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Outline

— The instrument
e vacuum system
* seismic isolation
* core optics
» thermal compensation

— Sensitivity
e The future: Advanced LIGO
e Conclusions
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7))

avitational waves and astrophysics

stein in 1916, GWs are propagating fluctuations in

space-time:

° Perturbations of geometry can
be expressed as fractional
distortion of proper distances:

h=dx/|X

e (Calculate emissions from
accelerating non-spherical
mass distributions:

= hﬂv(a),t)=% |, (@,1)

_47°GMR*f?

orb
= h -
Cr

L|GO'G070474'00'Z K. Thorne (Caltech) , T. Carnahan (NASA GSFC)



LSC
Do the math... -

 strength is characterized by its strain
h =AL/L

We can calculate the expected strain at Earth for, say,
an orbiting binary system:

|h|z4yzzGMR2fofbitz1021( R jz MY f 2(10Mpcj
c'r 20km ) { M, )\ 400Hz r

If we make our interferometer very big, say 4,000
meters long, then —
AL=hxL ~107" x 4,000m ~10°m
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asure Gravitational Waves ?

Effect on a ring of free falling masses:
Gravitational waves shrink space along one
axis perpendicular to the wave direction as
they stretch space along another axis
perpendicular both to the shrink axis and to
the wave direction.
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GW LIGO detectors:
interferometers

irror

/ o .
/ \ /- ™ 2 H
[.' —_ / laser -> (‘/
[

/ -
\ / e

/
i T

light storage a

h=AL/L ~102" and
L = 4km
phcomdetactt;;-—_-.h _ Al - :Al - !_ ~ 10'18 m !

— —

power recycling mirror

suspended test masses

(“freely falling objects”)
dark port

(RF heterodyne modulation)

Three LIGO detectors:
4km long in Livingston, La (L1);
4km and 2km long in Hanford, WA (H1, H2).
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ometry: the basics

L) /h~ AL

— Strain: h = AL/L

- Increase sensitivity by using do/dh ~ L
longer arms
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Cavity Response

ed Interferometry |
Perot Arm Cavities
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vanced Interferometry |l
Power Recycling

coming
msplitter

hich forms a
resonant cavity with the
rest of the interferometer 5 W

~10000 W

|

Pgs = Gre Pinput
+

de/dh ~ Ggp x L 250 W U
=>

Enhanced Phase Sensitivity! Ggc ~ 50, G ~ 80
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: LSC
ometer Noise -

test mass (mirror)

Quantum Noise

Radiation
pressure

' N\

* beamsplitter ’ !

"Shot" noise

Wavelength Il
& amplitude . Thermal
fluctuations photodiode (Brownian)

Noise
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)esign Noise Limits

INITIAL INTERFEROMETER SENSITIVITY
LR | |‘ T ||||||! T T T T T T T T T

INITIAL LIGO

» shot noise at high
EOUIO L]

»>thermal noise at

intermediate frequencies < _

» Based on conservative
extrapolation of prototype
technologies (circa ~'97)
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*Coincidence
local environments uncorrelated
Amplitude discrimination
half- and full-length IFO's share Hanford site

1:2 ratio required for true signals

*Source triangulation
1+ 10 ms time of flight

~ arcminute directionality

*Source polarization

vatory Sltes

oreat c1rc1e connectlng the sites




orldwide Network of

o Worldwide Network:
— We coordinate observations and share data with GEO, TAMA and VIRGO
— AIGO is still in planning stage
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Chambers provide housing
for the optics

i | Standing at vertex
74 ¢ .
beam splitter
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L
Tubes and Enclosures

re: bulletproof

am; 3 mm stainless

&t low-hydrogen steel
process

Figure 2.1-1 -- Cross Section of Design Baseline at — 65 ft spiral weld sections
H d
e _ 50 km of weld (NO LEAKS!)

