Environmental noises during Virgo and V+ commissioning

This document describes the major ITF noises and noise paths of environmental origin evidenced (or, for a few cases, just suspected) during V and V+ commissioning. For each noise we provide the following information:  (1) the noise observed in ITF, and the noise path, (2) the source(s) of  environmental disturbance,  (3) applied remedies and results (possibly side effects), and finally (4) the residual noise and proposed additional actions. Also is provided a link to reference documents.

Some categories have been identified:  (1) environmental noise coupling through external optics (addressing both problems with diffused light and with beam jitter) (2) up-conversion of low frequency noise from external benches, (3) noise coupling at vacuum tanks (addressing three cases: (i) optical links (ii) that of suspended optics, (iii) tube baffles), (4) magnetic noise. One section is dedicated to each. 
1. Acoustic noise coupling to external optics
Acoustic environmental noise above 100Hz couples significantly at external benches. Two major mechanisms are identified: (1) back-scattering of light diffused by optics whose motion is amplified at the resonant frequencies of the mounts by acoustic and seismic noise; (2) jitter of the beam caused by optics vibration, and also by air refraction index fluctuations. Effect (1) has been observed at all benches [1], while (2) is relevant at input benches in LL [2]. 
Electronic racks, fans and pumps are a major source of noise at these frequencies. 
The evidenced noise in dark fringe were peaks associated to frequencies of optics mount modes [1], and narrow peaks associated to racks cooling fans frequencies and multiples [3].
A related issue is that of noise caused by turbulent air fluxes on external beams.

The observed effect is an increase of beam jitter noise below a few Hz (down to mHz). 

Solutions and results:
S1) Optics mounts were replaced with stiffer ones (first resonance above 300Hz). 

R1) All peaks associated to NEB optics disappeared from sensitivity [4]. New BMS mounts have resonances above 600Hz. Noise largely reduced on BMS above 50Hz [5].

S2) Acoustic isolation of benches: LL (26-27 Sept. 2006), Detection (4-7 April 2007), terminal benches (3-5 May 2007).
R2) Performance measured for terminal benches and detection are similar and a bit better than for input benches: for EIB and LB acoustic noise at benches reduces by  a factor 3-5 above 100Hz [6], for the End benches and Detection bench we gained roughly a factor 2 at 50Hz, a factor 4 at 100Hz, a factor 10-15 at 1kHz [4]. Seismic motion of benches reduced of a similar factor. This indicates a large coupling of bench motion to acoustic noise. 
Limitations / side effects: Acoustic enclosures provide none or poor isolation below 100Hz. The LL enclosures do not provide good isolation from CB hall. A “defect” of LL enclosures is that of having left a too tight space around benches (this was improved in the other enclosures design).
S3) Racks relocation: LL racks moved to acoustically isolated EE-room.

Racks displaced by about 5 meters from LL inside EE-room. EE-room is separated by LL by two walls (MC tube runs between them), one is the original wall made of light panels, the second wall is made of acoustically isolation material (ask ANDREA). One acoustically isolated door separates EE-room from the central hall. At the same time the laser chiller has been moved from underneath the MC tube into a separate room with concrete walls.

A cooling system based on fan-coils has been adopted. Preliminary tests showed this to be much less noisy than a system like the one adopted for the DAQ room (see Section 3).

R3)  Measured good acoustic isolation of EE-room from LL, factor 100 at 100Hz, factor 1000 at 1kHz [7]. Acoustic noise in LL reduced above few hundred Hz. Effect on seismic noise yet to be verified after substitution of benches HF seismometers with less noisy ones. February 2009 data show no coherence between dark fringe and acoustic and seismic noise in EE-room.
Side effects: possible problems with over-heating of some laser electronic components possibly related to not good air circulation in room.

S4) Racks of terminal building moved out of bench floor.

The structural joint between the tower and bench floor and the building floor provides a seismic isolation of a factor 2-4 from 30Hz (eLog 21291).
R4) Saw no evidence of seismic noise reduction on benches. This indicates that the racks seismic noise couple at benches is mainly of acoustic origin.
S5)  Cures for air turbulences:
(i) Installation of silenced openings in enclosures
(ii) plastic covers ….
R5) Silenced openings on LL enclosures improved LF beam jitter noise almost to the level measure before the installation of enclosures. But still the problem reappears from time to time.

