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Introduction

Advanced Virgo is the project to upgrade the Virgo detector to a second generation instru-
ment. It is designed to explore a volume of universe about 1000 times larger than Virgo.

The effort of the Virgo Collaboration towards the design of a second generation detector
started in 2005 with the Advanced Virgo White Paper [1]. In fall 2007 an Advanced Virgo
Conceptual Design was proposed [2] and submitted to the funding agencies together with a
Preliminary project execution plan and cost plan [3]. In fall 2008 the Advanced Virgo Pre-
liminary Design [4] was released and reviewed by an External Review Committee appointed
by the EGO Council. In May 2009 the Virgo Collaboration has released the Advanced Virgo
Baseline Design [5)].

This Technical Design Report provides a description of the design solutions adopted for Ad-
vanced Virgo. It is meant to be the project reference document for all the design aspects.
Each configuration change with respect to what is stated here requires a formal Change
Request Procedure.
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Chapter 1

Advanced Virgo overview

The aim of Advanced Virgo (AdV) is to achieve a sensitivity that is an improvement on the
original Virgo by one order of magnitude in sensitivity, which corresponds to an increase of
the detection rate by three orders of magnitude. Therefore, most of the detector subsystems
have to deliver a largely improved performance to be compatible with the design sensitivity.
The choices of the AdV design were made on the basis of the outcome of the different R&D
investigations carried out within the Gravitational Waves (GW) community and the expe-
rience gained with Virgo, but also taking into account the budget and schedule constraints.
The detailed project schedule is object of a project implementation plan that covers all the
necessary tasks until the end of the project. Beside the sensitivity goal described in sec. 1.2,
one of the main goals of the project is to have the detector robustly locked in 2015. The
phase of installation of AdV parts and decommissioning of the Virgo equipment has started
in November 2011, while the start of the infrastructure works is scheduled in September 2012.

In this chapter we will describe the AdV detector by listing the main features of the AdV
design (see also fig. 1.1). The required upgrades to convert the Virgo instrument to the AdV
detector are briefly introduced, while comprehensive and more detailed descriptions can be
found in the next chapters. The main requirements at system level are also spelled out. At
the end of this chapter a summary of the relevant design parameters for AdV is given in the
tables 1.1, 1.2.

1.1 Reference configuration

In this section we list the main upgrades to the Virgo configuration, which are detailed in
the following chapters:

Interferometer optical configuration (chapter 2)

e AdV will be a dual recycled interferometer. Beside the standard power recycling, a
Signal Recycling (SR) cavity will be present. The tuning of the SR parameter allows
changing the shape of the sensitivity curve and optimizing the detector for different
astrophysical sources.
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e To reduce the impact of the coating thermal noise in the mid-frequency range the spot
size on the test masses has been enlarged. Therefore, unlike Virgo, the beam waist will
be placed close to the center of the 3km Fabry-Perot cavities, resulting in beam radii
of 48.7mm and 58 mm for the input and end mirrors, respectively.

e The cavity finesse will be higher with respect to Virgo: a reference value of 443 has
been chosen.

Laser (chapter 3) Improving the sensitivity at high frequency requires high power!. The
AdV reference sensitivity is computed assuming 125 W entering the interferometer (after
the input mode cleaner). Therefore, considering the losses of the injection system, the laser
must provide a power of at least 175 W. AdV will use a rod amplifier. A 100 W prototype is
undergoing the final tests. The 200 W ultimate power will be achieved by coherent summation
of two 100 W amplifiers.

Injection system (chapter 4)

e The input optics for AdV must be compliant with the 10 times increased optical power.
Proper electro-optic modulators and Faraday isolators able to withstand high power
have been developed.

e By using better optics the throughput of the IMC will be significantly improved to
guarantee the required power (125 W) at the interferometer input.

Mirrors (chapter 5)

e Given the much larger optical power in the cavities, radiation pressure noise becomes a
limit in the low frequency range and heavier test masses are needed to reduce it. The
AdV test masses have the same diameter as the Virgo ones (35cm) but are twice as
thick (20 cm) and heavy (42kg).

e Deviations from required flatness is the main source of scattering losses. Stricter flatness
requirements (<0.5 nm rms) call for a better polishing. The flatness of the mirrors will
be improved by using the corrective coating technique after a standard polishing phase.

e The baseline for the AdV coating is the use optimized multilayer and Ti doped Tantala
for the high-refractive index layers.

Thermal compensation (chapter 6) The AdV Thermal Compensation System (TCS)
is designed to manage beam aberrations induced by thermal effects as well as mirror ”cold”
defects (such as refraction index inhomogeneities). It consists of:

e COg laser projectors shined on dedicated compensation plates through a double-axicon
system;

e ring heaters around several suspended optics;

!Though squeezing is not part of the AdV baseline some works to prepare the infrastructure to host a
squeezer in the next years will be performed.
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e Hartmann sensors;
e scanning laser systems to cope with non-axisymmetric defects.

The Thermal Compensation System subsystem (TCS) will use the initial knowledge of the
mirror maps, and more global information like phase camera images.

Detection (chapter 7)

e AdV will use a DC detection scheme, which improves the quantum noise and reduces
the impact of some technical noises (such as RF phase noise) which would be (close to)
limiting the detector sensitivity in case of heterodyne readout.

e The main photodiodes will be placed on the suspended optical bench (in vacuum) to
improve the rejection of seismic and acoustic noise.

e A new output mode cleaner compliant with the new requirements on sidebands filtering
will be installed.

Interferometer sensing and control (chapter 8) Towers in the central building will
be moved in such a way to optimize the locking matrix. The Schnupp asymmetry is reduced
to 23 cm.

Stray light control (chapter 9) Out of the 125 W power entering into the interferometer,
about 100 W will be lost mainly by scattering around the mirrors and towards the pipes.
In order to limit the phase noise due to part of this light being back-scattered into the
interferometer, new diaphragm baffles will be installed either suspended around the mirrors,
or ground connected inside the vacuum links.

Payloads (chapter 10) The payloads will be modified to be compliant with the thicker
and heavier mirrors and to suspend the new components. A new payload layout has been
developed, getting rid of the recoil mass and offering the possibility to suspend baffles around
the mirrors, compensation plates on the input payloads and ring heaters. The test masses
will be suspended by fused silica fibres.

Superattenuators (chapter 11) The Virgo superattenuators provide a seismic isolation
compliant with the AdV requirements. However, some upgrades are necessary to improve
the robustness in bad weather conditions:

e new monolithic inverted pendulum legs will be mounted: the higher resonance frequency
will allow to increase the bandwidth of the inertial damping servos;

e piezo actuators will be installed in the inverted pendulum feet, allowing to perform a
control of the tilt.

Moreover, the steering filter (or filter 7) must be modified to match the new design of the
payloads.

6
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Suspended benches (chapter 12) To fulfill the system requirement that all photodiodes
to be used in science mode be seismically isolated and in vacuum, a compact vibration
isolation system with its vacuum chamber has been realized. Five of such minitowers will be
installed.

Vacuum (chapter 13)

e The current Virgo vacuum level needs to be improved by a factor of about 100 in
order to be compliant with the AdV sensitivity. This improvement will be achieved
by installing large cryotraps at the ends of the 3 km pipes (their pumping action will
reduce the residual pressure by ~10 in the pipes even without baking) and then baking
out the tubes to reach the final vacuum level.

e Vacuum links in the central area have to be re-designed with lengths compliant with
the new positions of the towers and a larger diameter compatible with the larger beam.

e The vacuum separation in the towers must be re-designed to be compliant with the new
filter 7 and payload system.

Data acquisition and general purpose electronics (chapter 14) While the general
architecture will not change with respect to Virgo, several upgrades of the data acquisition
and general purpose electronics are foreseen for AdV, to keep up with the increasing number
of channels and the more demanding control system for the signal recycling configuration,
and to cope with the obsolescence of several boards.

Infrastructure (chapter 15)

e To reduce the influence of environmental noise some noisy machines will be moved out
of the experimental halls.

e Important modifications are needed in the central hall to host the minitowers and
upgrade the laser lab and the detection lab. The detection lab will be enlarged and
become a clean room.

1.2 Sensitivity

The AdV reference sensitivity? as well as the main noise contributions are shown in Fig.
1.2. The curve corresponds to a dectector configuration with 125 W at the interferometer
input and SR parameters chosen in order to maximize the sight distance for Binary Neutron
Stars (BNS). The corresponding inspiral ranges are ~ 135 Mpc for BNS and ~ 1 Gpc for 30
Mg Binary Black Holes (BBH).

2The sensitivity curves shown in this section have been plotted using GWINC, a MATLAB code developed
within the LSC [8] and adapted to AdV [9]. A document on the AdV sensitivity curve and all the contributing
noises is available [10].
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AdV Overview, Part I

Subsystem and Parameters

| AdV design (TDR) | Initial Virgo

Sensitivity

Binary Neutron Star Inspiral Range

134 Mpc

12 Mpc

Anticipated Max Strain Sensitivity

3.5-107%/V/Hz

4-1072/v/Hz

Instrument Topology

Interferometer

Michelson

Michelson

Power Enhancement

Arm cavities and
Power Recycling

Arm cavities and
Power Recycling

Signal Enhancement Signal Recycling n.a.
Laser and Optical Powers

Laser Wavelength 1064 nm 1064 nm

Optical Power at Laser Output >175 TEMyy W 20 W

Optical Power at Interferometer Input | 125 W 8W

Optical Power at Test Masses 650 kW 6 kW

Optical Power on Beam Splitter 4.9kW 0.3 kW

Test Masses

Mirror Material

Fused Silica

Fused Silica

Main Test Mass Diameter 35 cm 35cm
Main Test Mass Weight 42 kg 21 kg
Beam Splitter Diameter 55 cm 23 cm
Test Mass Surfaces and Coatings
Coating Material Ti doped TasOs TasO5
Roughness™ < 0.1 nm < 0.05 nm
Flatness 0.5nm RMS < 8nm RMS
Losses per Surface 37.5 ppm 250 ppm (measured)

Test Mass RoC

Input Mirror: 1420 m
End Mirror: 1683 m

Input Mirror: flat
End Mirror: 3600 m

Beam Radius at Input Mirror

48.7 mm

21 mm

Beam Radius at End Mirror 58 mm 52.5 mm

Finesse 443 50
Thermal Compensation

Thermal Actuators CO; Lasers and CO; Lasers

Ring Heater

Actuation points

Compensation plates
and directly on mirrors

Directly on mirrors

Sensors

Hartmann sensors
and phase cameras

n.a.

Table 1.1: Main parameters of the AdV Reference Design described in this document (PART 1). The
requirement on the mirror micro-roughness has been relaxed with respect to Virgo: while the worsening in
terms of scattered light is negligible, it can help achieving a better flatness.
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AdV Overview, Part II

Subsystem and Parameters

| AdV design (TDR) | Initial Virgo

Suspension
Seismic Isolation System Superattenuator Superattenuator
Degrees of Freedom of Inverted 6 4

Pendulum Inertial Control

Test mass suspensions

Fused Silica Fibres
(optimized geometry)

Steel Wires

Vacuum System

Pressure 10~? mbar \ 10~" mbar
Injection System

Input mode cleaner throughput >96% \ 85% (meas.)
Detection System

GW Signal Readout DC-Readout Heterodyne (RF)

Output Mode Cleaner RF Sidebands and Higher Order Modes

Suppression Higher Order Modes

Main Photo Diode Environment in Vacuum in Air
Lengths

Arm Cavity Length 3km 3km

Input Mode Cleaner 143.424 m 143.574 m

Power Recycling Cavity 11.952m 12.053 m

Signal Recycling Cavity 11.952m n.a.
Interferometric Sensing and Control

Lock Acquisition Strategy

Auxiliary Lasers
(different wavelength)

Main Laser

Number of RF Modulations 3 1

Schnupp Asymmetry 23 cm 85 cm
Signal Recycling Parameter

Signal Recycling Mirror Transmittance | 20 % n.a.

Signal Recycling Tuning 0.35rad n.a.

Table 1.2: Main parameters of the AdV Reference Design described in this document (PART 2).
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It must be remarked that different curve shapes are obtained by changing the SR tuning
and that different choices of such tuning might be driven by scientific or commissioning
motivations.

