4. The Vacuum System

4.1 Vacuum System Function and Requirements

4.1.1 General requirements
The entire interferometer is put inside a large vacuum enclosure, in order to suppress several sources of noise, each one of them being strong enough, at atmospheric pressure, to prevent the observation of gravitational waves.

The vacuum vessel consists of several parts:

· two 3 km long straight tubes, 1.2 m in diameter, laying on ground perpendicular to each other; the laser beams propagate along the interferometer arms inside these tubes

· several vertical cylinders, called “towers”, 2 m in diameter, up to 11 m high, containing the optical elements suspended to suitable antiseismic attenuators

· one 142 m long tube, 30 cm in diameter, containing the Mode Cleaner optical cavity

· several valves, with up to 1 m aperture

· several pumping groups, including many types of pumps and vacuum gauges.

The diameter of the 3 km long arm tubes has been chosen to be 1.2 m, to be able to contain two or even three independent interferometer beams. In this way the implementation of an additional interferometer would require major changes to the towers only.

The 1 m aperture gate valves at both ends of each 3 km tube, called “Large Valves”, have been developed on a custom design. Their fundamental role consists in separating the towers from the tubes, allowing to keep the tubes in vacuum, while venting the towers; in this way it is possible to save a large amount of work and money, allowing frequent maintenance operations in the towers.

The noise sources suppressed by vacuum are:

· transmission of acoustical noise to the mirrors

· thermal noise due to damping of mirror suspensions by air friction

· excitation of mirror motion by gas molecules

· scattering of light by residual gas molecules

· refractive index changes due to statistical fluctuations of gas molecule density.

It can be seen that the last phenomenon is dominant. It is therefore sufficient to reach a pressure low enough to suppress this noise and all the other ones will be eliminated as well.

The noise level superimposed to the gravitational wave signal by residual gas pressure fluctuations has been carefully evaluated. The maximum residual pressure acceptable value has been chosen in order to keep this noise lower by one order of magnitude with respect to the shot noise. This condition must hold also for a future upgraded interferometer, having a sensitivity improved by a factor of 10, with respect to the Virgo design sensitivity.

Quantitatively, assuming a design sensitivity of 10-23 Hz-1/2 above 300 Hz, and 10-24 Hz-1/2 for an improved detector, the noise signal due to pressure fluctuations must be below 10-25 Hz-1/2. This corresponds to a residual gas pressure of about 10-7 Pa (10-9 mbar). This value has been calculated for a residual gas constituted essentially by Hydrogen, which is the case for baked stainless steel vacuum enclosures. In the case of residual gas dominated by higher polarizability gases, the limit pressure should be lowered by one order of magnitude.

Baked vacuum systems have been considered, since, in order to reach the requested end pressure, it is mandatory to foresee a bake-out process for the whole tank, when it is already evacuated. Experimenting with prototypes allowed us to choose the most appropriate bake-out parameters to eliminate the H2O molecular layers present on the inside surface of tubes and towers. The best choice turned out to be heating the tanks, once under vacuum, at 150oC for about 100 hours.

Furthermore the residual gas must be free of condensable organic molecules (hydrocarbons), in order to keep the optical surfaces clean. A hydrocarbon partial pressure of 10-11 Pa (10-13 mbar) is required if one wants to avoid the cumulative deposition of one monolayer of molecules on the optical elements in 4 years. This value has been chosen theoretically, because of the lack of experimental data. A reasonable sticking probability of 0.1 for hydrocarbon molecules has been used, together with other more conservative hypotheses:

· that one monolayer of molecules deteriorates mirror surfaces

· that hydrocarbon molecules polymerize under the intense Fabry-Perot beams (10 kW), while it is more likely that they are photo-desorbed.

The retained target values for the average partial pressures on the optical path of the interferometer beams are:

	gas species
	partial pressure

	H2
	10-7 Pa (10-9 mbar)

	all other gases
	10-8 Pa (10-10 mbar)

	hydrocarbons
	10-11 Pa (10-13 mbar)


These very stringent conditions (Ultra-High-Vacuum) are necessary on the 3 km optical paths and in the lower part of the towers containing the main optical components. A 103 times higher pressure (High-Vacuum) can be accepted in the towers containing the Input and Detection optical benches, the Mode Cleaner cavity and in the upper part of all the towers, where most of the electromechanical parts of the antiseismic suspensions are contained. In order to cope with a HV regime (10-4 Pa), a careful material selection has been performed for all SA components, and suitable vacuum/thermal treatments have been developed. UHV volumes and HV volumes are separated by vacuum tight optical windows or by low conductance apertures, allowing to preserve the pressure difference operating in a differential vacuum regime.

Pressure fluctuations in the vacuum enclosure can be produced also by bursts of molecules released by the vessel walls or by internal components. The origin of bursts can be mechanical (deformation or friction) or thermo-electrical (discharges in ion pumps). Molecule bursts release will be reduced to a very minimum by the absence of moving parts in the UHV volumes, pumped only by Titanium evaporation pumps and Ion pumps, and by the extreme cleanliness of components, allowing a very low load on the pumps themselves.

Residual gas bursts effect, still present in the gravitational wave signal, will be vetoed by their peculiar time structure. Their shape should be characterized by a rise time well below 1 s [4.1], due to the fast emission process, and by a decay time larger than 100 s, due to the ratio V/S of the volume V over the pumping speed S of the corresponding pumping group.

Figure 4.1 shows a schematic lay-out of the vacuum system.

Finally the evacuated volume has to be kept free of dust, in order to avoid optics contamination. This request holds, in particular, for the tower lower part, where optical components are located. Quantitatively, the fraction of mirror surface covered by dust grains should be kept at the ppm level, that is the same level prescribed for scattered light losses.

In order to cope with all the requirements, the material for towers and tubes construction has been selected to be stainless steel 304L. Possible alternatives could have been: higher quality stainless steels or aluminum alloys. 304L stainless steel has been preferred, after preliminary dimensioning of the various alternatives, as being the less expensive and most reliable solution. The following main points have been considered:

· mechanical characteristics

· cost and availability of the raw material

· welding reliability and crack-less deformability

· raw material outgassing rate and possible reduction processes

· construction experience inside CNRS and INFN

· experience inside companies candidate for construction

· compatibility with existing vacuum instrumentation.

Among the different stainless steel grades, 304L has been retained, as the best compromise between cost, procurement easiness, absence of ferromagnetic behaviour.

Diffused light influence on the interferometer depends strongly on vacuum enclosure properties. In fact stray light can be diffused back into interferometer beams after bouncing on vacuum enclosure walls; in this way seismic modulation can spill in the gravitational wave signal. To avoid these problems a thorough investigation of diffused light propagation has been performed, as described in the relevant section. As a result, a large set of baffles and absorbers has been installed inside the vacuum volume, with the mission to cut the path of diffused light from mirrors to vacuum walls, back to the mirrors. Inside the 3 km arm tubes there are stainless steel baffles. Inside the tower volume, up to the large valves, there are baffles made of special infrared absorbing glass.

