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Abstract

This document aims to describe and give a tentgtiggection of the noises expected to
contribute to the sensitivity of the Virgo+ detectocluding the Monolithic Suspensions
(Virgo+MS). Individual technical noises are disessand modeled; their projection is
compared to the Virgo+MS design curve. This congueri permits to better define the
challenges of the MS detector, and to identify gmgsneeded noise reduction studies and
investigations which are to be pursued before tigeihstallation.
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1 Introduction

Figure 1.1 shows a typical noise budget of Octd@09. We have achieved a quite good
understanding of the sensitivity curve of ¥iego+ first phase (with 17 W of input power and
thermal compensation of input mirrors). We haveceeded to reduce major technical noises
below fundamental ones, and the sensitivity is riowted by only known sources. Major
technical noises have been identified and theijeptimn is reconstructed through a model or a
measured transfer function [1].

The next detector upgrade phase consists of thallatgn of new mirrors with Monolithic
Suspensions. The new detector (here we naMiego+MS) foresees a significant reduction of
the thermal noise and increased sensitivity in région below 100Hz (factor 3 to 7 with
respect to Virgo+ design). Figure 1.2 comparesvibgo+ and Virgo+MS design curves [2, 3].
The sight range for NS-NS inspiral events will gmse from 13Mpc (Virgo+) to 47Mpc [2, 3].

It is important to understand if technical noises @mpliant with this challenge.

The fundamental noises of Virgo+MS (thermal noisggntum, seismic, gravity gradient and
residual gas), the new detector parameters andetlvedesign curve are described in a separate
document [3]. In this document we discuss all idiextt technical noises which are expected to
contribute to Virgo+MS detector sensitivity. Oneapler is dedicated to each noise (Chapters
2 to 10). For each noise the current understandlirige noise is illustrated and a projection to
the Virgo+MS detector is presented and motivatérk foise reduction strategy, if necessary to
comply with the design curve, is presented anéeasibility is discussed. Investigation studies
and activities to pursue during the MS preparapbiase are thus identified and described.
Finally the full noise budget is compiled and dissed (Chapter 11).
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Figure 1.1. Recent noise budget with input power PO=17 Watts and thermal compensation. The total noise
(pink curve) also includes the expected thermal (pendulum and mirror) noises. The Virgo+ design curveis
computed with the updated SA thermal noise model and with PO=25Watts, F=50 and Rc=43.
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Figure 1.2. Virgo+ (blue) and Virgo+M S (black) design curves, as from reference [2]. The Virgo+ curve
uses PO=25Watts, F=50 and Rc=43; the Virgo+M S curve uses PO=25Watts, F=150 and Rc=20. The sight
range computed for NSNS of 1.4 solar masses with these curves is 12.8Mpc for Virgo+ and 47Mpc for

VirgotMS.
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2 Longitudinal control noise

A reasonable estimate of the longitudinal conti@bka contribution to Virgo+MS noise can be
obtained with the following assumptions:

« the same control scheme will be used for the lagkifVirgo+ and Virgo+MS [4];

« presently longitudinal control noise is limited piioto-diode sensor noises which will remain
the same for Virgo+MS. This is conservative, simm@se hunting efforts should help in
improving them;

« the same performances of noise subtraction (alpét@, and gamma) will hold in Virgo+ and
Virgo+MS.

Given these assumptions, we can consider the gressssured noise projections for Virgo+
and reduce the MICH and PRCL contribution by ada& This comes from the (simulated
and measured) fact that the coupling of these tiliary degree of freedom residual motions
scales with the arm cavity finesse. Figure ghbws the detailed contribution and Figure 2.2
shows the total noise compared to Virgo and Virg&tiiesign sensitivities.

It is clear from the figures that MICH and PRCL toh noises will be compliant with
Virgo+MS design sensitivity, except for a few stwres around 30-40 Hz, which are of
environmental nature. Note that the structuresrat@0 Hz are calibration lines.

The main contribution to control noise will comerr the CARM loop, which is presently
locked on the reference cavity with 1.5Hz bandwidthis error signal is quite noisy and if no
improvement can be made it will be the dominanttiwoation and will strongly limit
Virgo+MS sensitivity.

However experiments are already being carried outetuce this loop bandwidth down to
200mHz [5]. This new strategy seems feasible andviit completely remove CARM
contribution to longitudinal control noise, at tlegel shown by the blue curve in Figure 2.2.

In conclusion, assuming the same level of sens@enee have now in Virgo+, longitudinal
control noise will give a contribution below theryo+MS design sensitivity, assuming a better
CARM control strategy, except around few structuesnvironmental origin.
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3 Angular control noise

In order to be able to evaluate the effect of th@ofatic Alignment control noise in the
Virgo+MS configuration, considering also the motiot suspension installation, the control
chain has been simulated and the control noisebbas projected to the Virgo+MS design
sensitivity.

The supposition taken into account in the followiagalysis, to be able to obtain realistic
performances, is that the control chain for VirgdS3Mill be improved only in the sensing part
thanks to the installation of the new electroniecsl ahe optimization of the amount of
impinging power on the quadrant diodes.

The propagation of the electronic/shot noise inAliéomatic Alignment control loop chain is
computed by usindlatlab scripts, modeling the electronics, the control #r& mechanics in
the frequency domain, while for the transfer fuoes of the angular d.o.f. to the sensitivity the
measured transfer functions have been considered.

. Fast Control

Iy
-4
2]

Suspended quadrants
@9 - ' 80
Qip2 Qip B1 Bs 051 Q52

Figure 3.1. Initial Automatic Alignment control schemefor VSR2

3.1 AA control schemeduring VSR2

The angular control scheme during VSR2 is showrigiire 3.1. The control is based on a mix
of fast control, with a bandwidth of few Hz, forettCommon Differential End, PR and BS
modes and slow control, called Drift control withbandwidth of some mHz for the input
mirrors.
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The Drift control consist in the modulation and daehalation of the input mirror angular
displacement with frequencies below the detectamdhfrom 7 to 9 Hz, to steer and center the
beam on the terminal mirrors minimizing the londital/angular coupling.

The most critical d.o.f. for noise performances taeones which are controlled with the large
bandwidth thus in the following only these degreEseedom will be taken into account.
During VSR2 an improved control scheme has beeneimgnted, which swaps the control of
the CommEnd mode from the Q21 DC signal, which is strongly dweted by the EIB seismic
motion at high frequency (above 10Hz) and by airenut in the control bandwidth, to a
combination of the suspended quadrants, on theeadspl detection bench, DC signals.

The accuracy of the control has been improved hactor ~3 and the error signal high
frequency noise is lowered in the 10-20Hz region.

The current performance of the Automatic Alignmgygtem fulfils the Virgo requirements for
any frequencies in the detection band, as it isveha Figure 3.1.

| Mon Sep 21 08:21:34 2009 UTC - GPS: 937556509 |
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Figure 3.1. Automatic Alignment noise budget during VSR2.
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Figure 3.2. Automatic Alignment control chain, the noises are highlighted in red.

3.2 Noisepropagation

In order to evaluate the contribution of the AutdimaAlignment control noise to the
Virgo+MS sensitivity the control chain has been eled by usingMatlab scripts, considering
four different sources of noise:

« Environmental noise, seismic noise of the detedbenches which affects the DC error signals

(the measured seismic motion spectra have beei; used

* Front-End noise, electronic-shot noise of the qaiadmodule;

* Demodulator board noise;

* ADC noise.

A scheme of the control noise simulation chairhieven Figure 3.3.

In order to have the best performance the powemigipg on the diodes should be highest as
possible, taking account the saturations in theiegrchain the gains of the electronics should
be lowest as possible, in order to be limited doyyshot noise.

The amount of power impinging on the diodes haslerided in agreement with the DET
group. Moreover some margins of safety have beesidered in the optimization in order to
avoid saturations in the lock acquisition phasecesithe RMS of the signals is much higher in
this phase with respect to the science mode.
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The optimized powers on the diodes are then:

Diode Actual power [mW] V+ optimized power [mW]
Q1p 0,0124 0,0160
Q21 0,0950 2,0000
Q51 1,68 5,0000
Q81 0,2700 16,5000

3.3 Limitations

The main limitation for the Virgo+MS sensitivity ldevement for the Automatic Alignment
control noise is the ADC up-conversion.

The alignment signals have a very large dynamicalmbut 16, which generates the up-
conversion at the level of the ADC, thus the ADdsmowhich should be a flat noise of
~100nVAHz starts to rise as 1/f starting from ~100Hz.

This noise is actually limiting the Q21 and Qlpgnsils, which are used to control the
Common and Differential End modes respectively, analill increase as the error signal to
noise ratio will increase since it depends on tgea dynamic.