Quantum noise

Gravity Gradients

= Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
Excess Gas

Total noise

Strain [1VHZ]

10

10

Frequency [Hz]

Figure 1.2: Reference AdV sensitivity and expected noise contributions. The chosen SR tuning optimizes
the inspiral range for coalescing binary neutron stars.

1.3 Other system requirements

Some basic assumptions are done in the sensitivity computation that are to be considered as
system requirements. Some design choices of different subsystems were made to comply with
such requirements:

e input power: it is assumed that a laser power of 125 W be available in the TEMqg
mode after the input mode cleaner;

e round trip losses: the power lost in a round trip inside a Fabry-Perot cavity must
not exceed 75 ppm;

e technical noises: all technical noises must be kept reduced at a level such that the
corresponding strain noise is <0.1 of the design sensitivity over the whole frequency
range.

10
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1.4 Sensitivity and detector commissioning

The AdV detector is tunable in three ways:
e by changing the laser power;
e by changing the transmissivity of the SR mirror;
e by tuning the position of the SR mirror.

The SR mirror transmittance influences the detector bandwidth, while the position of the
SR mirror at a microscopic scale changes the frequency of the maximal sensitivity. Thus,
the presence of the SR cavity allows to think of AdV as a tunable detector (see chapter 2):
the sensitivity curve can be shaped in order to perform runs optimized for targeting different
astrophysical sources.

For the sake of simplicity, we refer to four different operation modes:
e power recycled, 25 W?;
e dual recycled, 25 W, tuned signal recycling;
e dual recycled, 125 W, tuned signal recycling;
e dual recycled, 125 W, detuned signal recycling (SR tuning to optimize BNS
inspiral range).

AdV will not be operated in the final configuration since the beginning. The new features will
put new problems forward, which must be faced with a step by step approach. The detailed
commissioning plan is out of the scope of this document. However, the above-mentioned
modes of operation corresponds to commissioning steps of increasing complexity. They should
be considered as reference configurations, useful as benchmarks. The commissioning will
progress through many intermediate steps. Periods of commissioning will be alternated with
periods of data taking and such plans will need to be coordinated with Advanced LIGO in
order to maximize the network capabilities.

Fig. 1.3 compares the sensitivity curves for the reference scenarios described.

3Reference value for the power after the Input Mode Cleaner (IMC)

11
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— PR, 25W. Range: 101/898 Mpc

—— Dual rec., 125W, tuned SR. Range: 119/985 Mpc
o ——Dual rec., 125W, detuned SR. Range: 134/1020 Mpc
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Figure 1.3: Scenario for the evolution of the AdV sensitivity: early operation (blue), 25 W input power,
no SR; late operation, wideband tuning (red), 125 W input power, tuned SR; late operation, optimized for
BNS (black), 125 W input power, detuned SR (0.35 rad). In the legend, the inspiral ranges for BNS and
BBH (each BH of 30 M) in Mpc are reported. Dual recycling curves are obtained without changing the
SR mirror.
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Chapter 2

Optical simulation and design

(OSD)

2.1 Introduction

2.1.1 Scope of the subsystem and deliverables

The goals and deliverables of the Optical Simulation and Design subsystem (OSD) subsystem
are:

e Preparation of the simulation tools for the optical design and commissioning of the
interferometer. Deliverables: the optical simulation codes, the detailed configuration
scripts and the results from those simulations.

e Definition the optical scheme of the interferometer (geometry of the arm-cavities, geom-
etry of the recycling cavities) and the optical parameters of the interferometer mirrors
(positions, optical properties, radii of curvature, etc...). Deliverables: the optical layout
of the interferometer and the set of optical parameters.

e Definition of the specifications for the interferometer mirrors, or confirmation that the
existing specifications are coherent with the Advanced Virgo performances. Deliver-
ables: specifications for each optic and/or the consequences for the existing specifica-
tions.

e Evaluation of the advantages of future upgrades (non gaussian modes, squeezing, etc...)
and of their compatibility with the optical design. Deliverables: sensitivity curves
demonstrating the interest of future upgrades and evaluation of the impact of future
upgrades on the optical design. Plans for future upgrades have not been deeply inves-
tigated so far and so are not presented in this chapter.

All the deliverables are given with the links to the relevant documentation (on the Virgo
documentation system - TDS [12]).

13
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2.1.2 Design summary and changes with respect to the baseline design

The Advanced Virgo optical layout is shown in Figure 2.1. The basic topology is a dual-
recycled Michelson interferometer with Fabry-Perot cavities in the Michelson arms. The
interferometer parameters are summarized in table 2.1.

This section provides a brief explanation of the main choices pointing out any changes with
respect to the baseline design [13] (2009). A more detailed description is given in the following
sections.

Recycling cavities geometry The recycling cavities are marginally stable. This config-
uration is conceptually similar to the one used in initial Virgo: the power recycling cavity is
obtained by the addition of a partially transparent mirror between the input mode-cleaner
and the Beam Splitter (BS); Similarly, the signal recycling cavity is obtained by adding
another mirror between the BS and the detection system.

Changes from the 2009 baseline: the baseline configuration was Non-Degenerate Recycling
Cavity (NDRC). The choice between the Marginally Stable Recycling Cavities (MSRC)
configuration and the NDRC has been taken by the Virgo Steering Committee in May 2011.
The choice for the MSRC configuration was not driven by optics, but rather by problems
related with construction schedule, budget and the increase of suspensions complexity of the
NDRC geometry. Details about the trade-off are in [14]. This change has required a complete
re-design of the central part of the interferometer, and a complete new study of the impact
of optical imperfections on the interferometer fields.

Arm-cavity geometry - choice of the radii of curvature of the test-masses The
arm cavities have a bi-concave geometry, with the beam waist roughly in the center of the
cavity. The bi-concave geometry is used to increase the beam size (and then reduce coating
thermal noise) and to deal with with radiation pressure alignment instabilities.

Changes from the 2009 baseline: the radii of curvature (Radius of Curvatures (RoCs)) of the
test masses have been slightly increased, in order to increase the safety factor with respect
to possible deviation from specifications.

Arm cavity finesse The use of high finesse in the arm-cavity is necessary to decrease the
quantum noise without increasing the power in the transmissive optics (Input Mirror s (IMs)
and BS). The combination of high finesse and signal recycling can preserve the optical transfer
function of the instrument.

Changes from the 2009 baseline: the arm-cavity finesse has been decreased by a factor 2 (from
900 to 443), mainly in order to deal with possible extra losses inside the arm-cavities and
Signal Recycling (SR) cavity, to ease the lock acquisition procedure, and to ease requirements
on signal recycling cavity length noise.

Power recycling mirror transmission The Power Recycling Mirror (PR) transmission
is a trade-off between the need to maximise the circulating power in the arms compatible with
a reasonable value of arm-cavity round-trip losses, and the need to decrease the susceptibility

14
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of the power recycling cavity to optical imperfections. The first objective can be achieved by
matching the reflectivity of the power recycling mirror with the apparent reflectivity of the
arm cavities (so with a PR transmission 2.8%), while the second can be achieved by lowering
the recycling cavity finesse.

Changes from the 2009 baseline: the power recycling mirror transmission has been changed
from 4.6% (this value was chosen for critically coupling the Advanced Virgo baseline design,
which had higher arm-cavity finesse) to 5%. We choose this value to reduce the effect of
imperfections in the Virgo Ientral interferometer (CITF). The result is a 14% reduction in
the stored optical power compared to the case with the optimal reflectivity coupling.

Signal recycling tuning The signal recycling tuning is optimized to have the best Signal
to Noise Ratio (SNR) for a given type of gravitational wave source. Two configurations are
considered here: the Resonant Sideband Extraction (RSE) configuration (zero tuning), and
a ‘tuned’ configuration, optimized for Binary Neutron Stars (BNS) inspiral searches.

Changes from the 2009 baseline: the detuning corresponding to the BNS-optimized config-
uration has been recomputed taking into account the change in the arm-cavity finesse and
the change in the Signal Recycling Mirror (SR) transmission. The corresponding detuning is
now (.35 radians.

Signal recycling mirror transmission The SR transmission is chosen, in combination
with the arm cavity finesse and signal recycling detuning, to optimize the detector sensitivity
to astrophysical sources.

Changes from the 2009 baseline: to compensate the decrease of arm-cavity finesse, the recy-
cling mirror transmission is roughly increased by a factor of 2 (T=20%)

Pick-off for interferometer control At least one pickoff inside the power recycling cavity
is needed for the longitudinal and alignment control. The choice is to add a low reflectivity
plate (reflectivity of 300 ppm) near the power recycling mirror. The plate is suspended in
the same way as the compensating plates.

Secondary beams extraction Secondary beams (often called ghost beams) are generated
by the AR surface of the beam splitter and by the surfaces of the plates inside the power
recycling cavity (compensating plates and pickoff plate). The proper handling of these beams
is essential in order to avoid stray light noise or excessive noise couplings. Such control is
made by inserting wedges or tilting the components. The value of the wedge/tilts have been
determined through FFT simulations and ray tracing packages.

15



Advanced Virgo TDR VIR-0128A-12

WE
Wi

——

CcP
POP \ NI NE
— BS
from Input
Mode —p»
Cleaner

PRM

SRM [ | |

:XI one

@81

Figure 2.1: Simplified optical layout of the core of the Advanced Virgo interferometer.
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Advanced Virgo main optical parameters

Light Power

Arm cavity power | 650kW || Power on the BS 4.9kW
Arm cavity geometry

Cavity length 2999.8 m

IM RoC 1420m || EM RoC 1683 m

Beam size on IM | 48.7mm Beam size on EM 58.0 mm

Waist size 9.69 mm Waist position from IM | 1363 m
Arm cavity finesse

Transmission IM 1.4% Transmission EM 1 ppm

Finesse 443 Round-trip losses 75 ppm
Power recycling cavity

Transmission PR 5% Recycling gain 37.5

PRC length 11.952m || Beam size on PR 49.1 mm
Signal recycling cavity

Transmission SR 20% Finesse 26

SRC length 11.952m || SRM tuning 0.35rad

Table 2.1: Main parameters of the final configuration of the Advanced Virgo interferometer. The
reflectivity and tuning of SR are optimised to maximise the likelihood of detection of BNS. Detailed
parameters for the core optics are given in tables 2.6,2.8,2.9 and 2.7.

17
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2.2 Simulation tools

The development of the optical simulation tools is one of the primary tasks of the OSD
subsystem. The fields inside Advanced Virgo can not be simply derived from analytical
models, especially in the presence of asymmetries or mirror defects.

The simulation tools are thus clearly important for the baseline design phase, but an up-
dated and relevant set of simulation tools is also crucial during the construction phase in
order to check the design consistency using the real mirrors parameters and results from the
pre-commissionned subsystems (laser, Thermal Compensation System subsystem (TCS)).
Furthermore, simulation is an essential tool to ease the commissioning process.

For Advanced Virgo, three main types of codes are used: FFT codes (SIS, DarkF, OSCAR,
FOG and SIESTA), modal codes (Finesse and MIST) and codes including radiation-pressure
(Optickle). DarkF, OSCAR, FOG, SIESTA and MIST are developed within the Virgo Col-
laboration. SIS and Optickle are developed within the LIGO project and Finesse in GEO.

None of the codes can simulate every aspect of the interferometer, and so this collection of
codes with different strengths is necessary to try to answer as many questions as possible.
In addition, where there is overlap of capability, the use of these different independent codes
enables the crosschecking of results. Furthermore the development of codes in several labo-
ratories of the Virgo Collaboration increases the expertise of the collaboration members in
optical simulation.

In the modal codes the electric field is expanded in a base of Hermite-Gaussian or Laguerre-
Gaussian modes. For our purposes one convenient base is the eigenmodes of the perfect and
‘cold’ (no thermal effect) 3-km arm-cavity. These codes are in general very useful in the early
phases of the design, where no big defects are considered, since a low number of modes is
required.

In the FFT codes the electric field is expanded in plane wave components (through the FFT
transform). The plane waves are propagated independently through free space and optical
components. The resulting electric fields are then computed by inverse Fourier transform;
the process is repeated until the resulting electric fields have converged to stable values. The
advantage of these codes is their accuracy, even in the case of realistically imperfect optical
systems. The drawback is that these codes are computationally more expensive than the
modal codes and so their use is less effective in the first phases of the design, when large
parameter spaces need to be explored. However, due to the large sensitivity of the marginally
stable recycling cavity to optical aberrations and the choice to use small wedges on optics
within the recycling cavity, the FFT codes are an essential tool for the OSD work, as the
modal codes do not converge to stable results under the current computational limits.