— 20,000 m3 @ 108 torr; earth’s
largest high vacuum system

13l_41l
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: . : LSC
Seismic Noise -

Livingston Horizontal
Hanford Horizontal

1 D Livingston Verical
Hanford Vertical
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More Seismic isolation

ensions

* pendulum design

« provide 102 suppression above 1 Hz
* provide ultraprecise control of optics displacement (< 1 pm)

hAagret
Solenaid ?‘_’,

[ ==
18 Mirror
1

Wire standoff & magnet

"OSEM”
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Core Optic Suspensions
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LIGO The pre-stabilized Laser System

o Deliver pre-stabilized laser ° Provide actuator inputs for
light to the long mode cleaner further stabilization
* Frequency fluctuations * Wideband
In-band power fluctuations - Tidal
Power fluctuations at 25
MHz
o e
. E. .......................... 4 km
v v 12m
10-Watt
Laser
> > \ i
PSL 10 Interferometer
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Custom-built
10 W Nd:YAG Laser,
joint development with
Lightwave Electronics

CaV|ty for
deflnmg beam geometry,
joint development with

Stanford

Frequency reference
cavity (inside oven)

LIGO-G070474-00-Z



=2

GO Pre-stabilized Laser

pwr, stab, PD
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cm long
vity

long

“mode cleaner’ cavity

— Stage 3 — Fabry Perot arm
cavities

Amplitude spectral density of frequency noise
10— P ey e e g P e g T——— T T T
inininiimin 217 ] w—H1 PSL noise Oct. 2, 2004 |
— Adv. LIGO requirement
LIGO | requirement

Hz/rtHz

LIC Freq. (Hz)

.01 to
1 Hz

cy Stabilization in LIGO

3

4-km
interferometer

107 Hz / (Hz)'"”

reference
cavity

S,

/

107 Hz / (Hz)"

Afff ~3 x 1022 @ 100 Hz




Core Optics

O

° Substrates: SiO,

— 25 cm Diameter, 10 cm thick

— Homogeneity < 5 x 10-7

— Internal mode Q’s > 2 x 106
Polishing

— Surface uniformity < 1 nm rms

— Radii of curvature matched < 3%
> Coating

— Scatter < 50 ppm

— Absorption < 2 ppm

— Uniformity <10-3
Production involved 6 companies, NIST, and LIGO

( *]

Y]
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Optic Metrology

f the art: 0.2 nm repeatability

-+ 2

= mm

mn
rrrr 1T T T T T T T T T T T T T T T
1m1m n = 40 =0

LIGO data (1.2 nm rms)

LA

341

CSIRO data (1.1 nm rms)

>»Best mirrors are A/6000 over the central 8 cm diameter
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armal effects in LIGO

e Time (Seconds)
T T 1 I T T T
1 b o s i erereaeas Cereriaaan R .......... EEEEEER R CEEERERE :-
: : : : : : - oy E
absorption ; : : : D eaft ¥, i o st
— ~1-5 ppm coating ; ; . S
absorptlon T [ Dt e ........... ....... Ry ¥
+ Different for different ' :
mirrors

» Can change with time
— All mirrors are different
— Unstable recycling cavity

- Requires adaptive control
of optical wavefronts

® ~100 mW absorption in
current LIGO
interferometers

— Effects are noticeable!

Vertical Data

Vertical Fit i
+  Horizontal Data
Horizontal Fit |]

Therrnal Lens (Dioptre)

0 500 1000 1500 2000 2500 3000 3500
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| Compensation System

/ \\ 2nSe
Vi rt
B2 Over-heat pattern
Inner radius = 4cm

Over-heat Under-heat Inhomogeneous SUEr Eells =iien
Correction Correction Correction

o Cold power recycling cavity is unstable: poor
buildup and mode shape for the RF sidebands

o Require 10's of mW absorbed by 1um beam

LIGO-G070474-00-Z



:'JJ Circulating Sideband Mode Profiles
vs. Thermal Compensation Power

Nokeat — S0mW ___ 60mw_ _90mW
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Control room —
King the sensitivity range
WMM

2

mplitude
(via
calibration lines) into
(effective) distance:

-15
LN | S 5 e . e, oo e 2 r Mo
&5 H106/03/13 14Mpc =
LALR B |
L]

I

L106/06/04 : 14 Mpc |

H2 06/06/18: 7 Mpc |

10" k-5 Hl- e
= ; 14
....... “? 12_
IIIII En 10:
10-17 et it \ g L] § bt ot i bt e o o Lottt ot s Conels o _> ;— E
% E’ s . 5
....... e 6 5 f
10‘1 4:_ .................................................... ' .................... ...................................... _:
20 S0 RO U OPRPRRNIN NOON SO SRR S - =
........ o_ | - | | | 1 | |
12 10 -B E ] -4 2 (1}
10
_ Time (h)
10° 10° 10° T0=06/02/2007 01:48:46
Hertz

