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 Effect of GWs: 
 

Squeeze and stretch the 
space in perpendicular 
directions:  
strain h = DL/L 

 What is the plausible 
“strain”? 
 
Even for the most 
tremendous events in 
Universe, h~10^-21 
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 How to detect strain? 

DL = 0.01 λ ~10^-8m 

Michelson interferometer 
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 How to detect strain? 

 use the interferometer as 
a transducer: displacement  
DL to Optical signal Dphi 
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 How to detect strain? 

-Michelson adjusted so that no light 
comes out from anti-symmetric port 
 

- GW stretches and squeezes the two 
arms alternatively 
 

- Wavefront takes longer to go back 
and forth in one of the arm than in 
the other 
 

- Interference at anti-symmetric port 
is no longer completely distructive, 
and light reachs the photodetector: a 
signal! 
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 How to increase strain sensitivity? 
-Enhance the signal 
-Reduce the noise 
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 How to increase strain sensitivity: enhance the signal 

 Very long arms 
To get a larger displacement DL = hL 

L~1m 
L~3km 
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 How to increase strain sensitivity: enhance the signal 

 Fabry-Perot cavity in each arm 
To increase phase change 

Phase change enhanced by the 
finesse of the Fabry-Perot 
resonators (~400x) 
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 How to increase strain sensitivity: enhance the signal 

 Increase input power 
(~10^2 W Pin) 

 Recycle injected power 
To increase circulating power 
(Power-recycling Mirror – PRM) 

Order of 1MW 
circulating power in 
the arms, at design 
configuration 



EGO - VIRGO A century-old ruler - Reloaded 

EGO, 14/01/19 11 Chiummo – GW detectors 

 How to increase strain sensitivity: enhance the signal 

 Recycle outcoming signal 
To amplify the output (Signal 
Recycling Mirror – SRM) 
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 How to increase strain sensitivity: reduce the noise 

Credits: Stephen Fairhurst 
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 Limiting noises at different frequency ranges 

Frequency (Hz) 

Strain ASD 
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 Mid-freq:  
thermal noise 

 High-freq:  
quantum shot-noise 

 Low-freq:  
newtonian noise, seismic 
noise, residual technical 
noises 
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 Limiting noises at different frequency ranges 
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 Low frequency range: 

 
 Dominated by seismic noise 

 

 Managed by suspending the 
mirrors from extreme vibration 
isolators (attenuation > 10^12) 

 

 Technical noises of different 
nature are the real challenge in 
this range 

 

 Ultimate limit for ground-based 
detectors:  
gravity gradient noise 

Coping with Noise 
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 Mid frequency range: 

 Dominated by thermal noise of mirror 
coatings and suspensions 

 

 Reduced by: 

 Larger beam spot (sample larger mirror 
surface) 

 Test masses suspended by fused silica fibers 
(low mechanical losses) 

 Mirror coatings engineered for low losses 

Coping with Noise 
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 High frequency range: 

 Dominated by laser shot noise.  
Improved by increasing the power:  
>100W input, ~1 MW in the cavities 

 Requires: 

 New laser amplifiers (solid state, fiber) 

 Heavy, low absorption optics (substrates, coatings) 

 Sophisticated systems to correct for thermal aberrations 
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Thermal noise  
(coating + 
suspension) 

Radiation 
pressure  
fluctuation 

Residual gas 
(phase noise) •Seismic vibration 

•Newtonian noise 

Stray-light 

EM field 
quantum noise 

Residual 
laser noise 

 Not only fundamental noises... 
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 Stray Light: an old enemy 
-Simulation 
-Measurements 
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 Stray light gave countless problems during past 
generation (as long expected) 

J. Marque – Cascina VESF school ‘12 

An Old Enemy 
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 Stray light gave countless problems during past 
generation (as long expected) 

 
 A tiny amount of stray light coupling with the 
fundamental mode after “probing” the vibrations 
of infrastructures will bury any gravitational 
signal.  

An Old Enemy 

L= 3km 
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 Stray light gave countless problems during past 
generation (as long expected) 

 
 A tiny amount of stray light coupling with the 
fundamental mode after “probing” the vibrations 
of infrastructures will bury any gravitational 
signal.  

An Old Enemy 

L= 3km 

 1979: expected troubles when stray light recombines to the main mode 
with an efficiency of 10^-18 W/W 

 
 2015: expected troubles when stray light recombines to the main mode 

with an efficiency of 10^-24 W/W (~5 photons/sec) 



EGO - VIRGO Stray Light simulations 

EGO, 14/01/19 Chiummo – GW detectors 23 

If the scatterer moves wrt the ITF, then the backscattered 
light is phase/amplitude modulated before recombining with 
the ITF main mode 
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Stray Light simulations 

 Non-linear coupling 
(fringe-wrapping) 

Regardless of the amplitude of 
motion of the scatterer, 
scattered light phase 
modulation cannot exceed 2pi. 
For large amplitude we must 
use an effective displacement: 
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Stray Light simulations 

 Example: how to design new baffles /accept existing ones? 
 