4.1.2 Ultimate vacuum
As explained in the introductory section, an end pressure below 10-7 Pa has to be reached on the light beam path.

This pressure value becomes a real challenge if it has to be reached in a large volume, with kilometric dimensions and a huge wall surface. In a vacuum enclosure without inner gas sources, with negligible permeation effects and without leaks, the end pressure close to the pumping ports is determined by the ratio:
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In the case of Virgo, the vacuum enclosure has a wall surface above 25000 m2. The only way to keep the pumping system at an economically affordable level is to reduce the wall outgassing rate. While designing Virgo, available experience on very large systems was that the best outgassing rate reachable, after bake-out, was of the order of 10-10 Pa · l / cm2 · s. Before Virgo and LIGO construction, the largest existing UHV systems were at least one order of magnitude smaller. The outgassed gas species are largely dominated by hydrogen, trapped inside the whole sheet thickness in the stainless steel production process, at a concentration of a few ppm in weight. With the given values the total pumping speed should be 106 l/s, with a moderate safety factor of 4. The cost of a similar pumping system, distributed along a 6 km length would have doubled the Virgo construction budget.

The problem has been solved experimenting and developing the air firing treatment on material samples and on several tube and tower prototypes. Firing consists in heating the raw material or the already built tank elements at several hundreds of degrees Celsius, in order to increase hydrogen atoms mobility and rapidly reach the equilibrium with the much lower H2 concentration in the atmosphere. After cooling down, hydrogen concentration in the metal sheets and outgassing rate are reduced by more than two orders of magnitude. Air firing is a cheaper alternative to traditional vacuum-oven firing, which is not applicable to very large systems.

For Virgo, a very large oven has been built by the CNIM company (La Seyne sur Mer, Toulon), capable to reach 450 oC, meeting the requirement of a H2 outgassing rate well below 5x10-12 Pa · l / cm2 · s. Similar results have been obtained for the large valves components and for the tower lower vacuum tank, fired in the same oven for a longer time, given the larger thickness of the metal sheets to be hydrogen depleted. The firing temperature has been chosen to be well below the brittle temperature for 304L stainless steel.

The systematic study on stainless steel hydrogen outgassing, besides developing the air firing technology, allowed us to obtain relevant results in vacuum technology [4.2, 4.3, 4.4]. In particular we have demonstrated that, for our commercial cold-rolled austenitic stainless steel sheets (Avesta, Sweden), diluted hydrogen is really desorbed by air firing while surface oxide layers don’t play a significant role in reducing outgassing [4.5].

Air firing and 150 oC bake-out, together with a strict application of standard washing procedures allowed to meet also the hydrocarbon maximum pressure requirement.

4.2 The Towers

4.2.1 Function and specifications

The vacuum towers have been conceived to host in vacuum the interferometer optical elements and their antiseismic suspensions, called Superattenuators (SA). The various optical elements require seismic isolation at different levels, hence SA’s and the respective towers have different height. The main mirrors (Beam Splitter, Power Recycling, North Input, North End, West Input and West End), acting as gravitational test masses, have long suspensions inside 11 m high towers (Fig. 4.2). The Mode Cleaner mirror, the Input Bench and the Detection Bench have short suspensions and 6 m tall towers (Fig. 4.3).

The mirrors contained in the high towers require an Ultra High Vacuum level (10-7 Pa), not compatible with the electromechanical elements of the suspensions, by which they are supported by means of metallic wires. Hence the long towers are vertically split in three compartments: the lowest one (10-7 Pa) containing the mirror “payload” and the propagating light beams, the upper one (10-4 Pa) containing the antiseismic suspension, the intermediate needed to obtain by differential pumping the appropriate pressure difference between upper and lower compartments. The three volumes are pumped independently and are connected just by a 16 mm hole for passage of the payload suspension wire. In order to keep the conductance between the three compartments as low as possible, the holes are equipped with 200 mm long “conductance tubes”.

UHV conditions in the tower lower part can be reached by respecting strict cleaning conditions followed by a 150oC bake-out process. To this aim the long tower bases have been enclosed inside appropriate ovens.

The MC mirror and the optical benches require only a High Vacuum level (10-4 Pa), hence the short towers have one single compartment and no ovens.

Only the base of a tenth tower has been installed between Beam Splitter and Detection Bench. This is provisional for the installation of a Signal Recycling mirror and its corresponding suspension.

The tower bases are linked by vacuum tubes for the interferometer beams propagation; the link tubes among the central towers have 300 to 400 mm diameter; the arm tubes, containing the 3 km long Fabry-Perot cavities have a 1.2 m diameter (Fig. 4.1). The link tubes are equipped with suitable aperture gate valves, to allow independent evacuation of the towers. Link tubes connecting towers with different working pressure are closed by vacuum tight optical windows, set at the Brewster angle with respect to the light beam, in order to reduce unwanted reflections.

Tower bases are equipped with several optical window ports, for the passage of auxiliary laser beams, used for mirror position feedback control and for monitoring purposes.

4.2.2 Mechanical design

A unique feature of Virgo is its sensitivity, starting at a frequency as low as 10 Hz. This is achieved with the SA, able to reduce the seismic motion of the test masses (the mirrors) already at that frequency. As a consequence all the resonant frequencies of the mechanical structure supporting the SA have been pushed above 10 Hz, i.e. well above the SA cut-off frequency (a few Hz). A tower design in agreement with these conditions has been achieved by detailed modeling via the SYSTUS simulation code. Also the SA structure, described in a following dedicated section, has been taken into account. The mechanical simulation has been performed in all possible conditions, including bake-out under vacuum. The lowest collapse factor turned out to be 12.8.

The mechanical structure of the tower consists of a stiff base, allowing an accurate positioning and a strong clamping to the building floor, and of an upper part, made of modular cylindrical pieces. All pumping ports, feed-through and windows are located on the base; so no equipment has to be disconnected when opening the tower.

4.2.3 The tower base

The tower base hosts the optical payload and serves as a high stability support for the SA. The base (Fig. 4.4) consists of a cylindrical tank (2000 mm diameter, 2740 mm height, 15 mm wall thickness), welded to an upper square flange (2400 mm x 2400 mm x 60 mm), which is taken as a reference for the tank geometry and for the tower positioning. To this aim four precision holes have been drilled at the flange corners. The tank is welded to a very massive (4000 mm x 4000 mm x 300 mm) square pedestal clamped to ground. Pedestal, tank and upper square flange are bound with four vertical triangular stiffening wings.

Each tank has four large perpendicular ports, in the horizontal plane, at the interferometer beam level, i.e. 1100 mm above the building floor. All the ports have a 1000 mm diameter, except the ports connected to the arm tubes, having a 1200 mm diameter. The 1000 mm ports are closed by flanges equipped with 400 mm ports for the passage of the main interferometer beams, through the link tubes. The pumping ports for the three tower compartments are all located on the upper part of the tower bases, just below the square flange. Several smaller ports and optical windows are present for the main laser beam and monitoring and control beams.

