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Overview 

ÅaLIGO suspensions and requirements 

ÅSuspension construction/testing 

ÅLessons learned 

ÅSuspension upgrades to aLIGO 

ÅThoughts for LIGO India 

Åéé. 

ÅExtra slides for discussion 
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Suspension System Functions 

Å Support the optics to minimise the effects of 

ï thermal noise in the suspension 

ï seismic noise acting at the support point 

Å Provide damping of low frequency suspension resonances (local control), 

and 

Å Provide means to maintain interferometer arm lengths (global control) 

ï while not compromising low thermal noise of mirror 

ï and not introducing noise through control loops 

Å Provide interface with seismic isolation system and core optics system 

Å Support optic so that it is constrained against damage from earthquakes 

Å Accommodate a thermal compensation scheme and other systems as 

required e.g. baffles 
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Requirements:Test Masses 

Å Top-Level Requirements: 

Requirement Value  

Suspension Thermal Noise 10-19 m/Õ Hz at 10 Hz (longitudinal) 

10-16 m/Õ Hz at 10 Hz (vertical) 

Residual Seismic Noise 10-19 m/Õ Hz at 10 Hz 

(assumes seismic platform noise 

2x10-13 m/Õ Hz) 

Pitch and Yaw Noise 10-17 rad/Õ Hz at 10 Hz (assumes beam 

centering to 1 mm) 

Technical Noise Sources 

(e.g. electronic noise, thermal 

noise from bonds) 

1/10 of longitudinal thermal noise for each 

source 



Requirements: Other Masses 

In general, requirements are relaxed by two or more orders of magnitude 

compared to the test masses (End Test Mass/ETM, Input Test Mass/ITM) 
 

Å Beamsplitter/Folding Mirror triple suspension (BS/FM):  

ï 6.4 x 10-18 m/ãHz at 10 Hz 

Å HAM large triple suspension (HLTS):  

ï 1 x 10-17 m/ãHz at 10 Hz 

Å HAM small triple suspension (HSTS):  

ï 1 x 10-17 m/ãHz at 10 Hz  when used in recycling cavities 

ï 3 x 10-15 m/ ã Hz at 10 Hz when used in input modecleaner 

Å Output modecleaner double suspension (OMC SUS):  

ï 10-13 m/ ã Hz at 10 Hz  

 

Å BS/FM seismic noise  is product of suspension transfer function and residual noise on the two-stage BSC-

ISI seismic platform  

Å HLTS, HSTS and OMC seismic noise  is product of suspension transfer function and residual noise on the 

one-stage HAM-ISI seismic platform  

Å The HLTS and HSTS requirements assume equal contributions from the 3 mirrors in the recycling cavities. 

LIGO-G1100434-v2  
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Suspensions in aLIGO 

LIGO-G1100434-v2  
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Suspension Inventory 

Å Two Input Test Mass (ITM) suspensions 

Å Two End Test Mass (ETM) suspensions 

Å One Beamsplitter (BS) suspension 

Å Seven HAM Small Triple Suspensions (HSTS) 

Å Two HAM Large Triple Suspensions (HLTS) 

Å One, Output Mode Cleaner (OMC) Suspension 

Å SUS electronics racks 

Å Spare suspension components/parts 

Å Spare SUS electronics 



aLIGO ISI/SUS 
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Å active isolation platform  

(2 stages of isolation)  

Å quadruple pendulum (four stages of 

isolation) with monolithic silica final 

stage 

Å hydraulic external 

pre-isolator (HEPI)   

(one stage of 

isolation) 

Penultimate silica 

mass, 40 kg

Silica test 

mass, 40 kg

Catcher 

structure

Ear

Ear

Silica fibres 

welded 

between the 

ears

Steel 

suspension 

wires leading 

to upper 

metal 

suspension 

stages

Silica test mass 

10.7kg

310 mm diameter steel 

piano wire

Wire clamps

Catcher and 

suspensions structure 

(some components 

omitted for clarity)

LIGO Advanced LIGO



Å Monolithic suspensions & signal recycling pioneered in GEO-600 ­ 

upscaled to aLIGO 

Monolithic Suspensions 



Suspension Models 

Å FEA: thermal noise, details 

of lower stage 

Å Mathematica: transfer functions, SS 

matrices, thermal noise, all suspensions 

(QUAD, HLTS, HSTS) 

Å https://labcit.ligo.caltech.edu/~e2e/SUSmode

ls/  



Thermal Noise 
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Å Thermally excited vibrations of 