The existing modal and FFT codes do not contain radiation pressure effects. In order to
understand the audio frequency dynamics of the interferometer, it is necessary to include
the effects of radiation pressure. This is especially necessary for the design of proper control
systems.

In addition to these aforementioned classes of simulation, GWINC is a top level interferometer
optimization tool used to calculate detector design sensitivity, and Optocad is a ray tracing
code used to generate interferometer layouts.
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In the following paragraphs we will briefly describe the different simulation tools that have
been used during the OSD studies. The table 2.2 summarizes the simulation tools.

2.2.1 FFT codes

DarkF is an FFT simulation code written in Fortran90 which can simulate simple systems
such as Fabry Perot cavities (resonant or not), Michelson interferometers or complex systems
such as Virgo (for the carrier and for the sidebands) and Advanced Virgo with signal recycling.
Mirror surface maps and thermal effects phase maps can be included in the simulation after
correction of the residual tilt and the piston. Various results can be obtained from these
simulations, such as, power of the different beams, the losses, the coupling defect and the
coupling of the main beams with a perfect TEMyy mode. Recently DarkF has been used
for OSD, to study the problem of secondary beam extraction, for several configurations of
BS wedge and compensating plates. The recent on-going update in the DarkF program, is
the simulation of the Audio-Sidebands, created by a passing Gravitational Waves (GW) at a
specific frequency.

FOG is an FFT based simulation code written in Matlab which has been developed within
the optics group of EGO. It can currently simulate the entire interferometer of Advanced
Virgo. In the full Interferometer (ITF) configuration FOG uses the accelerated convergence
scheme [18] to run complete simulations in just a few minutes. This feature has been used for
defining the aberration budget in the power recycling cavity. FOG simulates the Michelson
interferometer and so an aberration budget may be defined for both common and differential
aberrations. In addition, such simulations may be used to determine the quantity of higher
order modes generated in the arm cavities that end up on the dark fringe, which helps
in setting requirements for the Output Mode Cleaner. FOG has also been used to study
the effects of the second reflection of the wedged beamsplitter and the reflections off the
antireflection coatings of the compensation plates in the recycling cavity. FOG treats each
secondary surface as an additional cavity mirror. It therefore reproduces multiple reflections
off the secondary surfaces and so simulates correctly the so-called ‘pickoffs of pickoffs’. It also
has a novel feature of using rectangular grids (resulting in different resolutions in the two
directions), which permits the study of larger wedge angles than possible with DarkF. FOG
has also been used to determine RoC tolerances of the arm cavities using realistic mirror
maps.

FOG is still in development and has not been rigorously tested or officially released and so
therefore no documentation is available to date. However, it has been very useful in providing
an independent cross-check for more mature simulation tools such as DarkF and SIS.

OSCAR is a FFT based optical simulation package used to simulate Fabry-Perot cavities
or interferometers with realistic optics [17]. The code is written in Matlab, easy to use and
is well documented. Typical OSCAR simulations include cavity round trip loss estimations
and calculations of steady state fields in interferometers. For the design of Advanced Virgo,
OSCAR has been used to find the specifications for the arm cavity mirror flatness and to
calculate the loss in sideband power in the recycling cavities. A special version of OSCAR
using a beam in 1 dimension has also been developed to quickly simulate secondary beams
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Optical simulation tools

Name optical configuration | language | documents comments
FFT codes
SIS double cavity C [15]
DarkF Advanced Virgo Fortran90 [16]
OSCAR CITF Matlab [17] 1D or 2D option
FOG Advanced Virgo Matlab
Siesta-FFT simple cavity C [56]
Modal codes
Finesse Advanced Virgo C [28] HG based
MIST Advanced Virgo Matlab [32] HG based

Radiation pressure code
Optikle Advanced Virgo Matlab [33] only 3 modes

Detector sensitivity
GWINC Advanced Virgo Matlab [34]

Ray tracing
Optocad Advanced Virgo Fortran95 [35]

Table 2.2: OSD simulation tools. For each code the most advanced optical configuration that can be
simulated is given.
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with large angles. For the 2D simulations of the secondary beams, OSCAR used a rectangular
grid with typically 32 times more points in the direction of the tilt than in the other transverse
direction.

SIESTA the Virgo simulation tool [19], can run either modal or FFT optical simulations.
Modal simulations have been widely used in the past, whereas the FFT capabilities have
been improved recently. Current capabilities of SIESTA-FFT which are of interest for the
simulations of Advanced Virgo includes: computation of the Fabry Perot steady state elec-
tric fields (with accelerated convergence scheme [18]), computation of the steady state of a
power-recycled interferometer with arm cavities, possibility of loading mirror surface maps or
generating random surface maps with a user-defined spectral density of defects and possible
use of Hermite-Gauss or Laguerre-Gauss modes.

SIESTA-FFT has been positively cross-checked with SIS and OSCAR. The results obtained
for a power-recycled interferometer [24] are compatible with those of DarkF. For AdV, it has
been employed for the definition of the polishing specifications of the arm cavity mirrors (see
section 2.8; [20, 21, 22, 23]). In this context, a nice feature which has been massively exploited
is the use of bash scripts to create SIESTA configuration files and to run a few thousands of
simulations automatically.

SIESTA runs under Linux; the latest release is available in the Virgo Common Software
Distribution [25]. Source code and documentation can also be obtained via CVS [26].

SIS (Stationary Interferometer Simulation tool) is an FFT based simulation tool developed
to determine the specifications of the Advanced LIGO core optics components. SIS is cur-
rently capable of simulating a three-mirror coupled cavity. It is written in C, is fast and
easy to use with a complete manual, and has numerous features that make quick studies
of steady state fields under various conditions in the interferometer relatively easy. These
include loading mirror maps, generating mirror maps from PSDs, automatically measuring
and subtracting Zernike terms from maps, the ability to specify nearly every parameter of
the simplified interferometer (or have the parameter auto-magically determined), detailed
stationary state beam analysis using modal expansions, calculation of the RF and audio side-
bands, and automatic locking in length degrees of freedom. SIS can also use an adaptive
window resolution to, e.g., simulate the Advanced LIGO recycling cavity which has strongly
focusing beams. SIS has been used to study thermal effects in the Advanced Virgo recycling
cavities and to set specifications on the surface quality of the optics in the recycling cavities.
The SIS manual is available on the LIGO DCC [15].

2.2.2 Modal codes

Finesse [28] is a simulation tool able to describe the interferometer behavior in the fre-
quency domain (steady state interferometer). It accepts user configuration files (.kat files)
where virtually any optical configuration can be depicted. In the same file, commands about
the parameters to be tuned during the simulation are given. Starting from this file, the
interferometer description is translated into a set of linear equations that are solved numer-
ically for each set point of the configuration. Finesse employs modal expansion of the fields
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in doing that, and can handle Hermite-Gauss High Order Modes (HOMs) with no intrinsic
limitation, although the computational load increases quickly with the maximum order of the
involved modes. Effects related to beam mismatch and/or misalignment can easily be tackled
with the use of HOMs, and transfer functions can easily be computed by adding lines at a
given frequency to almost any parameter of the interferometer. Recently, Finesse was given
also the ability to take into account mirror maps describing figure defects for reflective and
transmissive interfaces, even though no maps are available nor foreseen for beam splitters.
In [29, 30] a study was performed to validate Finesse predictions against well established
FFT programs, such as DarkF, showing that Finesse is able to give comparable results when
Virgo-like interferometers were studied. An important limitation, however, arose when using
Finesse to study marginally stable cavities with figure defect maps. Actually, it was shown in
[31] that too many HOMs had to be included in order for the simulation to converge towards
reliable results, so making impractical the use of Finesse in this configuration.The versatility
of Finesse in quickly setting up simulations for arbitrary configurations is an asset, but users
should always check the convergence with respect to increasing the mode order.

MIST [32] is a tool developed in Virgo for modal simulation of a dual recycled interfer-
ometer. It is based on the MATLAB environment. It implements analytical equations to
compute the field behavior inside the optical system. This limits its flexibility (it can be used
only for subsets of a dual recycled interferometer) but allows shorter computational times
with respect to similar tools such as Finesse. It was extensively used to compute the effect of
thermal lensing in the input mirror on the sideband recycling gain as a function of interfer-
ometer parameters such as the power recycling cavity finesse. It was also used to study the
convergence speed of modal simulations as a function of the number of higher order modes
used. The main limitations of the code are the reduced flexibility and the lack of mirror map
implementations.

2.2.3 Other codes

Optickle [33] is a tool developed by the LSC community, based on the MATLAB environ-
ment, with the goal of simulating the frequency domain behavior of a general optical setup
including dynamic effects due to radiation pressure. This tool works mainly in the plane
wave approximation, without including any high order Gaussian mode. The only exception
is the first transverse mode which is partially considered in a section of the code used to
simulate alignment effects. This lack of high order modes is the main limitation of the code.
Optickle is mainly used for ISC purposes (simulation of interferometer optical response) but
it was also used for OSD topics such as the simulation of the interferometer optical response
to differential strain to be used as a calibration function.

GWINC [34] (Gravitational Wave Interferometer Noise Calculator) is a simulation tool
developed by the LSC community, based on the MATLAB environment. It is used to compute
the fundamental noise contribution to the advanced detector sensitivity, such as quantum and
thermal noise. The tool implements directly equations describing the known noise sources,
as determined from publications and standard models. It does not include any description of
technical noise such as longitudinal and angular control noise or laser noise. It has been used in
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the design of Advanced Virgo since the beginning to compute the design sensitivity. Recently
it has been used to find the dependence of the detector sensitivity on optical parameters
such as the arm cavity finesse and the power and signal recycling reflectivity [27]. All other
parameters (such as those regarding coating and suspension thermal noise) were computed
at the time of the first baseline design and were not updated recently.

Optocad is a Gaussian beam tracing program [35]. It has been used in GEO and Virgo
for more than 10 years. Its simplicity (limited to Gaussian beam propagation) is also its
force: it allows to propagate the beam through all optics (1000 in Virgo+) and deduce what
should be their precise positions. It is the reference tool in Virgo to compute the towers
positions in Advanced Virgo. It is also used to propagate secondary beams and verify that
beam dumps are well dimensioned. Optocad was extensively used to design the optical layout
of Advanced Virgo. The main limitation of Optocad is that beams can be propagated only in
the horizontal plane. This is not an issue as long as tilts and wedges are all in the horizontal
plane. Very recently, a new version has been released which can deal with aspherical and
off-axis surfaces. The realistic input and output parabolic telescopes of Advanced Virgo are
now well taken into account (in particular, secondary beams which are not centered on the
parabolic telescope mirrors are propagated in the right way with this new version).

2.3 Optical layout

2.3.1 Mirror positions and modulation frequencies

In this section the choice of the positions of the interferometer mirrors is described. This
choice is intrinsically coupled with the constraints given by the existing vacuum infrastructure
(see VAC chapter and [36]) and with the choice of modulation frequencies (see ISC, INJ, DET
chapters).

Four modulation frequencies (Fmodl, Fmod2, Fmod3 and Fmod4) are used to provide an
adequate sensing matrix for all the interferometer degrees-of-freedom.

Assuming the arm length is 2999.8m, assuming the Schnupp asymmetry has been set to 23 cm
(see ISC chapter), assuming also the detailed geometry of each optic (see Tables 2.6, 2.8, 2.9
and 2.7), the choice of the modulation frequencies has been made in order to minimize the
PR, SR and IMC tower displacements, while respecting the required properties of resonance
of the various fields in the interferometer,

All the modulation frequencies should generate sidebands transmitted by the Input Mode
Cleaner (IMC) cavity. Other specific properties are:

e Fmodl1 generates sidebands resonant in the power recycling cavity and not resonant in
the arms and in the signal recycling cavity.

e Fmod2 generates sidebands not resonant in the arms, and resonant in the power and
signal recycling cavities.

e Fmod3 generates sidebands not resonant in the interferometer.
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Name  Frequency [MHz]
Fmod1 6.270777
Fmod?2 56.436993
Fmod3 8.361036
Fmod4 131.686317

Table 2.3: Summary of the modulation frequencies

e Fmod4 has the same properties as Fmod2 except that the sidebands generated by
Fmod4 should have a very low finesse in the recycling cavities.