The bottom wall of the towers consists of a circular 2 m diameter lid, bolted under the tower to an appropriate flange. In the center of the lid there is a 1 m diameter aperture, closed, in turn, by a secondary lid. The 1 m aperture allows the installation of the payload from below, through the clean gallery existing under the floor of the buildings. Exceptionally the 2 m lid could also be opened.

The bases of all the towers are structurally identical, differences concern only positions of optical windows and access ports. All the large ports (1 m, 1.2 m, 2 m) are closed by bolted flanges and metal gaskets (Helicoflex Delta, by Cefilac, France); this is particularly important for bakeable towers. Only the lower 1 m lid has a temporary Viton gasket, being opened relatively often to work on the payloads. The 400 mm ports connecting the tower bases through the link tubes, have bolted flanges with Helicoflex gaskets. Ports with diameter of 250 mm or smaller have standard Conflat flanges and copper gaskets.

4.2.4 The separating roof

The two horizontal disks dividing vertically the high towers in three volumes with different vacuum levels constitute one single rigid block called “Separating Roof”. This system is located inside the tower base, just below the upper square flange and rests on an appropriate inner flange. Besides the limited gas flow through the low conductance tubes (2 l/s each, combined in series), the vacuum tightness between upper and lower compartment is reached without gasket thanks to the very high quality machining of this flange and of the lower surface of the separating roof. The two surfaces can slide one over the other, without loosing tightness. This feature allows to adjust, within a 25 mm radius, the separating roof position on the horizontal plane, following the adjustment of the mirror suspension wire, operated at the inverted pendulum top stage. Minor adjustments, up to a few mm, can be accommodated inside the conductance pipes; larger adjustments require to move the separating roof. This operation is achieved from outside, by a vacuum tight system of micrometric screws and bellows. The wire position inside the conductance pipes may be visually inspected by a set of mirrors and a TV camera (periscope).

The separating roof structure is complicated by the following features. The last SA stage, suspended above the roof has four legs supporting the coils acting on the magnets of the “marionetta”, the underlying SA stage, located under the roof. To keep separated the upper and lower tower compartments, the separating roof is traversed by four cylindrical pots enveloping the coil legs. At the end of every pot there is a thin Kapton window allowing the steering coil/magnet interaction, without magnetization effects. Pumping and venting speeds have been dimensioned in order not to break the thin windows with too high pressure differences (below 600 Pa).

The marionetta supporting wire passing through the conductance tubes and coils and magnets located on opposite sides of the Kapton windows demand for an extremely difficult submillimetric positioning of all the parts. All this does not hold for the short tower, not equipped with separating roof.

4.2.5 The upper cylinder

Above the base there is a 2 m diameter, 40 cm high, cylinder, called “technical ring”, with four 250 mm ports equipped with all the needed electrical feed-troughs for in- and out-going signals.

Above the technical ring, the tower tank is completed by three (one for the short towers) standard cylinders and a top cap. The 2 m flanges coupling the cap, the standard cylinders and the technical ring to the base, have Viton gaskets, not being part of the UHV compartment, hence not included inside the bake-out oven.

4.2.6 Construction

The towers have been built by the company SDMS (St. Romans, Grenoble). The fabrication took place in a clean environment, free of dust and of oil vapors, in order to meet outgassing and cleanliness requirements. To the same aim, the inner surface of the tanks has been electropolished (RA 1.6 m, rugosity, following international mechanical standard). The different tower parts have been processed by thermal treatments in air, up to 450 oC and under vacuum up to 200 oC, for mechanical tension relieving, hydrogen outgassing and accurate degreasing.

At the end of the fabrication process, every tower base has been carefully surveyed, using, as reference, the four precision holes on the upper square flange. Once cleaned, the base tanks have been sealed and conditioned under vacuum until their installation on site.

4.2.7 Cleanliness

As explained in the requirements section, it is extremely important to protect the optical payloads against both hydrocarbons and dust. Having done this during tower fabrication, cleanliness may be endangered when the towers are opened for SA or payload installation.

To this aim, building air conditioning and clean air circulation circuits are arranged in order to have slightly increasing pressure in the following series of volumes: the external atmosphere, inside the Central (Terminal) Building, the clean rooms and the gallery, inside the tower base. The environment becomes cleaner and cleaner moving in the same sequence, up to class 10 inside the towers, in absence of operators.

To prevent dirt entering the towers, bases are equipped with two 200 mm pipes blowing-in, just below the separating roof, 1200 m3/h of filtered air, derived from the main clean room air system. In this way, when the tower base is opened from above, for SA installation, an overpressure is formed in the UHV payload compartment and clean air flows upwards, through the conductance pipe, preventing the entrance of dirt. The separating roof acts as a sort of umbrella against dust. Moreover the work volume above the tower is confined by a plastic tent, enveloping the whole service scaffolding.

When the tower is opened from below, for payload installation, the filtered air flow acts as a real air shower, keeping clean components and operators entering from the underneath clean gallery. In order to establish a regularized circulation of clean air, appropriate apertures, close to the gallery floor, suck-in air returning it to the filter units. The established regime is not at all a laminar flow, due to the insufficient inlet aperture and to the relatively large dimensions of payload and operators, with respect to the UHV chamber. As it is described in the payload section, dirt accumulation is monitored with silicon wafer located in the most exposed points of the chamber.

4.2.8 Link tubes

The link tubes are the 400 mm vacuum tubes connecting the towers in the Central Building to allow the passage of light beams. The link tubes have to account for:

· their own dilatation and tower dilatation due to 150oC bake-out

· misalignment between tower bases

· mechanical tolerances on tower flanges and on link tubes construction

· installation of tower/tower sectioning gate valves

· installation of stray light absorbing glass baffles.

Hence a link tube, up to 3.0 m long, includes an elastic bellows and a 250 mm aperture gate valve. The bellows allows elastic longitudinal displacement of ±40 mm and transverse displacements of ±15 mm. The whole link tube, including valve and glass baffles, is bakeable. All the gaskets used for the link tubes are metallic, apart the valve gate sealings, which are Viton, bakeable up to 200oC. The link tubes serve also as connections to the permanent pumps for the tower UHV chamber. Such permanent pumps are constituted by two large tanks with Ti evaporators, coupled with an Ion pump; given their large dimensions, these groups cannot be installed directly on the towers.

4.2.9 Bake-out ovens

In order to bake-out the tower bases, they have been enclosed inside large hot air flow ovens, integrated with the lower part of the scaffolding surrounding the towers. The upper part of tower bases, where all the pumping ports are present, is outside the oven; it is thermally insulated with soft blankets, in order to reach a sufficient temperature on all the walls of the UHV chamber. The structure is permanent, while the insulating walls and the heating fans are movable. In each tower the available power is 20 kW, distributed by a circulating air flow of 2000 m3/h. Under the tower there is a 3 kW heating disk for the tower bottom lid. The power supply and control unit installed in the central building is able to power two tower ovens at a time.

The ends of the link tubes, including the gate valves, are inside the oven volume; the tube external part is heated by tape resistors and covered by insulating blankets.

