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LIGO

Basic Configuration

”

e Michelson with Fabry-Perot cavities

End Mirror
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Initial Interferometer
Specifications

r

Strain Sensilivity imms, 100 Hz band] 102
Displacement Sensitivity frmhs, 100, 4x10%m
rz band] T

Fabry-Perot Am Length " 4000 m
Vacuum Level ; < 108 torr
Laser Wavelength _ . 1064 nm -
Optical Power at Laser Output. ™" 10 W
Optical Power af Interferometer Input 5W

Power Recycling Factor | | 30

Input Mirror Properlies Reflectivity = 0.97
End Mirror Propetties Reﬂecﬁvity > 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 Horizontal > 107 (100 H2)
Attenuation

Maximum Background Pulse Rate 1 per minute

LIGO
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NEUTRON STAR BINARIES ¢ @

[“Near-Guaranteed” source]
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1 10 100 1000
frequency, Hz

W 15 minutes &10,000 orbits in [ IGO 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

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

» uncorrelated (x5000)

LIGOS 4/30/95 13
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Interferometers
Coincidence Experiment

” 7

@ Interferometers
» Glasgow (Fabry-Perot interferometer)

» Garching (Michelson delay-line interferometer)
@ Strain Sensitivities (~107'7 rms noise)

» (a) Glasgow

» (b) Garching
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Interferometer
types

@ Folded interferometers
» Delay-Line (N=4)

» Fabry-Perot
-1 /X\
/ -
> S > ' {< >
Y
Delay-Line (N=4) Fabry-Perot

N LIGO-G960116-00-M
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Interferometers
Coincidence Experiment

M

e Glasgow - Garching

@ 100 hour coincidence experiment

» Analysis
— level 1 - housekeepmg vetoes -
— level 2 - 62 hrs good data (<4 10-17 for 1 6 sec)
— level 3 - require same strain in both detectors
» Result
— h < 1.6 106 from zenith and optimumpolarization
— h < 3.6 10-18 any direction and any polarization
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LIGO Project
Technical
ey
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

2 LIGO-G950085-00-M

;
ﬁ



Untitled - 1

LEFT
ARM

END
STATION

2xkm o ammsmm

MID
STATION




Gravitational Wave Strength

/
Strain Sensitivity
G(EZ [c*) 1
h = -—2'
r C

for EJ/c* ~ Mg
h ~102° for Virgo Cluster of Galaxies
h ~107° at Hubble Distance

LIGO Goal: h~107
Detector AL =hL

L=4km = 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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Expansion Joint
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Beam Tube

M

0 Characteristics

— Arm Lengths - 4km
_, Tube Diameter - 4 ft
= Initial Detector

e 106 torr Hydrogen; 1077 torr Water
— Advanced Detectors

» 109 torr Hydrogen; 101° torr Water
— Quality Control

» (materials, welding, cleaning, etc)

0 Status and Plans

gf?

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

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

— Contract Options
4/30/95




LIGO Facilities

Beam Tube Enclosure
e —

1 3'_4"

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

4 LIGO-G950085-00-M
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log10 grav wave strain /sqrt(Hz)

Initial Interferometer
Noise Budget
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Advanced Interferometer
Noise Budget

log10 grav wave strain /sqrt(Hz)
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¥ % . .
CH,— CO ‘"‘“-f:?§\
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B 002
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log10 frequency (Hz)

Advanced amplitude recycled interferometer parameters:

AL =10
P, =100 W
=0.3

Eopt
P =106

A

Pcirc“‘ 1 MW

6 of 13
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Mirror of
Suspension-point
Interferometer

qupension
Wires

Fabry-Perot
Test Mass Test Mass Mirror

CLEAR APERTURE =1m
BAFFLE I1.D.=1.10 m

<~ BEAM TUBEi.D.=1.22m



BIG PASCO
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LIGO INSTALLATION PLAN

SUN SCREEN

CONCRETE
OVER

WHEELED WHERLED WERLD/ TERMINATION
CLEAN ROOM TBST SHELTER STRUCTURE

& VALVE

INSTALLATION

FLATBED TRACTOR/TRAILER
K4EN KEQUIKED DPURING s : .
CHANGE &
OFFICE TRAILERS

(SUN SC
FXKANSPOKRT)