Residual noise:
(1) Noise projections using acoustic TF measured above 100Hz, indicate that the residual noise from terminal benches falls slightly below Virgo design, while for the detection bench, a seismic TF was measured which predicts a residual noise which falls significantly below the Virgo design above 50Hz [4].
(2) Recent data indicate the presence of residual beam jitter peaks. This will be better assessed with the use of new BMS quadrants (present ones are dominated by noise above 10Hz), and a new TF for input beam jitter will be measured.
(3) Some cooling fans (one rack) are still inside LL, this dominates acoustic noise in LL above 100Hz. Cooling fans of racks on platform around IB were seen in May data, coupling mostly acoustic. Residual noise from cooling fans on recent data is yet to be verified.
(4) Recent tests indicate that output beams are very sensitive to turbulent air motion (eLog …).

Further mitigations: 
(1) No mitigation actions are foreseen for V+, except possible some stiffening of mounts on EIB.
(2) A better isolation of LL from central hall seems needed in future. All racks should be eliminated from LL. 

(3) The most effective action seems to be the displacement of racks, into isolated rooms, separated by double walls, to be preferred to acoustic enclosures. Fans-coils cooling seems a good choice from the point of view of noise, but the problem of air circulation has to be addressed.
(4) The issue of air turbulences on external beams should also be addressed.
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2. Noise from low frequency motion of external benches
Post-VSR1 sensitivity was dominated below 100Hz by the effect of back-scattered light from the external benches, all benches (EIB, EDB, NEB, WEB) contributed significantly [8]. The coupling is not linear [9] and causes up-conversion. The dominant effect is associated to the large horizontal motion of benches in correspondence to the first mechanical mode of the legs (around 15Hz for all external benches) [10].
The bench legs motion is excited significantly (5 to 10 times) by the acoustic and seismic noise from the air conditioning machines. For terminal benches and EIB (largest benches) the effect of acoustic noise (air pressure) pushing on the bench top surface (eLog 21608) seems to dominate over the effect of amplification of the ground motion. 
In case of strong microseism (small fraction of time), the dominant effect is the up-conversion of the 300mHz sea peak in the observable bandwidth (up to 50Hz) [10] (see also eLog 21749, 21658).

The legs resonances of EIB also couple a significant amount of beam jitter noise. A projection indicates that this noise is presently limiting (February 2009) the sensitivity at 
16, 19 Hz and at 40-50Hz (EIB legs modes). Part of this noise is attributed to sensing noise of the PR angular controls.  
The seismic peaks produced of floors by the fans and engines of the CleanRooms air conditioning happen to match the EIB legs frequencies and are amplified (x10) on bench top. The same happens to several cooling fans peaks at 40-50Hz.
Solutions and results:
S1) Reduce fraction of diffused light on (all) benches: damping of parasitic beams, cleaning of optics, centering optics.

R1) Noise coupling reduced by a factor 2 to 6 (April 2008). After this action up-conversion noise was no more limiting (May 2008 data). Note that theoretically noise coupling reduces as the square root of the fraction of diffused light power.
S2) Reduced transmission of NE mirror (from 40 to 10ppm, as for V+MS) and reduced transmission of multiple reflections from NE mirror back face (AR coating of NE mirror, new output window with AR coating and tilted). 
R2)  Noise coupling for NE bench reduced by at least 10 times (measured an upper limit)[11]. We would expect a factor 4 reduction of coupling to come from the reduced transmissibility; the additional measured reduction has to be attributed to the elimination of multiple beams.
S3) Improved attenuation of Faraday isolator on SIB, and installation of OMC before EIB [11].

R3)  Noise coupling for EIB reduced by at least 10 times (measured an upper limit).

S4) Reduced rotation speed of CE hall air conditioning fans by 25% (overall flux into hall did not change, because of opening of air valve).
R4)  reduced seismic (5-20Hz) and acoustic (0-20Hz) rms noise at EDB by a factor two [12].
Side-effect:  a new seismic peak at 12Hz (engines) which is intense on CB floor (before it was at 24 Hz, but 10 times less intense in units of displacement) << this point needs a CHECK.
Residual noise: 
(1) After actions S1, S2 and S3 the NEB and EIB projected noise are at least a factor 3 below V+ sensitivity (upper limit measured). However, a problem for V+MS cannot be excluded.
(2) The WEB noise is about a factor 2 above V+ design around 20 Hz. In conditions of high microseism will produce limiting noise up to 40Hz [].