4.3 The Arm Tubes

4.3.1 Vacuum performances and related constraints

As stated in the requirements section, the maximum tolerable pressure in the arms is 10-7 Pa. This low pressure requires a very small outgassing rate of the tube material, which should be < 5·10-12 Pa·l/s·cm2 for hydrogen, and < 5·10-16 Pa·l/s·cm2 for hydrocarbons; this cleanliness, together with the absence of fluorine, being mandatory for avoiding pollution and chemical attack of the mirror coating.

Hence for the design of the tube, in addition to mechanical and geometrical constraints, there are also constraints due to vacuum and cleanliness: the requirements for outgassing rates are met by heating the finished stainless steel tube modules at 400°C for desorbing the hydrogen and evaporating the hydrocarbons; this is the air firing treatment, described in a previous section.

The design final pressure (10-7 Pa) is reached by a bake-out of the whole evacuated arm tube at 160°C for removing water vapour.

Finally the gas flow due to leaks has to be well below the one due to the walls outgassing. Hence the maximum acceptable leak rate for an assembled arm tube has been established to be 10-5 Pa·l·s-1, summing up the contribution due to the tube modules, as built in the factory, and the contribution due to the circular welds performed on site to assemble the modules. With 200 modules per arm, each module cannot leak more than 3·10-8 Pa·l·s-1.

4.3.2 Mechanical design of the arm tubes

The main mechanical constraints retained for the tube design are:

· resist to a 3 bar external pressure (operate in vacuum with a safety factor of 3)

· remain in the elastic domain for a temperature between 5 and 160°C (bake-out)

· axis of each module of the 3 km tube inside a 10 cm diameter cylinder

· accept a vertical shift up to 1 cm between adjacent supports

· have the possibility to remove and replace an already installed tube module

· presence of baffles inside the tube for stopping scattered light.

Two completely different concepts have been considered to cope with these prescriptions: plain tube pieces interleaved with bellows and a completely corrugated tube.

In addition to the choice of a mechanical principle for the tube, there were geometrical constraints, one of which related to the choice of having the possibility to host 3 interferometers, which implied a minimum diameter of 1.2 m, the other being a realistic length of tube prefabricated modules to minimize the work for welding the modules together, while being transportable by truck.

4.3.2.1 The basic Module

After the construction and test of several prototypes, either straight tube or corrugated modules, it was decided to build 15 m long stainless steel elementary modules, with diameter 1.2 m, with outer stiffening rings, and one bellows per module allowing for dilatation. Stainless steel “lips” at both ends will allow to weld the modules together and easily separate them cutting out the welded portion of the lips. 

The different components, and then the complete tube, were modeled and optimized with SYSTUS, a finite elements program, [4.6] determining the following parameters for the basic components:

· wall thickness for the tube: 4 mm

· distance between 2 stiffeners: 1.2 m

· bellows wall thickness: 2 mm, 10 waves with a shape as in Fig. 4.5 (Bezier shape)

· lip thickness: 2 mm, with a shape as in Fig 4.5, defect of circularity of the external edge less than 0.5 mm for assembling two modules with a welding robot. Once welded together, it must be possible to disassemble the modules by nibbling the welded lips with a cutting robot.

· Since it has been decided that 3 nibblings should be possible, the height of the lips has been fixed to 22.5 mm.

4.3.2.2 Composition of one arm

A complete 3 km tube is composed of 300 m long basic sections, with 20 modules each, the first one and the last one being respectively a “reinforced module” and a “pumping module” connected to a pumping station. Each arm tube is composed by eight such sections and, at both ends, by two “end sections”, also 300 m long, which include large valves and special short modules to link the valves with the towers (Fig. 4.6).

Each section has been planned to be vacuum tested independently, closed provisionally by welded curved end caps, when being tested. So both end surfaces stand the atmospheric pressure (12 t force) and transmit it longitudinally via the module feet to the tube supports, rigidly fixed to the tunnel floor. This implies that the two end modules and their supports, of every section, are especially reinforced.

This leads to several types of modules:

· basic module: (Fig. 4.7), 15 m long, made of 3 stainless-steel (4 mm thick) plain cylinders welded together, with stiffening rings 1.2 m apart. At one end of the module there is one bellows 54 cm long, with 10 waves 68 mm high, and a lip; on the other end the module is terminated by a simple lip.

· reinforced module: essentially the same as the basic module, but without bellows and with more stiffening rings (every meter).The absence of the bellows leaves a free space between two sections to install, then remove, the end caps for the vacuum test of the sections. The bellows have been installed later, to join the tested sections to compose a 3 km arm tube.

· pumping module: the same as the basic module, but with 3 pumping ports: two DN200 for intermediate and permanent pumping, one DN63 for measurement instrumentation.

· link modules: (( 1200 mm) of different lengths to connect tube, valves and towers. When necessary the link modules contain a bellows.

From the previous description, it turns out that the large majority of the modules building a 3 km arm tube are connected by welds. This is, by far, the most reliable and economically convenient solution. Only the connections of tubes to towers and large valves are made by bolted flanges, coupled by metal gaskets. For a maximum of tightness and reliability, Helicoflex gaskets have been used. On the large valve side connected to the arm tube, the metal gasket has been doubled by an Viton gasket, to facilitate the leak search.

The modules rest on supports fixed on the ground of the tunnel, by mean of stainless steel feet (Fig. 4.7) welded on the last stiffening rings on each side of the basic module, or to special double rings at one end of the pumping module and at one end of the special reinforced module. On these 2 last modules (reinforced and pumping), the feet transfer the 12 tons longitudinal force due to atmospheric pressure from the tube end cap to ground through the support, which has to be specially strong.

4.3.2.3 Module construction

For the construction of the 404 modules, a call for tender was launched in 1997, and the contract signed with Société CNIM from La Seyne-sur-mer (France); the raw stainless-steel (1.4307, equivalent to 304L) has been supplied by Avesta (Sweden). CNIM developed a specific industrial tool, with huge benches for: cutting the stainless steel plates, rolling them in cylinders, longitudinal welding, circular welding for assembling the different parts of a module (Fig. 4.8), and a specific tool for precisely installing the stainless steel baffles (see the dedicated chapter). All this avoiding contacts of the module inner surface with materials other than clean stainless steel. Then in a ‘white’ hall (class 10000), the modules have been washed with alkaline soap in warm water, then rinsed with demineralized water, in a 17 m long washing machine. After drying they have been geometrically controlled on an on purpose built reference bench. A big oven (17·5·5 m3) with electrical heaters and two permanent independent airflows (to remove the desorbed hydrogen inside and outside the modules), allowed to heat 4 modules together at 400°C for 96 hours for hydrogen desorption and residual hydrocarbon evaporation. Finally on a helium test bench the tightness of the module has been tested, together with its cleanliness, by Residual Gas Analysis (RGA).

The bellows, as stated above, have been optimized in the complete model [4.6], for a maximum compression of 37.8 mm between 5°C and 160°C while remaining in the elastic domain.

