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•  About LIGO!
•  Vacuum Requirements & Constraints!
•  Beam Tubes!
•  Vacuum Chambers and Pumping!
•  Closing Remarks!

Outline!
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Newton’s puzzle: 
“instantaneous action at a 

distance” 

General Relativity 
Spacetime itself is a medium  
Geometry carries information 

Gµν= 8πΤµν	


Why must there be gravitational waves?!
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Gravitational Waves!

K. Thorne (Caltech) , T. Carnahan (NASA GSFC) 

Changes of matter in one 
part of space affect  
geometry elsewhere 
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bedlatesrs  enge)

Some Expected Astrophysical Sources!

•  Compact binary inspiral:!“chirps”!
»  NS-NS, NS-BH, BH-BH !

•  Supernovas or GRBs: !“bursts”!
»  GW signals observed in coincidence  

with EM or neutrino detectors!

•  Pulsars in our galaxy:  “periodic waves”!
»  Rapidly rotating neutron stars !
»  Modes of NS vibration !

•  Cosmological:  “stochastic background”!
»  Probe back to the Planck time (10-43 s)!
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Gravitational Waves will provide 
complementary  information, as 
different from what we know as 
sound is from sight. 
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On a small planet in a spiral galaxy 
far far away…!
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Great promise, but a great challenge…!
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A waveʼs strength is characterized by its strain!

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

If we make our interferometer 4,000 meters long, !

€ 

ΔL = h × L ≈10−21 × 4,000m ≈10−18m
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LIGO Interferometer Schematic!
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LIGO Observatory Sites!
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LIGO Scientific Collaboration!

IUCAA!
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Now: Advanced LIGO!
•  Construction finished ʻ00; 

reached initial design 
sensitivity in ʻ05 !

•  Ran ~ 2.5 years!
»  No confirmed detection yet!

•  Facilities and vacuum 
system compatible with 
“ultimate” future 
interferometers!

•  Advanced LIGO detector 
upgrade funded ʻ08,  now 
being installed!

»  Design 10x more sensitive!
»  1,000x greater observable 

volume (or event rate)!
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LIGO GEO Virgo 

LIGO-India 

A Global Detector Network!

LCGT 

Current and planned 
detectors are close 
to co-planar—not 
optimal for sky 
coverage!

Large science 
enhancement from a 
southern node in the 
network!

Proposal pending to 
install third aLIGO 
interferometer at a 
new site in India!
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Astrophysical Source Localization: 
LIGO+Virgo without and with LIGO-India!

Greatly improved sky resolution with interferometer located 
in India!

 INDIGO consortium has submitted a proposal to build a 
third LIGO facility and vacuum system here!

 US would contribute complete interferometer system  !
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Vacuum System Schematic!

4 km!

50 m!
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Chambers 
•  Frequent access 
•  Isolation valves 
•  Large doors  
•  Electrical, mechanical 
support, optical penetrations 
•  Pumping & instrumentation 
•  Largely “conventional” 
•  F:A ~ 10-2 ls-1cm-2  

Beam tubes 
•  A long hole in the air;  

never vented 
•  Very cost-sensitive 
•  Highly “unconventional”  

•  20 million liters (per site) 
•  600 million cm2 (per site) 
•  200 l/s char. conductance 
•  F:A ~ 10-5 ls-1cm-2  

Really Two 
Vacuum 
Systems!
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LIGO Vacuum Requirements!
(partial list)!

•  Light scattering phase noise from residual gas!
Function of molecular polarizability, transit speed and partial pressure!
Primary goals for beam tubes:!

P(H2) < 10-9 Torr!
P(H2O) < 10-10 Torr!

•  Contamination of optics!
Mirror absorption < 0.1 ppm!
Hydrocarbons: < 1 monolayer/10 years!

Aggressive cleaning and vacuum bake of every component!
Particles: < one 10 µm particle on any mirror!

ISO Class 5 or better cleanroom protocol for worker access, 
internal components, surface exposure!

•  Vibration-free environment!
No mechanical, turbo or closed-cycle cryo pumps in steady state 

operation!

NB: Unlike accelerator, plasma, or aerospace applications, we have no radiation, 
thermal, or ion loading ; in LIGO outgassing is passive at ambient temperature!
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Residual Gas Index Fluctuation Noise!

ρ =  gas number density (~ pressure)	

α =  optical polarizability (~ index)	

w = beam radius	

v0 = most probable thermal speed	

L0 = arm length	

ΔL = arm optical path difference	


Statistical model 
verified by 

interferometer 
experiment!