The other limitation is due to the seismic noisechtaffects the DC error signals, which was
limits the Common End error signal in the initiitbament configuration.

To control the Common End d.o.f. there are two ibbssontrol strategies. The first strategy

consists in using the g21 DC error signal, the car@dplaced on the external injection bench
used in the initial control configuration for VSR&e Figure 3.4. The alternative is to use a
combination of the quadrants placed on the suspkeddiction bench DC signals, see Figure
3.5.
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Figure 3.3. Q21 DC high frequency noise for the horizontal channel which is used to control the Common
End tx d.o.f. in theinitial VSR2 configuration for the AA control scheme. This signal is dominated by the
EIB seismic noise, red curve, plusthe ADC noise, green curve which is strongly affected by up-conversion.
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Figure 3.4. High frequency noise of the combination of the suspended quadrants DC signals used to control
the Common End d.o.f. in the present configuration for the Automatic Alignment system, the shape of the
signal suggeststhat also in this case the ADC up-conversion is present.

The second configuration, the one which is pregemitining, has strong vantages such as the
better low frequency accuracy, since the erroragare not affected by air current, and no
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seismic noise at high frequency, but still the esignal electronic/shot noise is too high for the
Virgo+MS requirements.

The idea is to maintain the control of the Commau B.0.f. at low frequency, up to some Hz,
by using the suspended quadrants, to profit of ka#er accuracy and then use at high
frequency, by mixing the signals if necessary,ttost performing signal in term of noise.

In order to reach the design sensitivity for V+ &RC up-conversion has to be solved, and if it
will be solved only a factor of ~5 of improvement the suspended quadrants noise can be
reached.

While to improve the Q21 noise, apart from the A@&conversion reduction, the EIB has to
be suspended.

The first option, using the suspended quadrant$,net be enough if a factor 10 of safety
below the design sensitivity has to be consideneceshe Common End control noise will be
2e-22 at 10 Hz, while if the Q21 DC error signallwe used the signal to noise ratio can be
improved by increasing the amount of light impirgon the diode.

For the environmental noise reduction on Q21 thepension of the bench has already been
planned while the ADC up-conversion is still undardies.

3.4 Radiation pressure effects

The major difference between the Virgo+ and theg¥#MS configurations, apart from the
better sensitivity, is the higher circulating powef about 45kW. This could produce strong
radiation pressure effects on the mechanical regdnequencies of the cavity. As shown in
Figure 3.5, the system remains stable and notatiti
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Figure 3.5. Radiation pressure effects on the resonant frequencies, the system remains stable.
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3.5 Noise propagation

The control noise has been then modeled and progghgathe control chain to the Virgo+MS
sensitivity. The analysis has been done considehagthe seismic excess of noise on the Q21

DC signal and the ADC up-conversion has been solved

As it is shown in Figure 3.7 and Figure 3.8, thrawdated control noise is well below the design

sensitivity of Virgo+MS, in accord to the safetymgia of a factor 10.

The only concern is that if the ADC up-conversi@m ot be solved, the behavior of the up-
conversion has to be evaluated as a function ofiyimamic of the signal in order to have a

more realistic simulation.

Sengitvity [V sgriHzn

Sensitivity | VsgrHz))

—FR
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= =W+ design

~ T Virgo design
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— .
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Figure 3.7. Simulated control noise for the Ty direction.
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4 Thermal Compensation System noise

The TCS installed in Virgo is based on a pre-siadxl CQ laser projector that shines a heating
pattern onto the HR surface of each input mirrors.
The TCS system can convert the intensity noisehef €Q laser into displacement noise
through several mechanisms:
« Radiation pressure;
e Thermo-elastic: fluctuations in locally depositedah cause fluctuations in local thermal
expansion;
» Thermo-refractive: fluctuations in locally depositeeat cause fluctuations in local refractive
index ;
* Flexure: fluctuations in locally deposited heatsmtluctuations imglobal shape of the optic.

A detailed treatment of TCS noise couplings cafolbiad in [6] and references therein. In case
of annular heating, the flexure noise is by far dieeninant contribution and the expression for
the strain is given by:

h = P 6a. RN
CS 27chp h2 num L

whereP is the TCS powelC, o, a, h are respectively the heat capacity, the dengity)inear thermal
expansion coefficient and the thickness of thertestsRIN is the CQ laser relative intensity noise and
Cnumdescribes the coupling of the flexure noisis, the frequency and the arm cavity length. Besides
the geometrical factors included @., the noise introduced by the TCS depends on theepo
required for compensation and the 4&ser noise.

A comparison between the theoretical TCS noisestearfunction (normalized to the G@aser noise)
and the measurements is shown in Figure 4.1. Tperimental curve has been estimated by G. Vajente
(see logbook entries n. 23829 and n. 23830) whietheoretical curve has been calculated using the
formula above. The comparison shows a good agreebstween calculation and measurement, thus
confirming the previous cross-check made usingfferéint method suggested by E. Tournefier (see
logbook entry n. 20475 and [6]).
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Figure 4.1. Comparison between thetheoretical TCS noise transfer function and the measured one.

4.1 Evaluation of thermal effectsin Virgo+MS

To have a quantitative estimate of thermal efféct¥irgo+MS, a precise knowledge of the
new ITMs coating and substrate absorptions is sacgsAs these measurements, at present,
have not yet been performed on the new input nsyrave considered confident values those
measured at LMA on the Virgo ITMs: 1.25ppm for @wating [7, 8] and 0.7ppm/cm for the
substrate [9, 10]. Even if recently [11] a valueOodppm has been measured for the coating
absorption, we considered 1.25ppm in order to ms@wative. Thus, with a Finesse of 150, a
recycling gain of 20 and an input power of 25W, déimeount of thermal effects without TCS is
expected to be around 2400ppm, in terms of coupisges, defined as [12]:

L=1-[{" with y=27]“O|W(r)[*r dr
0

wherea is the radius of the test mas&y) the optical path length increadejs the wave
number and¥{r) is the power density of the YAG beam. As a refeeerice residual coupling
losses, calculated for VSR2 with TCS on, amourpproximately 4000ppm.

The performances of the TCS have been simulatedwasction of the annulus inner radius and
CO, power, the outer radius has been kept at 14crmaldquthe present value. Results are
shown in Figure 4.2.
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Figure 4.2. Coupling losses as a function of the inner radius of the annular heating beam and of the CO2
power.

The minimum of the coupling losses is about 60ppn2f5W of power and R25mm; this is
the inner radius that has been used during thietésss on the TCS (the corresponding heating
pattern is shown in the left image of Figure 4Bgfore starting VSR2, the inner radius has
been increased to;R70mm (see right image in Figure 4.3). For thisuealhere is a relative
minimum of the coupling losses of 190ppm for 3.3We also considered a reduction of a
factor of two of the thermal effects wrt the uncangated case, i.e. 1000ppm residual coupling
losses: for the two values of inner radius consideapproximately 1.0W and 1.3W of TCS
power respectively are needed. TCS noise has beduated for these possible compensation
levels.

Figure 4.3.Ther mal images of heating patternswith Rin=25mm (left) and Rin=70mm (right).

4.2 TCSnoise projections
The two values of the inner radius considered @ grevious section have been used to calculate the
corresponding values @, reported infable 4.1.

Rin (mm) Cnum
25 0.135
The Noise Budget of Virgo+ with
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Table 4.1. Geometrical parameter s used for the evaluation of the TCS noise.

The other necessary parameter to compute the TGdion to Virgo+MS sensitivity is the
relative intensity noise of the GQ@aser. At the beginning of October, after the mEsdarried

on in Tor Vergata Laboratory [13], the intensitglstization loop has been installed on the site
(see Logbook entries # 25132 and 25196). The clasddpen loop noise spectra are shown in
Figure 4.

T T

107 —
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________________________________________________

-
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107 : H I iz
10 10
Frequency (Hz)

Figure 4.4. Open loop (blue) and closed loop (green) CO2 laser noise spectra

4.2.1 Compensation to 1000ppm residual coupling losses

In this case, as stated above, the TCS powersreghaie about 1.0W and 1.3W for a small and
large hole respectively. Figure 4shows the corresponding TCS noise projections bthe
and green curves refer to the £@&ser noise measured in Virgo, while the red cuepresents
the TCS noise evaluated for a fRIN, averaging the floor of the laser noise spectrum.
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Figure 4.4. TCS noise projections compar ed to the Virgo+M S expected sensitivity curve.

Looking at the graph above, we can conclude th#tighwconfiguration, the TCS noise is safely
below the Virgo+MS expected sensitivity at all fuegcies.