They were “hydroformed” at the SFZ firm and tested, then heated at 400°C at CNIM before measuring the stiffness of all of them to insure it was in the expected range. After the 400°C heating, the length had increased by a small value (up to 3 mm) but a little different for every bellows. In order to keep the tolerance on the module length (15000 ± 1 mm), CNIM had to build the straight part of the tube adapted to the actual length of the associated bellows. After the final 400°C heating no change in length has been detected.

Lips also have been built at SFZ, with the right tolerances, which were not kept just after the TIG (Tungsten Inert Gas) welding on the modules; hence, in order to keep the required tolerance (0.5 mm on circularity), they had to be remachined once welded on the modules.
The whole industrial process has been validated with a first module (”module 0”), which has been fully tested, including bake-out at 160°C to eliminate water vapour. The results showed that the obtainable pressure limit was correct. The hydrocarbon rates being slightly too high required new efforts for improving the cleanliness throughout the whole process, then the production could begin.

Finally the mass production of the modules (404 modules or links) lasted from 1999 to 2002, with a maximum production rate of 20 per month. For each module the results of the tests are part of a report, summarizing all the geometrical measurements, tightness results, cleanliness (Fig. 4.9 shows the result of a RGA analysis), and data on the stainless-steel quality.

After the last tests the modules have been closed with tight stainless steel end disks; the inner volume remained connected to the external atmosphere by a small hose through a Teflon/active carbon filter, in order to keep the inside of the module in equipressure with the outside (breathing modules). Then the modules have been carefully packed to be transported by truck or train.

4.3.3 Thermal Insulation

Before going to Cascina the modules have been shipped to Mantova at the Belleli premises (the company in charge of the assembly on site) in order to be equipped with a thermal insulating cover. This insulation is necessary for minimizing the heat loss when heating the tube with electrical current for the bake-out process. The cover installed on the rigid part of the module is made of two overlapping rockwool layers (160 mm total thickness) covered with an aluminium sheet to provide a high uniformity temperature distribution. After assembly on site, also the bellows have been covered with insulating mattresses to complete the insulation. With this equipment the average power for getting a 150ºC temperature is about 200 W per meter of tube.

At the same time thermocouples have been installed on the module body in order to control the temperature during bake-out.

After this installation, the modules have been shipped to Cascina, by truck, where they have been assembled to compose the arm tubes.

4.3.4 Bake-out system

The tubes are heated by Joule effect, sending a DC current through the electrical resistor constituted by the tube wall itself; this is possible since every arm tube is completely welded over 3 km and the tube feet are electrically insulated from supports and ground by fibreglass washers. The DC current choice has been necessary for safety reasons and to avoid unwanted electromagnetic inductance effects (high impedance, uneven current density distribution). Current is supplied to the tube at five points (300 m, 900 m, 1500 m, 2100 m, 2700 m) by AC/DC converters. Intermediate points (0 m, 600 m, 1200 m, 1800 m, 2400 m, 3000 m) are grounded. In this way the maximum voltage is safely limited at 55 V and the current (about 1700 A) flows from each supply point, in opposite directions, to the two next ground points. Power is supplied by diesel generators, to save the high cost of two permanent supply lines, 3 km long, each with a total power above 0.6 MW. The diesel generators are rented since the bake-out operation lasts only a few weeks per arm and has to be performed very seldom (only once, up to now). The AC/DC converters have been purchased, being custom designed and built; since one arm tube is baked at a time, six converters have been bought (five plus a spare one). Every 300 m a suitable copper current connection is bolted to a tube stiffening ring; they are alternatively connected to ground and to 55 V. The return current conductor is constituted by a 10x200 mm2 pure Al bar, attached to the tunnel wall, having a resistance five time smaller than the tube one.

4.3.5 Tube Supports

The functions of each support [4.7] are:

· Bear the ends of two adjacent modules allowing only longitudinal relative displacements (Z direction) due to thermal expansion, exploiting the elasticity of the intermediate bellows; relative transversal displacements (X, Y) of the module ends have to be strictly prevented to preserve the lip weld integrity.

· Hold the forces coming from temperature variations of modules and from vacuum.

· Allow for the alignment of the modules in X-Y plane (perpendicular to the tube axis) referred to the given reference line.

· Allow for the fine adjustment of the module position in Z direction referred to the reference mark on the ground of the tunnel.

· During assembly, allow the fine adjustment of the modules to fit two adjacent lips in the same circumference; to allow correct lip welding.

· Allow the re-alignment of the modules after installation if it is necessary to compensate for ground subsidence. 

The carrying capacity is determined by the fact that a standard module has a maximum weight of about 3400 kg including thermal insulation and a pumping module has a maximum weight of about 3800 kg, including thermal insulation and vacuum equipment.

One further requirement for the supports, is that they should not induce any vibrations on the tube when accommodating movements due to temperature changes, pumping etc. So rolling or sliding systems were rejected, and the chosen solution was leaf springs, which allow displacement by bending “elastic” steel plates.

4.3.5.1 Basic support

A view of one basic support is shown in Fig. 4.10. It consists of a strong steel frame resting on four adjustable legs bolted to the tunnel floor. On top of the frame there are four plates supporting the two feet at the end of one module and the two feet at the end of the adjacent module; in the region between the two feet pairs there are the expansion bellows and the lip weld joining the two modules.

Each support has a fixed side (FS, connecting rigidly the module feet to ground) and a mobile side (MS, connecting the module feet to ground, but allowing longitudinal displacements only). The fixed parts are blocked to ground and the 2 feet of each module on the side without bellows are bolted to this fixed part. The other part, which receives the feet on the bellows side of the adjacent module, is mobile in order to allow for the 37 mm dilatation of the module (from 5 to 160°C). At module installation, the position of FS is fixed at first, while the position of MS has the possibility to match the module feet with their fabrication tolerances.

Before performing the lip welding, a fine adjustment to fit the two lips is performed.

Fig. 4.10 shows also the cross-section of the mobile side of a support, based on steel leaf springs. In order to allow only parallel (horizontal) displacements of the plates supporting the module feet, leaf springs have always been used in pairs, welded to an upper and a lower U-beam. The use of two sets of leaf springs in series, one set going down and one set coming up, reduces virtually to zero vertical displacements of the upper mobile U-beam; only the lower U-beam can have unimportant vertical displacements. At module installation, at about 20°C, the leaf springs have been pre-bent in order to have the two extreme temperatures, 5°C and 160°C, corresponding to leaf springs bent by the same amount, but in opposite directions. The use of tools and clamps with precision screws allowed to adjust module ends with submillimetric accuracy, before lip weld execution.

The adjustment ranges allowed by the supports in X, Y and Z directions are shown in figure 4.11.

4.3.5.2 Special supports

 Every second basic support, has been slightly modified in order to obtain some mobility (a few mm) also on the “fixed side” (FS), introducing short leaf springs. This has been necessary in order to compensate for the thermal dilatation of the tunnel concrete beams. These supports are called “balance supports”.

There are also “Superfixed” supports for the ends of the 300 m sections, which have to stand an axial force of ~ 12 tons, because of the atmospheric pressure, during the preliminary vacuum test. These supports are reinforced with strong inclined beams. 