The sidebands are chosen to be near the anti-resonance of the arm cavities (with an offset
of 300 Hz, corresponding to 3 times the FWHM to the arm-cavities, in order to avoid the
presence of sidebands of sidebands resonant in the arm cavities).

The detail of the computation of the modulation frequencies is the following:,
e The FSR of the arm cavities is FSRarm = c¢/(2Larm) = 49968.74 Hz
e Fmodl = 125.5 x FSR - 300 Hz = 6270777 Hz

e The power and signal recycling lengths are PRCL = SRCL = (1-0.5) x ¢ / (2Fmod1)
=11.952 m

e Fmod2 = 9 x Fmodl = 56436993 Hz

e The IMC cavity length is Limc = 3¢ / Fmodl = 143.424 m and then the FSR of the
IMC cavity is FSRime = ¢ / (2Limc) = 1045130 Hz

e Fmod3 = 8 x FSRimc = 8361036 Hz
e Fmod4 = 21 x Fmodl = 131686317 Hz
All modulation frequencies are summarized in Table 2.3.

Inter-component distances are summarized in Table 2.4, and final tower positions as well as
displacement with respect to current positions are summarized in Table 2.5. The positions are
given in the optical reference system, defined as follows: the origin corresponds to the center of
the BS hole in the pavement of the central building, the x-axis is along the west arm oriented
towards east, and the y-axis is along the north arm oriented towards north. The position
of the towers correspond to the center of mass position of the main optics components (i.e.,
for the input test masses, the center of the towers is also the center of the input test masses
substrate). The tower positions have been computed properly considering the propagation in
the substrates (IM, Pickoff Plate (POP), Compensation Plate (CP) and BS).

Note that the detection tower has been displaced so that the distance between the Injection
tower and PR is the same as the distance between the Detection tower and SR. This allows
reaching a perfectly symmetric interferometer (apart from the Schnupp asymmetry). In
addition, PR and SR are similar substrates.
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Components ~ Dist. [m] || Cavity  Optical Path Length (OPL) [m)]
NI NE 2999.800 || N ARM 2999.800
WI WE 2999.800 || Y ARM 2999.800
NI NCP 0.200
WI WCP 0.200
NCP BS 5.367 || Schnupp 0.230
WCP BS 5.245
BS POP 5.814 || PRC 11.952
POP PR 0.06
BS SR 5.943 || SRC 11.952
BSthickness .065 .108
IMthickness .200 .290
CPthickness .035 .051
POPthickness .035 .051

Table 2.4: Inter-component physical distances measured from surface to surface(left) and the optical

path lengths (right).

Tower position in X [m] position in Y [m] disp in X [m] disp in Y [m]
INJ -0.027 -11.000 +0.000 +0.001
PRM -0.017 -6.085 +0.006 -0.082
BS 0.003 0.023 +0.003 +0.005
NI 0.000 5.774 +0.000 -0.624
NE 0.000 3005.774 +0.000 -0.626
WI -5.600 0.000 -0.001 -0.002
WE -3005.600 0.000 +0.000 -0.001
SRM 6.044 0.018 +0.043 -0.002
SDB 10.958 0.017 -0.043 +0.019

Table 2.5: Tower positions in the optical reference system (left) and displacement with respect to current
position (right). The position of the towers correspond to the center of mass position of the main optics
components (i.e., for the input test masses, the center of the towers is also the center of the input test
masses substrate). The X direction is along the north arm whereas the Y direction is along the west arm
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2.3.2 Optocad layout

The gaussian beam tracing of this design has been done in Optocad and is shown in figure 2.2.
Zooms (not to scale) provides further information about wedge and tilt orientations of the
various optics. See fig. 2.3, 2.5 and 2.4.
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Figure 2.2: General optical layout obtained with Optocad.
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Figure 2.3: Zoom on the North arm IM and CP (left) and East arm IM and CP (right) optical layout

obtained with Optocad.

Figure 2.4: Optical layout of the PR and POP obtained with Optocad.
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Figure 2.5: BS optical layout obtained with Optocad. The main beams (input beam, beam, beam Y,
and beam dark fringe) as well as secondary beams generated by the AR second surface (secondary beam
X1, secondary beam X2, secondary beam DF1 and secondary beam DF2) are shown. For this picture, the
BS has been well exaggerated, in reality the secondary beams are almost parallel to the main beams.
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2.3.3 Core optics characteristics

In the tables (Tables 2.6, 2.8, 2.9 and 2.7), we give for each of the core optics, the main
characteristics and requirements. For the simulation works, the clear aperture is given by the
diameter of the baffle around the mirror (330 mm), 10 mm smaller than the coating size.

M EM

Substrate material Suprasil 3002 Suprasil 312
Material absorption [ppm/cm] <0.3 <3

Geometry
Thickness [mm] 200 200
Diameter [mm)] 350 350
Wedge [urad] <3 1000
RoC of High Reflectivity (HR) face [m] 1420 1683
RoC of AR face [m] 1420 >100000

Coating
Coating diameter [mm] 340 340
Baffle clear aperture [mm] 330 330
HR coating R=0.986 T<1ppm
AR coating TBD R<100ppm
Absorption [ppm] <1 <1

Table 2.6: Parameters for the Input Mirror (IM) and End Mirror (EM) for the arm cavities. The etalon
effect in the input mirror substrates will be able to compensate for asymmetry in the HR reflectivity of the
IMs. So the value of the AR coating of the IM which control the amplitude of the etalon effect will only
be calculated after the HR reflectivities has been measured.
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BS

Substrate material Suprasil 3001
Material absorption [ppm/cm] <0.3

Geometry
Thickness [mm] 65
Diameter [mm] 550
Wedge [prad] 430
RoC of HR face [km] >100
RoC of AR face [km] >100

Coating
Coating diameter [mm] 530
Baffle aperture [mm] 500
HR coating R=0.5
AR coating R<100ppm
Absorption [ppm] <1

Table 2.7: Beam splitter (BS) parameters.

PR SR SR
(power recycling) (dual recycling)
Substrate material Suprasil 312 Suprasil 312 Suprasil 312
Material absorption  [ppm/cm] <3 <3 <3
Geometry
Edge thickness [mm] 100 100 100
Diameter [mm] 350 350 350
Wedge [prad] <300 <300 <300
RoC of HR face [m] 1430 1430 1430
RoC of AR face [m] 3.59 3.59 3.59
Coating
Coating diameter [mm] 340 340 340
Baffle clear aperture [mm] 330 330 330
HR coating R=0.95 R<100ppm R=0.80
AR coating R<100ppm R<100ppm R<100ppm
Absorption [ppm] <1 <1 <1

Table 2.8: Power/signal recycling mirrors parameters. Two different versions of SR are given, one for
the first phase of Advanced Virgo where the interferometer will run only in power recycling mode (so the
transmission of SR is 1) and the second version is for the final configuration. SRM must always be present
as it is an essential part of the output telescope due to its curved surfaces.
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POP CP

Substrate material Suprasil 312SV  Suprasil 312SV
Material absorption [ppm/cm)] 0.5 0.5

Geometry
Thickness [mm)] 35 35
Diameter [mm] 350 350
Wedge [arad] 1000 (TBC) <3
Tilt [mrad] 105 0.750
RoC of 1rst face [km] >100 >100
RoC of 2nd face [km] >100 >100

Coating
Coating diameter [mm)] 340 340
Baffle diaphragm clear aperture  [mm] 330 330
Coating 1rst face R=300ppm R<100ppm
Coating 2nd face R<100ppm R<100ppm
Absorption [ppm] <1 <1

Table 2.9: POP and CP parameters. The substrates for the CPs and POP are cut out from Virgo+ IMs.
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2.4 Secondary beams extraction

The so called secondary beams are generated by AR coated surfaces of the optics inside the
recycling cavity. They need to be properly separated from the main beam to minimize noise
couplings and interference with the control system. Once separated those beams are then
properly dumped or extracted, to avoid stray light noise. In Advanced Virgo, secondary
beams are generated by the following AR coated surfaces:

e the Input Test Mass (ITM) AR surface,
e both surfaces of the CPs
e the AR surface of the BS

In the following we will describe first the different solutions to extract the secondary beams,
underlying the pros and cons. Then we will give the trade-off analysis for the optical surfaces
mentioned above.

2.4.1 Extraction with large angles (> 1 deg)

A direct way to extract the secondary beams is to put a wedge large enough to separate the
secondary beams from the main beam before they reach other optics. Considering the Virgo
vacuum and infrastructure constraints, there are two possibilities:

e A wedge (for BS and ITMs) or an angle (for CPs) of about 6 degrees (0.1 rad). In
this case it is possible to send the secondary beams directly out of the vacuum tank in
which they are generated, and to extract them with a dedicated hardware.

This solution cannot be adopted for BS and ITM because it will make the main beam
highly astigmatic, with a consequent reduction of the Radio Frequency (RF) sidebands
recycling gain [37].

The situation for the CP is different: a tilt of the CP will not give any astigmatism,
but it has been demonstrated that, if the thermal correction is applied on the CP tilted
by 6 degrees, the efficiency of the correction is significantly affected with respect to a
correction applied on a plate that is not tilted [40].

o A wedge (for BS and ITMs) or an angle (for CPs) of about 1.2 degrees (20 mrad) can
separate the secondary beams over a distance of 6 m.

This solution cannot be adopted for BS and I'TMs, for the same reason: the astigmatism
introduced on the main beam is too high. For example, simulations done with SIS have
shown that a BS with wedge angle of 11 mrad will be enough to reduce the sidebands
gain by more than 50 %.

The CP tilt by 20 mrad is possible from the TCS point of view. In this case the
secondary beams can be dumped at the level of the BS tank, by the diaphragm which
is planned to be around the beam splitter in order to dump diffused light (suspended to
the BS superattenuator). This solution puts constraints on the aperture of the vacuum
infrastructure (vacuum pipe and valves) and on the dimensions of the diaphragm around

the BS.
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SDB_L1 SDB_M1

Figure 2.6: Example of a secondary beam generated by a 400 prad BS wedge (equivalent to a CP tilt of
720 prad) after a realistic detection telescope of magnification 40. L1, M2 and M2 are the three telescope
components (L1 is a meniscus lens, M2 and M1 are parabolic mirrors). The drawing has been done with
Optocad

2.4.2 Extraction with small angles (fraction of degree)

A wedge (or an angle, for CP) less than 1 mrad can be used to separate the secondary
beams from the main beam, since in this case they are almost superposed inside the central
area. This means that the separation should be achieved outside the interferometer, through
the injection and detection telescopes. The telescopes will reduce the size of the main and
secondary beams (by a factor 40 or 20) and so at they will also increase the angular separation
by roughly the telescope magnification. The secondary beams can be, in principle, dumped
by a diaphragm after the injection/detection telescope. The role of the diaphragm is to block
the secondary beam and to let pass the main beam (as example, see fig. 2.6).

The output telescope will reduce the beam size from 5 cm (in the central part of the inter-
ferometer) to 1.25 mm at the output. A small beam size is required to facilitate the mode
matching with the output mode cleaner. On the other side, the injection telescope will have
a magnification of 20. A larger beam is preferable at the input of the telescope in order to
reduce the thermal lensing effect in the Faraday isolator located between the input mode
cleaner and the interferometer.

In order to choose the best angles for BS, I'TMs and CPs we have defined some figures of
merit and some requirements:

Clipping on the interferometer mirrors The first figure of merit (FOMI1) is a measure-
ment of the light clipped by mirror apertures, since the secondary beams are not centered on
the mirrors. FOMI is defined as the sum of the power lost outside all the mirror apertures
for 1 W ITF input power.

