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Physics of LIGO
Lecture 4

� LIGO II
� LIGO I sub-systems

Transparencies will be posted at:
http://www.ligo.caltech.edu/~ajw
And in the DCC!
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LIGO I schedule

1995 NSF Funding secured ($360M)
1996 Construction Underway  (mostly civil)

1997 Facility Construction  (vacuum system)

1998 Interferometer Construction  (complete facilities)

1999 Construction Complete  (interferometers in vacuum)

2000 Detector Installation  (commissioning subsystems)

2001 Commission Interferometers  (first coincidences)

2002 Sensitivity studies  (initiate LIGO I Science Run)

2003+ LIGO I data run  (one year integrated data at h ~ 10-21)

2005 Begin LIGO II installation
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LIGO II 
incremental improvements

� Reduce shot noise: higher power CW-laser: 12 watts ⇒120 watts
� Reduce shot noise: Advanced optical configuration: signal recycling 

mirror (7th suspended optic) to tune shot-noise response in frequency

� To handle thermal distortions due to beam heating: advanced mirror 
materials, coatings, thermal de-lensing compensation (heating mirror at 
edges)

� Reduce seismic noise: Advanced (active) seismic isolation. Seismic wall 
moved from 40 Hz  ⇒ < 10 Hz.

� Reduce seismic and suspension noise: Multiple pendulum suspensions 
to filter environmental noise in stages. 

� Reduce suspension noise: Fused silica fibers, silica welds.
� Reduce test mass thermal noise: Last pendulum stage (test mass) is 

controlled via electrostatic forces, coupled capacitively (no magnets).
� Reduce test mass thermal noise: High-Q material (sapphire).
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LIGO II 
predicted noise curves
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LIGO II Optics
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Signal recycling, RSE

� Problem: the transmissivity of the ITM (TITM) governs both the 
arm cavity gain (power available for sensing ∆L at f=0) and the 
light storage time / cavity pole farm

� Need the ability to optimize these independently
� The shot noise frequency dependence can be optimized (for 

fixed laser power) by adding one (or more) suspended optics at 
the dark port (signal recycling or RSE)

� This permits independent control of cavity gain for the carrier 
and for the signal sidebands (audio frequencies of GW signal)

� Combine power recycling (PR) and signal recycling (SR):     
Dual recycling (DR)
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Arm cavity parameters 
and LIGO sensitivity

laserarmdc PGh /1~

fpol-arm

As rITM is increased,
Garm is increased,
fpol-arm is decreased.

Given other noise 
sources (seismic, thermal),
choose rITM to optimize
Sensitivity to binary inspirals
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Coupled cavity response

Simplified analysis: 
• fold beam splitter + arms together 
• model as a single FP cavity
• adding SM produces a coupled cavity
• ITM+SM forms a compound mirror, with reflectivity
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Tuning the signal response

rITM

SR

RSE

rCC

RSE SR
tuned
(narrow band)

By choosing the phase advance of the signal (fcarr+fsig)
in the signal recycling cavity, can get longer (SR) or shorter (RSE)
storage of the signal in the arms:

φ = 2kls = 4πls(fcarr+fsig)/c

The red curve corresponds to  
r = rITM,   ie, no SR mirror
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Using DR to optimize sensitivity

Now we can 
independently tune 
hDC and fpolarm

to optimize sensitivity
(eg, hug the thermal 
noise curve)
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Controlling the signal mirror

� The other 6 mirrors (LIGO-I configuration) are controlled by 
reflection-locking: beat carrier (resonant in all cavities) off of RF 
sidebands

� Here, with no GW, there is no carrier in signal cavity!
� One solution: add another RF sideband; make one RF sideband 

resonant in signal cavity, the other isn’t; then, reflection locking 
will work.

� Both RF sidebands must be resonant in PRC; and both must 
pass through the MC

� Want to change the tune φ = 2kls at will
� This is a difficult, constrained problem – no good (simple) 

solution yet!
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RSE control scheme
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Thermal compensation             
(de-lensing) methods

• Beam heating at center of optic 
distorts the optic due to thermal 
expansion, changing ROC, index 
of refraction, etc. 

• Compensate by heating the 
optic from the circumference in, 
to give uniform and constant-in-
time thermal loading as the IFO 
is operated.
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LIGO II Active seismic isolation 
and multiple pendulum suspension

• Must support LIGO test mass optic at 
the beamline.
• Must fit inside existing vacuum 
chambers, and be fully vacuum 
compatible.
• Must provide full control system.
• Must satisfy specs: 
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Active control of SEI system

Two active stages: cages, masses, springs, S/A pairs.
All DOF under active control.