4.2.2 Compensation to 60ppm-190ppm residual coupling losses

In this case, the TCS power required are 2.5W aliV3for R,=25mm and R=70mm
respectively. Figure 4.5 shows the correspondin§ TGise projections.

— TCS noise: small hole
— TCS noise: large hole
— TCS noise: large hole, flat RIN

-21

10 70Nt TR
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L ]
10" 10° 10°
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Figure 4.5. TCS noise projections compar ed to the Virgo+M S expected sensitivity curve.

For this compensation configuration, the TCS naisetribution to the Virgo+MS expected
sensitivity is not negligible. A reduction of thedglaser noise of a factor of 3-4 is necessary.
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This could be accomplished by increasing the nurnobén-loop photodiodes to 9-16. In fact,
the SNR scales a8\, whereN is the number of photodiodes.

4.2.3 Coating absorptions two times higher than expected (2.5ppm)

The case of coating absorptions higher than exgdts also been considered. In this scenario,
coupling losses with no TCS would amount to 8000ppgwmain we studied both cases:
reduction of coupling losses to the minimum val(®stimal compensation) and reduction to
half of the uncompensated value, i.e. 4000ppm (sasnduring VSR2). In case of optimal
compensation, the required TCS power is 5.5W faeirradius of 25mm (residual losses of
230ppm) and 6.5W for an inner radius of 70mm (residosses of 700ppm). Reducing
coupling losses to 4000ppm decreases the poweeddedcompensate by more than a factor
of two: 2.1W for R,=25mm and 2.6W for =70mm.

Optimal compensation in case of absorptions twasirhigher than expected is not feasible
since a further reduction of the @@ser intensity noise of a factor of 10 would leeessary.

The case of VSR2-like compensation seems feasiele Figure 4)5 provided a reduction of

the CQ intensity noise of a factor of 3-4 is obtainedibgreasing the number of photodiodes
to 9-16.

11— TCS noise: small hole
1 —— 1S noise: large hole
1—— TCS noise: large hole, flat RIN
V+MS expected sens.

21

10

22 |,

10

Strain (Hz V/?)

23

107

___________________________________

102 ; R k.. | l

10 10* 10
Frequency (Hz)

Figure 4.6. TCS noise projection for VSR2-like compensation with 2.5ppm coating absor ptions.
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5 Noisefrom diffused light

5.1 Themechanism of diffused light noise

Diffused light processes can couple seismic noisenfthe external environment into the
interferometer. A fraction of beam power which imges on vibrating surfaces (e.g. lens, beam
dump, optical mount, optical window, vacuum tanken walls) can be scattered back and
recombine with the main beam. This type of noiséoisnd relevant for frequencies below
about 200 Hz, where the environmental seismic titmas larger.

The noise produced in the gravitational wave sidryah generic diffused light source can be
parameterized as [14]:

(Eq.5.1) h () = Gsin(A;l—n x(1))

where, X(t) is the surface motion along the scattered beaettitin, the quantity in parenthesis
is the phase noise carried by the back scatteresnb@&he “coupling factor'G can be
expressed as:

(Eq.5.2) G=Kf,

where f« is the fraction of light beam power impinging ¢ tscattering object that is scattered
back into the ITF opening angle, aidis a parameter that depends on the location of the
scattering, and on ITF optical parameters.

As can be deduced from Eq.5.1, the coupling ofud#tl light is highly non linear in case of
large displacements, typically fdxq, > A/4Tt Therefore if the scattering source is moving
with a large amplitudeA,) at low frequencyf{ < 1Hz) it can still spoil the Virgo sensitivity
above 10Hz. If the amplitude of the displacementaims below\/41t harmonics of the main
seismic peaks frequency show uphinbut for larger displacements an almost flat speatr
appears, up to a maximum frequemigy with a rapid fall-off abové .« [14]:

(Eq.5.3) f = ZTA‘zn f

max

5.2 Diffused light noise from exter nal benches

External optical benches are significant sourcelsaok scattered light. The case has been well
studied during Virgo commissioning and several gaitions have been performed [15]. For
each external bench we have measured and estithatedlue ofG:

we have measured by shaking tests (for more details see Virgo Nbo&);

we have estimate@ values, based on measured back scattering propeftiEptic elements on
the external beam path (to estimft and based on ITF optical parameters. This isrdssd

in one Virgo note [14].
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Table 5.1 lists measured and estimafedalues for external benches. The good agreement
indicates we have reasonably good understandirdjfioised light from these benches. This
permits to do reliable extrapolations to Virgo+M8&¢counting for its different optical
parameters.

Figure 5.1 shows the projection of external benamgise during VSR2. In conditions of
intense sea activity the up-conversion of the iaseel microseism (<1Hz) noise spoils the
Virgo sensitivity below 100Hz (Left plot in Figuf®1). This condition, corresponding to an
RMS soil displacement (between 0.2Hz and 1Hz) ofentban 2microns, occurs about 10% of
the time (see one-year statistics of site microsemsFigure 5.2). The dominant contribution is
that of diffused light at the WEB (Figure 5.1, )eféVhich is due to the larger coupling (Table
5.1, column 1) and to the fact that the microsasabout twice as intense at WE because of its
closeness to the coast.

V measured V expected Virgo+MS Comment
expected
NEB 15 5 0.3 V+ extrapolated from V measured
WEB 23 20 0.9 V+ extrapolated from V measured
EDB 10 10 3 Faraday on B1s for Virgo+MS
DT 20-40 >10 1 Faraday on B1s for Virgo+MS
EIB <1 negligible negligible

Table 5.1. Measured and expected coupling factors G for Virgo and Virgo+tM S, for each external bench
and the detection output window. Numbersarein units of 102,

—hrec, Sept 27 2009 1500
— NEB diffused light, G=15* 1072
WEB diffused light, G=20* 10721 19
B EDE diffused light, G=10* 102! 0 w
2 == EIB difiused light, G=1% 1071 (UPPER LIMIT) RN NS |
—Virgo design

hrec, July 7 2009 2100

— NEB diffused light, G=15* 10721

WEB diffused light, G=20* 102’

EDE diffused light, G=10* 10!
—=-EIB diffused light, G=1* 1021 (UPPER LIMIT)

irgo design

T hisgrifHz))
T hisgri{Hz))

frequency [Hz] frequency [Hz]

Figure5.1. Left: Projected diffused light noise contribution from each external bench, during VSR2 in case
of low sea condition (70% of time). Right: same in case of large sea activity (a condition present 3% of time
during last year).
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Wicroseism strenght: Sept 1 2008 => Sept 1 2009

percent firme above gven 1 value

i
- 0
10 10 10
SaWE-FO-zLvdt rms 0.22 to 1Hz [microns]

Figure 5.2. One-year statistics of the site microseism activity. On x-axisisthe RM S displacement of the top
stage of WE mirror super-attenuator between 0.22Hz and 1Hz. At these frequencies the SA top stages
moves asthe ground. On y-axisisthe percent time above a given RM S values.

5.3 Projectionsfor VirgotM S

5.3.1 End benches
The coupling factor of diffused light from exterreald benches is:

AT
(Eq.5.4) K, =——2
" am2Fn

where,L is the FP cavity lengthy is the cavity finesse, anidis the end mirror transmission.
When the monolithic suspensions will be installethvthe new mirrors the arms finesse will
be increased by a factor B150). It is also planned to reduce the transmissibthe end
mirrors down to 3ppm (nowwe = 40ppm andiye = 10ppm). The coupling factors for the end
benches will therefore be reduced by a factor 23\f& and 5.2 for NE.

From theG factors measured in Virgo one can deduce thafréogion of diffused lightfg) on
the WE bench is as predicted from the expected®ptiaracteristicss{ =10°, see [15] section
3.2) while it is a factor 5 to 10 smaller at NE. fActor 2 at most can be attributed to
measurement uncertainty. The residual factor 2 wd@d be attributed to the fact that the
second face of the WE mirror is not AR coated arehtes secondary beams which might
increase the total amount of diffused light. Howethes hypothesis has not been demonstrated.
In order to be conservative, we assume that tHfasioin will remain the same for Virgo+MS
and only the coupling factd¢ will be reduced thanks to the increased finessesamaller end
mirrors transmission.

The Noise Budget of Virgo+ with
Monolithic Suspensions 23/51

VIR-0677D-09



Figure 5.3 shows the impact of diffused light fdretNE and WE bench compared to
Virgo+MS design sensitivity. Thus, prediction isatithe noise should lay a factor 5 to 10
below the design sensitivity. This implies that tHE bench resonance at 18 Hz should be
reduced by a factor 2 to 3 (it is now a factor 3taigher than at WE). This can be achieved by
installing a mechanical damper as it is now on WERe line at 45 Hz should also be reduced
for both benches. This line originates from the @dnthe vacuum turbo pump. A seismic
isolation of this fan seems feasible and a faatarreduction of the fan line should not be a

problem.