INSTALLATION PLAN

CLEAN
ROOM
COVERED
PREP AREA

WEATHER
ﬂBELgOWS(TYP

AR ; 24

Eh | 54 il !,i'; bed
LOCKER/CHANGE & i skt LS
FOOM
[ =
/ T o
% "

LIGO 14 FT WIDE SLAB
ROOMS MOVE ON "VEE" TRACK(TYP)




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&lI, PSI)

» Final design and manufacturing
— down select (6/95) to PSI
— CDR approved 10/95
— FDR May 96; some prototype/acquisitions now

[

3o
o8
e

6 LIGO-G950085-00-M
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Initial Interferometers
Configuration
e —

4 km Fabry-Perot Arm Cavity

Recycling.
Mirror — Input Mirror End Mirror
T~3% T~3% - R~ 100 %

Laser ﬂ ﬁ M
Nd:YAG | gw 200w <1 10 kW
| |
|
!
|

w—— Photodetector

LIGO-G960108-00-M
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Initial Interferometers
Noise Floor
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LIGO Interferometers
Optical Parameters

e

' ~——NGVINAL INTTIAL SAMPLE ENHANCED
OPTICAL CHARACTERISTICS INTERFEROMETER INTERFEROMETER
Arm Length 4000 m 4000 m
Laser Type & wavelength Nd:YAG, A= 1.064 um Nd:YAG, A =1.064 pm
Tnput Power 1nto
Recycling Cavity, P 6w 100W
Contrast Defect, 1-¢ 3x 107 3x 107
Mirror Loss, Ly 1x10™ 13x 107
Power Recycling Gain 30 380
Arm Cavity Storage Time, Tam 38x 10™s 13x 1075
Cavity Input Mirror ] 2
Transmission, T 3x10 2x 10
Total Optical Loss, 2 3
L = (Absorption + Scattering) 4x 10 3x10
NS 1| G- GRS D A

LIGO




LIGO Interferometers

Mechanical Parameters
/

MECHANICAL NOMINAL SAMPLE ENHANCED
CHARACTERISTICS INTTIAL INTERFEROMETER INTERFEROMETER
Mirror Mass, My , 10.7 kg 40 kg
Mirror Diameter, Dy : 0.25m 0.40 m
Mirror Internal Qg 1x 10° 3x 107
Pendulum Qp(damping mechanism) 1 x 10° (material) 1 x 108 (material)
Pendulum Period, Tp - I's.(Single) 1 s (Double)

Seismic [solation System T(100 Hz) =-100dB T(10 Hz) =-100dB

LIGO-G960108-00-M
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Interferometer
Noise Limitations

INTERFEROMETER,
SIGNAL, AND NOISE

"(suspension noise)

(frequency

) noise) 7

laser  recycling< —
mirror shot noise) :
. L1
photodetector

SIGNAL= L, - L,

5
N LIGO-G960108-00-M
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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)

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

Displacement Sensitivity of 40—Meter Interferometer

_ Noise Model (9/15/94 -
—— 5/94 date

. «~—— shot + thermal model
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LIGO
40m Prototype

y

e Measured noise spectrum compared
wnh known broadband sources of

x (m/HZ'2)

50 .. 100 o - 1000
" Frequency (Hz)

LIGO\\E LIGO-G960108-00-M
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Baseline Isolation Performance

0
10 stack isolation ]|
~2
10
-4
=10
=
=
§10°
=
-3
10
00 stack + pendulum isolation
10—120 N \ ; ...1.11 . . 12
10 10 10
frequency Hz

® Displacement noise 10! miHz @ 100 Hz
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Hanford Corner Station SV/ Arm Axis, Late Night December 12,1994

Log Displacement Spectral Density (m/sqrt(Hz))

-10

-11

(Preliminary Data)

Ve
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Spectrum
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Hanford Corner Station SW Arm Axis, Morning Traffic December 13,1994

(Preliminary Data)
Tl
Wind speeds < 5 mph
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Interferometers
Mechanical Thermal Noise

Y v Y/
laser
— D 1
<«
pendulum violin vertical

e pendulum noise
» Xoms ~ 10717 M, fo~1Hz
e violin mode
» X~ 5 1077m; fon ~ 600N Hz

