
» First 5 months - 1994

10 ¢

—h
(o]

'y
(&)

-t
(o)

Rate of Events Greater than E (events/day)
)

-
o

10
10

» All non-vetoed events included

ALEEGRO -

- °© = o
—very

Q
~

\AAAS |

Rate of events obs‘erved during 1994 Day 1 to 149

AR RA A §

———y g pr—

Al

Yy

10

10

(4

10'
Energy (Kelvin)

LIGO-G960116-00-M



Resonant Bars
Coincidence Run

e Stanford 1982
e Explorer and Allegro 1991 -6 months

Upper Limit for G.W. short bursts

107 > ——&— LSU-Explorer
A (1991)
’ —3&— Stanford
3z (1982)
a3 ° a
c <
g oo
w o014 A‘!
. A A A
0.01 } i y } n!
0 20 40 €0 80 100
h(x 1 e18) ~
S 1L1IGO-G960116-00-M



Resonant Detectors
Next Generation

o Omni-directional detectors
—— o TIGA

» attach transducers to faces of inscribed
dodecahedron (Johnson and Merkowitz)

» 2.6 meter diam, resonant at 1 kHz, 26 metric
tons ‘ '

LIGO-G960116-00-M



Resonant Detectors
Spherical Array

M

e 8 spherical detectors (xylophone)
» lowest quadrupole mode

10—21 - TTT T Y l =
- \‘ v y! \, V —
2 LAY .
- 1 R 7
3 I BT -
~~ q R R T e
N - I ! 0 DL I ee"” -
> E NEERE
N s BRI
T10 0 | IR E
n Ao ]
G : '. '! ! 'J \ I
=] - oy 1 L ]
"~ LIGO ' f \ 1, Ny ]
B | l\.".l v )
e TIGA
10"23 ! k ‘J" ) l | |
0 1000 2000 3000
f (Hz)

LIGO\\E LIGO-G960116-00-M



Resonant Detectors
Spherical Array

M

e 8 spherical detectors (xylophone)
» first excited quadrupole mode

-21
O S R Y LER VIR B (N A
& Voo )
= | BT \ ,‘\ / [ .
:— . \’ ’\ ' I\ | 7]
- Y I I I\ ! | [ ... ™
— [~ \ '\ "\ ! \ ;’ \ -l.- 7]
N { | 1Y " .“‘]’.. 1
> u ‘ Pl ! \ .
| E NAER TR
N 22 } I Y |
D:lo L \' \o | ‘ \ , -
~— : ! : ] N { { ]
o : R N AN .
- - ¥ o \ “ :\ /\‘\/ | i
2\,_3:_,( _' \ A i /\l\/ \' \ _
| LIGO LV
5 B WA i
‘ ‘c\"\! , TIGA
—<3 | l L}/\ | 1 | ] l | l

0 1000 2000 3000 4000 5000
f (Hz)
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Laser
Nd:YAG

Initial Interferometers
Configuration

4 km Fabry-Perot Arm Cavity

Recycling.
Mirror Input Mirror End Mirror
T~3% T~3% ' . R~ 100 %
sw Ll2oow A  10kw
, :
1
|
w— Photodetector

;
ff

LIGO-G960108-00-M



Initial Interferometers
Noise Floor

1.00E-18

1.00E-19 +-
N -~
T -8
< 1.00E20 R 1
A o3|
> o -
spad . . A
‘o 1.00E21 : '
c | /
m .
2 3\ &
® 10E2 ¢ . 74X T
= % 2.
Q.  1.00E23 :
£
<
£ 10Es
©
b
i
/p) i

1.00E-25 . ‘

1.00E400  1.00E+01  1.00E+02 - 1.00E+03  1.00E+04
Frequency:(Hz)
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LIGO Interferometers
Optical Parameters

' — NOMINAL INITIAL SAMPLE ENHANCED
OPTICAL CHARACTERISTICS INTERFEROMETER INTERFEROMETER
Arm Length 4000 m 4000 m
Laser Type & wavelength Nd:YAG, A= 1.064 pm Nd:YAG, A =1.064 pm
Tnput Power into
Recycling Cavity, P oW 100W
Contrast Defect, 1-c 3x 107 3x 107
Mirror Loss, Lm 1x 107 1.3x 107
Power Recycling Gain 30 380
Arm Cavity Storage Time, Tarm 38x10%s 13 x 107s
Cavity Input Mirror ) 2
Transmission, T 3x10 2x 10
Total Optical Loss, 2 3
Ly = (Absorption + Scattering) 4x10 3x10
L} (DRI 1B D A

r
8
la




LIGO Interferometers

Mechanical Parameters
N

MECHANICAL NOMINAL SAMPLE ENHANCED
CHARACTERISTICS INITIAL INTERFEROMETER | INTERFEROMETER
Mirror Mass, My 10.7kg 40 kg
Mirror Diameter, Dy ' 0.25m 040 m
Mirror Internal Qp 1x10° 3 x 107
Pendulum Qp(damping mechanism) 1 x 10° (material) 1 x 108 (material)
Pendulum Period, Tp . 1 s.(Single) 1 s (Double)