This light will be in principle absorbed, with a certain efficiency, by the diaphragm baffles
around each mirrors and suspended to the superattenuators (see PAY chapter); but, we
want to define a threshold for this light in order to be sure that this will not degrade the
interferometer sensitivity.
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The requirement is that FOM1 should be lower than the light already lost by the mirror
micro-roughness scattering and surface defect, and already going towards the diaphragm
baffles around each mirror or towards the vacuum pipes. A realistic value for such loss for
AdV mirror surfaces has already been defined by MIR for the arm cavity mirrors and has been
calculated to be 10 ppm per surface (similar to what has also been used for Advanced LIGO
[39]). Assuming a recycling gain of 40 and 17 surfaces in the recycling cavity for one round-
trip, the total power lost because of micro-roughness scattering in the central interferometer
for 1 W input power is 10 x 40 x 17 = 6800 pW.

In principle, following a naive approach, the light clipped on the interferometer mirrors will
increase with the angle of separation between the main beam and the secondary beams,
and then small angles would be preferred. We will see in the following paragraphs that the
relation between the clipping loss and the angle of separation between the main beam and
the secondary beams seems to be more complex.

Contamination of the dark fringe by the secondary beams The second figure of
merit (FOM2) is a measurement of the contamination of the dark fringe main beam by the
secondary beams. FOM2 is defined as the power of the secondary beam (for 1 W ITF input
power) contained in the dark fringe beam after the detection telescope and after a diaphragm
with a diameter of 5 times the beam radius.

The corresponding requirement has been set by ISC [41]: the secondary beam power after the
output mode-cleaner should be less than 5 pW for 1 W input power. The requirement for the
secondary beam before the Output Mode Cleaner (OMC) is in principle less stringent, since
part of the secondary beam mode is not coupled with the output mode-cleaner fundamental
mode. However, as safety factor we consider here that the coupling between the secondary
beam and the OMC is 1, and we keep the requirements above.

Constraints from the injection/detection telescopes In addition to the figures of
merit described above, the separation between the secondary beams and the main beams
should be possible with the injection/detection telescope. In particular, since the secondary
beams are not centered on the telescope optics, the separation angle should be low enough
to allow the secondary beam to stay within the telescope optics apertures (see for example
fig. 2.6).

Simulation of secondary beams with small angles Since the angle is very small, the
secondary beams in this case do not directly leave the recycling cavity, but experience several
roundtrips before going outside the mirror apertures and so could interfere with themselves.
This means that simple models, or ray tracing simulations cannot be used to understand the
secondary beam shapes and power.

Three FFT propagation optical simulations (DarkF, OSCAR and FOG) have been used
therefore to compute the figures of merit.

We briefly describe the main features of these simulations at the time of this OSD-FDR
chapter release. The work continues to develop more realistic simulations however we do not
expect major changes from the results presented in this section.
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e DarkF can use a rectangular grid with different resolution in x and y to deal with high
wedge values (for BS or CP) and can simulate a dual recycled interferometer.

e FOG uses a power-recycling Michelson interferometer configuration. The signal recy-
cling cavity is not simulated, but the signal recycling mirror aperture is simulated for
the computation of the clipping losses. It uses a rectangular grid, which allows an higher
resolution in the plane of the secondary beams, and then it can simulated angles up to
1 mrad.

e OSCAR uses a dual-recycling Michelson interferometer configuration. Full 2D simula-
tions with a rectangular grid (different resolution along the x/y directions) has been
implemented to simulate CP tilt with large angles. Recently, OSCAR has also been
able to simulate the input and output telescopes of Advanced Virgo.

Angle of separation between the main beam and the secondary beams The angle
of separation between the secondary beam and the main beam is related to the wedge/angle,
by the relations:

e For a BS wedge angle of a, the angle of separation is 2 x a x v/2n2 — 1
e For an IM wedge angle of 3, the angle of separation is 2 X 8 x n
e For a CP tilt angle of v, the angle of separation is 2 x

Where n=1.44963 is the refraction index of fused silica [38]

In the following we analyze the extraction of the secondary beams from the three optical
components (CPs, BS, and I'TMs).

2.4.3 CP secondary beam extraction

As already discussed, the extraction of the CP secondary beams can be made in two ways:
with a small (<1 mrad) or with a large (1 deg) tilt. The CPs cannot be parallel to the ITMs,
since otherwise they will disturb the alignment control [42].

2.4.3.1 Extraction through small tilt

As explained before, FF'T simulations have been performed to compute the figures of merit
for the secondary beams generated by a tilt of the CP. One of the two AR surfaces (AR
reflectivity of 100 ppm) of one of the two CPs have been simulated. Figure 2.7 shows a scan
of the CP tilt between 0.1 and 1 mrad obtained with OSCAR in the power recycling and dual
recycling configurations.

In the case of the power recycling configuration, the simulation results show a big decrease in
the clipping loss as a function of the tilt angle, with a minimum around around 700-800 prad.
In this region the losses are below 1 pW, more than three order of magnitudes lower than the
requirements given by the micro-roughness and surface defect of the surfaces.
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Figure 2.7: OSCAR simulations of FOM1 (power lost by clipping on all the interferometer mirrors for 1
W ITF power) versus the CP tilt. FOG and DarkF simulations give similar results.

The dip in the loss is due to the Schnupp asymmetry which induces different phase shifts for
the pick off beams traveling in the north and west Michelson arms. For a CP tilt around
750 prad, the difference of phase shift between the tilted pick off beams traveling in the two
arms is 7, resulting in destructive interference toward the power recycling mirror. As the
result, the pick off beams power does not build up and the beams exit directly through the
dark port. Simple analytical model has been used to confirm the position of the dip.

For the dual recycling configuration, the clipping loss is much higher and the previous dip in
the loss is no longer present. That is because the pick off beams can no longer exit directly
through the dark port and must circulate in the power and signal recycling cavity. The
clipping loss for a CP tilt of 750 purad is slightly less than 2000 pW. So in the case of dual
recycling the total amount of light hitting the baffles in the central area will be of the same
order as the scattered light from the surface optics.

The corresponding images of the circulating beams on the PR and SR for 750 prad wedges
are reported in fig.2.8. In those images, both the (on axis) main beam and the (off axis)
secondary beams are present.

The reflected and dark port beams are propagated through a telescope of magnification
respectively 20 and 40 and imaged 50 cm after the telescope. In order to quantify the
separation between the main beams and the secondary beams (FOM2), a second simulation
is done only with the main beam (the 100 ppm of reflection of the BS AR coating is replaced
with 100 ppm absorption). The complex field of this second simulation is subtracted from
the first, so at the end, only the pick off beam can be displayed. The power of the secondary
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Figure 2.8: Circulating fields in the power recycling cavity (left) and on the dark port (right) for a CP
vertical tilt of 750 prad. This figure is the results of simulations of Advanced Virgo (dual recycling) done
with OSCAR and displayed with log color scale. The main beam on axis beam has not been subtracted.
The field on PRM is dominated by the on axis field circulating in the PRC whereas the dark port field is
mainly constituted by the secondary beam (which is the sum of two beams propagating at opposite angle).

beam within an aperture of diameter 5 times the beam radius centered around the main beam
is finally computed to deduce FOM2.

Figure 2.9 shows the result of FOM2 versus the CP tilt computed by OSCAR for a power
recycling and dual recycling interferometers. As expected, the global trend is clear: the
contamination of the dark fringe with the secondary beams decreases as the CP tilt increases.
As the tilt angle of the secondary beams increases, the spatial separation between those beams
and the main beam becomes larger and larger at the output of the telescope.

It is also interesting to note that the decrease in FOM2 with the increase of the CP tilt is
slower in the case of the ITF reflection than at the dark port. That is a direct consequence of
the difference of magnification between the injection and the detection telescope. Since the
magnification for the output telescope is twice that of the input, the diaphragm aperture at
the detection is two times smaller and at the same time, for a given CP tilt the separation
between the pick off and the main beam after the telescope is two times larger at the detection
compared to the injection.

In the CP tilt region of interest between 700 and 800 prad, FOM?2 for one AR side of one CP
is 0.04 nW for the power recycling Michelson configuration and 0.8 pW for the dual recycling.
Since in total we have 4 CP surfaces, FOM2 is always below the limit of 5 pW [41].

It is possible to find the power from the pick off beams even before the telescope. It is found
that at the dark port, the power in the secondary beams is more than two times smaller
with signal recycling than without [43]. That is coherent with the fact that with signal
recycling more power of the secondary beams is clipped inside the central interferometer
(see figure 2.7) so the secondary beams leaving the interferometer at the dark port and in
reflection are globally less powerful. However that does not necessary mean that the dark
fringe contamination (FOM2) must be smaller with signal recycling since the shape of the

38



VIR-0128A-12 Advanced Virgo TDR

S T T T
1000 -:,-‘-‘: = FOM2 for dual recycling interferometer =
j’ ‘\; - == in reflection
y N e = = at the dark port
XI \\*&. FOM2 for power recycling interferometer
.y = = in reflection
100 ¥ A5 B G = = at the dark port g
-
Y Y
\ ™~
1
10 \‘\ ' \‘\
N N
\\ ¥ N\

/
S
/
?,

/

¢

Y 4
ey 4

Power on main beam after the telescope, FOM2 (microWatt)

~ ~ NS
DS T S~ S S
N - - \\
0.1 e N
‘~~~ f— —::"—.-_-:_ )
]
100 200 300 400 500 600 700 800 900 1000

Compensation plate tilt angle (microradian)

Figure 2.9: OSCAR simulations for power recycled and dual recycling interferometers of FOM2 (dark
fringe contamination) versus the CP tilt. For the simulations, only one side of one of the two CPs has been
included. The FOM?2 limits from all the pick off is 5 uW.

secondary beams is altered by the presence of the signal recycling mirror [45].

For a CP tilt in the range of 700-800 prad, most of the pick off leaving the interferometer is
at the dark port. For example without signal recycling, the power of the pick off at the dark
port is 25 times greater than the pick off power in reflection. That explains why even if the
telescope in reflection has a smaller magnification than the detection one, FOM2 is still on
the same order in reflection and at the dark port.

The images after the telescope for a CP tilt of 750 prad are shown in figure 2.10 for both in
reflection (top) and at the dark port (bottom). On those pictures, the main beam has been
subtracted, so only the pick off beam is present. The difference between the two plots is well
explained by the difference of magnification between the injection telescope (x20) and the
detection one (x40).

An estimation of the power lost by clipping on the optics of the output telescope has also
been computed using OSCAR. The losses are negligible for the on axis main beam but they
can become substantial for the tilted pick off beams which can hit the telescope optics off
center. It was found that on the four optics composing the output telescope (SR, SDB L1,
SDB M1 and SDB M2 as shown in figure 2.6), the losses are dominated by the two central
optics: the lens SDB L1 and the parabolic mirror SDB M1. For a CP tilt of 750 prad, 1W of
input power, for the clipping loss to be less than 1 pW on SDB L1 and SDB M1, the optics
must have a diameter superior to 140 mm [44].

2.4.3.2 Extraction through 20 mrad tilt

The extraction of the CP secondary beams is possible through a tilt of about 20 mrad. In this
case the secondary beams make no roundtrip in the recycling cavity and should be directly
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Figure 2.10: Image in amplitude and log scale of the pick off beam in reflection of the interferometer
(top) and at the dark fringe (bottom) for a CP tilt of 750 prad. Both images are taken 50 cm after the
last mirror of the telescope where a diaphragm (represented by the white dashed circle) will be inserted.

dumped by a baffle around the BS and suspended to the BS superattenuator. The potential
advantage of this solution is that this will avoid the proliferation of secondary beams on the
injection/detection telescopes. The drawback is that it requires a larger vacuum aperture
(with respect to the one requested for the only main beam) and a larger BS baffle.

Conclusions: The reference solution to extract the secondary beams from the CP
is a tilt of about 750 prad. The profile of the loss as a function of the CP tilt
is understood and OSCAR and FOG have similar results, giving us confidence
in our results. This tilt angle of 750 prad is compatible with the requirements
of light lost by clipping and dark fringe contamination with and without signal
recycling mirror. Simulations are still on going to confirm these results with all
the four CP AR surfaces included.

In the reference configuration, the CP tilt is vertical, so the secondary beams are in the
vertical plane (however the simulations were done indifferently in the vertical or horizontal
planes since the problem has a cylindrical symmetry). The possibility to tilt the CP in the
other directions (for example in diagonal), is also being explored. This would allow to identify
the various secondary beams and, if possible, use them for diagnostic purposes.