If system is optimally located and oriented, we can see Electronic logs are public!
even further: we are surveying hundreds of galaxies! www.ligo.caltech.edu
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Line

2003 2004 2005 2006 2007
I4I1l2l3l4l1l2l3l4l1l2l3l4l1l2l3l4l1l2l

| | | | ] I’
Inauguration First Lock Full Lock all IFO Now
2 E3 E5 E7 E8 EQ E10 E11
Engineering —e——e—e—-o—o+ o o oo
| S1 S2  S3 S4 S5 Runs
Science PO —s - o >
First
Science
Data
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Best Strain Sensitivities for the LIGO Interferometers

Comparisons among S1 - S5 Runs LIGO-G060009-02-Z
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Displacement [mA/Hz]

H1: 14 5 I\/Ipc Predlcted 17 Feb 20 2006 05: 42 50 UTC

_ e e = e e ——

_______________________________________
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__________

Frequency [HZ]

- Better than 10-18 m/rt(Hz) R
R from 50 Hz to 2 kHz
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advancedligo Advanced LIGO

. Vela SpYndown

“‘-‘Upper Limit ¥ Crab Spindown

Upper Limit

* Advanced LIGO will
increase sensitivity,
hence range, by 10X over
initial LIGO

— AdvVLIGO rate ~ 500X
current LIGO
+ Atleast a few
EVENTS per year

* Anticipate funding to start

. . -24 | ,
in 2008, construction to 10 ﬁ“&,“gﬁ‘m‘;gﬁi\, <
begin in 2011 10 20 50 100 200 500 1000

frequency, Hz
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O Design Features =iz

ACTIVE

SEISMIC

40 KG FUSED ISOLATION
SILICA TEST

MASSES

I
Quadfruple
test/mass suspension

INPUT MODE
CLEANER FUSED SILICA,
MULTIPLE PENDULUM
SUSPENSION

ACTIVE
THERMAL

,,\
COF!F!ECTIDNH/ \ 7=0.5%
M

180 W PSL

LASER MOD.

BS

PRM Power Recycling Mirror
BS Beam Splitter

ITM  Input Test Mass

ETM End Test Mass

SRM Signal Recycling Mirror PD
PD Photodiode | |
GW READOUT

QUTPUT MODE
CLEANER

In=vacuum
Seismic lsolation
platform



— Second stage: injection-locked ring cavity
* Developed by Laser Zentrum Hannover (and MPI at Hannover)

3d LIGO Pre-stabilized Laser

juency stabilized Nd:YAG laser

(NPRO + single pass amplifier) or ring cavity (not

A4 N2

| front-end

Cer ediRes welas ST T

- - - —F

: /
n
"
/

output

high-power laser

N

= |
= A= |

—|PzT

f

2f
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/)
LIGO Advanced LIGO PSL performance

e Requirements
— Good spatial mode quality
— Intensity stabilization < 3 x 10° /rHz
— Frequency noise ~ (20 Hz/ f) Hz/rHz

o To date Relative Intensity Noise NPRO - vacuum - 2006/02/19
. . . 107 . : :
— 183 W obtained in good spatial _' K Advanced LIGO requirement
mode profile (no spatial filtering) - |
— RIN of oscillator @ 3 x 10°%/rHz  « 0% .
'i : free running laser
o )
0,45 -
2 107
0,40 =
0,35 C A '
’ £ shot nojse limit I
030 E“ 108 -\ ) - | : _ out-of-loop
IS = : ", A\_‘__,\.__.-’ /z' | ' i o
= A e | | | ¥
% 0,25 Fj \ ¥ T"""‘“ﬁ'ﬂ\' oy | |
3 020
'§ 0,15
0,10 ! i
0,05 10° 10’ 10° 10° 10* 10°
frequency [Hz]
0,00

70 80 90 100 110 120 130 140 150 160
rel. position [mm]



gh Power Faraday
rs for Advanced LIGO

a0l TFP + CWP |
to handle
)
=
thermal s 39r . * o "
o] * o e
o . 23
0
00 W loading 8 3l i
thermal lensin 8
g . . 4 I:‘T, backward/ Pln, forward
= A/10 thermal distortions demonstrated
. 7 —
= < A20 possible 3 | | | | |
20 40 60 80 100
Khazanov, et al., J. Opt. Soc. Am B. 17, 99-102 (2000). WP+ WD
Mueller, et al., Class. Quantum Grav. 19 1793-1801 (2002). 501 & 5
Khazanov, et. al., IEEE J. Quant. Electron. 40, 1500-1510 (2004). ¢ ® "
—~ L 2
S 48t . -
ot L ]
Lens S .
Compensation Lg“ 46+ @ .
3 o *
& 44f -
* PT, backward / I:’In, forward
42+ .