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

LIGO-G960108-00-M
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Interferometer
Noise Limitations

INTERFEROMETER,
SIGNAL, AND NOISE

:
"(suspension noise)

(frequency

Y

) noise) -3 7

E A%

R =2
- g1

e,

laser recycling<
mirror

shot noise) l 1 = ) -

photodetector
SIGNAL= L, - L,

\
LIGO& LIGO-G960108-00-M



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)

10 LIGO-G950085-00-M
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x (m/Hz'?)

Displacement Sensitivity of 40—Meter Interferometer

1079 —

LANE SIS SEN | ] v e |

Noise Model (9/15/94)
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—— 5/94 data
- ——— shot + thermal model
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LIGO
40m Prototype

f

e Measured noise spectrum compared
wnh known broadband sources of

nonse -

.......................................................................
..........

.......

1S RO ORPURTU SOTTRTURTPURIUN. PPIPPPPITPTPIIPRIPPPSTITIY STFIE SOTTS STE TIN

L P T T T P T PP TP TO PP PR SRR PPy YRR TR P PR LT AL TR R LTLLLLS

................

L T T e AL LT AL St S TS 2

...............

vedsrerairasersicrssnaes
..............

I PR UIIINRORYY TXTTIIITTI TR PETSITRINERR

.........

.........

Y I ceregpeststescataae

x (m/HZ'2)
=

....................

..........

1

1000 5000

: {_—‘requenéy (Hz)

LlGo\\E LIGO-G960108-00-M



Dispicsement (m/~Hz)

TYPICAL GROUND MOTION SPECTRA
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Baseline Isolation Performance

stack isolation |

/

attenuation
{
[~}

10
s : /

stack + pendulum isolation

10 " I L L NS R | . s N i PSS
° 10" 10
frequency Hz

® Displacement noise 102! m/fHz @ 100 Hz
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Hanford Corner Station SW Arm Axis, Late Night December 12,1994

(Preliminary Data)
lr.) .
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Hanford Corner Station SW Arm Axis, Morning Traffic December 13,1994
(Preliminary Data)

Wind speeds <5 mph
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Interferometers
Mechanical Thermal Noise

/) A
pcndulum vertical

e pendulum noise
» X ~ 10717 m, fo~1Hz
e violin mode
» Xme~ 5 10777m; fon ~ 600N Hz

@ itest mass vibrational mode
» Xms ~5107%m,  f;>10 kHz

LIGO\\E LIGO-G960108-00-M




Displacement (m/\/Hz)

Suspension Thermal Noise

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

Fast End Mass Violin Resonances

—-14
10 ) : 1 ¥ ¥ l ] 1 L 1 l L [} ¥ ] ' 1 L 4 L ] ¥ :
) : solid line: dashed line: -
- data of Jan. 9, 1982 thermal noise -
10-15 electronic damping off prediction R
- Secondary peaks are transverse polarizations E
: ‘ 1
1071 | ’:;
N ‘ ’ .
10717 .
, - \ !
- , s
N /, \ /
/ N / i
N , N P
" s’ Se -7 A
//
10--18 | . 1 1 1 | 1 3 1 1 | i
315 320 335

LIGO®
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Frequency (Hz)



LIGO
‘Suspended Test Mass

e 40 m prototype design

o Pendulum suspension of test mass
| » magnetic/coil actuators damp angular motion
» piezoelectric actuator damp ol Sitedi

LIGO-G960108-00-M



LIGO
Test Masses

M
e Monollithic fused silica (Q > 10°)
e Internal resonance ~ 30 kHz
e structural vs viscous damping

-2
-1/2 (0] ~o
0.1} x[®] ~o
Zf; 0.01 | £ STRUCTURAL
&
?;"'00’ - Viscous
0.0001 ¢} \ k O
x[0] ~© "
0.00001 -5/2
r o]~ ~—P
0.0001 0.001 0.01 01 1 10
110

N - -00-M
LIGO LIGO-G960108-00



Magnetically Levitated Test Mass

Permanent Magnets
for Lifting Field

P

Photodiodes for
height sensing

Stabilizing A7

&

Light—emitting
diodes

High~Q test mass



LIGO
Phase Noise

e Phase Noise Interferometer (MIT)