Coarse hydraulic 
actuators in air

Sensors: seismometers, 
relative-position sensors

Actuators: EM 
non-contacting forcers

Optical table
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GEO multiple pendulum design

Fused silica fibers

• 3 or 4 pendulum stages; each 
provides 1 / f2 filtering for f > f0
• Top stage has 6 OSEMs for 6-dof 
control (“marionetta”), relative to 
support cage.
• Normal modes of the multiple 
pendulum (~24) must not have nodes 
at the top, so they can be controlled 
from the top.
• Blade springs at the very top 
provide tuned vertical isolation.
• Lower stages must control w.r.t. 
stage above it; so the actuators must 
push against a “reaction mass” which 
is as quiet as the stage above it
• lowest stage (test mass optic) is 
attached to stage above it with fused 
silica fibers.



AJW, Caltech, LIGO Project 17LIGO-G000166-00-R

LIGO III

� More advanced optical design (Sagnac?)
� non-transmissive optics (Sagnac)
� quantum non-demolition?
� Photon drive?
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The polarization Sagnac IFO

� All reflective optics to minimize 
thermal distortions

� Common path for interfering 
beams

� Grating beam splitter (double-
pass, to null dispersion)

� Delay line arms
� Heroic efforts to minimize noise 

due to scattered light
� Polarization allows the light to exit 

the IFO at the symmetric port of 
the beam splitter

� Many clever tricks to ensure robust 
control, low noise



AJW, Caltech, LIGO Project 19LIGO-G000166-00-R

Prototype IFOs

� 40 meter (Caltech) : 
full engineering prototype for optical and control plant for LIGO II

� Thermal Noise Interferometer (TNI, Caltech) : 
measure thermal noise in LIGO II test masses

� LIGO Advanced Systems Testbed IFO (LASTI, MIT) : 
full-scale prototyping of LIGO II seismic isolation & suspensions

� Engineering Test Facility (ETF, Stanford) : 
advanced IFO configs (Sagnac)

� 10 meter IFO at Glasgow : prototype optics and control of RSE
� TAMA 30 meter (Tokyo) : Advanced technologies             

(SAS, RSE, control schemes, sapphire, cryogenic mirrors) 
� Several table-top (non-suspended) IFOs for development of 

RSE/DR – Caltech (Jim Mason), UFla, ANU
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LIGO Subsystems
� PSL – Pre-Stabilized Laser
� IOO – Input Optics
� SUS – Suspension (mechanical and electronic)
� ISC – Interferometer sensing and control
� LSC – Length sensing and control
� ASC – Alignment sensing and control
� Oplev – Optical levers
� WFS – Wavefront sensors
� GDS – Global Diagnostic System
� PEM – Physical environment monitoring
� VAC – Vacuum system control
� DAQS – Data acquisition System
� CDS – Control and Data Systems
� LDAS – LIGO Data Analysis System

My apology if I 
omitted your favorite 
subsystem or give it 
short shrift!
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Pre-Stablized Laser (PSL)

•Start with high-power 
(10watt) CW Nd:YAG IR 
(1.064 um) MOPA laser

•Frequency stabilization 

•(fast and slow)

•Power stabilization

•Transverse “mode cleaning”

•Phase correction
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Pre-stabilized laser (PSL)

� Nd:YAG MOPA 
(Master Oscillator 
Power Amplifier)

� 1.064 µm
� Output power > 8W 

in TEM00 mode
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Laser noise pre-stablization

� intensity noise: 

� δI(f)/I <10-6/Hz1/2, 40 Hz<f<10 KHz

� frequency noise: 
� δν(f) < 10-2Hz/Hz1/2 40Hz<f<10KHz



AJW, Caltech, LIGO Project 24LIGO-G000166-00-R

Input Optics (IOO)
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LIGO I Suspensions

• Rigid suspension frame 
with resonances well above 
100 Hz (where pendulum 
filtering and seismic 
excitation are small)
•EQ safety stops
• Steel piano wire
• Carefully designed wire 
standoffs to minimize 
dissipation in wire violin 
modes
• 5 OSEMs for control of 
length, pitch, yaw, side 
rocking
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OSEMs

• Five magnets glued to fused 
Si optic

•(this ruins the thermal noise 
properties of the optic – a big 
problem!)

