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Motivation: Design decisions (I)

 Currently two different choices
for the recycling cavity design
are discussed:
 Marginally stable (like initial

Virgo)
 Non-degenerate (like

Advanced LIGO)

 Before decision can be taken a
myriad of questions need to
be answered:
 Some of these are related to

thermal noise!



Stefan Hild ET/ADV  WP2, Rome, February 2009 Slide 4

Motivation: Design decisions (II)

 One design features a tiny
beam size (few mm) at the
beam splitter. Would thermo-
refractive noise be problem? Other designs consider 1mm

beams on the recycling
mirrors. Any problems from
coating Brownian?
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Limits of the optimization

 Our optimisation is limited by Coating thermal noise and Gravity Gradient
noise … what’s about suspension thermal noise (see talks by Michele,
Paola)?

 Quantum noise to be optimised!
 We have three knobs available for this optimisation: 1) Optical power, 2)

Signal recycling tuning, 3) Signal Recycling trans-mittance
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Optimization Parameter 1:
Signal-Recycling (de)tuning

 Frequency of pure optical resonance goes down with SR-tuning.
 Frequency of opto-mechanical resonance goes up with SR-tuning

Advanced Virgo, Power = 125W, SR-transmittance = 4%

Pure optical
resonance

Opto-mechanical
Resonance 
(Optical spring)

Photon ra-
diation pres-
sure noise Photon shot

noise

knob 1
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Optimization Parameter 2:
Signal-Recycling mirror transmittance

Advanced Virgo, Power = 125W, SR-tuning = 0.07

 Resonances are less developed for larger SR transmittance.

knob 2
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Optimization Parameter 3:
Laser-Input-Power

Advanced Virgo, SR-tuning=0.07, SR-transmittance = 4%

 High frequency sensitivity improves with higher power (Shotnoise)
 Low frequency sensitivity decreases with higher power (Radiation pressure noise)

knob 3
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Optimal configurations

Curves show the optimal sensitivity for a single source type.
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SVN repository for AdV GWINC

 GWINC (previously BENCH) is set of Matlab tools for simulating
and manipulating the fundamental noises of GWD. It was
developed within the LIGO Scientific collaboration.

 There is a dedicated SVN for Advanced Virgo GWINC work

 All GWINC related input files and codes are stored in a
subversion repository including backup and version control.

 This svn can be read by the public (no username or password
required):
 Server: svn://lnx0.sr.bham.ac.uk
 Repository: adv-bench
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 Place of current (up-to-date)
Advanced Virgo GWNIC model.

 Also storage of all outdated
codes and files (allows
comparison, reproducibility and
crosschecking with previous
analyses, such for instance the
conceptual design)

 File-structure-readme.txt:
detailed description of how to
use the file structure and where
to find what

SVN repository for AdV Bench
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History and integrity of GWINC
files

 First layer: inherent
version control of the SVN
system.

 Second layer: In addition
we keep track by manually
maintained history files
(for input files as well as
for the code itself).



Stefan Hild ET/ADV  WP2, Rome, February 2009 Slide 15

More information can be found
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Coating Brownian in GWINC:
current implementation (I)

 Makes use of G.Harry et al:
‘Titania-doped tantala/silica
coatings for gravitational-wave
detection Classical and Quantum
Gravity’, 2007, 24, 405-415.

 Several Matlab subroutines
involved.

 Originally GWINC takes a mirror
reflectivities and calculates from
that the number of coating
layers. In ADV GWINC we
changed to directly insert coating
thicknesses given by LMA.

low-n material
thickness

high-n material
thickness
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Coating Brownian in GWINC:
current implementation (II)

From Advanced Virgo
Paramter input file:
 adv_270608.m
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Coating Brownian in GWINC:
current implementation (III)
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Beam Geometry

 Intuitively one would think the lowest coating noise is achieved
when beam waist is at the center of the cavity (=> equal beam
size at ITM and ETM),
BUT:

 Coating noise for ITM and
ETM are different, due to
their different number of
coating layer:

 For equal beam size ETM
has higher noise.

J. Agresti et al (LIGO-P060027-00-Z)
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Optimal Waist Position

 In order to minimize
the thermal noise we
have to make the beam
larger on ETM and
smaller on ITM.

 Equivalent to moving
the waist closer to ITM.

 Nice side effect, the
beam in the central
central area would be
slightly smaller.

ITM

ITM

ETM

ETM

Symmetric ROCs = non optimal Coating noise

Asymmetric ROCs = optimal Coating noise
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Beam Size
 Principle Rule:

 The larger the beam the better the detector sensitivity
 Larger beams make nearly everything else more complicated /

more expensive.