» 70 W - recycled configuration
» ’gl_g_amonstrate phase sensitivity for LIGO

TS

pre-stabilized o o
jaser Phase noise interferometer
First stage, showing tiber input
laser
{requency
control
Y
m laser
amplitude control
Suspension: Mi difterential
m‘;lng . E]] 5" x 8° footprint output signal a control
control ‘ <

LIGO-G960108-00-M
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Shot Noise

1 /8¢, \1
Oh(f) =~ — | —(f 0o (f
) = (540) o0
FeopeeT™y oF /

INTERFEROME TER
OPTICAL CONFIGURHTION DereemMINED PRIMARILY

(Migror (2‘?)57‘6-5 BY ErFecive OPTICAL
POwWER

. Achieving Shot-Noise Limited Phase Sensitivity
Requires Understanding and Control of All Other
Optical Sources of Noise

. Laser Noise
« Photodiode Uniformity

« Modulator-Induced Noise
« Scattered Light

LIGO Requirement | 10719 rad/v/Hz
Current 40-m Interferometer 1078 rad/vHz
MPQ Garching 1079 rad/vHz

LIGO™



Prestabilizéd 'Llaser (PSL)

N

From

Reference
Cavity

PC: Pockels Cell
AOM: Acousto Optical Modulator

FI: Faraday Isolator

H}- Photodiode
" From From
LSC 100

—[p

Intensity

FI

Servo

G

Input Optics

10.7
MHz

Frequency Servo

oy

cFreHrH e

la_ser laser
mirror mirror

. Power Stabilization AP/P ~ 107/ ./ Hz

. Frequency Stabilization af /f ~ 1072/ / Hz

» Status: Working LIGO subsystem
»»DRR, PDR complete

§



Inpu't Optics

To IFO length control

Beam
Expander

To PSL v control Beam
IFO o . Steering M—
length control
phase ' To
modulation Core Optics

* From PSL

. Phase modulation for IFO length control

. 12 m Mode Cleaner

»>Reduces pointing jiter ABoyt/ ABjp ~ 107

»>Additional frequency stabilization Af/f~1078/ J/ Hz
. Mode matching, beam steering to Core Optics
. Status: Conceptual Design Phase

S



HIGH REFLECTIVE
DIELECTRIC COATING

RECYCLING MIRROR:

RETAINS BEAM POWER
INSIDE 4km ARMS

DIAGNOSTICS

(et
i CORE OPTICS:
T/}\ ~ALL DPTICS SEISMIC ISOLATED
(WIRE LOOP PENDULUM SUSPENDED)
- ALL DPTICS ULTRA HOMOGENEOUS FUSED SILICA
(1) - SURFACE & TRANSMISSION DISTORTION {17600 WAVE

FROM
LASER . /<;>
SOURCE

PICK-OFF FLAT

e e e e e e
— T L e —

CAVITY LENGTH
CONTROL SIGNAL

L
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Three-Point Optical Lever
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Length Sensing/Control System

Ll L L [l °, el L

Signal 4 Signal 2,3 ‘, '
N & | E—
S (5 ( — |

Signal 1

LIGO Recycled/Recombined Interferometer

- 4 signals used for controlling 4 degrees of freedom
- Important degrees of freedom: 2 arm cavity lengths
and 2 recycling cavity lengths

Control Design for 2 Modes of Operation

- Operations Mode (linear dynamic model)
- Lock Acquisition (highly nonlinear dynamic model)

Model Development for Control Design

- Operations Mode model complete
- Acquisition Mode model complete for coupled cavity

interferometer



LIGO

Length Sensing

y

e Signals sensitive to length degrees of

freedom
GFIELDS |  LOCATION ~ FREEDOM
C and CSB anti-symmetric L,-1,, differential
. port arm cavity length
L,+L,, common
reflected from 172 _
C and CSB recycling mirror mode arm cavity

length

FSSC and anti-symmetric

1;-1,, differential
mode Michelson

C
SCSBI port length
FSSCand | reflected from 1+, common

SCSB2 recycling mirror mode Michelson

length
: Subcarrier
-amer FSSC

CSlB TSB SCSBi SC‘SBZ SCSB2 SCSB1

LIGOS

LIGO-G960108-00-M



Initial LIGO Noise Sources

(April 8th 1996 Parameter Set)

| T

eowse S0i. Req. Doo. Curve

= Compingd Models

Saismic Noise

—— Top Plale Thermal Noise

——— Pandulum & Violin Thermal Noise

——— Veadical Spring Thermal Noise
-~ Piteh Thermal Noise

—— Yaw Thermal Noise

—— Tast Mass Internal Thermal Noise

——— 8hot Noise (equivalent)

