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LIGO
Basic Configuration

o Michelson with Fabry-Perot cavities

End Mlnor

Recycling
Mirror

7

lnput Mirror

Photodetector

LIGO-G96010e-00-M



I n iti al: I nterferometer
Specifications

Str"itt Semltivily irms, 1OO Hz bandl t&zl

4xl0ramDigbcenrent Sensitivity [rhs, 100

Hz bandl

4000 m
Fabry-Perot Arm Lengrth

< 1F tonVacuum Level

1064 nm
Laser Wavelength

Optical Power at Laser OutPut . 1QW

5W
Optical Power at Interferometer lnput

@
Power RecYc[ng Faator

lnput Minor FnoPerties Refleciluity ='O.97

End Minor ProPerties Reflectlvi[Y > 0.9998

Arm CavitY OPtkal Loss 33U"

1ms
Ught Storage Time h Arms

Fused Silica, 11 kg
Test Masses

25 cm
Minor Diameter

1 sec
Test Mass Period Pendulum

Passive,4 stage
Seismic lsobtion SYstem

> 1o7 (1oo HASeismic lsoHbn SYstem Horizontal

Attenuation

1 per minute
Ma,rimum Background Puhe Bate

r#l LIGO-G960108-00-M
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I nitial Interferometers
Noise Floor
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Gravitational Wave
Detection Strategy

n Interferometer SensitivitY

+ R&D Program
r TechnologY DeveloPment

I Demonstration ExPeriments

+ Engineering lmPlementation
r Precision Engineering Design

I Quality Control

n Two Sites - Tlilree
lntenferometers

= Single Interferometer -50/hr
I non-gaussian level

= Hanford (Doubles) -1ldaY
I correlated rate (xl 000)

+ Hanford + Livingston <0 -1 lYr

) uncorrelated (x5000)

LlccN 4l3019s r8
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lnterferometers
Coincidence Ex7eriment

o Lnterfetqmeters

o Strain Sensitivities (- 1 0 17 rms noise)
(a) Glasgow
(b) Garching
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lnterferometer
types

o Folded interferometers

Delay-Line (N =4) Fabry-Perot

LtGO-G9601 16-00-M



lnterferometers
Coi ncidence ExPe riment

o Glasgow - Garching

1 OO h o u r COi-n cr-d ence-Experi me nt
)> Analysis

o

level

level

level

1 - housekeePing vetoes

2 - 62 hrs good data (.4 10-17 for 1.6 sec)

3 - require same strain in both detectors

h < 1.6 10-16 from zenith and optimumpolarization

h < 3.6 10-16 any direction and any polarization

o .r)
ol

o
Io
e(\|

o!:'tsn
*J
tr
o

0

I
0o

€

v)
@
c

E'
I
oeo
@

lt)
o

68
glocgor Sfl

o.5 11.522-5
gtoogor h omplltudc / lO-t"

J;tor oo

ffiffir::3-ItF-€'rFolr4

10

LtGO-G9601 '16-00-M



LIGO Proiect
Technical

o Major Facilities
)) Beam Tube

, 
- 
Vacuum SYstems

o Detector

o R&D

o Status and Plans

2 LlGo-G950085-00-M
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Gravitational Wave Strength

Strain SensitivitY

, G@.!,, l c') I
,u---l rc-

fnr Fns l12 i/t
rv^ -kin'- - lYlO

h - l0-t0 for Virgo Cluster of Galaxies

h - L0-23 at Hubble Distance

LIGOGoaI: h-I01'
Detector AI - hL

L - 4km = Al. =LA-16 cm

This leads to Stringent Specifications:

Vacuum

Seismic and Acoustic Isolation

Test Mass SusPensions

OPtics

etc.

J
LIGO 1113194
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Beam Tube
n Characteristics

= Arm Lengths 4km

= Tube Diameter - 4 ft

+ Initial Detector
, 1 0-6 torr Hydrogen i 10'z torr vvater

+ Advanced Detectors
| 10-s tcrr i{ydrogenl 1 0-t0 torr water

= QualltY Co'ntrol
? {mat*rials, welding, cleaning, etc)

n Status and Plans

= Design Contract was with CBI

) Final Design Report Accepted {6i94)

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

= Contract OPtions
LIGS 4t3ote5 20



LIGO Facilities
Beam Tube Enclosure

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

4irl#] LtGo-G950085-OO-M
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I nitial I nterferometer
Noise Budget

N

lrd
vt

-23
dk
m

a)

d.F
Z -2no
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bI)

o
u0
o

-?2

-?,5

2

log10 frequencY (n")

-q

Rt%

C^H^6OO AMU

cpHq 100 AMUcHi co
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Advanced I nterferometer
Noise Budget

Iog10 frequencY (Hz)

Advance{ amplitude recycled interferometer parameters:

