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EGO - VIRGOGW170817: beautyful Physics
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The “gold mine” (quite literally) of 
Multimessenger Astronomy was 
possible also because...



EGO - VIRGOGW Detectors - Noise
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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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... a lot of painful 
“bolts and nuts” work 
was done on the 
detectors to decrease 
not-so-fancy noises



EGO - VIRGO
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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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EGO - VIRGO
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 ... And even before:

An Old Enemy

Marina Beach - Orosei, 03/05/19Chiummo – SLC future prospects



EGO - VIRGO
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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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EGO - VIRGO
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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 at design 
configuration)
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EGO - VIRGO

10

A case study from the past
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Swinkels et al, VIR-0560A-11

An annoying noise spoiling Virgo+ sensitivity during VSR4 (2011)



EGO - VIRGO
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A case study from the past
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Swinkels et al, VIR-0560A-11

Finally tracked down to the light scattered off a suspended baffle...



EGO - VIRGO
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A case study from the past
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Swinkels et al, VIR-0560A-11



EGO - VIRGOStray Light noise: how does it work?
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If the scatterer moves wrt the ITF, then the backscattered 
light is phase modulated before recombining with the ITF 
main mode
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EGO - VIRGO
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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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EGO - VIRGO
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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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EGO - VIRGO
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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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EGO - VIRGO
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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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EGO - VIRGOStray Light simulations

19

 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

Marina Beach - Orosei, 03/05/19Chiummo – SLC future prospects



EGO - VIRGOStray Light simulations
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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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EGO - VIRGOStray Light noise measurement
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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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EGO - VIRGOStray Light noise measurement
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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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EGO - VIRGOStray Light noise measurement
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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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EGO - VIRGOStray Light noise measurement
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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 
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EGO - VIRGO
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Stray Light noise measurement
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 Case study: the B4 ghost beam

From VIR-0730A-17



EGO - VIRGOStray Light noise measurement

26

 Case study: the B4 ghost beam

Adding an absorbing baffle 
solved the issue
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EGO - VIRGOStray Light noise measurement

27

 Case study: the B4 ghost beam

Adding an absorbing baffle 
solved the issue
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The problem was not only the 
contamination of GW signal, but 
also spoiling the control signals of 
ancillary dofs



EGO - VIRGOMaterials
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 Cost was also a key parameter!

 Choice based on past generation 
experience

 Main features tested:
 Absorption
 in-vacuum LIDT
 TIS
 UHV compatibility
 ...

 Some materials were short-listed for validation:
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EGO - VIRGOMaterials
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Material LIDT TIS

SiC + AR 30kW/cm2 ~20-50ppm

DLC + AR 500W/cm2 ~500-1000ppm

AR-on-steel >50W/cm2 ~300-500ppm

Absorbing glass ~1W/cm2 ~100ppm

AR-on-steel 
characterization

 Some materials were short-listed for validation:
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EGO - VIRGOMaterials
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 Some materials were short-listed for validation:

Material LIDT TIS

SiC + AR 30kW/cm2 ~20-50ppm

DLC + AR 500W/cm2 ~500-1000ppm

AR-on-steel >50W/cm2 ~300-500ppm

Abs. Glass + AR ~1W/cm2 ~100ppm

Cost increase

Selection of material driven by:

 location-dependent requirements
 validation of solution
 trade-off with budget needs



EGO - VIRGOMaterials
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 Some materials were short-listed for validation:

Material LIDT TIS

SiC + AR 30kW/cm2 ~20-50ppm

DLC + AR 500W/cm2 ~500-1000ppm

AR-on-steel >50W/cm2 ~300-500ppm

Abs. Glass + AR ~1W/cm2 ~100ppm

Cost increase

Selection of material driven by:

 location-dependent requirements
 validation of solution
 trade-off with budget needs

KAGRA colleagues 
investigated many other 
materials, some of them 
were tried up to some 
extent in Virgo with 
ambigous results

From JGW-G1503403-v5
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EGO - VIRGOStray light noise from benches
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A different class of problem:
Differently from the scattering off 
the core mirrors, where a 3-
scattering process is needed to 
recombine with the main beam, 
here a single-scattering process 
(backscattering off tilted 
components) could also play a role.

Very difficult to simulate, and 
therefore to control by design

Both analytical and monte-carlo approaches employed to simulate the 
benches, but a full coherent simulation of the scattered field is still 
missing



EGO - VIRGOConclusion
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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

 New materials with lower BRDF are to be explored for 3rd 
gen, and possibly chose a site that is...



EGO - VIRGOFuture prospects: what is needed
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... A quiet place



EGO - VIRGO
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Orosei, 3/5/19
Grazie!
Antonino