•LED/PD pair senses position

• Coil pushes/pulls on magnet, 
against pendulum
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Suspension control system

• Each suspension controller handles 
one suspension (5 OSEMs) 

• Local velocity damping

• Input from LSC and ASC to fix 
absolute position, pitch, yaw of 
mirror to keep cavity in resonance



AJW, Caltech, LIGO Project 28LIGO-G000166-00-R

Suspension controller
(local analog version)
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Digital servo electronics chain
• Whitening: IFO response, and noise, vary over orders of magnitude from DC to ~ 10kHz
• Analog-to-digital conversion (ADC): 16 kHz, 16-bit accuracy (dynamic range ~ 104)
• Noise near DC will swamp signal at 1kHz.
⇒Must whiten:  de-emphasize high-noise low-f part of data stream, emphasize higher-f signal

• Anti-aliasing: digitization process introduces spurious signals at high frequency
• Fast ADC: 16 kHz  ⇒ Nyquist frequency = 8kHz.
• All signals at f > fNyquist are “aliased” into spurious signals at f < fNyquist 

• Must filter input to suppress frequency components > fNyquist

• And also low-pass filtering after digital->analog conversion (DAC)
to remove spurious high-f noise.

se
ns

or
s actuators
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Suspension controller 
EPICS screen
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Digital control, DAQS, EPICS

� Each digital system is controlled by a “VME” single-board 
computer (cpu) running the VxWorks real-time operating system 
(there are 15-20 cpus for each IFO, running SUS, LSC, ASC, 
DAQS, VAC, etc)

� Each cpu can exchange data with the others via fast “reflective 
memory” (VME boards with lots of fast memory, linked to all the 
others via optical links)

� EPICS (Experimental Physics and Industrial Control System):
Each cpu maintains a database of “channels” which can be 
accessed over the (slow) network, displayed using GUIs for the 
operator to monitor and change (control). 

� EPICS supplies the Channel Access, databases, “state 
machine” code to be run on VME cpus to maintain and locally 
control the channels in the database, a Backup And Restore 
facility, Archive facility, Alarm handling, etc.
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IFO sensing and control (ISC) 
optical table (one of 3!)
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Length Sensing and Control (LSC)

Length control:

• 4 length degrees of freedom ( L+, L-, l+, l- )

• L- = gravity wave signal

• l- = Michelson dark fringe (contrast)

•Diff mode (L-, l- ) controlled by        
quad-phase demod signal

• Common mode (L+, l+ ) controlled by         
in-phase demod signal

• Need gain hierarchy to control l+ 

• Hold lengths to 10-13 m in presence of       
10-5 m (seismic) noise
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Length control matrix
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Length Sensing and Control (LSC)
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Length Control system topology
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Servo gains and bandwidth
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Alignment Sensing and Control 
(ASC)
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Wavefront sensing (WFS)

� Sense transverse beam 
profile in cavity;
presence of higher-order 
Hermite-Gaussian (TEM01, 
TEM10) transverse profiles

� Distinguish misalignment of 
multiple mirrors at only a 
few output ports, by use of 
Guoy phase telescopes
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Wavefront Processing Unit (WPU)
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WFS misalignment error signals
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Global Diagnostics System (GDS)

• Swept-sine transfer functions 
with excitation engine

• Lock acquisition, status and 
monitoring

• environmental monitoring
• correlating IFO signals
• identifying transients         

(bumps in the night)
• triggers, alarms
• maintain detector meta-database
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Calibration
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Physical Environment Monitoring 
(PEM)
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Vacuum control system



AJW, Caltech, LIGO Project 47LIGO-G000166-00-R

DAQS overview

� Inputs: Analog signals from sensors, to 
actuators; digital signals from control 
systems (LSC, ASC, etc)

� Signals needed for LSC, ASC, etc, get 
digitized in a separate path.

� All information stored in reflective 
memory, visible to all the cpus in the 
system that need it.

� I/O to GDS

� Output to frame builder, thence to RAID 
disk array

� Monitored and controlled via EPICS 
screens
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Analog Data Collection Unit 
(ADCU)

� Fast CPU 
� ADC (up to 16 bit, 16 

kHz, 32 ch)
� GPS receiver for ADC 

trigger
� Reflective memory
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Typical example of what’s in an 
ADCU
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DAQS crates for one IFO
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Racks and racks of electronics
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DAQS data channels and rates

• Each IFO has dozens of fast (16 kHz)        

and hundreds of slow (< 1 kHz) channels; 

equivalent of ~ 150 fast channels/IFO.

• (16 kHz) × (2 bytes) × (3 IFOs) ×
(150 ch/IFO) × (3 ×107 sec/year) × (2 years) ×
(50% duty cycle) = 500 Tbytes!

• Store full data stream on disk for ~ 1 day.

• Archive 10% of data to tape: 50 Tbytes!

• GW stream alone, decimated to 1 kHz:      

200 GB

• Data stored in Framesand in Meta-Database
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Frames

� Frame is a common data format developed and 
adopted by the LIGO and VIRGO gravitational wave 
detectors. 

� The predominant type of data stored in Frames is 
time series data of arbitrary duration. It is possible, 
however, to encapsulate in Frames other types of 
data, e.g., spectra, lists, vectors or arrays, etc. A 
Frame contains data for a specified epic in time. 

� Frame Class Library (fcl) is a set of c++ OO-tools for 
creating, manipulating, and reading frames.
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Frame structure
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Frame structures