Am = 10'c
Pin = 100W Pcirc- 1 MW
tepl = 0.3
l.'=1.06p

qq6

cpHq 1oo AMU
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65432

Mirror ol
Suspension-Point
lnterferometer

Suspension
Wires

CLEARAPERTURE=1 m

BAFFLE l.D. = 1'10 m

BEAM TUBE l.D' = 1'22 m

Test Mass
FabrY-Perot
Test Mass Mirror
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INSTALLATION PLI\N

CLEAN
ROOM
COVERED
P,REP AREA

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

)> large gate valves (4 ft diam)

access and flexibility

)> controls and monitoring

o Status

)> RFP issued for design contract only

down select (6/95) to PSI

CDR approved 10i95

FDR May 96; some prototype/acquisitions now

b LIGO-Ge50085-00-M
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lnitial Interferometers
Configuration

4 km Fabry-Perot Arm CavitY
Recycling

Mirror
T - 3o/"

Input Mirror
T - 3o/"

End Mirror
R-1007"

Photodetector

LtGO-G9601 08-00-M



lnitial Inte rterometers
Noise Floor
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LIGO lnterferometers
Optical Parameters

INISRTERoME"TER
l{ouour,
INTERFEROMETEROptrcer, CuenecrsRrsrlcs

mG, L =1.064 PmA=

6WInput Power mro
Recycling CavitY' P

3x10Conuast Defect, l-c
1.3 x 10

lng uam
1.3 x 10-'s8.8 x 10- sffiStorageTime,TAt-

2 x 1A-z3x10tavitv lnPut Muror
Traisnission, T

3 x 10-34 x 10-2IULiII \'',yl'rwsr vvev2 ,\ -

Lr = (eUsorPiion + St*tfre)

tr*Nl
Ll(mffilffiqIDN$



LIGO Interferometers
Mechanicat Parameters

fficer,
CHENECTSRTSTICS

NounuL
TrrrEl, INTSRTEROMETER

SA}IPLE .UNHANSED
hnrnrnRoMETER

40 kgffis,MM ru. / Kg

0'2ffi- 0.40 mffiater,Dy
3x107Mirror Internal Qy 1x10'

i x 108 (material)@mechanism) 1 x 10e (material)

I s (SingJe) 1 s (Double)ffiiod,Tp
ftrOTlz) = -100 d-ts

SelsffiEoltt-ron SYstem I (IUU ELZ) = -ItJt' IJ.D

fLKSI
LIGO-G960108-00-M



lnterferometer
Noise Limitations

INTERFEROMETER,
SIGNAL, AND NOISE

/
<-t

r/t/
est masses

(frequency

nqqe)

residualgas noise)

photodetector

L1

Sf GNAL = L1 - Lz

LIGO-G960108-00-M



LIGO
R&D Program

o SensitivitY
>) main features of 40 m spectrum understood

>) monolithic test masses improve sensitivity

o Demonstration ExPeriments

)> acquisition locking with LIGO controls

o Pre- fdetector design freeze][<1998J
), Program testing directed at tasks that could

effect design over the next two years

o Post- [detector design freezel[>1998]
on techniques for>, Advanced R&D program

improved sensitivity;

)) gain experience running
facility (perform search)

- initial interferometer

an inter{erometer

10 LIGO-G950085-00-M
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Displocement Sensitivity of 4O-Meter lnterferometer
lhiso t odcl (s/ts/s+)
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LIGO
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EHtorneric
Springe

PROTOTYPE ISOLATION STACK

TOP PI-ATE

conput rrccs
ehnent

BASE



SEI Configuration

HAM

LOC



lxt
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of Frequency (rad/sec)

Simple Model of Mark 2

Stack lsolation (vertical)

10
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xl 10-1
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to-3
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PAS SIVE ISOLATION CONCEPT
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Baseline lsolation Performance

-4
=10

n -rn -
q I It

1oo

-).10-

Lo-t

r.o-to

-1).10 ^-

stack isolation

stack + pendulum isolation

Lot
frequency Hz

1oo
'1,0'

t Displacement noise 70-21 */tH, @ 100 Hz





Hanford corner Station svi Arm Axis, Late Night December 12,1994
(Preliminary Data)

5'0

Frequency in Hz

rO
I

N
:E
E
u, (o\\|
-E
a
U)
C
o)oh
6
L

o
o)
o-a
tsco6'
Eq)
o
(6

o-ai5?
O)o
J

Or
a

Windspeeds<5mPh

gsrh %

50rh %

sensor
noise
limited
reqiont-r--+

LIGO Standard
Spectrum

sensor
noise
limited
region

I<-l
a

sth %

50.050.0 100.0
Specl €-95/seg2.w.id

10.0



Hanford corner station sw Arm Axis, Morning Traffic December 13,1994
(Preliminary Data)
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lnterferorneters
Ir/l ech an ical Th e rm al Noise

m

L
\

T
violin vertical

<+
pendulum

pendulum noise

violin mode

test mass vibrational
)> X,t, - 5 10-16m' fo t

1Hz

600n Hz

mode
10 kHz

LIGO-G960108-00-M
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Suspension Thermal Noise