1) Need to evaluate baffle displacement noise and project it 
to the strain sensitivity. 

Parameter Meaning Estimation method 

|c|^2  recombination efficiency FFT (FOG -SIS) 
/Semi-analytical  

Xbaf (effective) displacement 
noise of scatterer 

Measurement /simulations 

Tbaf Transfer function from Xbaf 
to dark fringe PD (B1) 

Optickle /Finesse /MIST 

Tdarm Transfer function from 
DARM dof to dark fringe PD 

Optickle /Finesse /MIST 

Recipe for noise projection: 

hbaf =  |c| Tbaf/Tdarm 1/L Xbaf 
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Stray Light simulations 

 Example: how to design new baffles /accept existing ones? 
 
1) Need to evaluate baffle displacement noise and project it 
to the strain sensitivity. 

Parameter Meaning Estimation method 

|c|^2  recombination efficiency FFT (FOG -SIS) 
/Semi-analytical  

Xbaf (effective) displacement 
noise of scatterer 

Measurement /simulations 

Tbaf Transfer function from Xbaf 
to dark fringe PD (B1) 

Optickle /Finesse /MIST 

Tdarm Transfer function from 
DARM dof to dark fringe PD 

Optickle /Finesse /MIST 

Recipe for noise projection: 

hbaf =  |c| Tbaf/Tdarm 1/L Xbaf 

Roughness, 
reflectivity, 
shape, position 

Mechanics,  
linear /non-linear 
(fringe wrapping) 

location 
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Stray Light simulations 

 Example: how to design new baffles /accept existing ones? 
 
1) Need to evaluate baffle displacement noise and project it 
to the strain sensitivity. 

Parameter Meaning Estimation method 

|c|^2  recombination efficiency FFT (FOG -SIS) 
/Semi-analytical  

Xbaf (effective) displacement 
noise of scatterer 

Measurement /simulations 

Tbaf Transfer function from Xbaf 
to dark fringe PD (B1) 

Optickle /Finesse /MIST 

Tdarm Transfer function from 
DARM dof to dark fringe PD 

Optickle /Finesse /MIST 

Recipe for noise projection: 

hbaf =  |c| Tbaf/Tdarm 1/L Xbaf  < h/10 

Roughness, 
reflectivity, 
shape, position 

Mechanics,  
linear /non-linear 
(fringe wrapping) 

location 
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 LVC - Budapest, 31 Aug 15 28 Chiummo - AdV SLC Status 

 Example: baffles for arm cryogenic traps 

Needed to obscure inner walls 
of the cryotrap from: 
 
 Farthest test mass (baffle S1) 
 Closest test mass (baffle S2) 

S2 

S1 
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 LVC - Budapest, 31 Aug 15 29 Chiummo - AdV SLC Status 

14 

 Simulations with: 
 FFT / BRDF for the 
coupling,  
 Optickle for TFs 
 Baffle displacement 
caused by micro-seism 

 Overall expected noise ok 
even for severe seismic 
conditions 

 Design study for baffles in arm cryogenic traps [VIR-0417B-13]: 

Parameters used for the simulations  
(actual ones turned out to be better) 
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 Case study: the B4 ghost beam 

 A pick-off plate (POP) samples 
the beam circulating in the com 
branch of the short Michelson 
 
 The pick-off beam is called B4 
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 Case study: the B4 ghost beam 

 A pick-off plate (POP) samples 
the beam circulating in the com 
branch of the short Michelson 
 
 The pick-off beam is called B4 

 B4 is sent to a bench (SPRB) 
 
 the spurious reflection (B4 
ghost) goes to a blind flange 

 B4 ghost was not properly 
dumped during O2 
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 Case study: the B4 ghost beam 

 A pick-off plate (POP) samples 
the beam circulating in the com 
branch of the short Michelson 
 
 The pick-off beam is called B4 

 B4 is sent to a bench (SPRB) 
 
 the spurious reflection (B4 
ghost) goes to a blind flange 

 B4 ghost was not properly 
dumped during O2 

Was B4 ghost a problem? 
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 Case study: the B4 ghost beam 

To quantify the scattered light 
we used a shaker, injecting 
mechanical sinusoidal noise.  

The injection is registered by the 
closest accelerometer, and the 
effect on the ITF is recorded  



EGO - VIRGO Stray Light noise measurement 

EGO, 14/01/19 Chiummo – GW detectors 34 

 Case study: the B4 ghost beam 

From VIR-0730A-17 
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 Case study: the B4 ghost beam 

From VIR-0730A-17 
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 Case study: the B4 ghost beam 

Adding an absorbing baffle 
solved the issue 
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 Stray-light is an old enemy of GW interferometric antennas 

 It comes from a diversity of possible defects 

 It can probe seismically excited mechanical structures and 
recombine with the ITF main beam burying GW signals 

 It is difficult to simulate 

 It is ineherently non-linear 

 

 Despite huge efforts, it threatens the achievement of design 
sensitivity 

 Further advances in prediction, mitigation and monitoring 
are needed 
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Thank you 
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