(3) The Laser Bench, which showed no problems before the implementation of V+ injection, has not been yet checked.

(4) The EDB is presently under investigation.
(5) After action S4, the rms noise produced by the CB hall air conditioning at EDB is a factor 1.5 (for seismic between 5 and 20Hz) and a factor 2 (for acoustic, between 1 and 20Hz) above background (machine off). In the LL the noise from this machine reduced at the level of background noise.
Further mitigations: 
Actions proposed, but TBC, to implement before VSR2 are:
(1) Installation of one isolation stage (springs) underneath fans and engines of CB hall air conditioning. We expect to gain a factor 5-10 on the 12 Hz.
(2) Reduction of air fans speed (25% reduction) and air fluxes (same 25%) at WE. We expect a factor two reduction in acoustic noise.

(3) Improving acoustic isolation of HVAC room from WE experimental hall. We suspect direct noise coupling plays a role, although we have never quantified it relatively to acoustic noise associated to air fluxes. This work could shed light on this point.
(4) Resonant damper to reduce EIB motion at legs resonances. We expect a factor 2-5 attenuation.

(5) Implementation of a noise subtraction technique to reduce noise reintroduced by PR angular controls. 
Long term mitigations (V+MS): 
(1) Stiffening of benches.

(2) Microseismic noise might require isolation of benches from 100mHz [10].
(3) Further mitigation of acoustic noise from air conditioning.
(4) Dust particles on optics cause significant amount of diffused light. The cleanness of external benches is an important issue to address in future implementations.
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3. Noise couplings at vacuum vessels
This section describes the effects (measured or suspected) of vibrations of the vacuum vessels. In specific: the effects on optical windows (Sub-section 3.1), the effects on suspended benches (Sub-section 3.2), the effects on tubes and tube baffles (Sub-section 3.3).
Vacuum vessels vibrations are excited both acoustically and seismically through the floor connection. Major environmental sources of noise are (i) vacuum pumps, (ii) rotating mechanical devices (water pumps, fans HVAC, racks cooling fans), (iii) air conditioning.
3.1 Optical windows
Noise effects in dark fringe have been evidenced or are suspected for:
(i) Detection Brewster window [13]
(ii) Detection output window [13]

(iii) Injection Brewster (eLogs …)
Coupling mechanisms are not completely identified but suspected: (1) back scattered or back reflected light by the vibrating window, (2) modulation of the phase of the beam crossing the vibrating window (elasto-optical effects can change the index or refraction of the window), (3) clipping of beams. 
Det.Brewster coupled significant noise from 50Hz to some hundred Hz, especially picking up acoustic noise from the hall. Residual coupling noise after the Brewster removal was associated to the detection output window and it was mitigated by seismically isolating the turbo vacuum pump. Recent data show suspect that residual noise coupling at this window and at the injection Brewster window might be not far from limiting the sensitivity at some frequencies between 30 and 400Hz (eLog …).
Mitigations and results:
S1) Det. Brewster substitution with Cryogenic Trap.
R1) Largely reduced acoustic coupling to central hall, some resonance peaks likely associated to Brewster structure disappeared. 

No evidence of residual noise or new type of noise produced by Cryo Trap [13].
S2) Bellow on Detection turbo pump.
The pump was isolated from the tower with the following installation: the pump is now hanged to a rigid support placed on a rubber isolating layer and attached to the platform, while the connection to the tower is made with a soft bellow steel tube.
R2) Seismic noise to the tower is filtered significantly (factor 3 to 20) above 100Hz (also eLog 22196). The noise in dark fringe disappeared [13].

S3) DAQ room acoustic isolation
Acoustic noise from electronic racks in DAQ room, coupled to ITF via the Detection Brewster (in central hall, just outside of DAQ room).
R3) Acoustic noise in hall, just outside of DAQ room reduces approximately a factor 2 above 100Hz. Small but significant seismic noise reduction at Det. Brewster (few lines and peaks between 100 and 150Hz) [14].
S4) New DAQ room HVAC

A new machine was moved outside the DAQ room, the air flux increased from …. Fan and engines on rubber isolating layers. Improved air circulation inside  DAQ room.
R4) Factor 5 reduction of acoustic and seismic noise (floor) inside DAQ room, between 30 and 20Hz. We measured a significant reduction of seismic noise of EDB horizontal 50-150Hz (less in acoustic). See [15].
We find evidence of some noise in dark fringe in Feb. 2009 data. Seismic lines likely associated to fans are seen on CB hall floor.
S5) Water pump 1

This pump, inside HVAC room produces large acoustic and seismic noise at its rotation frequency (46Hz) and harmonics, intense in Detection lab.

