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The Baseline Design
• Arm cavities with large spot 

size, concave-concave mirrors.

• Dual-recycled.

• Folded, stable recycling cavities 
(NDRC).

• DC readout.

• 2009

Advanced Virgo Baseline Design VIR–027A–09

Figure 11: Optical layout of the AdV core interferometer: A new, clear nomenclature has

been chosen [52] for Advanced VIRGO in order to avoid inconsistencies and possible con-

fusion with the ongoing work on the Virgo interferometer: The interferometer arms will be

identified by the letters X and Y, with the North arm, in-line with the input beam, being

the X-arm. Cavity mirrors are called input mirror (IM) or end mirror (EM). Thus the North

arm cavity (X arm) is formed by IMX and EMX. Compensation plates (CP) are located be-

tween the beam splitter (BS) and the cavity input mirrors. The recycling mirrors are called

power recycling mirror (PRM) and signal recycling mirror (SRM). The dark fringe output

port the Michelson interferometer is the asymmetric port (AP). The symmetric port (SP)

denotes the back reflection from the Michelson (in-line with the X-Arm). Other readout

ports are named after the optical component providing the beam: the light transmitted by

the X-Arm cavity is called XP. So-called ‘pick-off’ beams will be labelled with PO, i.e. the

reflection from the anti-reflective coating of the beam splitter will be detected in POBS.

The folded optical path inside the Power- and Signal Recycling cavities increase the cavity

lengths, which is required to achieve non-degeneracy for these cavities. The curvatures of

the Recycling mirrors and of the folding mirrors are determined by cavity length and the

required Gouy phase, see section 5.5.
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Advanced Virgo Baseline Design VIR–027A–09

 
Figure 32: Drawing and rendering of the entire Virgo Superattenuator.
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Figure 33: The IP bottom part is visible. A section of a foot supporting the IP bottom ring
and the last part of IP leg is visible on left side. A schematic box representing the tilt meter
accommodation is also shown.
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DRAFT Advanced Virgo FDR - OSD

Figure 2: Optical layout: ray tracing obtained with Optocad.

1.3.1 Optic wedges (TBD)

1.4 Arm-cavity design

1.4.1 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 [29].
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RM3 - RM2 distance too small ➔ 
too much astigmatism
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Beamsplitter multi-payload 
determined too risky.

Baseline:  VIR-027A-09

Move RM3

Move towers
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Moving the towers

• The new solution eliminates the BS 
multi-payload but requires 
substantial displacement of 6 
superattenuator towers (including 
MC end tower).

• This makes it impossible to use 
normal installation procedure 
(from below the tower).

• Two options for suspending 
multiple mirrors in one tower: 
MSAT and MPAY.
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• Miniaturize the 
superattenuator, stiffen 
the frame, and squeeze 
three into a tower.

• Ultimately decided 
development process 
too long to meet 
schedule goals.

M-SAT for recycling mirrors and 
injection/detection benches
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M-PAY for recycling mirrors and 
injection/detection benches

• Three separate objects (2 
mirrors + 1 bench), each 
with reaction mass, 
suspended from a single 
superattenuator.

• After much simulation of 
mechanical cross-couplings, 
considered too risky by 
payload development team.

• Suspensions not on the 
superattenuator axis are the 
main problem.

• Search begins for other 
solutions.
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Long (~100m) Recycling 
Cavities
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astigmatism studied 
with Finesse, SIS

Budget and Schedule 
Problematic
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Issues

9

Baseline Astigmatism
Baseline - 2 BS multipayload

MPAY technical risk
MSAT schedule/technical risk

Long cavities schedule/budget risk

Decisions heavily 
influenced by simulation
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Vertically folded stable 
cavities (SVC)

10
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double mirror payload

Beam from ITF
Focusing telescope using 

spherical mirrors reduce the 
beam by ~50x

Recycling mirror

All suspensions on superattenuator axis
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MSRC

12

• The additional vacuum chambers 
in SVC incur additional budget/
schedule risks.

• At this stage, it was decided to 
re-evaluate the baseline choice 
of folded stable cavities by taking 
a closer look at a design with 
marginally stable recycling 
cavities (MSRC).  

• Thought to be faster, cheaper, 
and rely only on proven Virgo 
technology.

Advanced Virgo MSRC

VIR-0201A-11
issue : 1
date : April 18, 2011
page : 3 of 57

Cavity length L 3000 m Arm cavity finesse 180
PR cavity finesse 157 fpitch 1.293 Hz
IM RC 1420 m EM RC 1683 m
PRM RC 1431 m SRM RC 1431 m

Table 1: Optical and mechanical parameters for the Advanced Virgo MSRC configuration [1].