@ test mass vibrational mode
» X ~510"m,  f;>10kHz

LIGO-G960108-00-M
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Displacement (m/\/Hz)

Suspension Thermal Noise

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

Fast End Mass Violin Resonances

10—14‘ --::
10718 —
107 —

10--18 - -

) 4 13 l L 1 4 ¥ i ‘ L) ] L4 ] I' ¥ ¥

dashed line:
thermal noise

solid line:
data of Jan. 8, 1992
electronic damping off prediction

Secondary peaks are transverse polarizations
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LIGO
‘Suspended Test Mass

e 40 m prototype design

.o Pendulum suspension of test mass

» magnetic/coil actuators damp angular motion

» piezoelectric actuator damp_ loggitdinal motion
. “'gfﬁ“é&wn}"

LIGO-G960108-00-M



LIGO

Test Masses
p
e Monollithic fused silica (Q > 10°)

e Internal resonance ~ 30 kHz
e structural vs viscous damping

—y)
-1/2 xfol~o
0.1 | o]~ 0]
g} 0.01 | £ STRUCTURAL
¢
= "' [ Viscous
0.0001 } \ O %
x[®] ~® 3
0.00001 -5/2
[ [0l -~ —F
0.0001 0.001 0.01 01 1 10

110

LIGO-G960108-00-M
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Magnetically Levitated Test Mass

Permanent Magnets
for Lifting Field

™~

CD OD Photodiodesv for

/ N height sensing
Stabilizing

Windings

Light—emitting
diodes

High—Q test mass



LIGO
Phase Noise
e

e Phase Noise Interferometer (MIT)

» 70 W - recycled configuration
» demonstrate phase sensitivity for LIGO

pre-stabilized . o
laser Phase noisa interferometar
First stage, showing fiber input
laser
frequency
control >
!l
‘
——
amplitude control X
Suspension: MI differential
recycling ) E] uspe
cavity 5* x 8 footprint output signal ﬁ control
control -

LIGO-G960108-00-M
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Shot Noise

~1
oh(f) z% (g%(f)) 6(;’6(f)
FeopeeTy oF /

INTERFEROME TEK
OPTICAL CONFIGURHTION DeTERMINED PriMARILY

POWER
. 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 | 10710 rad//Hz
Current 40-m Interferometer 1078 rad/vHz
MPQ Garching 1079 rad/vHz

LIGOS



Prestabilized Laser (PSL)

From

Reference
Cavity

100

PC: Pockels Cell
AOM: Acousto Optcal Modulator

Fl: Faraday Isolator
B]— Photodiode

From
LSC

From
100

-

I

Intensity

FI

Servo

RN
-—c

Input Optics

10.7
MHz

Frequency Servo

o

AOMHPCW La

laser
miror

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

. Frequency Stabilization af /f~107°/./ Hz

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

i&\

|
-

laser
mirror



Input Optics

To IFO length control

Beam
Expander

e o - . S e wm— emem S e S

— EP To PSLv cpntrol

length control

phase To
modulation Core Optics

* From PSL

. Phase modulation for IFO length control

- 12 m Mode Cleaner
s»>Reduces pointing jitter  ABgyt/ ABin ~ 1073
s> Additional frequency stabilization Af/f~ 10718/ J Hz
. Mode matching, beam steering to Core Optics

. Status: Conceptual Design Phase

%



DLIAGHISTILS

Cit)
L CORE OPTICS:
HIGH REFLECTIVE
DIELECTRIC COATING ~T -ALL OPTICS SEISMIC ISOLATED
(WIRE LOOP PENDULUM SUSPENDED)

- ALL OPTICS ULTRA HOMDGENEDUS FUSED SILICA
(117) - SURFACE & TRANSMISSION DISTORTION {1/600 WAVE
- LARGEST OPTICS: 10cm THICK, 25-30cm DIA. (12 Kgd

RECYCLING MIRROR:

RETAINS BEAM POWER
INSIDE 4km ARMS
BEAM SPLITTER MIRROR:

50/50 MIRROR COATING

ANTI-REFLECTION CODATING

FROM
LASER 1 7S

SOURCE L 0,
I

PICK-OFF FLAT *TEST MASS” MIRRORS

GRAVITY WAVE SIGNAL FORM 4km ARM CAVITIES
INTERFEROMETER DARK PORT

CAVITY LENGTH
CONTROL SIGNAL
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Three-Point Optical Lever