A soft rubber bellow was added downstream of the pump.
R5) This solution revealed not effective, noise reduced by maybe a factor 2. However noise coupling reduced after Brewster removal. Some residual noise effect in dark fringe is detected in Feb. 2009 data.
Mitigations foreseen for V+:

(1) bellows on IB and PR turbo pumps (or substitution of IB turbo with MC turbo, now off, to be verified with test). 

(2) Removal of  water pump 1. 
Further mitigations:

(3) Need isolation of seismic and acoustic noise from engines (also HVAC), water pumps (also pompe drenaggio). Avoid engines frequency to match critical ITF resonances, Difficult to say if better slow (8-poles) or fast (2-poles) engines: higher frequencies (i.e 2-poles engines, around 50 Hz) are easier to damp (seismically) but lower frequencies (8-poles, around 12.5 Hz) are less relevant for sensitivity. 

(4) Eliminate racks (or noisy cooling fans) from experimental hall.

3.2 Suspended optical benches
Environmental noise couples (1) because of light diffused by towers wall, (2) because of control noise of the angular alignment loops which act on suspended benches via coils attached to ground. 
Point (2) in under investigation. Peaks associated to modes of the optics mounts on the suspended detection bench  are seen in the sensitivity, indicating an excess motion of the bench. A suspect is that the excess noise is reintroduced by the mentioned coils actuators. This noise path  is being investigated (D.Huet). A similar path is suspected to happen at the suspended injection bench, and being responsible for the excitation of some resonances of the dihedron on the bench (which are coherent with seismic sensors on ground and turbo pumps, eLog …).  
Mitigations and results:

S1) parasitic beams impinging of towers walls damped with suspended absorbing glasses, absorbing glass baffles to hide tube walls from beam, damping of parasitic beams on suspended benches, …[16].
R1) no clear indication of improvement, might not be a dominant source of noise so far. It is likely that diffused light from suspended bench, and from secondary beams, remains. This light peaks up vibrations from tower walls, reintroducing phase noise.
Further mitigations:
(5) Further mitigations described in 3.1 also help here
(6) Substitute alignment controls of suspended benches controls from ground coils, with controls from the marionette.

3.3 Tubes and baffles
The noise coupling at tubes walls has been investigated for MC tube and the large arm tubes by shaking tests [17]. 

(1) For the large tubes an upper limit has been set for the noise that can be reintroduced by diffused light at the baffles. The limit is almost compliant with AdV design [18]. However, some hypotheses have been made which should be addressed possibly with further tests: (i) only the West tube has been tested, North tube might be different; (ii) not all baffles have been excited in the test, so set limit holds in the hypothesis that all baffles behave the same and there is no special baffle with defects;  and (iii) also in the hypothesis that the environmental noise is the same on all baffles. 
(2) Shakings tests of the MC tube permitted to set upper limits which are compliant with V+. Also it was found that the first section of MC tube, close to IB tower was sensitive to intense mechanical vibrations and shocks. 

Therefore the following precaution action has been taken:
S1) the laser chiller, that was located right underneath the critical section of the tube MC, has been moved by a few meters inside a separate room with concrete walls. 
R1) Reduced vibration of MC tube have not been not measured.
Further shaking tests are needed to:

(1) asses the MC tube noise for the case of V+MS,

(2)  verify the situation for the North tube.
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4. Magnetic Noise (also E-M disturbances)
Environmental magnetic fields produce noise in dark fringe through the force exerted on mirror magnets. The measured coupling to environmental magnetic fields decreases with the forth (CHECK) power of frequency and it is large below 50Hz [18]. 
Several actions have been taken to reduce this coupling (1) and to reduce the effect of some magnetic sources (2 and 3). Some other noise sources have been identified but not yet cured (4 and 5). Some sources of E-M disturbances have also been identified and partially cured (6,7,8).
Mitigations and results:

(1) mirrors magnets strength reduced, lateral magnets removed (April-May 2008)
Front mirror magnets on input and end mirrors have been replaced with ones of the same type (SmCo) but smaller (5 times smaller magnetic moment). Also unused lateral magnets have been removed (for WI and NE found they already dropped).
Result of (1):  Coupling to magnetic environmental fields reduced by about 5 times in CB. This seems mainly associated to the removal of NI lateral magnets [18]. Yet to check improvement at WE and NE.
(2) displacement of sources from ovens (March – November 2007)