1 Introduction

SP
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Figure 1: Optical layout for the Advanced Virgo interferometer in the MSRC configuration. The detection ports are
pointed by the red arrows.

In order to ensure long data taking periods keeping the interferometer on its working point, the main mirrors
have to be globally aligned with respect to the beam. The main differences between the Advanced Virgo and the
Virgo interferometer configurations are: the higher circulating power and the presence of the Signal Recycling
cavity.
These modifications produce an improvement in the interferometer sensitivity but an increase of complexity for
the development of the Automatic Alignment control system, as:

- High circulating power: the high amount of laser power produces strong radiation pressure effects, as
it will be detailed in the Section 3, which modifies the mechanical Transfer Function of the angular d.o.f..
This modifications have to be taken into account in the control system design.

- Presence of Signal Recycling: the presence of the signal recycling mirror increases the number of
degrees of freedom to control.

In order to design the Alignment control scheme for the Advanced Virgo few steps are necessary as:



Recycling Cavity Design

• Cavities close to instability.

✓ Fewer mirrors.

✓ More experience with this 
configuration.

✓ Fits in the current infrastructure.

• Pickoff and ghost beams 
problematic.

• Focusing telescopes critical.

• More sensitive to thermal effects.

✓ Less expensive.

✓ No mirrors with small RoC.

✓ Cavities are stable.

✓ More resistance to thermal effects.

• Suspensions more complicated.

• Additional vacuum chambers, new 
clean installation processes needed 
to fit in available space.

• Additional mirrors to sense and 
control.

• More expensive.

Stable or un-stable?
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Simulation

• Since the perceived risks of 
MSRC are optical, a heavy 
program of simulation was 
undertaken to study in detail 
the configuration.

• The risks are perceived to be 
related almost entirely to the 
RF sidebands.

• Extraction of pick-off beams for 
sensing another concern.

14

Optical simulation tools

Name optical config. language comments

Modal codes
Finesse Advanced Virgo C HG based

LMA-code Advanced Virgo Octave LG based
MIST Advanced Virgo Matlab HG based

FFT codes
DarkF Virgo Fortran90

Siesta-FFT simple cavity C
SIS double cavity C

R. Day code CITF matlab
OSCAR Advanced Virgo matlab

Radiation pressure codes
Optickle Advanced Virgo Matlab only 2 modes
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Pick-offs
• How to extract pick-off 

beams when the beams 
are large everywhere?

• Initial solution is small 
wedges in the input 
mirrors.  

• Studied with matlab-
based FFT code.

• Causes offsets in control 
signals.  Idea discarded.

15

3

M I C H & PR C L for Input W edge

09 May 2011 OSD meeting, Cascina

USB & LSB 
superposed

PR transmission 20% to increase speed. Wedge on North Input. 
Measure MICH and PRCL offset for different wedge angles on DF

Carrier resonant at 75 rad, Sidebands resonant at 106 rad
MICH offset large, PRCL offset very small 
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Pick-offs 2

• A new plate suspended 
in front of the PRM is 
the current solution.

• Tilted by 6 degrees.

• Suspension similar to 
compensation plate.

16
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Thermal Effects

• Thermal effects studied 
with many different 
tools.

• Non-uniform coating 
absorption leads to 
significant sideband 
degradation.  

• Non-axisymmetric TCS 
will be necessary.

17

VIR–0305B–11 Responses to IPRB:MSRC questions with SIS
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Figure 4: Scan of PRCL for a 75W ITF with non-uniform absorption in the ITM, compensated
by the double axicon TCS. The achieved RFSB recycling gain is now less than 40 for the
TEM00 mode.
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Figure 5: Scan of PRCL for a 125W ITF with non-uniform absorption in the ITM, compensated
by the double axicon TCS. The achieved RFSB recycling gain is now less than 15 for the
TEM00 mode.

5

Measured 
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TCS heating 
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Thermal lensing 
map in substrate
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Telescopes

• With the large beams in the 
recycling cavity, the design of 
beam reducing telescopes is 
critical.

• Finesse/Optickle combination 
used to study upconversion of 
backscattered light  from lens 
(10-11 with 50ppm AR surface) 
in catadioptric solution.

18
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Mirror figure errors
• Impact of mirror figure 

errors studied with SIS.  

• Even high-quality polishing 
(corrective coating) on the 
PRM leads to large sideband 
losses and aberrations in the 
recycling cavity.

• Losses depend on recycling 
gain.  Need to lower 
recycling gain.