Feconstructed displacement (x4 né A x &) 13

—WEB ¥+ with G=09 % 10
“Wirgo+ design
— — "“irgo+ design {10

E 107
1~
g
£~
-25
10 v
-4
10
2
10
freguency [Hz]
T T i T T ]
M Feconstructed displacement (x 4/ A x G) 3
— NEB Ve with G=03x 102 ]
.............. Virgo+ design
TSl TS SO S N ——-Virgo+ design / 10
E 0"
=
2
L
-23
10
™ - f‘N'ﬂi N I .
1 - 2
10

frequency [Hz]

Figure 5.3. Top: Estimation of diffused light noise from WE for Virgo+tMS (red) compared to the
Virgo+M S design (black) and the design divided by 10 (dashed). The coupling factor has been rescaled with
respect to Virgo to account for the new I TF parameters. F=150 and T, =3ppm. Bottom: same for NE.
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5.3.2 External detection bench

The case of the external detection bench is a biencomplicated since it receives several
beams with different coupling factors. The couplfagtor of diffused light of the dark fringe
beams before (B1 and B1p) or after OMC (B1s) is:

A [1-C
Eqg.5.5) K =— | ——
(Eq ) detdt ~ @E | >

where,1-C is the contrast defect, before or after the OMC.
While for the B5 beam, or any pick-off beam inside recycling cavity:

/1 RBS,AR
sFLV 2

where,Rgsar IS the reflectivity of the AR coating of the Be&nplitter mirror back face.

The coupling factor of B5 beam scales with the d8®e (Eg.5.5) and it should therefore be
reduced by a factor 3 for Virgo+MS. The couplingtéa of the dark fringe beams (Blp, B1,
B1ls) scales witl/F (see EQ.5.6) but also with the contrast defectchvin turn scales witlfr
(from [14]: 1- C = 2(4P F /277)?). Therefore it is expected that in Virgo+MS alrkl&ringe
beams (Blp, B1 and B1s) will have similar couplasgin Virgo since the mirror defects might
be similar.

In the following we discuss individually the comwktion for each beam and possible
improvements.

(EQ.5.6) Kieips =

« Diffusion on Bls path
If, as suspected, the diffusion of B1s presentljnuohates the noise from the external detection
bench this noise would limit the Virgo+MS sensiiyvif no action is taken. The diffused light
from B1s could be reduced in two ways:
1) A large fraction of B1ls is dumped on the suspermietth and the remaining part is still
sent to the external bench for monitoring and attaraation purposes. If only 10% of
Bls is sent to the external bench the impact duskd light will be reduced by 10
which is enough. This requires to reshuffle thepsasled bench and to install on the
bench a high power (few Watts) beam dump able &vaip under vacuum.

2) The Faraday isolator located after the OMC couldplaeed before thus filtering the
B1ls diffused light by the Faraday isolation factd®00). The impact of diffused light
would then be reduced by a factor 30. The suspermsah would need to be
reshuffled. One also needs to measure the Faratkydeattering in order to make sure
this will not induce other noise.

These two options have to be evaluated.

< Diffusion on Blp path
Since only a small fraction (0.5%) of the dark @ignis sent to B1p photodiodes their induced
noise is expected to be a factor 4 below the ptas¢a contribution by EDB (see Table 4 in
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[15]). Figure 5.4 shows Blp expected noise for ¥#ilS. Assuming the same coupling, B1p
noise might lay only a factor 3 below the Virgo+M8sign. That could be acceptable if the
bench resonances are damped.

« Diffusion on Bl path

In Virgo, tapping tests have shown that B1 photddsare not the limiting factor on the bench.
Indeed their coupling is expected to be a factobé®w the measured EDB coupling (see
Table 4 in [15]). As discussed above, the Bl caogplfactor will remain the same for
Virgo+MS and this noise will be safely a factorld€low Virgo+MS design.

« Diffusion on B5 path

As discussed above the coupling of B5 diffusedtl{fly the photodiodes) will be reduced by a
factor 3 for Virgo+MS. Its expected impact is tteene as B1lp photodiodes and it is shown in
Figure 5.4. Thus, assuming the same coupling,nbise might lay only a factor 3 below the

design. That could be acceptable if the bench ersmas are damped.

Reconstructed displacement (x dn /A x G) [
—EDB V+ with G=3 % 107 ]
[0 FURRURTRIORY IO Virgo+ design

— ~ "Virgo+ design /10

[ hfsgriHz )

frequency [Hz]

Figure 5.4. Estimation of diffused light noise from EDB for Virgo+tMS (red) compared to the design
(black) and the design divided by ten (dashed). This noise is dominated by B5 and Blp photodiode
contribution. The coupling factor of B5 has been rescaled with respect to Virgo measurement to take into
account the new finesse (F=150). It is assumed that some improvements are done on B1s path leading to a
reduction of its diffused light noise by at least a factor 10 (see text). B1s noise is ther efore expected to be a
factor 3 below B5 noise. B1p coupling is expected to remain the same and it could be identical to B5 noise.
Thus, shown projected noise is expected to be dominated by diffused light from Blp and B5 beams in
similar amount.
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5.3.3 External injection bench
For the beams reflected by the interferometer (bB&nthe direct coupling of diffused light
was found negligible because is reduced by the ghthe laser frequency stabilization loop

(see [14)):

Pe f
(Eq.5.7) Ky = [ = =V, A
I:)in GSSFS

The last measurement &f performed in Virgo only lead to an upper limit pla 5.1). It is
therefore not possible to say if this noise willdoémitation. Figure 5.5 shows the upper limit
of EIB diffused light noise assuming the couplinged not change. In any case, since beam
jitter is at present limiting the Virgo+ sensitiytit is planned to improve the support of the
injection bench or to place a mechanical dumpetHerl8 Hz resonance (see Chapter 8). That

should further reduce diffused light if any need.

A A AR L A AR T T T T T T

Lo T EIB W with G=1 x 107
........... \,r’irg0+ design
—~ "Virgo+ design/ 10

L A ..... Reconstructed displacement (x 4/ A x G) |-

[ hfsgr{Hz)]

frequency [Hz]

Figure 5.5. Estimate of diffused light noise from EIB for Virgo+M S (red) compared to the design (black)
and the design divided by ten (dashed). The projected noise (red) is an upper Limit based on the measured

coupling factor upper limit (G< 1x10'%).

54 Effect of micro-seismin Virgo+tMS

In case of increased sea activity (see Figure thé&)projected noise contribution from WEB
and EDB reaches Virgo+MS design (while NEB is sdlifactor 3 below design). In this
situation an increase of the glitch rate is possibhis environmental condition occurs about
10% of times (see Figure 5.2).

The handle to face this is to reduce further thetfon of diffused light on benches: for WEB
it is worth to investigate back-scattering fromdelnl which seems to be the most critical
element, if BRDF from L1 turns out to be large,edtér coating could be considered. For EDB
there is at present no obvious way to further reddifused light. We might have a 10% of

The Noise Budget of Virgo+ with
Monolithic Suspensions 27/51

VIR-0677D-09



dead-time (slightly worsen sensitivity and increhgétch rate) because of diffused light from
EDB and WEB.

S TTNEB v G203 x 107 [ ST nEB vr, G=08 % 1021 [}
o111
WEB W+, G=08x 10 |
. EDB Vi, G=3x 1027 | ]
S T Wirgo+ design B
| = Wirgo+ design £ 10 -

WEB W+, G=09x 107 |,
EDB Vi, G=3x 102 |
i T Wirgo+ design

: ~ ~"Wirgo+ design / 10

[ NisgrHz))

[ hisgrigHzy)

frequency [Hz] frequency [Hz]

Figure 5.6. Left: Projection of diffused light from external benches in case of medium sea activity
(RM S=2microns, 10% of time, see Figure 5.2). Right: case of intense sea activity (RM S=3microns, 3% of
time, Figureb. 2).

5.5 Other back-scattering locations

5.5.1 Detection tower output windows

The beams exiting the detection tower towards tB& Eross two windows: one rectangular
window (B1, Bls, and Blp) and one circular windoB5). The rectangular window is
probably at present responsible for some diffusgtt Inoise observed in the dark fringe
(100Hz bump and few more structures between 100L&0AHz) [16]. Back scattering from the
window is probably dominated by diffusion from Bisam, which is the most intense beam
crossing it. This window presently has no Anti Refive coating. For Virgo+MS the coupling
of this noise would be reduced by the Faraday tisolafactor (30 times) if this option is
adopted, and by the reduced reflectivity of the ewdow (with an AR coating) and it is
expected to become negligible.