ï suspension pendulum modes  

ï suspension violin modes 

ï mirror substrates + coatings 

Å Use fluctuation-dissipation theorem to 

estimate magnitude of motion 

Å To minimise: 

ï use low loss (high quality factor) 

materials for mirror and final 

stage of suspension (fused silica) 

ï use thin, long fibres to reduce 

effect of losses from bending 

ï use low loss bonding technique: 

hydroxide-catalysis bonding 

ï reduce thermal noise from upper 

stages by careful design of break-

off/attachment points 

LIGO-G1100434-v2  
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Seismic Noise 

Å Seismic noise limits sensitivity at 

low frequencies  - ñseismic wallò 

Å Typical seismic noise at quiet site 

at 10 Hz is ~ few x 10-10 m/Õ Hz  

ï many orders of magnitude 

above target noise level  

Å Solution - multiple stages of 

isolation 

Å Isolation required in vertical 

direction as well as horizontal due 

to cross-coupling 

Å Two-stage internal isolation 

platform has target noise level of   

2 x 10-13 m/Õ Hz at 10 Hz. 

Å require 4 more stages, i.e. 

quadruple pendulum, to meet 

target of 10-19 m/ Õ Hz 

 

 

Better 

isolation 

Å Advantage of 

double over 

single pendulum, 

same overall 

length 

Å Quadruple pendulum 

transfer function: 

predicted longitudinal 

isolation ~ 3 x 10-7 at 

10 Hz  

Å Initial LIGO 

used a single 

stage wire 

suspension 



Seismic Noise 

Å Seismic noise limits sensitivity at 

low frequencies  - ñseismic wallò 

Å Typical seismic noise at quiet site 

at 10 Hz is ~ few x 10-10 m/Õ Hz  
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Å Two-stage internal isolation 

platform has target noise level of   

2 x 10-13 m/Õ Hz at 10 Hz. 

Å require 4 more stages, i.e. 
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HLTS model 



Origins of Thermal Noise 

Å Thermal noise of the optical materials and suspension elements manifests as 

statistical fluctuations of the front surface which is sensed by the laser beam: 

ï coatings and suspensions are important areas of R&D. 
 

Å The fluctuation of the surface can be produced by two possible mechanisms: 
 

ïBrownian motion of the surface ï Brownian thermal noise 

ï statistical temperature fluctuations within the test mass cause local 

changes of the surface position (thermal expansion) ï Thermoelastic noise 
 

Å The origin is the thermal energy that is stored in the atoms of the system so 

improvements require: 
 

ï ultra pure materials with low mechanical loss 

ï lower temperature  

 



aLIGO Quadruple Suspension 
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We will look at the QUAD, but same concepts 

apply for the triples/doubles (except no reaction 

chain and fewer isolation stages) 
 

 

Å Seismic isolation: use quadruple pendulum 

with 3 stages of maraging steel blades for 

horizontal/vertical isolation 
 

Å Thermal noise reduction: monolithic fused 

silica suspension as final stage 
 

Å Control noise minimisation: use quiet reaction 

pendulum for global control of test mass position 
 

Å Actuation: Coil/magnet actuation at top 3 

stages, electrostatic drive at test mass 



aLIGO Quadruple Suspension 
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40kg silica  

test mass 
parallel reaction  

chain for control 

four stages 

We will look at the QUAD, but same concepts 

apply for the triples/doubles (except no reaction 

chain and fewer isolation stages) 
 

 

Å Seismic isolation: use quadruple pendulum 

with 3 stages of maraging steel blades for 

horizontal/vertical isolation 
 

Å Thermal noise reduction: monolithic fused 

silica suspension as final stage 
 

Å Control noise minimisation: use quiet reaction 

pendulum for global control of test mass position 
 

Å Actuation: Coil/magnet actuation at top 3 

stages, electrostatic drive at test mass 



Local and Global Control 

Å Local control: damping at top mass, separately for 

each chain, using BOSEMs (next slide) with 

10mm x 10mm NdFe magnets  
 

Å Global control (length and angular) at all four 

levels 

ï BOSEMs with 10mm x 10mm NdFe magnets 

at top mass 
 

ïBOSEMs with 10mm x 10mm SmCo magnets 

acting between chains at upper intermediate 

mass 
 

ïAOSEMs** with 2mm x 6mm SmCo magnets 

acting between chains at penultimate mass 
 

ïElectrostatic drive (ESD) using gold pattern on 

reaction mass/compensator plate at test mass 

level 
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Å Main 

(test) 