——— Radiation Pressure Noise

e me Quanturp Limit
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LIGO Systems Engineering and Integration

40 m Lab

”

40 m Displacement Sensitivity

Comparison of Estimatad Noisa Levels on 10/28/94 12

—~--—-—— oct28-hr.dat, 28 Oct 94

————— Internal thermal nolse

————— shot + thermal nolse

————— soismic nolse estimate 1 0—13
— — — sglandard quantum limit

piteh thormal nolse

yaw thermal npise

--- vertical thermal noise

180 Hz w/ sidebands 1 0"4
300 Hz w/ sidebands

(5, ZHMW) X

107

10 100 ' " 1000
Frequency (Hz)

N 8 of 9 LIGO-G96xxxx-00-E




Enhanced Interferometer
Noise Budget |
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L s | ]
400 :(-é " Thermal,.
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m
R

Strain Amplitude Density [1/VHz]
B
/

SR |
1E-24 v —J
\‘ \- ~ - l
' Sy

1E-25
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LIGO Facilities
Limiting Noise Floor

1.00E-18 - - —

1.00E-19

1.00E-20
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Strain Amplitude Density (1N[H2)

Gravity Gradients
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N
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Frequency (Hz)
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Quantum limit for interferometer performance

Two important noise terms, inverse dependence on light power:

Shot noise -~
o fluctuations in number of photons/sec ; T
o equivalently, shot noise in photocurrent | L (length)
o TXA [hv
“8rLV P

S TR

Radiation pressure , -

o uncorrelated in arms =
o imparts random momentum to test masses

4 i

(transmission)

h=-———-+VPh
CTL’/")’L(,L}2 \l/
o minimum for
P - L2 Amw*
°Pt T 9mc
o gives quantum limited sensitivity of < hot radiation
- 1 4h = pressure
h = 2
ar(f) 2xLf NV mm 5
C
<))
wn
hor = 5x10724 Hz™# for L =4 km, f =100 Hz, power, W

m = 10 kg, A\ =514 nm, P = TkW;
a problem for second (or third?) generation antennas.

For now, wish to maximize circulating power.



NEUTRON STAR BINARIES ¢
[“Near-Guaranteed” source]

10'16 = l I
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< Search
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" 20 NSNS 2 4107
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(022 FBH/BH Z25 T R el - 10
23| _
10 | l l
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frequency, Hz

B 15 minutes &10,000 orbits in LIGO band

W Rich information in waveforms:
masses, spins, distance, direction,
nuclear equation of state
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Interferometers
Sagnac

e Stanford (b) for advanced detectors

£

+

LASER ——% 7 " LASER 2 J/‘

= Der T DEr

(2) ' (d)

1.6 [

1.4 [ _:
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08 [ [ ™ 1
0.6 [ ]
0.4 F

0.2

Magnitude of Differential Phase [10"! rad/Hz'"%)

O —

0
Gravitational Wave Frequency [kHz]
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Interferometers

Sagnac
[

e Stanford test Sagnac

l'— _________________ -1
l |
l l
l l
l l
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| SAGNAC L= { T e SPECTRUM
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1 M
% e
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Lo ] I
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Interferometers
Sagnac

e Shot Noise Phase Sensitivity
Measurement

e Phase Sensitivity = 3 109 rad/Hz"?

» (within 3 db of shot noise limit)

ARL -56.91 dBm__ " MKR #1 FRQ 98.381 2@ HHz
ATTEN 18 dB I 178.56 dBnm
102 g8!d8/DIV MICROWAVE
RES BANDWIDTH | il
-8
X107 1199 #z —
7540~ : ] Calibration Signal
6x10- 9 - | k E
5X10°9 = B
Shot Noise Level

PHASE SENSITIVITY [rad/Hz 12 ]

4X107 9 = AN -
gmmwwwwwwmw
- : E!ec_tronics Noise Level
1

-9
2X10 B L 'i"nr' l U] \ — 1
L i Lo
CENTER S8. S% g8 MHz . SPAN 18.88 kHz
2RB 1608 Hz +UB 19.Q Hz : ST 38.98 sec

LIGO-G960108-00-M
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SUMMARY INTEGRATED SCHEDULE

»\
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NEUTRON STAR BINARIES

[“Near-Guaranteed” source ]
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Conclusions

N

5 LIGO Construction is well
Underway

1 Direct Detection of
Gravitational Waves Appears
Realistic within 10 years

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

Goal.

LIGO& 4/30/95