The diffusion of B5 beam by the circular window feso to be considered. This window has
AR coating. The coupling factor of the output wimdtor B5 is extrapolated in reference [14]
to be at least 3 times smaller than the expectenplicyy for EDB (G=1x13"). Figure 5.7
shows the noise projection. It is worse than indagse of EDB (Figure 5.4) because the tower
moves more than the bench (the high frequencie$ileed by the legs for the bench). One
can nevertheless expect that the B5 window diffusegh less than assumed here. The
environmental noise around 50 Hz and at 100 Hzaratg from cooling fans and could also be
reduced [17].
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Figure 5.7. Estimation of diffused light noise from the detection output windows for Virgo+tMS (red)
compared to the VirgotM S design (black) and the design divided by ten (dashed). It assumed that a Fl is
installed on B1s, and theresidual contribution arisesfrom B5 beam crossing B5 window.

5.5.2 Optical Mounts on Suspended Detection Bench

Resonant modes of the mounts of the M1 and M2 msirwdhich are the large mirrors of t
SDB telescope spoil the VSR2 sensitivity at 168 2hd Hz. The sspect is that HO modes ¢
diffused by the aluminum mount surrounding the ez [14, 18] More rigid mounts have be:
prepared which have measured modes above 600Hza, @fdctor of 1-20.

5.5.3 Cryogenictrap

It has been observed during VSR2 an increa: noise in dark fringe (around -70Hz and
100-150Hz) correspondiny the refill of the cry-trap [19, 20] This noise corresponds to
increased vibration of the LN tank, which has bdemonstrateto be caused by the bubbili
of the Liquid Nitrogen irthe tanl.

Since when all suspended baffles in the detectaret have been removed in May 2([21,
22] the cryotrap tank walls are not completely covered for tighack reflected from th
suspended bench. The bubble noise could in faduketo diffusd light from the tank walls
Possibilities to reduce the noise exist and aregoevaluated: (lidentify (measuring BRDF o
spares) andubstitute critical SDB optics with suj-polished ones in order to reduce k-
reflection; (2) install new baffles vich should be more rigid and not suspen

Studies are also ongoing (Vacuum group) to undedstiae mechanism of tank shaking (as
example it has been found that reducing the riefilel of the cry-trap reduced significant!
the noise excess, butetlieason has not been understood). It is possibtethe tank vibratio
can also be reduced.
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6 Actuatorsnoise

This section presents the noise budget for lowagesiactuators for Virgo+ with monolitr
payloads (VirgeMS). It refers to documen23] andpresentations at the AdV meeting helc
Cascina on February"42010 and at the Commissioning/Detector Meeting=ebruary ™,
2010.

In Virgo, mirrors actuation along laser beam diiattis performed using 6 electromagne
(magnet-coil) actuators. Twiorizontal actuators act on Marionette from theeBig Filter
(also known as Filter#7) while 4 actuators actatlyeon mirror from recoil mass (also kno\
as ‘reference’ mass). Coils positioned on the RM &ilter#7 legs face magnets which
gluedon the mirror and the marionette (also see Sediioklagnetic noise

Starting from position error, the Suspension Cdngstem computes forces using Dig
Signal Processors (DSP). In a marcoil actuator, force is proportional to the curréawing
in the coil. The Coil Driver (CD) is the electrordevice that converts the voltage at the ou
of the Digital to Analog Converter (DAC) into a cent flowing into the coilSee schematic
draw in Figure 6.1.

Position Error

DAC Noise CD Noise

Figure 6.7. Sketch of the Virgo+ RM and F7 control chain.

New Coil Drivers, currently installed at terminarth and west suspensions, have a voltac
current conversion factor that is remotely seldetalith a smooth transition from ol
operation mode to the neahe. Five are the available operational modes: HHOGWER, usel
during cavities lock acquisition phase, and LOWNB1S0 LOWNOISE4 used during line
regime. Changing operating mode we simply changeviue of the series resistor. Act
design foresee$¢ possibility to implement shaping filters withder ranging from O (no filtet
to 5". Further details on coil drivers and their openadil modes can be found [24, 25 and
26].

1.1 Noise evaluation

The noise of CD is simulated and it is descr in [23, 24, 25, and 36 The DAC noise it
measured as described in/[2and [28]. Figure @ describes CD noise and DAC noise
different operating modes. Noise reduces by abofaictor 10 going from LOWNOISEL1 {
LOWNOISEA4. Note that the LOWNOISE4 mode ms using a x4 series resistor thus redur
the CD output current, and consequently the acndarce, by a factor fot
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The corresponding displacement noise of mirrogbigined by multiplying the DAQ plus C
noise in Figure & by the RNM-Mirror or the Filter7marionette mechanical transfer functic
here below, which include the DC coil actuationtda

f? 2x10°

+ acting with 1 RM coil: |H g, (f > f; |0 5.5><10‘6fL O 2 m/ A
2¢ 2 -6
« acting with 1 F7 horizontaloil: |H,, (f > f, [17x10™° flf EZ O 1'4}%10 m/ A

Finally, the noise projection in units of stras obtained by multiplying by the meters to str
coefficient, which for arm mirrors is 1/L, L = 3000 and summing incoherently over i
number of actuating coils.

Figure 6.3 shows theoise projections in units of strain for the foarm mirrors and
maironettes for the actuators configuration in usaerdu/SR2. Thedetail ol the calculation,
in the form of printout of thenatlab script, is provided in document [23].
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Figure 6.2. Output Noise: Coil Driver and DAC Contribution
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VSR2 Actuators Noise Budget

-18

F7-Mar Actuation Noise [
RM-Mirr Actuation Noise |
Virgo Design L
VSR2 Sensitivity ]
Virgo+MS Design
Advanced Virgo Design
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Figure 6.3. VSR2 Actuators Noise Budget (Long Armsonly). The VSR2 actuation scheme was consisted of:
(i) new coil driversin LOWNOI SE1 mode acting on two coilsat NE and WE; (ii) NI and WI mirrors, dueto
the extremely large value used for series resistors (6 kOhm), gave a negligible contribution to long arms
actuator noise;(iii) Filter #7-Marionette actuator s used the old type CD with afirst order shaping filter.

1.2 Signal dynamic and V+MS projection

Adding a series resistor to the coil we can rediheenoise equivalent displacement, but of
course in this way we also limit the maximum displment we can achieve. A correct
evaluation of required dynamical range is thereforgortant for selecting a proper operational
mode.

During VSR2 we used only a small fraction of avaléadynamical range. As described in [23],
the full dynamical range (LOWNOISE1) was needed fasa small fraction (less than 5%) of
time, in correspondence of bad weather conditidnsthis condition the sensitivity below
100Hz was typically limited by other independengétinmental noises, mainly diffused light
(see Sec. on diffused light). As demonstrated Bj,[8uring VSR2 the RM—mirror actuators
could have been operated in LOWNOISE2 mode (4xesegsistor) for about 95% of science
mode time and in LOWNOISE3 mode (8x series regigtarmore than 80% of science mode
time; while the F7-marionette actuators could hbeen operated for 99% of science mode
time inserting a 5x series resistor.

After monolithic payloads installation, thermal seicontribution to Virgo sensitivity will drop
down and a reduction by a factor of about 5 of @bt noise is needed. Meeting requirement
for actuation noise is possible using the LOWNOI®&&tle at reference mass level and adding
a 5x series resistor to marionette actuators. \\iipect to VSR2 configuration the actuators
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noise will thus reduce by a factor 5 for the maeitb® actuators and by a factor 5 to 5.5 for the
mirror actuators. Figure 6.4 shows the projectetsendor RM and F7 actuators in the
mentioned configuration.

Only the noise contribution of arm mirrors is showrFigure 6.4. The noise contribution from
BS and PR mirrors actuators is expected to be giblgiwith respect to other mirrors, and this
comes from the following considerations. For the B8 expect the noise to be reduced by the
arm finesse factor (F = 150 for Virgo+MS) and thoide confidently below the arms actuation
noisé". For the PR, an experiment (eLog 22334) demomestréfat it can be considered
negligible with respect to arms actuation noise.

To be noticed that further improvements are possibiplementing second order filter at
Filter#7-Marionette lev&d and switching to LOWNOISE3 mode at reference mass —
marionette level. Furthermore acting on more calspresent we use only 2 of the 4 coils
available) and/or more mirrors (at present we atf on end mirrors and we do not use input
mirrors for cavities longitudinal locky.

The necessary hardware installations for Virgo+M$ described in the change request
document [29].