Chain 
Å Reaction 

Chain 

Å*BOSEM = Birmingham Optical Sensor/Electromagnetic Actuator 

Å*AOSEM = ALIGO OSEM = modified initial LIGO OSEM 



Sensors/Actuators 
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aLIGO ESD 



Similar Control Structure to ISI 

20 



Suspension Construction (all) 
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Å Fabrication metal parts 

Å Metal build 

 

 

 

 

 

 

Å Drawings, installation routines 

Å Cabling 

 

 

 

 

 

 



Suspension Construction (QUADs) 
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Å Hydroxide catalysis bonding of the ears 

 

 

 

 

 

 

 

 

Å Fibre pulling with CO2 laser 

 

 

 

 

 

 

 

Å Fibre profiling for 

importing into 

Finite Element 

Analysis  

 

 

 

 

 

 

 



Laser Pulling 
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Å Alignment with: 

ï autocollimator 

(°10urad) 

ï scale (°0.1mm) 

 

 

Å Weld 8 fibres at penultimate and 

test masses 

Å De-stress welds (to set pitch 

angle) 

Å Hang 

 

Monolithic Suspension Construction 
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Suspension testing 

Å Learn as much as you can about the system(s), as early as possible 

Å In aLIGO, ñassemblyò and ñtestingò were heavily integrated 

Å Test ñproceduresò must fluid and flexible to account for development / new 
understanding / surrounding changes (schedule and infrastructure) 

LIGO-G1200134 



LIGO-G1200134 



Testing Logs 
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Examples of Testing 

28 
LIGO-G1200134 



Examples of Testing 
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aLIGO Suspensions 



Fused Silica 

31 

Å aLIGO fibres operate with a safety factor of  º7 (@800MPa) 



Suspension Thermal Noise 

Å aLIGO utilises thermoelastic cancellation to meet the noise requirement of 

10-19 m/ÕHz at 10Hz.  

Å Fused silica has a Youngôs modulus which increases with temperature 
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aLIGO Suspension Thermal Noise 
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Å Violin modes show extremely high quality factor 

Å Ring down over several days 



aLIGO Suspension Thermal Noise 
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Å FEA models to estimate final stage thermal 

noise 

Å Mathematica models to predict the 

transmissibility of all stages/transfer functions 

Hydroxide catalysis bonding 

 



aLIGO Sensitivity 
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Å Suspensions are complicated, comprise multiple build varieties, and attention 

to detail is important 

Å Good documentation is essential (plus modifications/redlining) 

Å A well integrated assembly/testing programme is essential 

Å Lots of interactions between teams: SUS/ISI/SYS 

ï Layout drawings  

ï cables, tooling, interferences 

ï Quality Assurance/Quality Control 

ï Contamination Control 

Å Need good interactions with the site/sites 

ïOwnership of hardware 

ï Preparation of work space and tooling 

ï Organization and coordination 

Å From work on GEO/aLIGO there is lots of expertise on fused silica/bonding 

Å Good links with UK/US SUS activities were essential, including training of staff 

 

 

Lessons Learned 
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Lessons Learned 
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LIGO G1301002 



Lessons Learned 
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Prototype: Tested wire loop 

Production: Dummy wire segments  

Production: Re-invented the loop 

ÅPrior lesson that needed to be re-

learned with wire loops 

 

LIGO G1301002 

ÅSqueeze film gas damping 

=> extend gap/redesign 

reaction mass 



Lessons Learned 
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Å Magnetic materials 

 

 

 

 

ÅOptic handling within the suspension needed work 

 

 

 

 

 

ÅEQ stops  

ÅTransport   

ÅShielding/Face guards 

 

 

LIGO G1301002 

ÅCaptive screws: damage 

mitigation and ease of 

assembly 



Lessons Learned 
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Å Work space ï cleanroom 

Å Cleanroom needs to be completely 

moved to crane into chamber. 

 

 

 

LIGO G1301002 



Lessons Learned 
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Gluing 

 
ÅDonôt underestimate the smallest of jobs; EP30-2 ï 

the ñreplacement productò 

ÅRequired 13 gluing configurations with 6 

procedures, and counting!   

ÅFailures due to lifting, curing, handling 

ÅGlue removal 

 



Lessons Learned 

Bounce/Roll mode dampers 
 

Å The highest modes at ~9.7Hz/13.8Hz 

(bounce/roll) have Qôs of 105 

Å Damping strategies using PUM feedback have 

been applied 

Å Bounce and Roll mode dampers currently 

being installed 
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LIGO G1600371 