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

East End Mass Violin Resonances
1o-1{

1o'-rg 330 335
315 320 3?5

FrequencY (Hz)

solid line:
data ol Jan. 9, 1992

electronic damPing off

Sccoadar;' pcalcr arc tranrvcnc polarizatlonr
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LIGO
Suspended Test Mass

o 40 m prototype design

o Pendulum suspension of test mass
.---

>) magnetic/coil actuators damp angular motion

iludinal motion

M.AGNET &

PN

EDGE
SENSOR

&
cotL

OPTICAL

tr-#l



LIGO
Test tr/lasses

o Monollithic fused silica (Q t 10u)

o lnternal resonance e 30 kHz

c structural vs viscous damping

x[ro] - ol 
r/2 -2il

rL(JDJ - 0)

STNUCTURAL

Vtscous

x [cl] - co

0.1

N]tr nnl
L.

E o.oo 1

X

0.0001

0.0000'1

0.0001 0.001 0.01 0.1 1 10

1/f0
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MagneticallY Levitated Test Mass

Permanent Magnets
f or Lifting Field

Photodiodes for
helght sensLrg

--- -6rrll :-

Stabtlizing
lTindings

Light-ernitting
diodes

Hfgh-Q test mass
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LIGO
Phase Noise

o Phase Noise Interferometer (MlT)

Phase noise interferom€tar'riititt"g", 
showing fiber lnPut

pre-stabillzed
iaser ' l-l

f isoutor
-5

tft&sMHz

Ml dilter.enlial

Llco-G960108-00-M



Shot Noise

-1
6o(f)6h(r) =i ffi(r))

?eorepv oF
lvzen FePouET E F

oPrtcfrL coNFt6ut?,t7'tail Dereesl ilED Pnm AULr
(u,t(loQ R'r., Elc) By Erreatg O?trcet

Pow Erz

. 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

L|GO Requirement 10-10 l:ld'1lffi
Current 40-m lnterferometer 10-8 ndltffi
MPQ Garching 1o-e rad/ rffi

LTGCN



From
roo

Prestab ilized Laser (PSL)

PC: Pockels Cell
AOM: .Acousto OPdcal Modulator

FI: Fanday Isolator

f Photodiode

From I

LSc i t FromI loo

Input Optics laser
mirrcr

laser
mirror

Power Stabilization AP / P ry 1a7 I "[ Hz

FrequencyStabilization Lf lf -10-1 st"[Hz

Status: Worklng LIGO subsYstem

>>DRR, PDR comPlete



Input OPtics

I

12 m Mode Cleaner

To PSL v control

From PSL

To IFO length control

IFO
length control
phase
modulation

To
Core OPtics

o phase modulation for lFo length control

. 12 m ltlode Cleaner

) ) Reduces pointing jitter Agout / Ag;p - 1 0-3

>)Additional frequency stabilization Lt lf - 10-18 / { tlt
. Mode matching, beam steering to Core Optlcs

o status: conceptual Design Phase
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Rf CYCLING MIRRURT

RETAINS BEAM PNVER
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HI6H REFLECTIVE
DIELECTRIC CNATING

CAVITY
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TEST MASS

RECYCUNG MIRROR

BEAM SPLITTER

PHOTODIODE

A, I BEAMDUMPS

I STEERING MIRROR
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Length Sensing/Control SYstem

Signal 1

LIGO Recycled/Recombined Interferometer

- 4 signals used for controlling 4 degrees of fneedo,nn

- lmportant degrees of freedom;2 arm cavity trertgths

and 2 recYcling cavitY lengths

Control Design tor 2 Modes of Operation

- Operations Mode (linear dynamic model)

- Lock Acquisition (highly nonlinear dynamic model)

Model Development for Control Design

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

interf erometer



LIGO
Length Sensing

o Signals sensitive to length degrees of

freedom
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Lrb, differential
afin cavity length
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FSSC an'd
SCSBz

reflected from
recycling mirror
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Initial LIGO lt{oise Sources
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LIGO Systems Engineering and lntegration

40 m Lab

40 m Displacement SensitivitY

Comparisen ql Esthaled Noise Levels on 10/28194
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En hanced I nterferometer
Noise Budget
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LIGO Facilities
Limiting lVotse Floor
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Quanturn limit for interferometer performance

T,,vo important noise terms, inverse dependence on light power:

Shot noise
o fluctuations
o equivalentiY,

photons / sec
photocurrent

T^ th"\t-hLY P

Radiation Pressure
o uncorreiated in arms
o imparts random momentum to test masses

o minimum for

o gives quantum

in number
shot noise
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For now, wish to rnaximize circuiating power.
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lnterferometers
Sagnac

o Stanford (b for advanced detectors
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lnterferometers
Sagnac

o Stanford test Sagnac
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lnterferometers
Sagnac

o shot Noise Phase sensitivity

Measurement

o Phase sensitivity = 3 1 0-e rad/H z1t2
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Conclusions
r LIGC Construction is well

UnderwaY

,r Direct Detection of

G ravitational 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.
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