 Advantages of large beams:
 Reduced thermal noise of test masses

(especially coating Brownian)
 Slightly reduced contribution from

residual gas pressure

 Disadvantages of large beams:
 Higher clipping losses
 Larger test masses (especially BS, because of 45deg angle)
 Larger apertures are required (vacuum system, actuators, etc)
 Large telescopes (input, output, pick-off beams)
 More sensitive to ROC deviations
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Choice of ROCs/beam size:
Sensitivity vs Mode-non-degeneracy

 In general mode-non-
degeneracy and sensitivity
go opposite.

 Asymmetric ROCs are
beneficial:
 For identical mode-non-

degeneracy (parallel to
arrows in lower plot) we
can increase sensitivity
(parallel to arrow in upper
plot) by going towards the
upper left corner.

 This means making beam
larger on ETM and smaller
on ITM.
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Test mass aspect ratio and Coating
Brownian noise

 No significant
change for ADV

Mirror diameter = 15cm

Advanced
Virgo 

mirrors
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Substrate Brownian noise

 Medium priority:
a factor of 5-10
from limiting the
ADV sensitivity

Punturo: for a single mirror

ADV GWINC:

for all mirrors

 Crosschecked by Michele for
the mirror size meeting
(2008).

 Good agreement with GWINC
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Coating Thermo-optic

 GWINC includes the findings from Matt Evan et al
presented at ELBA 2008.

 Otherwise …

             ….SO FAR NO CHECKS PERFORMED
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Coating Brownian of the Signal-
Recycling mirrors in NDRC

 How small can we make
the beam on the SRM
before we ran into
coating noise?

 Used the GWINC routine
for the calculation.

 Result: Everything
larger 0.5mm is fine.
=> No problem!!

S.Hild, M. Barsuglia and A .Freise: ‘Thermal Noise Constraints for the
Advanced Virgo Non-Degenerate Recycling Cavity Design’, Virgo-
note in preparation
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Thermo-refractive noise of the
beam splitter (II)

 One NDRC design
features a tiny BS.

 How small can we
make the beam
before thermo-
refractive noise
becomes a problem?

PSD of 
noise

density specific heat beam radius (1/e^2 in power)

dn/dT
frequency

path length
inside subtsrate temperature therm 

conductivity

Braginsky and Vyatchanin: ‘Corner
reflectors and quantum-non-demolition
measurements in GW antennae
Physics Letters A, 2004, 324, 345
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Thermo-refractive noise of the
beam splitter (II)

 Result: As long as
the beam radius is
larger than 2mm
no problems from
thermo-refractive
noise.

S.Hild, M. Barsuglia and A .Freise: ‘Thermal
Noise Constraints for the Advanced Virgo
Non-Degenerate Recycling Cavity Design’,
Virgo-note in preparation
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Application of LG modes for
Advanced Virgo upgrades?

 Switch beam geometry
from TEM00 to LG33

 Requires mirror
replacement (different ROC)

 Reduces coating Brownian
by a factor 2.2.

 Reduces substrate Brownian
by a factor 2.7

 Increases thermo-elastic by
a factor 1.7

BNS Inspiral range increases from 148 Mpc to
195 Mpc => increase of event rate by a factor 2.3

S. Chelkowski, S.Hild and A .Freise: ‘Prospects of higher-order Laguerre
Gauss modes in future GW detectors’, arXiv:0901.4931v1  [gr-qc]

Mours, B.; Tournefier, E. & Vinet, J. Thermal noise
reduction in interferometric GW antennas: using high
order TEM modes, CQG, 2006, 23, 5777

Vinet: personal communication

Vinet: personal communication
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My personal wish list for the future

 We should compile ONE list of consistent material parameters
which available for the public and continuously updated.

 Each of the important thermal noises in GWINC should be checked
by an expert from Virgo.
 High priority: coating Brownian
 Medium priority: thermo-optic

 Please use Advanced Virgo GWINC: more people = more checking
etc

 In parallel to (and independent of) the complex GWINC code it
would be nice to have a short document (5 pages) containing
equations, references and parameters for all relevant thermal
noise sources.
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E N D
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Cavity Stability and Choice of ROCs

 Definition of mode-non-
degeneracy:
 Gouy-phase shift of mode of

order l+m:

 Mode-non-degeneracy for a
single mode is:

 Figure of merit for combining
all modes up to the order N:

Instablity
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Xyolophon: More than one detector
to cover the full bandwidth

Low Frequency IFO: low optical power, cryogenic test masses, sophisticated
low frequency suspension, underground, heavy test masses.
High Frquency IFO: high optical power, room temperature, surface location,
squeezed light