! The CD used for RM actuation of the BS have anaitn factor ¢ = 27.4um/A) which is about 4 times larger
than that of other mirrors Ci(= 7.5um/A). This factor 4 is partially compensated bygijactor sqrt(2) coming
from the fact that the actuating force on BS istapler 4 instead of 2 actuators, and (ii) anotfaetor sqrt(2)
coming from the fact that on BS actuation forcexerted at 45 degrees with respect to mirror dégsteent.

2 The actuation force at low frequency is mostlyreeet at F7-Marionette level. A higher order shapiiitgr on
F7-MA CD would allow increasing the dynamical raregelow frequency without changing the contributioin
CD noise above 10Hz.

% |f for example we act of 4 instead of two coilsgtnoise supposed uncorrelated (generally true)ssom
guadrature and thus increases as a factor sgi{2he same time, the force is split in two andisthe current,
the series resistor can thus be doubled reducmgdise by a factor 2. So doubling the number tfaing points
reduces the noise by a factor sqrt(2).
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7 Magnetic noise

7.1 Introduction

For controlling the length of the Virgo interferotee small magnets are glued to all mirrors.
These magnets can influence the sensitivity at fimguency by two different mechanisms:
First of all, a movement of the magnets can indeaay currents in the reference mass, which
leads to a viscous damping of the main pendulumesad the mirrors. This effect is already
included in the model of the thermal noise (seg 48 will not be considered here. The second
effect of the magnets is that they can couple enmrental magnetic fields to a displacement of
the mirrors, which is the focus of this chapter.

This chapter will first discuss the various magnetoise projections, which try to predict to
which amount magnetic noise is contributing thesganty. The rest of the chapter will discuss
how this contribution can be reduced in 2 differgvdys, first by reducing the coupling
between the magnetic field and the mirrors, andrsdly by identifying and curing sources of
magnetic noise.

7.2 Magnetic noise projections

To get an estimate of how much magnetic noise tigs to the sensitivity, several dedicated
experiments have been performed. More details abhese measurements will be described in
a future Virgo note; only the final results will pbeesented here.

7.21 Far-fiddinjections

In Virgo a number of very sensitive magnetometetsich are positioned close to the mirrors,
are used to probe the background magnetic noise.simplified view, one could assume that
all the magnetic noise sources are located far afmay the mirrors, so that both the
magnetometers and the mirrors see more or lessathe field. If a transfer-function is known
between the signal of the magnetometers and thaubof the interferometer, a linear noise
projection can be made.

This transfer-function can be measured by injecstrgng sinusoidal magnetic fields at a
number of fixed frequencies and measuring simutiasly the result in the magnetometers and
in the output of the interferometer.

For this purpose, a large coil was built that hasrboptimized for the injecting the strongest
field around 100 Hz. Injections were performed vitik coil in several locations in the various
buildings, and with the axis of the coil pointedrad all 3 directions. To fulfill the far-field
condition, the coil is always placed as far awayassible, but this is usually limited by the
building to a distance of around 15 meter. To eetithe injected signal from the output of the
interferometer, integration times of up to 10 mewvere used.
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A magnetic noise projection can finally be calcethby interpolating the obtained transfer-
function and multiplying it with the spectrum ofethmagnetic noise measured in quiet
conditions. The resulting projection for the vasdauildings is shown in Figure 7.1. Note that
these projections have a pretty large uncertaityilar measurements with the coil located in
other positions, showed that the results can vgrgsdbmuch as a factor 3. One source of errors
is the fact that magnetic fields are vector fieldhjch have to be simplified to scalar fields to
make the projections. It has to be stressed, jfintdiht these projections are only valid if all the
sources were located far away, which is not corapldtue in reality. Some sources will be
closer to the mirrors and will thus be underestedaOther sources might be further from the
mirrors but close to the magnetometers, which milglaid to overestimation. The main
conclusion of the far-field injections is that thentribution of the Central Building is the
highest and probably comes closest to the sengitetween 20 and 30 Hz.

Magnetic noise projection based on far-field injections
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Figure 7.1. Magnetic noise projection for the different buildings obtained by injections lines from the far-
field.

7.2.2 Near-field injections

The measurements described in the previous segivenan idea about the contribution of all
the mirrors in a single building. To determine tmmtribution of individual mirrors, magnetic

noise has also been injected from the near-figfdplacing a small coil inside the ovens, as
close as possible to the mirrors.

The results can be compared to the transfer-fumstabtained by the far-field injections by
using a dipole model for the field injected by tw@l. The results of the near- and far-field
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methods agree to within an order of magnitude, grobably large errors are made in the
model.

The main goal of these measurements is howevdoraditain a transfer-function, but to make
a qualitative comparison of the contribution of theividual mirrors, which is shown in Figure
7.2. It is clearly seen that the contribution oé theam-splitter mirror dominates when the
magnetic field is applied along one particular clii@. This can be explained by the fact that a
field in this orientation induces a rotation arouvid which can couple to the longitudinal
degrees of freedom due to a very large (~1 cm)amdering of the beam on the beam-splitter
along X. In theory, the effect of a movement of bi@am-splitter should be a factor 50 less than
that of the input-mirrors, but this is compensabgdthe fact that the beam-splitter is 4 times
lighter, and by the fact that it has stronger mégne

"N, coil axis towards mirror | -
1™ NI, coil axis perp. to mirror |-
]| 7" NI, coil axis vertical

htTesta* i {au)

: : : —¢—BS, coil axis towards mirror|
o e Lo BS, coil axis perp. to mitror |5 i+ T s
-19 : : : —*—BS, coil axis vertical

W, coil axis towards mirror | ;

WI, coil axis perp. to mirror

........................ . W, coil axis vertical

Frequency (Hz)

Figure 7.2. Transfer function of gravitational strain per Teda, for the North Input (NI), West Input (W1)
and Beam-Splitter (BS) mirrors. All curves have been multiplied by f ? to remove the response of the mirror
pendulum. Theremaining frequency dependence is probably due to magnetic shielding effects.

7.2.3 Noise projection using long coherence

A third method to make a magnetic noise projectioaes not use any injections, but uses only
the coherence between the magnetometers and théridge averaged over very long periods.

The spectrum of the projected noise is then caledlas the square root of the coherence
multiplied by the actual sensitivity. Figure 7.38Is the noise projection calculated using this
method for all the buildings. For this measuren¥ehburs of data was used, which allowed for
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5000 averages. In this way, it was possible taenatrnoise sources that are a factor 30 below
the sensitivity. The result shows again that thetrdoution of the central building is
dominating, with a bump between 20 and 30 Hz abdattor 5 below the sensitivity. Also the
sidebands around the 50 and 100 Hz lines are batitrg a bit, as are a few lines which are
known to be caused by fans. At other frequenches nbise is not contributing significantly to
the sensitivity.

This method seems to give more accurate projectiuans those described in the previous two
sections. It should properly predict all the ndisat is seen by both the interferometer and the
magnetometers. The only thing not accounted fdahisyprojection would be noise sources that
are really close to the mirrors, but too far awmant the magnetometers to be seen above other
noises. To exclude this possibility, similar measuents were performed with a portable probe
placed inside the ovens, very close to the mirnwhgch showed similar results.

Magnetic noise projection based on coherence with magnetometers
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Figure 7.3. Magnetic noise projection based on long coher ence with the magnetometers.

7.3 Reducing the coupling between mirror and magnetic field

7.3.1 Magnet replacement

One obvious way to reduce the coupling of magrfetids to mirror motion is the reduction of
the strength of the magnets. Since the magnetssackfor the control of the mirrors, they must
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be able to provide a certain force. In principles toss of magnet strength can be compensated
by an increase of current sent to the coils, butasly there are practical limits to this current.
In the past, the strength of the magnets gluedheoirtput- and end-mirrors has already been
reduced by a factor 5.5.

Apart from the 4 magnets glued to the back of theramfor longitudinal and alignment
control, there are also 2 mirrors glued to the,siclended for damping a possible excitation of
the pendulum mode in the X-direction. Injectiongnfrthe near-field showed that one mirror
that still had these magnets had a considerabtgraroupling factor than one where the
magnets had detached [30]. A strategy has beerdopekto damp these X-oscillations with
the help of the 4 magnets on the back only. Trexdhimagnets were thus not needed anymore
and have been removed from all the mirrors.