Other special supports [4.7] had to be built for link sections near towers and valves.

4.3.5.3 Electrical insulation

Since the bake out of the tube is done by D.C. current flowing through the tube (Umax = 60 V), the tube must be electrically insulated from the ground. Insulation fibreglass blocks have been inserted between support upper plates (made of carbon steel) and module feet.

4.3.5.4 Construction

The supports have been built at the firm Belleli, who insured also their positioning and mounting in the tunnel.

4.4 Mode Cleaner Tube

The Mode Cleaner tube links the injection tower with the mode cleaner tower. These three items constitute a vacuum chamber separated by a window from the rest of Virgo, the required pressure (10-4 Pa) being not as low as in Virgo tubes and central towers. The Mode Cleaner is a resonating optical cavity conceived to reduce sources of laser noise, such as acoustic waves, thermal gradients on the optical path, motion of dust, etc.

The tube is 142 m long, 300 mm in diameter, with a stainless-steel (1.4307) wall thickness of 3 mm. It is composed of 25 modules, 5.5 m long. Four bellows are spread out over the whole length, for a working temperature between -10° C and + 40° C. Except for 2 modules on each end of the tube, modules and bellows are TIG welded together. Close to the Injection Tower a DN 250 valve allows to isolate the mode cleaner; it is followed by 2 modules mounted with bolts and Viton gaskets, having two ports, one CF63 for measurements and one CF100 for an eventual additional pumping group, the tube being normally pumped via the Mode Cleaner Tower. The two modules close to this tower are also mounted with bolts and viton gaskets; one of them allows the adjustment of the tube length.

The tube rests on 25 adjustable supports (3 fixed and 22 sliding supports). The three fixed supports, together with the two towers, define four independent sections with one bellows each. The tube has been aligned in such a way that its axis remains in a 10 mm diameter cylinder.

The leak rate has been measured as Q < 3·10-7 Pa·l·s-1. A residual pressure of < 10-4 Pa has been obtained. It must be remarked that there is no need of performing a bake out of this tube.

4.5 The Large Valves

It is mandatory to have the possibility to close the whole volume of each tube (3.400 m3) while venting the towers, so large valves are necessary at both tube ends. Such valves, with ~ 1 m aperture, are not available off the shelf for ultra-high vacuum. The study and design have been made by Virgo, and the main requirements [4.8] are:

· It has to be a gate valve with horizontal axis, made of stainless-steel with a 1 m aperture diameter

· The gate gasket has to be in elastomer (Viton), 15 mm diameter cord.

· The leak rate must be < 2·10-7 Pa·l·s-1 for Helium, for the gate and < 5·10-5 Pa·l·s-1 for the gate body

· The outgassing rates are <5·10-6 Pa·l·s-1 for H2, for all stainless steel parts, and 
< 4·10-5 Pa·l·s-1 for the Viton gasket 

· The working differential pressure at the gate is 100,000 Pa in both directions, and 1000 Pa max. at opening or closing

· The valve can be baked out, when closed, at 150° for 100 hours, with its own heating device

· The valve is fixed to the ground by means of 2 feet supports. The tightness must be kept when a 12 tons stress due to atmospheric pressure is applied along the horizontal axis on either of its sides

· The gaskets for the junctions of the valve to the tube links are made of stainless-steel

· The opening and closing times must be less than 60 seconds

After a call for tender the VAT-SARL firm (Verrières-le-Buisson, France) has been retained, the valves being built at the VAT factory (Haag, Switzerland). A complete valve, 4200 mm high, 1610 mm wide and 600 mm thick, is shown in Fig. 4.12. The gate is moved by a pneumatic actuator, separated from vacuum by a bellows, and controlled by a double effect electrovalve receiving air from a pressurized air bottle. The times for opening and closing the valve have been measured respectively as 53 s and 30 s.

The stainless steel pieces (except the piston bellows) have been air-fired at 400° for 100 hours in the Virgo oven at SDMS. The Viton cord received a special thermal treatment in three steps (made by Virgo), in order to eliminate fluorine which could corrode the mirrors.

The heating device is made of two mobile insulated boxes on each side of the valve, which can roll and form a big closed box around the valve, with resistors and a fan to sweep the warm air, so heating the valve at 150° by convection. This action has to be done at the same time as the arm tube bake out or during the bake out of the adjacent tower.

The four valves were all tested at VAT, then at Cascina after their installation in the halls. All the requirements have been met.

The complete control of the four valves will be detailed below, with all the vacuum controls. 

4.6 Towers and Tubes Assembly

4.6.1 Survey

The knowledge of the position of the vacuum system components is fundamental, since they support all the interferometer optical elements. Tubes and towers have been positioned with respect to the precision reference bushes installed in tunnels and buildings, as described in the Infrastructure section. Taking into account that fabrication tolerances are ±5 mm for tower bases and ±2 mm for tube modules, main installation precision requirements are:

· misalignment among towers in the Central Building: ±5 mm

· misalignment between input and end towers of each 3 km arm: ±5 mm (in addition to ±5 mm measurement errors, due mainly to GPS)

· misalignment between adjacent tube supports: ±2 mm

· the center of every arm tube cross-section must be inside a 100 mm diameter cylinder.

It has been also necessary to take into account the earth curvature in order to have really straight arm tubes. Earth curvature produces also a 48 mrad angle between vertical directions at 3 km distance; the same angle exists between the horizontal floors of Central and Terminal buildings. Moreover the West arm has an average inclination of about 1.5 m, over 3 km, since the West Terminal Building floor has an elevation lower by 1.5 m, with respect to the elevation of the ground level of the Central Building. All these features have been accounted for to position correctly tubes and towers.

4.6.2 Tower positions

The interferometer optical elements must be centered on the axes of the light beams, which are not straight lines, since they cross the beam splitter at a 45o angle. Moreover a few optical elements have a wedge angle between the two faces; this makes the outgoing beam not parallel to the entering one. On the other hand, each optical element and its support wire are nominally aligned on the mechanical axis of the respective tower; the adjustment features of the inverted pendulum top stage and of the separating roof have been exploited to correct tower mechanical imperfections and positioning errors. As a consequence the towers are located, in the Central Building, according to the beam propagation path. In the Virgo reference system, where the horizontal orthogonal axes coincide with the interferometer arms, pointing approximately towards North and West:

· Injection and Power Recycling towers are translated by 20 mm westward

· Beam splitter and Signal Recycling towers are translated by 20 mm northward

the link tubes, where necessary, are connected off center to the towers, according to the given translations.

The towers are placed on the buildings floor, in correspondence with the holes giving access to the underlying payload installation gallery. The holes have been shaped in order to allow some adjustment and some asymmetry in the tower positions along the arm directions, as required by the interferometer locking scheme. The horizontal coordinates of tower centers in the Virgo reference system are listed in the table, together with adjustment ranges.