2.4.4 BS secondary beam extraction

As already discussed, a wedge of the order of 1 degree (or higher) will introduce an important
astigmatism on the main beam. The only possibility to extract the BS secondary
beams is then to have a small (<1 mrad) wedge on the BS. We have then studied
the best value of the wedge in terms of the three requirements defined above.

Thanks to recent progress in simulation development and the use of rectangular grid with
different resolutions along the vertical and horizontal axis, it is now possible to achieve sim-
ulations with scan of the beamsplitter wedge angle.

The result for FOM1 (sum of power clipped on all the interferometer mirrors for 1 W ITF
power) with DarkF is shown in the figure 2.11 for power recycling and dual recycling inter-
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Figure 2.11: DarkF simulation of FOM1 for power recycled and dual recycled interferometer. FOM1
(power lost by clipping on all the interferometer mirror for 1 W ITF power) for a BS wedge from 200 prad
to 600 prad.

ferometer.

We notice that for certain angles the clipping can be enhanced by orders of magnitude; this
is in correspondence with the resonance of the secondary beams inside the recycling cavity.
That happens since the secondary beams from the BS AR sides are mode matched with the
mirrors of the power recycling cavity (it was not the case for the secondary beams from the
CPs). Similar results were also found by FOG. Since the precision on the wedge value is
about 50 prad, it is not possible to select a wedge angle to avoid such resonances and so
region with rapid variation of loss should be avoided.

Figure 2.11 shows that the region around wedge angles of 430 prad presents a minimum in
loss. This behavior is similar to what has been found for the CP as shown in figure 2.7. The
value of BS wedge of 430 prad corresponds to a separation angle between the main beam
and the secondary beams of 1540 prad, equivalent to the one produced by a CP tilted by
770 prad, tilt value where we have the minima in loss. Since for 430 prad FOM1 is also much
lower than the requirements given by the micro-roughness (7000 W), we select this value
for the BS wedge.

The corresponding images of the secondary beams on the PR and SR for 400 prad wedges
are reported in figure 2.12.

In order to compute FOM2, the near fields of beams through the PR and SR mirrors are
propagated through a telescope of magnification 20 and imaged 50 cm after the telescope. In
order to quantify the separation between the main beams and the secondary beams, (FOM2)
a second simulation is done with only the main beam (the 100ppm of reflection of the BS AR
coating is replaced with 100 ppm absorption). The complex field of this second simulation
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Figure 2.12: FOG simulation (power recycled interferometer, including SR mirror aperture). Image in
amplitude and log scale of the SRM (up) and PRM (down) for a for a BS wedge of 400 prad. The main
beam is not subtracted.

is subtracted from the first. The power inside 5 times the beam radius centered around the
main beam is finally computed.

The simulations were done with an output telescope of magnification 20 (former design),
whereas in the baseline design the magnification will be 40 (as used for the CP tilt simula-
tions). Due to lack of time, we were not able to update the results. However if the main beam
and the secondary beam are already enough separated with a telescope of magnification 20,
increasing the magnification can only improve FOM2.

The images are shown in figure 2.13 (for the antisymmetric port) and in figure 2.14 (for the
symmetric port). On the left, figure containing the main beam are shown, on the right figures
containing only the secondary beams. The diaphragm with a diameter of 5 times the beam
radius is indicated with a dotted circle.

1 1
0 0.02| 0
- " -1 -
E 10 0.01
= -2 e -2
S o I e s of Il . {e= ’ 3
@ B . ’
[]
=% " -~ 4
> -10 ‘ , -4 0.01 o
o . 5
-5 ;
-0.02 : 6
6 : 5 :
b e -7

20 -10 0 10 20
X position (mm)

002 001 0 001 0.02

Figure 2.13: FOG simulation. Image in amplitude and log scale of the antisymmetric port (dark fringe)
after a telescope of magnification 20 and 50 cm propagation for a BS wedge of 400 pirad. Left: secondary
beam + main beam. Right: only secondary beams

For a BS wedge of 400 prad, The value computed by FOG for FOM2 is a fraction of pW,
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Figure 2.14: FOG simulation. Image in amplitude and log scale of the symmetric port (ITF reflection)
after a telescope of magnification 20 and 50 cm propagation for a BS wedge of 400 prad. Left: secondary
beam 4 main beam. Right: only secondary beams

less than the requirement for the dark fringe contamination (5 pW, [41]).

Conclusions: The reference solution to extract the secondary beams from the BS
is a wedge of 430 prad. This value seems compatible with the requirements of
clipping of the interferometer mirrors and dark fringe contamination. Simulations
are still on going to confirm the value of FOM2 in presence of signal recycling.

The BS wedge is horizontal whereas the CPs tilt is vertical. So after the detection telescope,
the secondary beams from the BS and CPs can be separated. The secondary beam from the
BS, called B5 is used for example for the alignment of the OMC.

2.4.5 Secondary beams from ITMs and choice of the ITM AR face geom-
etry

The interest to have an etalon effect on the I'TMs has been pointed out by ISC and it has
been considered a guideline for the design. In the current design, the two surfaces of the
ITMs are then parallel, with a curvature of 1420 m. This choice has the advantage that there
are no secondary beams from the AR face.

This choice is not possible with the current metrology. In order to measure the sub nanometer
RMS precision needed for the test masses HR surfaces, the substrate should have wedges of
at least 1 mrad, to avoid the contamination of the HR surface maps. A new metrology, based
on the wavelength shifting interferometry allows to measure sub nanometer surfaces without
the necessity to put wedges. The direct drawback of this solution is a cost increase.

Conclusions: in the current solution there are no secondary beams from the
ITMs. If a 1mrad wedge is needed for metrology reasons, the corresponding
simulations should be performed (FOM1, FOM2 and clipping on the telescope
mirrors). These simulations are not yet performed since computation with these
large wedge needs high computational power and time.

Note: If the reference solution is changed after the project tradeoff and the 1 mrad solution
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is eventually chosen the following parameters of the optical design described in this report
must be changed:

e Position of the towers (< 1 cm)

e RoCs of the PR/SR mirrors. If the input mirror wedge solution is selected, the AR face
of the I'TMs will be flat. In that case the PR and SR RoCs will be around 1 km instead
of 1.4 km.
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2.5 Extraction of the pickoff beam used for ITF control

One pickoff beam in the central interferometer is required for the alignment and longitudinal
control. This pickoff beam will be used for BS alignment and MICH longitudinal controls
(see ISC chapter).

Two solutions have been studied to extract the pickoff and then discarded:

e The use of one of the beam generated by the CP, tilted of 6 deg. This solution has
been discarded for two reasons: (1) it has been demonstrated that, if the thermal
correction is applied on the CP tilted by 6 degrees, the efficiency of the correction is
significantly affected with respect to a correction applied on a plate that is not tilted,
(2) space constraints become a serious issue as many systems have to be installed at
the same location: pickoff optical setup, Hartman wavefront sensing, thermal correction
projection on the CP.

e The use of one of the secondary beam generated by BS or CP with a small (< 1 mrad)
angles. This solution has been discarded, since various studies have showed that the
error signals generated by these beams have spurious offsets larger than the required
locking accuracy. This option has then been discarded.

Therefore it has been decided to add a plate tilted by 6 degrees and located close to the power
recycling mirror (see optical layout on fig.2.4 and opto-mechanical drawing on fig.2.15). This
plate is called the POP. Adding an extra plate requires an extra effort of construction (its
opto-mechanical design is essentially a copy of the CP) and increases the optical losses budget
of the recycling cavity. But, this choice has also some advantages:

e the pickoff beam optical setup will be on the common part of the interferometer where
possible noise couplings are much less important than on the differential part. The fact
that the POP is an opto-mechanical copy of the CP should guarantee that the noise
introduced by this plate is lower than the noise introduced by the compensating plates

e at this location, the POP can be used to inject both the Hartman beams to sense the
aberrations of the optical path to North Input (NI) and to West Input (WI) (see TCS
chapter)

e the pickoff plate can potentially be used as an extra TCS actuator (for example to
correct for common aberrations while the CPs can be used to correct for differential
aberrations)

The secondary beams generated by the POP will be directed to an optical bench which will
be suspended and in vacuum. This optical bench will be significantly similar to the ones in
transmission of the arm cavities. The wedge of the POP is not yet confirmed (so far, the
simulations were done for a wedge of 1000 prad). The POP will have a wedge to guarantee
that the beams reflected from its two sides are well separated on the pick off bench. The
separation of the two beams on the bench depends on the magnification of the telescope which
has not been designed. As soon the telescope for the pick off is known, we can recalculate
the suitable POP wedge angle and if necessary updates the mirror positions.

The required reflectivity for the POP is 300 ppm.
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Figure 2.15: Opto-mechanical design of the POP
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2.6 Arm-cavity design

2.6.1 Bi-concave geometry

The arm cavities have a bi-concave geometry, with each test mass mirror having a concave
radius of curvature of slightly larger than half the arm cavity length. Such a near-concentric
resonator configuration is chosen for two principle reasons: (1) to increase the beam size at
the mirrors, thus averaging over a larger area of the mirror’s surface and reducing the relative
contribution of mirror coating thermal noise, and (2) to limit the effect of radiation-pressure
induced alignment instabilities [46].

This type of topology means that the cavity waist is near the middle of the arm cavity.
Having different radii of curvature for the two cavity mirrors displaces the waist toward the
mirror with the smaller radius of curvature, and the beam size on that mirror is also reduced.
This can actually cause an increase in detector sensitivity, as the input mirror will have fewer
coating layers and so its coating thermal noise contribution is actually slightly smaller for
identical beam sizes on the two mirrors. We thus choose to have the End Test Mass (ETM)
with a larger radius, and thus larger beam size, than the ITM.

2.6.2 Choice of the RoCs

Several competing factors must enter the decision. These include mirror thermal noise, cavity
stability, clipping losses as beams become larger, and tolerance to manufacturer errors in
mirror production, which can limit the cavity stability in the cold (uncorrected) state. Figure
2.16 shows the consequences of changing the mirror radii of curvature, for the easily illustrated
case of a symmetric cavity. Increasing the radius of curvature decreases the spot size on the
mirror, and thus reduces detector sensitivity. Conversely, decreasing the radius of curvature
increases sensitivity, until the spot size becomes too large for the mirror and clipping losses
become important.

The RoCs should also be chosen in such a way as to minimize the accidental degeneracy of
higher-order-modes in the arm cavities. We thus choose an average radius of 1551 m, which
means the cavity mode is situated directly between higher-order-mode degeneracies of order
8 and 9. Next, as described above, we reduce the ITM RoC and increase the ETM RoC to
minimize the impact of mirror thermal noise while also keeping the clipping losses low by
limiting the final beamsize on the ETM. This procedure yields mirror radii of 1420 m for the
ITM and 1683 m for the ETM [47]. The resulting parameters are included in table 2.1.

2.6.3 Absolute RoC tolerances

For RoCs of approximately 1km, we expect manufacturer errors of around 1%, perhaps
slightly less. To guarantee the required optical performance, even more stringent requirements
on the RoCs may be necessary. In this paragraph we confirm the choice of the RoC through
FFT simulation and we compute the absolute tolerances.

With realistically imperfect mirrors, the errors in the surface flatness can excite higher-order-
modes (HOMs) in the arm cavities. The excitation of HOMs has a number of undesirable
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Figure 2.16: Small changes in the main test mass mirror radii of curvature can have a significant effect
on the detector sensitivity. This figure depicts the average RoC of the IM and EM, because variations in this
quantity have the most severe effect on sensitivity. The arm cavity is perfectly unstable at RoC = 1500m, but
clipping losses in the naive calculation will begin to severely limit detector performance at RoCs < 1515m.
Losses in realistic cavities can become important for even larger RoCs.

effects:
e Increased clipping losses in arm cavity reducing cavity power.
e HOMSs on dark fringe increasing contrast defect.
e HOMs generating noise on alignment signals

The main criteria for the absolute RoC tolerances is to ensure that these effects are kept to
an acceptable level, or at least to minimize them.

To study the clipping losses as a function of mirror RoC in the presence of realistic mirror
imperfections we use the FFT codes OSCAR and FOG to simulate an arm cavity with
randomly generated mirror maps having the same power spectral density of defects as an
Advanced Virgo mirror with corrective coating. Figure 2.17 shows the measured round trip
losses when changing the radii of curvature of the cavity mirrors from their nominal values.