19

VIR–0305B–11 Responses to IPRB:MSRC questions with SIS

The upper and lower RF sideband recycling gains achieved were 210 and 198, which represents

at least a 44% loss. The HoM content in the recycling cavity is 24%. An image of the upper

RF sideband power in the recycling cavity is shown in figure 7.

Figure 7: Image of the lower RF sideband in the recycling cavity when AdV test-mass quality

optics are used (one each for the PRM and ETM). The TEM00 mode losses for this sideband

from the imperfect optics is 44%. No thermal effects are included. The figure title (the

aLIGO part) is wrong.

With these results, it will be necessary to also study SRM mirror surface quality requirements.

4 Response to question 3

What are the requirements on angular stability in the signal recycling cavity, to maintain the
signal sidebands transmission?

SIS has been used to study the impact of SRM mis-alignments on signal sideband transmission.

The procedure employed was to tilt the SRM, then use the SIS lock command, then use the SIS

signal sideband generation method and study the transfer function for the TEM00 mode. The

7

RFSB field in recycling cavity
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Degeneracy mitigation

• Lowering the recycling 
gain can at least partially 
mitigate the effects of 
degeneracy in the 
recycling cavity.

• Recycling cavity 
becomes less sensitive 
to imperfections and 
aberrations.

20

4

Reducing finesse of recycling cavity

Simulate CITF with 
FFT code

17 May 2011 OSD meeting, Cascina

Virgo input maps on 
input mirrors. rms
reduced by x2 to 1.3 & 
1.5 nm

Change transmission 
of PR to change finesse

Measure total and 
TEM00 sideband power 
compared to ideal case

Compare with Virgo 
case

For finesse of 200 (PR trans. 3%) situation improved by a factor 2.5
Incident power on beamsplitter reduced by a factor 3

FFT simulation of CITF

Losses due to mirror figure errors only.  No 
thermal or index defects included.
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Degeneracy mitigation 2

• The other additional 
factor is the recycling 
cavity Gouy phase.

• The beam size in the 
recycling cavity can be 
changed by changing the 
RoC of arm cavity end 
mirror (cf. R. Day’s 
presentation on 
CHRoCC).

21

10

Reducing beam radius in recycling cavity

Simulate CITF as before, changing the recycling cavity beam radius

17 May 2011 OSD meeting, Cascina

Recycling cavity finesse 200

We are able to achieve a stability equivalent to that of Virgo

FFT simulation of CITF

Losses due to mirror surface defects only.  No 
thermal or index defects included.Losses due to mirror figure errors only.  No 

thermal or index defects included.
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Reducing beam radius in recycling cavity: C H RoC C

17 May 2011 OSD meeting, Cascina

By using one CHRoCC, it is possible to change the End Mirror RoC 
from 1683 up to 2000m.
By using 2 CHRoCC simultaneously on the same mirror, the RoC can 
even reach 2500m.

For 2 CHRoCCs at 1200 degrees, the absorbed power by the mirror is 
49W, the effective lens generated is -194 microdioptres, and the 
temperature at the mirror center is 350K.

Using the current CHRoCC the residual rms could be large. However 
this is clearly something we can work on to reduce to negligible values 
(projector is not optimized at all), and this rms will be due solely to low 
spatial frequencies.

RoC change dynamic 
range

• The system has enough dynamic 
range to bring the beam width in the 
recycling cavity down to that of Virgo.

• This allows a commissioning start 
with an ITF very similar to Virgo+.

• Beam size can be gradually increased 
as commissioning proceeds and we 
master the challenges.

22 12

Reducing beam radius in recycling cavity: C H RoC C

17 May 2011 OSD meeting, Cascina

By using one CHRoCC, it is possible to change the End Mirror RoC 
from 1683 up to 2000m.
By using 2 CHRoCC simultaneously on the same mirror, the RoC can 
even reach 2500m.

For 2 CHRoCCs at 1200 degrees, the absorbed power by the mirror is 
49W, the effective lens generated is -194 microdioptres, and the 
temperature at the mirror center is 350K.

Using the current CHRoCC the residual rms could be large. However 
this is clearly something we can work on to reduce to negligible values 
(projector is not optimized at all), and this rms will be due solely to low 
spatial frequencies.
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Current Design

• After much deliberation and carefully 
weighing the risks, the collaboration has 
decided on the MSRC configuration.

• This is thought to allow earlier data taking 
with a smaller budget, in part by allowing a 
start to commissioning with a familiar 
configuration.

23
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Summary

• The Advanced Virgo optical design has been a long 
process, guided my many people using many 
different simulation tools.

• The infrastructure constraints impel topologies 
similar to Virgo ➔ MSRC.

• New developments in mirror correction 
technologies give us some confidence in our ability 
to handle problems related to degeneracy.

24