~4—— 5-50m —_—
LASER DRIFT CORRECTION
"---_-—-—-—-—---—-—-—.
/ ' AUXILIARY LASER
» - Z
a - L.
MAIN LASER BEAM

-—
—

FIDUCIAL SENSOR -
)
COMPONENT ALIGNMENT SENSOR

-—-—-—-'

MIRAOR ALIGNMENT CONTROL
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Length Sensing/Control System

I

T 2

Signal 4

Signal 2,3
A

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

’
e Signals sensitive to length degrees of

freedom
INTERFERIN SIGNAL DEGREE OF
GFIELDS |- LOCATION ~ FREEDOM
C and CSB anti-symmetric L,-L,, differential
port arm cavity length
L;+L,, common
C and CSB reflected from mode arm cavity

recycling mirror length

11-12, differential
mode Michelson
length

1+, common

ESSC and anti-symmetric
SCSBI1 port

FSSC and reflected from

] . : mode Michelson
SCSB2 recycling mirror length
. Subcarrier
[Carrier ESSC
C
CSIB 'CSB SCSBi SC’SBz SCSiBQ SCSB1

LIGO-G960108-00-M
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LIGO



Sensitivity [meters/root(Hz)]
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10
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Initial LIGO Noise Sources

8th 1996 Parameter Set)
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=—=e Combinad Models
——— Saismic Noise
Top Plale Thermal Noise
—— Pandyium & Violin Thermal Noise
-—— Vedical Spning Thermal Nolse
- Pitoh Thermal Noise
~—— Yaw Thermal Noise
—— Tast Mass Inlernat Thermal Noise
—— Bhot Notse (equivalent)
~—— Radiaiion Pressure Noise
we s Quantum Limit
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LIGO Systems Engineering and Integration

40 m Lab

M

40 m Displacement Sensitivity

Comparison of Estimated Noise Levels on 10/28/94

- ——— oct28-hr.dat, 28 Oct 94

Internal thermal nolse

shot + thermai nolse

selsmic nolse estimate 1 0—1 3
— — — sglandard quantum limit

--------------- piteh thermal nolse

-------------- yaw thermal npise

-------------- vertical thermal nolse

-------------- 180 Hz w/ sidebands 10
--------------- 300 Hz w/ sidebands

(, ZHM) X

Frequency (Hz)
N 8 of9 LIGO-G96XxXx-00-E




Enhanced Interferometer
Noise Budget
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Seismic
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T Thermal, !l
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1E-25
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04

Frequency [Hz]

Strain Amplitude Density [1/NHz]
3
/l

i

LlGO& LIGO-G960108-00-M



LIGO Facilities
Limiting Noise Floor
R

1.00E-18

1.00E-19

1.00E-20

1.00E'21’ \

Strain Amplitude Density (1N[H2)

Gravity Gradients
1.00E-22 A
\ %
N Standard
1.00E-23 ~ _ Quantum Lxmxt,
\ 1000 Kg '
N
\ ‘N Residual Gas
1.00E-24 ~ Phase Noise —
\ N 10~° Torr, H,
N
\ N T~
1.00E-25
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04
Frequency (H2)

LIGO-G960108-00-M
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Quantum limit for interferometer performance

Two important noise terms, inverse dependence on light power:

Shot noise T
o fluctuations in number of photons/sec .
o equivalently, shot noise in photocurrent 1 L (length)
'FL . T/\ hv
~8rLV P g
Radiation pressure | | / -I; | )
o uncorrelated in arms -1 (transmission)
o imparts random momentum to test masses !
~ 4 :
h=-————VPFPhv '
cT Lmw? v
o minimum for
P - L2 mw*
°P* T 9me
o gives quantum limited sensitivity of _c>:: <hot cadiation
~ 1 4h = pressure
hQL(f) = oL, \ -:>'_-‘
LT f . TS
-
D
4)]
hor = 5x 10724 Hz—% for [ = 4 km, f = 100 Hz, power, W

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

For now, wish to maximize circulating power.