	Tower 
	West coordinate (mm)
	North coordinate (mm)

	Input Bench
	+20
	
	-11000
	

	Power Recycling
	+20
	
	-6000
	-600/+1000

	Beam Splitter
	0
	
	+20
	

	North Input
	0
	
	+6400
	±400

	North End 
	0
	
	+3006400
	±1500

	Detection Bench
	-11000
	
	0
	

	Signal Recycling
	-6000
	
	+20
	

	West Input
	+5600
	±400
	0
	

	West End
	+3005600
	±1500
	0
	

	Mode Cleaner
	+144000
	
	-11000
	±2000


It must be clear that tower position adjustments are major changes, since they involve cutting link tubes and/or arm tubes and displacing very large objects of the order of 20 tons each. The MC tower (the easiest one) has been displaced in 2003 by 800 mm, requiring about two months of work. Very small displacements, of the order of millimeters, can be “easily” performed, if they can be accommodated in the elasticity range of link tube bellows.

Tower positions in the Central Building have been measured at the very beginning, when only tower bases were there and all lines of sight were free of obstacles. Later, after oven and scaffolding installation, only very limited checks have been possible. There is evidence, anyway, that the building behaves like a rigid box. Moreover the Central Building seems to be very stable with respect to the site external topographic references. The position of the only tower contained in each Terminal Building is, by definition, stable with respect to the stable floor plate, where it is clamped. The plate, in spite of its strong foundations, is steadily sinking at a relatively fast pace: about 20 mm/year at West terminal and 10 mm/year at North terminal. It is not a problem, for the interferometer control system, to follow such displacements angularly steering the central mirrors by several radians.

4.6.3 Tower installation

In the tower installation process, the most challenging operation was the introduction of the seven tower bases in the Central Building through the ad hoc foreseen trap doors. It has to be considered that each base is a pyramidal object with a 4 m x 4 m square base and a weight of 17 tons. The tower bases, arriving from France on a special transportation chariot, have been lifted by a giant mobile crane, then lowered in the building through the trap doors. Once on the floor, the bases, sliding on strong rollers, have been pulled in position by capstans. The correct positioning, within a few mm, has been achieved in few iterations, for the two horizontal coordinates. The vertical positioning has been obtained with suitable shimming, necessary also as thermal insulation, during bake-out. A similar procedure has been followed to install tower bases in the Terminal Buildings and in the Mode Cleaner Building, facilitated by having the external road at the same level of the inner floor.

The system to clamp towers to ground must be strong enough to stand unbalanced forces due to atmospheric pressure. The worse case is during standard operation, when the end towers and the arm tubes are in vacuum: in this situation the end tower base is subject to a 11 ton force toward the BS. On the other hand, during bake-out, the tower base must be free to thermally expand (about 8 mm). The solution consisted in clamping very strongly to ground the oven/scaffolding structure containing the tower and leaving the tower square base plate free to expand on three sides, against suitable springs. The springs push the plate against the fourth side, serving as fixed reference. The fixed side has been chosen for the different towers according to the particular situation of atmospheric pressure unbalance.
With the tower bases in position, the oven/scaffolding structure has been assembled and strongly clamped to ground. Then the systems of shims and springs mechanically connecting towers and ovens have been installed.

Main successive operations have been: external cleaning, pumping system installation and vacuum testing, bake-out oven testing, intermediate vacuum chamber installation and positioning, link tubes installation, SA installation, payload installation, final vacuum testing. All these operations are described in the relevant sections of this paper.

4.6.4 Tube module preparation

Tube modules arrived by truck from Belleli premises in Mantova fully equipped with thermo-couples and thermal insulation, still sealed with tight end disks and breathing filters. They were first carefully vacuum cleaned from dust on outer surface passing through a transit tent, then they entered in the assembly hall, at mid length of each arm tunnel. It has been considered as very important to preserve the cleanliness of the assembly hall and of the adjacent tunnel, since in this environment the modules had to be opened to be welded one to the other. In the hall, serving also as buffer storage for up to 10 modules, the plastic envelops protecting the lips and the end discs were dismounted. Then, with the help of a bridge crane, each module was loaded on an electric train and sent in the appropriate half tunnel.

4.6.5 Tube support installation

Tube supports have been installed in the tunnel well before the module delivery, as soon as the tunnel sections were available and equipped with surveyed reference bushes. The supports have been bolted to the tunnel floor and the four upper plates of every support were individually positioned to ±2 mm with respect to the local reference bush, ready to accept the feet of the modules.

4.6.6 Tube module positioning and welding

At installation, the two front feet of the new module were posed on the tube support already holding the two rear feet of the previously installed module. The bellows at the interface between the two modules was kept compressed with an appropriate tool, to leave room for the still present end disks, protecting the lips to be welded. The following operations were performed in sequence:

· fine adjust the new module position with respect to the tunnel reference bush, using the precision markers drawn on the modules, at the factory

· slide on the welding zone a movable clean tent, equipped with filtered air supply, enclosing about 6 m of tube, including the support, and wait for the establishment of a clean environment

· clean with solvents all the surfaces inside the tent

· start blowing filtered air into the already installed tube and into the new module

· as soon as the overpressure is sufficient, slide off the two adjacent end disks

· clean the lips

· release the compressed bellows, bringing to contact the pair of lips to be welded

· fine adjust the position of the new module feet, to have a perfect lip correspondence, to better than 0.5 mm

· install around the tube the welding robot and bring into the tent the PC controller

· let the robot chariot perform a test full turn around the lips

· start the welding turn and check continuously the electric parameters and the melted metal shape on the screen

· inspect carefully the whole weld

· dismount the robot and slide away the tent.

It happened only a few times to have a visually not satisfactory weld, in general due to inaccuracy of the position of the torch with respect to the lip edges. The defecting weld portions have been corrected by a second torch passage.

The initial program foresaw to assemble tube sections 300 m long (20 modules, 19 welds), with welded endcaps, to be He leak tested separately. After the absence of leaks in the first two sections, we decided to build longer sections, to speed up the assembly. The last assembled section was as long as 1.5 km, i.e. the whole last half of the West arm.

Out of more than 400 circular welds, only two were leaking and required to be cut by the nibbling robot and rewelded on the fresh lip edges. 

The cutting head of the robot has been used also to cut out the welded endcaps of the tested sections, before joining them together with appropriate 1 m long bellows sections.

4.6.7 Tube leak detection

The tube leak detection has been performed with a classical procedure, made exceptional by the enormous volume of the system, in particular when a whole 3 km tube was tested for the section joining welds. Waiting times larger than 1 hour have been necessary.

Every circular weld to be tested has been enclosed by a band of silicon rubber (standing bake-out temperature) glued to the tube wall, on the two sides of the welded lips. Having connected a He leak detector to the pumping port, gaseous He was fed in the volume under the rubber band surrounding the lip weld. According to the design specification a maximum acceptable leak rate of 3 10-11 Pa m3 / s (3 10-10 mbar l / s) has been used.

A test bake-out has been performed on all the tube sections, but the leak test has not been repeated after bake-out, since the reached ultimate pressure and the residual gas composition witnessed the absence of harmful leaks.

4.6.8 Arm tubes geometrical stability

The ground subsidence has to be continuously corrected for two main reasons.