S. Whitcomb and MZ, Proc. 7th Marcel Grossmann Meeting on GR, 
R. Jantzen and G. Keiser, eds. World Scientific, Singapore (1996).!
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Residual Gas Pressure Limits!

19!
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Tube Fabrication 

•  304L SS, 3.2 mm thick with external 
stiffeners 

•  raw coiled stock air baked 36h @ 455C 
to deplete hydrogen 

»  JH2 < 1e-13 Tl/s/cm2 

»  permits ultimate P without distributed pumps 
»  process developed by LIGO 

•  prepared coil spiral-welded into 1.2m 
tube on modified culvert mill  

•  16m sections cleaned, leak checked, and 
capped 

•  FTIR analysis to confirm HC-free 
•  sections field butt-welded together in 

travelling clean room 
•  Over 50 linear km of weld— 

   not one leak 
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Depleting H from raw SS before fabrication:  
An economical alternative to high T vacuum bakeout!

•  SS sheet from mill is baked 
in air 36 hours at 455 ºC!

•  (Hotter treatment deemed 
inadvisable due to carbide 
formation)!

•  Total dissolved hydrogen is 
reduced ~ 3x!

•  Remaining H is  tightly 
bound, high activation T!

•  Care is required in welding 
to avoid re-introduction of H!

Sample Temperature (ºC)!

H
2 F

lu
x 

(A
.U

.)!

Raw SS!

After !
Airbake!

data courtesy of Virgo!
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position 

butt weld 

Beam Tube Field Assembly 

leak check 

field fitup 

next section 

transport 
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Tube I2R Bakeout to Desorb Water!

•  Glass wool insulation 
•  IDC = 2,000 A  
•  ~ 3 weeks @ 160ºC 
•  Final  JH20 < 2e-17 Tl/s/cm2 

•  Tubes never to be vented 
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LIGO Vacuum Chambers 
and Equipment 
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Corner Station Layout!

50 m!
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End Station Arrangement!

1.2m Ø gate valves!

Coaxial !

LN2 trap!
1.4e5 l/s (H2O)!

BSC chamber!

LN2 storage !

(outdoors)! ion pump!

2500 l/s (N2)!

beamtube!
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BSC chamber!
(Basic Symmetric Chamber)!

•  House large cavity optics & beamsplitter 
•  2.8m Ø x 5.5m h 
•  upper third removable dome 

•  Ports < 35cm Ø: ConFlatTM 

•  Ports > 35cm Ø: Dual O-ring 
•  Treated Viton elastomer 
•  Isolated pumped annulus 
between inner and outer seal 
•  Permeation and damage tolerant 
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In Situ Chamber Bakeout!
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BSC Equipment Installation 
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HAM chamber!
(Horizontal Access Module)!

•  House complex 
input/output 
optics 

•  2.1m Ø x 2m w 

•  More than 70% 
of area is 
removable 
access doors 
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L1 ISI 1/31/08!
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End Station Pressure Evolution after Backfill!
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Final Remarks!

•  LIGO facilities are among the largest high-vacuum 
systems ever built, and have stringent requirements!

•  Novel and cost-effective methods were developed to meet 
these challenges!

•  In operation over a decade, LIGO is now installing its 
second-generation instruments!

•  We look forward to helping the IndIGO consortium 
achieve comparable success in this country if LIGO-India 
is approved!!
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Thank you IVS and VECC!!
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--Reference Slides--!
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LIGO Vacuum Equipment !
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Fabrication and Installation!

•  Fabricated and cleaned off-site!
•  Delivered in sealed condition 

for alignment and installation!
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Pumps and Manifolds!

•  Roughing pumps (Roots 
blowers) located remotely!

•  Ion pumps and LN2 traps located 
on vacuum system!
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Beamtube Gate Valves!

•  Large gate  
valves to isolate  
beamtubes, 
LN2 traps!



LIGO-G1200076! 43!

Particulate control:  
movable ISO Class 5 cleanrooms!
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LIGO  
Livingston Observatory 
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LIGO  
Hanford Observatory 
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Vertex Pressure Evolution after Backfill!
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•  First detectors 
reached design 
sensitivity in 
2005!

•  Now installing 
Advanced 
detectors!

•  Vacuum 
requirement  
<10-9 torr H2  
<10-10 torr H2O!

Limits to Sensitivity!
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•  Detectors are nearly omni-directional!
»  Individually they provide almost no directional 

information!

•  Array working together can determine 
source location!
»  Analogous to “aperture synthesis” in radio 

astronomy!

•  Accuracy tied to diffraction limit!

A Global Array of GW Detectors: 
Source Localization!

1! 2!
θ	
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Pressure evolution for major species  
during 160ºC beam tube module bakeout!

52!