We clearly see the increase in round-trip losses below and above the nominal acRoC due to
clipping losses of the excited HOMs. We set the requirement that the round-trip losses must
not increase by more than 10% from their nominal value. Using the results of figure 2.17 we
may therefore set a RoC tolerance of £2 m for each mirror.

This level of precision likely exceeds the current manufacturer capabilities, and so it must
be ensured by the TCS system (see TCS chapter). Since a polishing precision of £10m
around the central value is compatible with the foreseen TCS dynamics, we set the polishing
specification as £10m, and the TCS system will make up the difference between this polishing
specification and the optical requirement. In our simulations, we did not yet include the
change of the RoC due to the coating process since research are still ongoing to improve the
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Figure 2.17: Round trip losses as a function of arm cavity radii of curvature using random Advanced
Virgo mirror maps as done with OSCAR. Each curve corresponds to a different pair of random maps. Since
the cavity is symmetric, a scan of the cavity end mirror give the same result.

coating uniformity. Realistic value for the RoC change will be known when the Advanced
LIGO mirrors will be coated or when the planetary system will be tested.

The summary of the specifications are in table 2.11.

A RoC asymmetry between the two arm cavities will result in excess Laguerre-Gauss modes
on the dark fringe. A second specification is also given to ensure that all the mirrors RoC
are within 5 m of each other.

2.6.4 Finesse

In initial detectors such as Virgo and LIGO the choice of arm cavity finesse, and thus the arm
cavity input mirror transmissivity, was a critical factor in determining the sensitivity of the
detector: the finesse, in combination with the arm length, uniquely determined the detector
bandwidth and frequency response.

For Advanced Virgo, which will use the signal recycling technique, the detector response will
vary with the arm cavity input mirror transmissivity, the signal recycling mirror transmissiv-
ity, the signal recycling cavity length, and the circulating power. This combination of factors
means that the detector bandwidth depends only weakly on the specific choice of arm cavity
finesse, since changes in the arm cavity input mirror transmissivity can be compensated by
changing one of the other parameters.

Factors other than the ideal sensitivity curves thus drive the choice of arm cavity finesse.
These factors include thermal loading in the central interferometer, length noise coupling
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from auxiliary degrees of freedom, and the relative impact of losses in the arm and signal
recycling cavities. Details of the trade off studies can be found in [47].

We choose a value of finesse around 450. This represents a decrease from the previous design
by a factor of 2, and is chosen because sufficient investigation of the resulting increased
thermal load in the central interferometer has already been done, lending confidence that
this value is still safe. The resulting input test mass mirror transmission is in table 2.1.

2.7 Recycling cavities design

The recycling cavity are marginally stable. This means that the high-order modes can res-
onate at the same time as the fundamental one, since the Gouy phase accumulated during
the free space propagation inside the recycling cavity is not enough to separate the various
modes.

This situation is similar to Virgo, but in Advanced Virgo the increase of the beam size from
about 2 to 5 cm decrease the Gouy phase and then enhances the degeneracy. This explain why,
according to the simulations, the marginally stable power recycling cavity is more sensitive to
interferometer imperfections and thermal effects then the Virgo power recycling cavity [48, 49].

2.7.1 Choice of the RoCs

The RoCs of the power and signal recycling mirrors are determined by the arm-cavity RoCs
and by the curvature of the AR surfaces of the ITMs. They are chosen to phase match the
beam coming from the arm-cavities. The values are reported in table 2.8.

2.7.2 Power recycling cavity finesse

In the presence of realistic limits on the laser power and optical losses in the interferometer,
the best use of available laser power would mean choosing the power recycling mirror trans-
mittance such that the interferometer is critically coupled, so that the circulating power is
maximised. Such a choice however reduces the strength of several signals in reflection from
the interferometer which are needed to control the power-recycling cavity length and align-
ment. We thus choose a transmittance of the power recycling mirror higher than the one for
optimal matching (i.e. maximum circulating power). Furthermore, lowering the finesse of
the power recycling cavity lowers the susceptibility of the cavity to optical aberrations (see
section 2.9, [63]). We thus choose a power recycling mirror transmission of 5%, which yields a
power recycling gain of 37.5 with round-trip losses in the power recycling cavity of 1500 ppm
as detailed in the table 2.10.

Not all the losses described in 2.10 create scattered light in the power recycling cavity. In
fact the dominant loss is from the POP whose two secondary beams will be properly dumped
outside the cavity. Only the light scattered by the surfaces (170 ppm) and a fraction of the
secondary beams will be lost inside the recycling cavity. The quantity of the secondary beam
hitting the baffles around the mirrors will depend on the presence or not of the signal recycling
mirror as explained in 2.4.3.1.
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Loss origin Loss per round trip [ppm]
POP HR 2 x 300
POP AR 2 x 100
2 CPs 2 x 200
BS AR 100
Surface scattering 17 x 10
Absorption 40
\ Total Loss 1510 \

Table 2.10: Estimated loss budget in the power recycling cavity. The losses are defined per round trip
and are equivalent to loss defined in the common path, so between PR and BS.
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Figure 2.18: BNS inspiral range (left) and BBH inspiral range (right) shown as functions of the signal
recycling mirror transmission and the signal recycling cavity detuning phase. We choose a signal recycling
mirror transmission of 0.2 and a detuning of 0.35 radians.

2.7.3 Signal recycling cavity finesse

With the arm cavity input mirror transmittance of 1.4%, we can choose the recycling mirror
transmittance to optimize the detector sensitivity to astrophysical sources (see [51] for a
discussion). Using GWINC to calculate the inspiral ranges, we choose the signal recycling
mirror transmittance as a compromise between the following trade-offs: optimized sensitivity
to BNS inspirals, optimized sensitivity to Binary Black Holes (BBH) inspirals, and optimized
sensitivity in a broadband (zero detuning) configuration. Figure 2.18 (from [50]) shows the
ranges for BNS and BBH for different values of the signal recycling mirror transmission.
A signal recycling mirror transmission of 20% with a detuning of 0.35 radians is near the
maxima of both the BNS and BBH ranges, with an emphasis on the BNS range. Moreover,
a 20% SRM also yields a good range for both BNS and BBH even with zero detuning. We
thus choose a SR transmission of 20%.
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RoC | Central value  Polishing error ~ Absolute error (after TCS)
[m] [m on & 150 mm)] [beam-weighted m]|

IT™M 1420 +10 +2

ETM 1683 +10 +2

Table 2.11: Test mass mirror HR side RoC specifications

Property Spatial frequency [m~!] Specification [nm] @ [mm]
RMS flatness 50 < f < 1000 < 0.15 150
RMS flatness f < 1000 < 1.5 150
RMS flatness f < 1000 <3 300
RMS roughness f > 1000 < 0.1 150

Table 2.12: Mirror flatness specifications for the high reflectivity side of the arm cavity mirrors.

2.8 Test masses polishing specifications

In this section, the polishing specifications for the test masses of the Advanced Virgo inter-
ferometer are described.

2.8.1 Specification summary

The mirror of the arm cavity are made of high uniformity and low absorption fused silica
glass from Heraeus. The input and end mirrors of the arm cavity have the same dimensions:
350 mm of diameter for a thickness of 200 mm. All the substrates have already been delivered
to LMA.

The polishing specifications in term of radius of curvature are presented in table 2.11 and
flatness and roughness are presented in table 2.12. The maximum acceptable loss for the light
stored in the arm cavities (75 ppm per round trip) constrains directly the surface quality of
the mirrors. For the table 2.12, we assume that the technique of corrective coating will be
done in LMA to bring down the mirror RMS flatness from 1.5 nm to 0.5 nm. Since corrective
coating only improves low spatial frequency features, a specification for the high frequency
has also to be given.

As already explained in the paragraph 2.6, the tolerances for the radius of curvature (around
+/- 1%) comes from what could be relatively easily achieved by the polisher keeping in mind
that in any case thermal tuning of the radius of curvature is planned to control the mirror
radius of curvature with about 1 m accuracy. The flatness specifications were derived from
simulations detailed in section 2.8.2. The roughness specification comes from the experience
gained from the Virgo+ mirrors and the loss measured by diffusion on those mirrors.
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2.8.2 Arm cavity mirror flatness specification

The arm cavity mirrors are critical to achieve the expected sensitivity of the interferometer.
Indeed the mirrors should have a very low flatness in order to ensure minimal optical power
loss inside the arm cavities. In this section we described the simulations done to define the
arm cavity mirrors flatness to meet the specifications of the Advanced Virgo Baseline, given
in section 2.8.4.

2.8.3 Definitions

The mirror flatness can be defined as the deviation from an ideal surface, plane or spherical
depending on the mirror. To quantify this flatness the parameter that is commonly used
is the root-mean square (RMS) fluctuation in height of the mirror, computed over a given
diameter. In this section the RMS is computed over the central part of diameter 150 mm if
not otherwise specified.

Another useful way to described the surface of the mirror is the Power Spectral Density (PSD).
The PSD describes the surface via the distribution in spatial frequencies of the square am-
plitude of the defects.

The Round Trip Losses (RTL) is used to quantify the losses in the Fabry-Perot arm cavity,
in the following we use the definition via the energy conservation law as defined in [53]:

Pin — (Pref + Ptrans)

RTL =
Pcirc

(2.1)

All the calculations to derive the mirror specifications were done on the round trip loss of the
fundamental cavity eigenmode (sometimes call in the Virgo jargon ‘loss on all the modes’).
Not much difference exists between this loss and the round trip loss defined on the TEMOO
[53] for Advanced Virgo like mirror since the cavity eigen mode is very close to the ideal
fundamental Gaussian beam. That is a direct consequence of the action of the corrective
coating since all the low order abberations are becoming extremely small, the circulating
mode in the cavity is not distorted and is extremely close to be perfectly Gaussian [54].

2.8.4 Round trip loss budget

The Advanced Virgo Baseline Design [13] specifies that the round-trip losses in the arm
cavities should be smaller than 75 ppm. These losses are due to absorptions, transmission,
surface defects and diffraction at low and high spatial frequencies. The losses due to absorp-
tion and transmission are estimated to be of not more than 5 ppm. The losses due to surface
point defects and micro-roughness High Spatial Frequency (HSF) (i.e for spatial frequency
above 10 m™!) are estimated to be 2 x 10ppm. Therefore the losses due to Low Spatial
Frequency (LSF) should be smaller than 50 ppm. The LSF contains the defects that are in
the range 10° m~' —10% m ™!, typically the range that can be measured with a Phase-Shifting
Interferometer. In the following we will concentrate on these low spatial frequencies.
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2.8.5 Simulations

FFT simulations have been performed on SIESTA [19] and OSCARJ17] to determine the
acceptable flatness of the mirror surface.

We simulated an Advanced Virgo Fabry-Perot arm cavity with the parameters given in 2.1
and a random surface on the ITM and ETM . The FFT parameters used in the simulations
are carefully chosen and are dependent on the simulation as explained in [52]. Looking at the
PSD for different substrates polished by different polishers shown in figure 2.19, we see that
the shape of the PSD depends on the polisher. For example, the CSIRO substrate exhibits
much higher high frequency than any others substrates.
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Figure 2.19: PSDs of mirror maps from different polishers computed over a diameter of 300 mm.

We performed thousands of simulations with a given flatness on each cavity mirror with
different PSD shape corresponding to General Optics (GO) and CSIRO polishing. 5000
simulations are performed with mirrors having a PSD shape characteristic of GO polishing,
with a flatness in the range 0.5 - 2.5 nm rms. The results are shown in figure 2.20 where we
can see that the dispersion in terms of RTL for a given flatness is quite important. We can
compute the fraction of simulations which give a RTL smaller than 50 ppm. Doing so, we
see that according to our simulations mirrors having a flatness of 1nm rms will give losses
smaller than 50 ppm with a 95% confidence.

The same kind of simulations are performed with mirrors having CSIRO-like PSD shapes.
1000 simulations are performed with a flatness spanning the interval 0 - 2.5nm rms. The
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Figure 2.20: Round-Trip Losses for GO-like surfaces.

results in terms of RTL in the Advanced Virgo cavity are plotted in figure 2.21, we see that the
losses start to cross the 50 ppm limit for mirrors having a flatness of about 0.5 nm rms. Again
we can compute that to achieve round trip losses smaller than 50 ppm with a 95% confidence
we need to have mirrors having a flatness of 0.5 nm rms or less with CSIRO polishing.