Several power supplies located inside the ovens (<2 meters from payload mirrors) have been found responsible for bumps and lines in the sensitivity between 20 and 150 Hz [17]. These disappeared when sources where displaced by at least 5 meters from mirrors). Here a list of these sources: (1) vacuum sensors power supplies (eLog 15506), (2) power supplies of LC illuminator, (3) cooling fans of LC illuminator, (4) LC PSD power supplies, (5) optical calibrators.  

(3) Inductance loops in light circuits (July 2008)
Magnetic noise at and around 50Hz was associated to the switch on of fluorescent lights in the L-room. The source was identified in the big inductance loop associated to a wrong cabling of the in and return path of this light circuit. It was then cured by re-cabling it [18].

(4) MC resistive heating (July 2008)
Magnetic noise at sidebands of the 50Hz power line is present in the CB and couples to dark fringe [18]. The origin is the fast switching of the large resistive load (10kW) which is used for heating the MC conditioning air. This noise is still under study, but looks the path is through a pollution of the IPS power, which is in common (same ENEL transformer) between the MC and CB.

(5) AC-DC power supplies of racks on platform (October 2008)
Large broadband magnetic noise emissions below 100Hz are associated to the AC to DC converters used by the vacuum controlling electronics (eLog 21327). These are located on racks in the platform (about 5m from mirrors).

(6) E-M noise from RIO clocks

RIOs have be found responsible for noise lines in dark fringe at multiples frequency of the internal clock (CHECK with Dominique) [19]. Two cases have been evidenced: (1) a temporary malfunctioning of WE RIO polluting all signals of the crate with lines at exact multiples of 2.62 Hz, and (2) 10Hz multiples from the RIO running FrMoniLa server (polluted all VSR1 data).  An intense magnetic emission is measured at multiples of the RIOs internal clock. The suspected noise path is that of electromagnetic noise coupling to non-differential ADC [19]. However, also direct magnetic noise coupling to mirrors cannot be excluded. 

A similar origin is suspected for noise lines at multiples of 1 Hz and 2.36Hz evidenced by pulsars analysis in VSR1 data (Ref. Palomba).

(7) RF noise from fluorescent lamps
Evidenced RF broadband noise generated from the electronic circuit that drives the neon lighting tubes of the EE-room. This noise was polluting …. It has been cured …. (ask FEDERICO)
(eLog 21812, 21869).
(8) Noise from monitors, cameras

…Recent discovery by Bas and Federico: aliasing of one strong line at 15625Hz, which is the scanning frequency of TV monitors and cameras (eLog 22276).

Residual noise:

Recent data (Feb. 2009) and measurement of CB magnetic TF, indicate that magnetic noise is at level of the V+ design between 10 and 50Hz. Coupling at other buildings yet needs to be  measured, although seems (from coherence studies) that their effect is less than for CB.

Residual limiting noise comes from the MC resistive heating and one magnetic line at 10.6Hz not yet identified. 

Test to be done in short term (March): evaluate environmental noise from UPS machine inside MC

Needs of further mitigations:
(1) For the short term (V+) it would be advisable to replace the vacuum racks power supplies with less noisy ones (displacement of racks seems not feasible in the short term). (2) Indications are that the only solution for the 50Hz sidebands noise is the replacement of the switching resistive load in the MC HVAC with a water-based heating, which means actually substituting the HVAC machine.

(3) For V+MS, the magnetic noise coupling should decrease with the installation of the dielectric reference masses. This is because we evidenced that a large coupling is associated to the strong field gradients produced close to the mirror magnets by induced eddy currents in the aluminum reference mass (see [19], and eLog 19988). However, it is not possible to predict which the residual coupling will be with dielectric reference masses.

It is thus advised a mitigation of magnetic noise sources to accomplish in the V+MS shut-down period. Noisiest identified sources are racks power supplies and RIOs. The most effective action is the displacement of electronic racks from mirrors. Even a small displacement (5-10m) could be effective, since the radiated noise decreases as the cube of the distance from the source.

Other  indications:

(1) Avoid fast switching large loads,

(2) Carefully evaluate use of fluorescent lamps.

       ….
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