NEUTRON STAR BINARIES & B

N— >
91 b
[“Near-Guaranteed source]
-16 e |
10 _ Present
e Search
10717
107181 10°
10719 J— 106
h | 9
1020 J§1§/_N_S_2_3_MQC__ «+ 10
8;5-575 555;1-?_- _———
VDO :.'-"-"\— - 12
10721 —Q-SZZQJ-§ 200Mpc ¢ R 410
BH/BH 1000Mpa = ====- -
NSNS 1000Mpe_ N
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10—23 — ‘ | 1 —
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
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Interferometers

Sagnac

e Stanford (b) for advanced detectors

/£

o

+

LASER

Magnitude of Differential Phase [10"! rad/Hz'?]

/ i LASER

" DET

(b)

.
.
»
.
.
"-
-
N .
- .‘
> s,
N

1

2 3
Gravitational Wave Frequency (kHz]

LIGO-G960108-00-M



Interferometers

Sagnac
e

e Stanford test Sagnac

r‘ ————————————————— -1
l l
l l
1 l
l l
{ NULL-AREA }
| SAGNAC L= PN SPECTRUM
| INTERFEROMETER EO [] = o5 O| ANALYZER OR
{ L l “ OSCILLOSCOP
B Qw == l . Nl DETS
} (OPTIONAL) } ==
|
BS |
| BT
|L 14—————550 mm ————» } BS a2 PBS DET,
m_ M
“ TI e
Nd:-YAG LASER ISOLATOR HW Qw

,

LIGO-G960108-00-M



Interferometers

Sagnac
e Shot Noise Phase Sensitivity
Measurement

e Phase Sensitivity =3 107 rad/Hz"?

» (within 3 db of shot noise limit)

ARL -56.91 dBm " MKR #1 FRQ 98.8@1 28 HHz
ATTEN 18 B 179.54 dBnm
|2.88|dB/D1V HICAOHAVE
RES BANDWIOTH SRALE
-8 !
1X10™ TI1q7 2 |
10" B —7 | Calibration Signal
6X1079 - - . k —
5X107° = | | _
! Shot Noise Level
4X1079 , /L |
X

PHASE SENSITIVITY [rad/Hz /2 ]

W-Q-MMWWAMWW
i ‘ | l E!ec_tronics Nqise Le_vel

zxm-s-MMW%ﬂMHﬁ&mﬂﬂm _ .WMW%NﬂW

l]p I H' l ‘F'l!'rl_‘”'l

K \

e @ o=}

o
CENTER 98.3098 48 HHz SPAN 18.98 kHz
»RB 188 Hz +UB 18.Q Hz : ST 30.88 sec
NS LIGO-G360108-00-M



SUMMARY INTEGRATED SCHEDULE

e e T S T
S ————— e e G

CALENDAR YEAR

WASHINGTON SITE

Vacuum Equipment

Beam Tubes T

Beam Tube Enclosure

CIVI| (Srte/Burldmgs)

1999

2000 2001

LEGEND:

occ\ r

Facrlrty Shakedown

|nterferometer 1

lnterferometer 2

Control & Data System

Physrcal Envrronment Monrtor

WA VAC 8YS$ |

]
Il

READY

DESIGN
1

Ot RGBS

1
t
_P-—-‘
o 1
s i
L\ r'
- 4%
| 1
| ;
- It
41 1Y
}
)

FAB/CONST
INSTALL
INSTALL IN VAC.-
TEST/ACCEPT .
CRITICAL PATH _

Vacuum Equipment

Beam Tubes

LOU!S!ANA SITE

Beam Tube Enclosure

Crvrt -(_S-ltelB ulldmgs)

Facrllty Shakedown

LA JOINT oCC. /'-

m~-l al————|-~-«i—— }-=

Interferometer 3

Control & Data System

Physlcal Environment Momtor

s P RN SO
TERM , hRr a1yt A L I T
2y ‘..—wx.tn..“%gh. el \:‘.,f?

ARk ]

Coincidence Tests / Operations

LIGO-G960000-00-M
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frequency, Hz

B 15 minutes &10,000 orbits in LIGO band

B Rich information in waveforms:
masses, spins, distance, direction,

nuclear equation of state



Conclusions

M

- LIGO Construction is well
Underway

- Direct Detection of
Gravitational Waves Appears
Realistic within 10 years

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

LIGO& 4/30/95