20 40 60 80 1 (I)O
LIGO-G070474-00-Z Incident Power (W)



LSC
solation: Active Platform -

In-vacuum
Seismic Isolation
platform

Requirement BSC Chamber Value

Payload 800 kg
Mass
Range +1 mm, 0.5 mrad
Table 3 x 10-13 m/VHz
Noise @10 HZ

Quadruple pendulum Angl’“ar 10 I‘Il'ad RMS

test mass suspension Noise

LIGO-G070474-00-Z



Quad Suspensions

— ~107 attenuation @10 o
Hz N~

— Controls applied to

- Magnets

Q Fused silica fiber

@ Seismic isolation and
suspension together:



Conclusions

ational and taking data as we speak
Run will finish soon

o Gravitational wave detection pushes state-of-the
art in CW solid state laser technology, optical
fabrication and metrology, and control systems

o Advanced LIGO design is well underway
Acknowledgments: LiGo Q‘

and the Members of the LIGO Laboratory, members of the
LIGO Science Collaboration, National Science Foundation
More Information:
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http://www.ligo.caltech.edu/
http://www.ligo.org/

p slides

LIGO-G070474-00-Z



ollaborating Institutions

“ 8o o
S, buen

HEARZ

o0 ®

@um\rsksltv QF

Universitat de les
Illes Balears

UNIVERSITY OF

¥ FLORIDA

NORTHWESTERN
UNIVERSITY

THE UNIVERSITY

OF ADELAIDE
AUSTRALIA

A &

UNIVERSITYS WISCONSIN

UWMILWAUKEE
==

g Ul
P &%
J’l = —_— ~ P i 1
! THEUNIVERSITY OF TEXAS AT AUSTIN ol T
w hs {SIJ“’LEI‘!\ a_<
RY ']

d@ COLUMBIA | JNIVERSITY

1 THE CITY OFf NEW TORK

OF BIRMINGHAM

é“{“ba“}%{e
@ {)p{J:?)Q:Q\
Universitat Hannover I .I" I l

WASHINGTON STATE
G UNIVERSITY
CARDIFF

UNIVERSITY

THE UNIVERSITY OF T Bl ol e Univesmee

P P.\ RC P PENNSTATE UNIVERSITY

of
E GLASGOW

; WESTERN AUSTRALIA

(

MICHIGAN

ol 'l

LIGO-G070474-00-Z



y,
J |IGO 10-Watt Laser

A A

polarizing

master oscillator beamsplitter
power manitor cube

laser
power manitor

spherical
lens

L
half-wave
plate
cylindrical
lenzes
Faraday thiln fim  Faraday
rofator polarizer - rgiator

spherical half-wave
lens plate

thin film
polarizer

- master

oscillator

Lightwave Electronics
Model 126-1064-700
MPRO Nd3+: YAG

power amplifier

LIGO-G070474-00-Z

Master Oscillator Power
Amplifier configuration

Lightwave Model 126 non-
planar ring oscillator

Double-pass, four-stage
amplifier
All solid state:

amplifier utilizes 160 watts of
laser diode pump power




Performance of the
LIGO 10-W Laser

o WA-2k PSL > 15,000
hours continuous
operation

— Two power supply
failures

TEMoo power > 8 watts

Non-TEMoo power <
10%
Free-running frequency

noise ~100 Hz/rtHz at
100 Hz. Fallingas 1/f

e Six units delivered to
LIGO to date.
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dged RTP crystal

°* Wedged crystal separates
the polarizations and acts as
a polarizer.

— This avoids cavity effects and
reduces amplitude modulation.

N = - Polarization | Angle [degrees]
: 4.81
o AR coatings (< 0.1%) on i
S 4.31

crystal faces. z
L
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LIGO Three Modulations / Single Crystal desig@

o Use one crystal but three separate pairs of electrodes

to apply three different modulation frequencies at
once. - : -

Ly

LIGO-G070474-00-Z



LIGO Modular housing

° Separate the crystal i
housing from the housing S
of the electronic circuits to
maintain maximum
flexibility.

LIGO-G070474-00-Z
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