From these simulations, we discovered that mirrors having the same flatness rms can still
give different losses in a Fabry-Perot cavity depending on their PSD shapes. We propose
to give two specifications for the flatness, one in the spatial frequency range
50 m~' — 1000 m~' and the other in the whole range. The choice of the 50 m~! border
is driven by two reasons. The first one is the geometrical parameters of the Fabry-Perot arm
cavity. The angle 6 at which the light is diffracted is related to the spatial frequency of the
defects f by the relation § = A x f with A the light wavelength. Assuming that most of
the power is contained at the center of the mirror, we find that the light escapes the cavity
when diffracted by defects with spatial frequency higher than 50 m~!'. The other reason
for the 50 m ™! threshold is that the corrective coating technique should be able to correct
defects below this threshold. Simulations have been performed with mirrors having defects
only above 50 m~! with PSD shape in PSD = f~", with n equal to 2.3 (GO like), 0 and -1
(growing PSD). We see that the RTL are not dependent on the PSD shape above the 50 m ™!
frequency and that it follows the law:

(2.2)

4><7r><RMS>2
A

Losses (per mirror) = <

Then, we propose to set a specification for the higher part of the LSF, that is to say above
50 m~!. Since the losses due to these higher LSF will be hard to correct, we request them to
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Figure 2.21: Round-Trip Losses for CSIRO-like surfaces.

be smaller than 20% of the losses due to LSF, i.e 10 ppm. So we propose to set a specification
of 0.15 nm rms in the range 50 m~11000 m~!. Some details can be found in [55].

Considering that classical polishing does not permit to obtain a low enough flatness surface,
we studied the effect of the corrective coating technique. Based on tests that took place in 2003
at LMA, the effect of the technique is to flatten the PSD below a certain spatial frequency.
This frequency is related to the beam of matter size used. It is similar to the effect of the
ion beam polishing (see "Tinsley” curve in fig 2.19) which is basically the same technique
except that it ion beam polishing removes material instead of adding it. We performed the
simulation of the corrective coating in two ways: the first simulation was performed in the
spatial frequency domain, considering that the corrective coating flattens the spectra for
frequencies below 50 m ™!, corresponding to a beam of matter of 2 cm. The second simulation
was done in the space domain, directly adding material at the surface where needed and
assuming a scanning beam of matter. The two simulations give similar results.

Then we simulate the corrective coating by applying a filter characteristic of the corrective
coating action on the PSD of random map.

This filter flattens the PSD below a cutoff frequency that corresponds to the mask used in
corrective coating process. The figure 2.22 shows the PSD of a simulated map after and before
correction with a cutoff of 50 m~!. The PSD is flatten below the cutoff frequency. These
corrected maps are put in a the simulation of the Advanced Virgo arm cavity and the RTL
are computed. We see that starting from maps having a flatness of 4 nm rms (the Virgo+
mirrors), the corrective coating does not permit to reach the 50 ppm. 1000 simulations have
been performed and only 1 % of them give a RTL smaller than 50 ppm (see table 2.13).

The same procedure has been done starting with mirrors having a flatness of 3nm rms,
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Power Spectral Density Before and After Corrective Coating
T 1 T T T | S R

=—PSD w/o Corrective Coating
—PSD CC with freq cut = 50 m™'

-23 ; R S S S ; ; R S

10’ 10°

Spatial Frequency ( m’1)

10

Figure 2.22: Power Spectral Density of simulated map before and after correction with the corrective
coating acting below 50 m ™.

2nm rms and 1.5 nm rms. The table 2.13 shows the percentage of simulations that give a RTL
smaller than 50 ppm. We can see that starting with mirrors having a flatness of 1.5 nm rms
and with the use of the corrective coating technique we should be able to meet the Advanced
Virgo specifications on the round-trip losses in the arm cavity of the interferometer.

Thus the specifications on the arm mirror flatness should be of 1.5nm rms below 1000 m ™"
with a flatness of 0.15nm rms in the range 50 m~! — 1000 m~!.

Mirrors flatness | No Corrective Coating | Corrective Coating (fc = 50 m™!)
4 nm rms 0 % 1%

3 nm rms 0.3 % 23.8 %

2 nm rms 13.9 % 88.4 %

1.5 nm rms 61.3 % 95.9 %

Table 2.13: Percentage of the simulations that gives a RTL smaller than 50 ppm, with and without
corrective coating at 50 m~!

At the begining of 2012, tests will take place at LMA to asses the performances of the real
corrective coating. If the corrective coating does not have the excepted performance, the
mirrors will have to be polished with ion beam polishing and the specifications should then
be 0.5nm rms below 1000 m~! with a flatness of 0.15nm rms in the range 50 m = —1000 m~!.
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2.9 Central area optical path length distortion requirements

The Advanced Virgo recycling cavities are marginally stable recycling cavities (MSRC), with
a cavity Gouy phase of approximately 1.7 milliradians. Simulations have shown that this level
of stability leaves the optical performance of the recycling cavities vulnerable to imperfections
in the optical components that make up the cavities [58].

The optical performance of a marginally stable cavity is thus critically dependent on high
quality optical components. Both the surfaces and substrates need to be uniform to high
precision (nm-level) in order to not spoil the optical performance. In order to set requirements
on the quality of the optical components, the performance of the recycling cavities in the
presence of imperfections has been studied within the OSD framework using multiple FFT
simulation tools, including DarkF, SIS, FOG, and OSCAR.

We use the term ‘optical path length distortion’ to encompass any deviation from perfection
in optical components, which includes surface flatness errors and inhomogeneities in the index
of refraction of the optics.

2.9.1 Characterization

In order to simply characterize a given set of optical path length distortions, we used the
figure-of-merit of a beam-intensity weighted rms deviation from ideal. This figure of merit
has been studied and found to be a good predictor of optical performance in a cavity [61].

The beam weighted rms (strictly speaking, the square root of the weighted variance about a
weighted mean) for a given set of map-like data is described in [61], and repeated here:

M,N _ 2
o = Ym,n"" N G(xm, yn)[h(xm, yn) — hg (2.3)
Ym, nM-NG(xm, yn)

where h(z,y) is the map height at point (z,y), G(z,y) is the beam intensity at (z,y), and
hg is given by

o — Yh(zm,yn)G(xm,yn)
9= Ym,nMNG(zm,yn)

(2.4)

When using a realistic map in a simulation, it is customary to first subtract from the map the
dominant terms which can be relatively easily corrected in a real interferometer. These terms
include piston & tilt (which are corrected by the length and alignment automatic control
systems), and any residual radius of curvature (which can be corrected by, e.g., a ring-heater
or a CHRoCC). The computation of these terms is done by doing a beam intensity weighted
least squares fit to a generalized paraboloid (cf. equation 2.5):

f(z,y) = CO+ Clx 4+ C2y + C3xy + C4z? + C5y°%. (2.5)

Once the fit is made, the paraboloid is subtracted from the map with the substitutions
C3%"0 = 0 and C4°"0 = C5°"> = (C4 + C5)/2.
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2.9.2 Sources of optical path length distortions

The optical path length distortions arise from imperfections in the production and polishing
of the glass used for the various substrates in the recycling cavity. Figure 2.23 shows the
optics in a recycling cavity. The surface figure errors on each reflective surface contribute
directly to the total optical path length distortion. In addition to this, surface figure errors
on transmissive surfaces also contribute to optical path distortions, with a factor of n — 1
where n is the index of refraction of the material. Finally, spatial variations in the index of
refraction of the substrates also contribute to optical path length distortions.

PO CP M
BS

PRM

Figure 2.23: The Advanced Virgo recycling cavity.

2.9.2.1 Surface figure errors

As already explained in section 2.8, the process of figuring and polishing the fused silica
substrates leaves a surface with residual deviations from perfect sphericity. The level of these
surface figure errors is well characterized by the power spectral density, several examples of
which from different polishing vendors can be seen in figure 2.19. It is primarily the low-
frequency (less than 50m~1) errors which contribute to optical performance. The choice of
polishing vendor (and thus, process) can thus have a strong impact on optical performance.

Pragmatically, there are only two meaningful options for the polishing quality level of core op-
tics components in Advanced Virgo: the so-called ‘standard polishing’ and ‘test-mass quality’
polishing. Standard polishing is considered to produce a map with an overall rms deviation
of 2 nm on the central diameter of 150 m. As there are multiple surfaces in the recycling cav-
ity, including the transmissive AR coated surfaces, even standard polishing for each surface
can yield a wide spread of possible total distortions. Figure 2.24 shows the resulting beam
weighted rms of the total optical path length distortion when Standard Polishing (SP) and
maps after corrective coating are individually simulated' for each surface in the recycling
cavity. Transmissive surfaces are added with a prefactor of n — 1, where n is the refrac-
tive index of the substrate material. It is this beam-weighted rms which is considered as a
figure-of-merit for optical performance.

Test-mass quality polishing is essentially standard polishing followed by a corrective coating,
and has a sub nanometer rms over the central 150 mm, with a typical value quoted for
Advanced Virgo as 0.5nm (see, for example, [57], for a computation of this value). Adding
together multiple maps in the same manner as done for figure 2.24 yields a central value

!These surfaces are simulated using a code based on F. Bondu’s MirrorShape package.
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Figure 2.24: Likely statistical spread of beam weighted rms resulting from use of standard polishing
(SP) and maps after corrective coating (CC) for the optical surfaces in the central interferometer. The
statistics are for a single map, added to seven maps with the same polishing level multiplied by n — 1 as
they represent transmissive surfaces in the CITF. For the SP, results are shown for the final OPL with
and without subtraction of piston, tilt, and RoC (PTR). The mean of the distribution for SP without PTR
subtracted is 3.1 nm and standard deviation is 0.65 nm. The mean of the distribution with PTR subtracted
is 2.2 nm and standard deviation is 0.39 nm. For the maps after corrective coating the mean is 0.6 nm and
standard deviation is 0.1 nm; the subtraction of PTR does not change the distribution. Substrate index
inhomogeneity is not included.
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around (or slightly less than) 1nm, with spread smaller than 0.5nm. Test-mass quality
polishing is, however, significantly more expensive and more time-consuming to produce.

2.9.2.2 Substrate index inhomogeneity

The fused silica used for the substrates in the Advanced Virgo interferometer is of very
high quality, but nonetheless the specification for spatial variation in the refractive index of
the material is limited. For the Advanced Virgo input mirrors (made of Heraeus Suprasil
3002), the specification for this variation (peak-to-valley) is < 2.5ppm over g 200 mm and
< 0.5ppm over &g 100mm. For a substrate of 20 cm thickness, this latter specification can
entail a variation of the optical path length of ~100nm. Such a distortion is significant
enough to severely limit the optical performance of a MSRC. Three of the four delivered
input mirror substrates are about five times better than the specification (in peak-to-valley
terms), but we do not yet have map data that can be used in simulation.

The left part of figure 2.28 shows an example of a substrate inhomogeneity in a sample of
Heraeus Suprasil 3001 (an Advanced LIGO substrate), a similar material that has the same
specifications as Suprasil 3002 for this quantity. The level of inhomogeneity in this sample is
large enough to severely impact the performance of the recycling cavities [58]. Measurements
made on this Advanced LIGO substrate show variation of the optical path length of 16 nm
rms (beam weigthed) without substraction of piston-tilt and curvature, and 3.1nm after
substraction of the piston-tilt-curvature. The measurement of the substrate inhomogeneity
done on another Advanced LIGO I'TMs, gives an RMS of 5.6 after substraction of piston-tilt-
curvature.

2.9.2.3 Distortions induced by the suspension system

Advanced Virgo mirrors are not free floating in space but are suspended through glass fiber
attached to the mirror with ears. Like any attachment system, the suspension can induce
small deformations of the mirror surface or wavefront distortion in transmission.

Simulations were done in ANSYS and results can be found in [69, 66]. The largest defor-
mations of the mirror surface are around 4 nm in amplitude and were found next to the
ears. In the central part of diameter 150 mm, the deformations are much smaller: the RMS
is below 0.15 nm. That is negligible compared to other distortions that can be met in the
power recycling cavities.

The suspension also creates non-uniform change in the refractive index via the photoelastic
effect. T