Recent near-field injections showed that the cbatron of the beam-splitter is now
dominating. In theory, the gravitational channeless sensitive to disturbances acting on the
BS mirror than to those acting on the input or emdors by a factor related to the finesse of
the arm-cavities. This is however compensated byfdlt that the BS is 4 times lighter (so it
will have 4 times the displacement for the samedpand by the fact that it still had the old,
strong magnets. Moreover, it is possible that threagnets are oriented in the wrong, parallel
orientation and that the lateral magnets are@tdsent. Finally, the beam has a large offset of
the beam along X, which means that it can coum@eaviotation around Y. The measurements
show indeed that it has one very sensitive diractio

To reduce the effect of the beam-splitter, it isréfore foreseen to reduce the strength of its
magnets at the time of the Virgo+MS shutdown. Tee& magnets should be installed with the
correct orientation and possible lateral magnetsiishbe removed.

7.3.2 Reference mass

Measurements on a spare aluminum reference-masgedibat eddy currents induced in the
material will locally disturb the magnetic fieldinslar to how a lightning rod disturbs an
electric field [31]. This means that even homogeisemagnetic fields will cause a gradient
exactly at the position of the magnets, which leadan enhanced coupling to magnetic fields.
Because eddy current will also cause viscous dagngirthe pendulum mode, it was already
decided to design the new reference mass for theoltioic suspensions largely out of
dielectric material. This change in design will shalso reduce the coupling of environmental
magnetic fields. How much would be gained by thsrge is hard to estimate, this would
require a full 3-D electro-magnetic modeling of teé&rence mass.

7.4 Sources of magnetic noise

Another strategy to reduce the effect of magnetisen on the sensitivity is to hunt for the
sources of the noise and cure them. Already mane Zhyears ago, it was found that big bumps
around 100 Hz were caused by power-supplies ofidbal-control lights located inside the
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ovens [32]. This was solved by simply moving thevposupplies further away. This section
will describe some sources that have been foun@ memently.

7.4.1 Electronicracks

Some possible sources of magnetic noise closeetdoters are the racks of the suspension
electronics and the vacuum system. Evidence waslfthat some of them contain noisy power
supplies. Ideally, these racks should be displasefar away from the towers, but this will not

be possible on the short term. More work is neeadesee if any noisy components can be
replaced or shielded.

7.4.2 Mode cleaner air-conditioning

Already last year, it was discovered that some etmyng sidebands around the 50 Hz line are
caused by the heating of the Mode-Cleaner buil§®3j. This heater consists of an electrical
load of around 10 kW, which is pulse-width-moduthtd a few Hz. As a temporary solution,
the controller has been modified to lower the puwsdth-modulation frequency. This
effectively brings the sidebands closer to the Z0line so that they are hardly visible in the
sensitivity. A more permanent solution would requihe replacement of the heater or its
switch.

Analysis by the burst group found some glitcheghi@ dark fringe once every 20 minutes,
which are also seen in the magnetometers of theeMddaner building. The source of this
problem was later found to be the chiller of thédemater circuit, which produces a glitch
when it is switched on [34]. It should be possibtefix this problem with some simple
electrical filter.

The exact path along which both the heater andhiiker can couple to the interferometer is
not known, but since both events are clearly see¢ha power line of the Central Building, it is
believed that this disturbances are radiated tlasranagnetic noise and picked up by the
mirrors. Solving this kind of coupling via the pawe between buildings might require
extensive modifications of the power distributiagtwork.

7.4.3 UPSnoise

Recent tests showed that an important part of thgnetic background noise might be caused
by the uninterruptible power supply (UPS) of thatcal building [35]. Figure 7.4 shows that
when the UPS is switched off, the level of the naignbackground noise decreases by almost
an order of magnitude over a wide bandwidth. Tleaoa why the UPS is so noisy is still being
studied, but is hoped that it might be solved hysanodification of the machine, probably in
close collaboration with its manufacturer.
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Figure 7.4. Magnetic noise measured by the magnetometers of the central building when running on UPS
power (purple) and when connected directly to thegrid (black).

7.5 Conclusion

The most accurate noise projections, based on dwrgaged coherences, show that magnetic
noise is currently not limiting the sensitivity. [raround 25 Hz, around the 50 and 100 Hz
lines it is contributing a bit. This predicted Iéi& however, at the level of the design curve for
Virgo+MS, so an improvement by about an order ofgniade is required to make the
contribution of magnetic noise negligible with respto the fundamental noises.

For Virgo+ with monolithic suspensions, a reductminthe coupling is expected due to the
change of the magnets of the beam-splitter. Thisllshbring its contribution to below that of
the two input mirrors, which might reduce the cdnition of the central building by a bit more
than a factor of 2. A further reduction of the clig is expected from the change from an
aluminum reference mass to a dielectric one. Uafately, it is not possible to exactly
guantify these improvements.

Further reduction of the magnetic noise must beeael by finding and curing the sources of
the noise. A large improvement is expected if thise of the uninterruptible power supply of
the central building can be made less noisy.
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8 Noisefrom Input Beam Jitter

The residual noise associated to the jitter ofitipait beam has been measured during VSR2
[36] and shown in Figure 8.1. Above 10Hz beam rjitee mainly associated to the seismic
motion of the External Injection Bench (EIB). Tle#de noise structure around 40Hz visible in
Figure 8.1 is associated to the first vertical motlthe bench on its supporting legs [37], while
the largest peaks above 200Hz are associated thamieal resonances of optical mounts
which we suspect to all be on EIB [38,39]. The aassgoing to limit Virgo+MS sensitivity. In
order to be compliant with Virgo+MS design, assuyrénfactor 10 safe margin, the bench top
motion needs to be reduced by a factor of about5Hz, and by a factor 10 above 200Hz
with respect to present motion. In order to redineenoise of B2 quadrant photodiodes which
could be used for AA (see Chapter 3) it is alsoessary a reduction of a factor of 30 of the
EIB motion below 30Hz. The EIB motion below 30Hz nsainly associated to horizontal
modes (around 16Hz) of the bench on its suppoléigg [37].

We have evaluated different strategies for redut¢ive bench motion. The damping of the
40Hz mode using a resonance damper (of the typgbeoane installed on NEB and WEB [40])
has been excluded: because of the characteridtittee &IB vertical mode (quite broad) the
energy dissipation by such a system would be samall by far insufficient. The strategy of
increasing the stiffness of the “bench plus legstam with the consequence of moving the
vertical mode frequency to higher values has alsenbinvestigated. Attempts and test
performed either on EIB [41], or with the similagrzh in Optics Lab [42] proved difficult to
increase the system rigidity and the modes frequemg more that 20% with simple
interventions. The system rigidity would be ultbels limited by the resonant modes of the
bench itself which are presumably around 150Hz. élew, the bench stiffening strategy seems
not useful, since the high-frequency bench motionlal increase as well as the contribution of
noise from optical mounts, which is large at fpkice.

The only effective strategy seems that of improvihg isolation of the bench from ground
adding an isolation stage with low frequency cut-dhe requirements of such isolation system
have been defined. The system must have a simd&tion performance along the vertical and
horizontal directions. A cut-off frequency of leisan 3Hz seems necessary in order to
guarantee the isolation requested. We have to amjlifying too much the bench motion at
low frequency (< 3Hz): the ground seism at low €rexacy is subject to large daily and seasonal
variations (a factor 10 is typical) because of #ite anthropogenic noise and sea + wind
activity. An amplification of present maximum bengtotion of more than a factor 5 might
cause up-conversion noise through diffused liget (€hapter 5). Thus, a Q factor of the
isolating system at its resonance frequency oftleas 5 is advisable. The EIB is the external
position reference for the whole ITF. Thus it ic@ssary that the system has small hysteresis,
and in case of solicitation it can recover theiahibench position within less than 10 microns.
It is also necessary that drift with time of thenble because of the added isolation system (due
for ex. to internal creeps) is small in order tonpié the Beam Monitoring System control to
compensate for this drift keeping the input beaignahent. A drift rate of the order of a few
microns per month (after allowing for initial sétt) is acceptable.
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One possible solution (the active isolation sys&RACIS by TMC) has been identified and it
is presently being evaluated by the Nikhef group, #4]. Another possible solution is that of
damped spring supports (passive damping). Thisganaition is also being studied by Nikhef.
The coupling of beam jitter noise to dark fringencehange with the new ITF optical
parameters. This information shall be extractednfra simulation model of the beam jitter
coupling in the ITF that is currently being studieg the Napoli and EGO optics group and
shall be ready soon.

—hrec
“|—FFy

—FFh
"""" upper limit FFY

upper limit FFh |-
11— Virgo+ MS

sensitvity [sgriiHz))

Figure 8.1. Contribution of jitter noise of the input beam measured along the vertical direction (red) and
horizontal direction (blue) compared to Virgo+tM S design. The noise around 40Hz is associated to the
vertical resonance of the EIB; structures between 200 and 500Hz are associated to mechanical mounts of
the optics of BMS; between 70Hz and 200Hz the measurement is likely limited by the noise of the BMS
quadrants. The horizontal jitter noise is smaller or less coupled to the sensitivity. This has not been yet
under stood.
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9 Freguency noise

In Virgo the Second Stage of Frequency Stabilira{eSFS) uses B5_ACp error signal. The
laser frequency noise is well cancelled by the S&R&its impact is negligible in Virgo (see
Figure 9.1: dark blue curve). However, the shoseaf B5 is re-introduced as frequency noise
by the SSFS and this noise limits the Virgo sevisjtiabove few 100 Hz (see Figure 9.1: light
blue line). In this Chapter we extrapolate this tominnoise from Virgo+ to Virgo+MS
configuration. More details can be found in refeef5].

9.1 Frequency noise and B5

A frequency nois@v at the input of the ITF is seen on B5 photodicste a
1

L (F71,,)?

Where the DC optical gain, K, is expected to varthvhe input power § the Beam Splitter
reflectivity Rgs, the recycling gains of the carriefsEGand the sidebandssg the finesse F:

(9.1) B5_ACp =Kdv

(9.2) K 0 P,Ry1/G,.Gg F

It has been measured in Virgo foBWatts, G.=43, Gsg=20: K=1.4x10° W/Hz (from [46]).
It is extrapolated for the present (Virgo+) optipalrameters (17 Watts, G=43, Gsg=30):
K=3.8x10°W/Hz and the same way for Virgo+MS parametegs?B Watts, G=20, Gsz=30,
this last parameter is assumed to remain the sameva): K=1.1x1G W/Hz.

The B5 shot noise on B5_ACp is given by:

(9.3) B5_ACp_sn=,/2huP,,

9.2 Coupling of frequency noise

The frequency noisé& couples to the dark fringe through:
(9.4) h(f) :CMRF(f)Q
vV

whereCMRF( f ) is the common mode rejection factor given by thmsaasymmetries (mainly
the finesse and the losses).

9.2.1 Lossesasymmetry

For a losses asymmetfy? the CMRF is given by:

(9.5) CMRE (f) = ap1 1T/ fea
2m 1+if [/ f

The Noise Budget of Virgo+ with
Monolithic Suspensions 44/51

VIR-0677D-09



where, {4 is the pole of the Fabry-Perot cavities (500 H¥irgo, 167 Hz in Virgo+MS) and
frec is the pole of the double cavity (around 8 Hz ingd and Virgo+MS). In Virgo the losses
asymmetry have varied from 50 ppm to 170 ppm (ndWg reason of this change has not been
understood. It could be related to a change inallgnment working point. The Virgo+MS
mirrors have the same quality of polishing as Vimarors; we therefore assume that the
losses asymmetry will remain the same. CombiningaEqns (9.1), (9.2), (9.3), (9.4) and (9.5)
and using Virgo+MS parameters it is possible tggmiothe impact of B5 shot noise on the new

sensitivity. The result is shown in Fig 9.1 (le&d curve).

9.2.2 Finesse asymmetry

For a finesse asymmetdF theCMRF is given by:
(9.6) CMRF (f) :ﬁ.;
F 1+if / f
In Virgo the finesse asymmetry varies (and carubed) thanks to the so-called etalon effect (a
variation of the reflectivity due to a change oickmess of the substrate when its temperature

changes) in the input mirrors:

o1 o R,

where Rg is the reflectivity of the AR face of the inputmars (R\r=150ppm in Virgo). In
practice the etalon effect is tuned by varying plogver of the TCS laser incident on the input
mirrors, thus changing the temperature of the satestThe same technique could be used for
Virgo+. For Virgo+MS the input mirrors have beematad at the same time and have equal
reflectivity, therefore the finesse asymmetry viié entirely due to the etalon effect. The AR
coating of the first Virgo+MS input mirror isfR ~300ppm. The second mirror has been coated
with a very small AR, therefore one can expectaable to tune the finesse asymmetry from O
to +/-3.5%. Combining Equations (9.1), (9.2), (9.8.4) and (9.6) and using Virgo+MS
parameters it is possible to project the impad®fhot noise on the Virgo+MS sensitivity for
a finesse asymmetry of 3.5%. The result is showFigro.1 (left, blue curve).

9.3 Frequency noise projection for Virgo+tM S

The contribution of frequency noise due to fineasgmmetry and to losses asymmetry is
shown in Fig 9.1(left) for Virgo+MS. The noise due losses asymmetry will limit the
Virgo+MS sensitivity above typically 60 Hz (h wilhicrease by about 10%) if the etalon effect
is not used. If the etalon effect is used (as nowirgo) the finesse asymmetry can be used in
order to compensate a bit the losses asymmetrywb®0® Hz. This is shown in Fig 9.1(right,
blue curve). The Virgo+MS sensitivity will nevertaes be limited by frequency noise above
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typically 200 Hz. The uncertainty in this noise jpation is the losses asymmetry which is
assumed to remain as in Virgo+. As shown by Eqonaf5) the frequency noise will scale

with the losses asymmetry.

It could be envisaged to use B2 instead of B5 asresignal for the SSFS but this was

investigated in VIR-NOT-OCA-1390-227 and was nairfd to give better performances. The
only possibility to reduce the impact of this noggems to be the alignment working point but
the handle is probably small. It should be alsoeuimid that the mismatching of the beam to
the cavities also introduces losses asymmetryeifatims are not symmetric. The matching of
the input beam to the Fabry-Perot cavities shdutdefore be optimized.

FOE L HiT—— AP=170ppm Mo E T —— AP=170ppm, AF/F=0

g f L —— AF/F=-3.5% g = | —— AP=170ppm, AF/F=-3.5%
i —— Virgo+ design B ‘ i

FTICL] S R N NS S [ -] SRR e R R R S S N

102 N S R R R B sl 102

IRRRLVE
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Fig 9.1. Projection of frequency noise due to B5 shot noise for losses asymmetry of 170ppm (red) and finesse
asymmetry of 3.5% (blue). On the right the effect of losses asymmetry and of finesse asymmetry are
combined into the blue curve.
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10 Phase noise

The phase noise arise in the demodulation procedssadue to phase noise on the 6 MHz
signal itself and phase noise introduced by theot @emodulation boards. This phase noise is
typically 0.2urad/Hz. It couples to B1_ACp proportionally to tR&1S of B1_ACq [45]. Since
B1 ACq is used for the MICH control its RMS is veamall. The present projection is shown
in Figure 1-1 (purple line) and is indeed negligiblf the control scheme is the same for
Virgo+MS this noise will remain negligible. In caBd_ACq is not used anymore for MICH
control it can anyway be kept small enough by prgprining the alignment and locking
working points. This noise is therefore consideedemain negligible for Virgo+MS.
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11 Conclusions

The projected noise contributions described in gnevious Chapters are superposed in Figure
11.1 and compared to the Virgo+MS design curve riest in [3] which accounts for
fundamental noises. The incoherent sum of the saseshown in Figure 11.2. The shown
noises represent the situation if no major actsomade in order to reduce magnetic noise and
input jitter noise which would dominate below 100Hpr the TCS noise, the shown projection
uses a conservative noise case which corresporttie wptimal compensation (Section 4.2.2).
At high frequency B5 shot noise is the limiting trdsution (Chapter 9). Figure 11.2 also
shows the incremental contribution due to TCS, bgien and magnetic noises.

A reduction of magnetic noise and beam jitter nassaecessary and possible. For magnetic
noise a reduction of at least a factor 2 can beaiobdt by replacing the BS mirror magnets and
a reduction of noise coupling and of noise sourse$oreseen possible (Chapter 7: new
dielectric RM, identified sources). For reducinga jitter noise a seismic isolation of EIB is
necessary and a possible commercial solutionseang levaluated (Chapter 8).

The noise due to Eddy currents in the RM which waglevant contribution to the Virgo+
budget (Figure 1.1) is now expected to be negkgilals described in [3]. This term is now
included in the thermal model and it is accountedri the Virgo+MS design curve.

Other noises which are known to give a not negkgdmntribution to present Virgo+ and have
been not included in this noise projection arefugid light from cryo-trap, detection tower and
the Suspended Detection Bench (Section 5.5). Theses are expected to be cured with the
replacement of detection output window, and redydime light back-scattered from SDB
optics (Section 5.5).
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Figure 11.1. Superposition of expected noise contributionsto Virgo+M S described in previous chapters.
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Figure 11.2. Incoherent sum of all projected noises reported in Figure 11.1 (red), compared to the design
curve (black). Also shown is contribution to the total sensitivity by the TCS, magnetic and beam jitter noise.
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