First because a support sinking much more than the support at the other end of the same module may produce an angle between two modules, hence stress in the lip welds. The maximum acceptable angle has been evaluated to be about 0.7 mrad, corresponding to one support sinking by 10 mm, between two completely stable supports. Before to reach this limit, the relative displacements of the modules can be safely accommodated in the elasticity of bellows and lips and in the tolerances of bolted connections.

Second because the tube axis must be straight within ±50 mm. Beyond this limit tube walls and baffles start entering the beam gaussian tails. This limit has been retained, even if it has been evaluated for the case of three interferometer beams in the tube.

Tube supports have been conceived in order to allow vertical tube realignment to recover tunnel subsidence. This is easily and safely achieved, using hydraulic jacks and safety adjustable shims, keeping the tube under vacuum. It turned out that there are zones, involving up to 20 supports, with a maximum sinking of 20 mm/year. In this case two realignment operations per year are necessary.

Particular care has to be paid at the far arm ends, since the last tunnel slabs sink more rapidly than the terminal buildings, producing a share stress on the tube. Since in these points the tube is not equipped with bellows, the maximum acceptable relative sinking is only 2 mm, requiring more frequent adjustments. These actions have been made very easy and quick, replacing the standard legs with mechanical jacks, on the two last tube supports. Very high precision hydraulic levels are being tested to monitor subsidence in these zones.

4.7 The Pumping System

4.7.1 Pumping system function and concept

The pumping system includes all the devices necessary to produce and monitor the vacuum environment for the proper functioning of the Virgo interferometer. The vacuum enclosure is composed by several volumes separable by gate valves, in order to make their vacuum status independent from each other; for the same reason, each separable volume has its own pumping and control system. There are 12 separable volumes, but the two 3 km arm tubes have 6 pumping stations each, to make their pressure profile sufficiently uniform, over the huge length. Moreover the six long towers have two main compartments each, with different vacuum regime. This gives a total of 22 pumping stations, distributed along 6 kilometers; to make control and maintenance easier, standardization of components has been enhanced as much as possible.

All pumps and gauges are connected to the vacuum tank through valves. In this way, in case of failure, the defecting equipment is separated (automatically, by the remote control system) from the vacuum tank without interrupting interferometer operation. Given the very high conductance existing among all parts of the vacuum tank, shutting down for limited time one pumping group does not change qualitatively the vacuum level.

The valves separating the arm tubes from the rest of the vacuum system have a 1 m diameter aperture and have been custom designed and built. The “Large Valves” have been described in a dedicated section (4.5).

All the other valves are standard, with aperture diameters up to 250 mm; shutter gaskets are in Viton, except valves normally closed against atmosphere, where metal gaskets are used.

The whole pumping system, valves included, is remotely controlled through one control/command crate per pumping station, linked to the Slow Monitoring network of Virgo. The control can be operated from the main workstations in the control room, from a portable PC connected locally to the network or, exceptionally, in local manual mode, in case of network failure. Any action on pumps, valves and gauges is subject to hard-wired and software safety conditions, in order to make impossible wrong or dangerous operations.

The main vacuum requirements, described in more detail at the beginning of the chapter on vacuum, are 10-7 Pa (10-9 mbar), in the UHV volumes, and 10-4 Pa (10-6 mbar), in the HV volumes.

Since UHV regime is reached through 150 oC bake-out, all the connected valves, pumps and gauges have to be able to stand the same treatment and have been equipped with appropriate heaters.

4.7.2 Cleanliness

In addition to maximum pressure requirements, there is the cleanliness issue: hydrocarbon vapors below 10-11 Pa (10-13 mbar) and absence of dust. All lubricants are forbidden and great care is put in avoiding dust pollution. For this reason, most of the primary pumps are of the dry type (“scroll”) and all the large turbomolecular pumps have magnetic not lubricated bearings. This solution is fundamental also to reduce vibrations, very dangerous for an apparatus to detect gravitational waves.

For sake of hydrocarbon and dust cleanliness, all electromechanical components to be installed in vacuum have been carefully selected and tested; appropriate solvents have been used and heat treatments under vacuum have been developed.

4.7.3 Tower pumping

As previously explained, in the high towers there is a bottom UHV compartment, where is located the suspended optical element, and a top HV compartment, where there is the antiseismic suspension. This device contains several electromechanical components, magnets, motors and hundreds of meters of cables, summing up to a surface of plastic material of about 100 m2. Between the two compartments there is the Separating Roof, described in a previous section (4.2.4), confining an intermediate volume to be pumped independently, to limit the gas flow from the HV compartment to the UHV one.

The top and the bottom compartments are pumped by two similar groups, each one made of a 1600 l/s magnetic bearing hybrid turbomolecular pump and of a 25 m3/h scroll pump, serving both as roughing pump and backing pump. It has been calculated and experimentally verified that during rough pumping the pressure difference across the Kapton windows of the Separating Roof is correctly limited and that the air flow is not strong enough to move accumulated dust particles.

HV regime is reached in two steps: “rough pumping”, from atmosphere to 10 Pa with the scroll pumps, and “intermediate pumping”, down to 10-4 Pa, with the turbomolecular pumps. To reach UHV in the bottom compartment a third step is necessary, continuing the turbomolecular pumping action, with the addition of bake-out. After cooling down, when the pressure is below 10-6 Pa, the “permanent pumping” is started to reach 10-7 Pa or less. This last step is performed opening the valves in front of the Ti evaporation pumps, each consisting of two 250 l tanks equipped with Ti evaporators. The effective pumping speed, about 3000 l/s, is determined by the conductance of the connection pipes; the saturation of a fresh Ti layer is reached after about one year of operation. One of the tanks gives access to a 200 l/s Ion pump, necessary to pump noble gases, not captured by titanium. The Ti evaporation pump is connected to the tower lower compartment through one of the link tubes.

During evacuation, the intermediate vacuum chamber is pumped by the upper and lower pumping groups, through the conductance pipes. When the bake-out is nearly finished, in order to allow reaching 10-7 Pa in the lower compartment, an Ion pump, connected to the intermediate chamber by a bellows, is put in operation, to achieve the wanted gas flow reduction between top and bottom compartments. 

In standard operation conditions, the permanent pumping is constituted by the turbo/scroll group operating on the top compartment, the ion pump operating on the intermediate chamber, and the Ti evaporator/ion pump operating on the mirror compartment.

Thanks to the very low outgassing of the tower walls and of the SA, it has been demonstrated that the scroll pump backing the turbo can be operated only five minutes per week. This is very important, since it allows to eliminate a possible source of mechanical noise.

In a system where such huge volumes have to be evacuated, the duration of all these operations has to be carefully considered. The sizes of the pumps chosen to meet the pressure requirements give relatively convenient evacuation times.

For towers, high or small:

· rough pumping:


about 16 hours

· intermediate pumping:

a few hours to reach 10-3 Pa.

This means that a tower can be evacuated overnight.

The bake-out time, at the chosen temperature, is much larger: about one week, including cooling down. Due to this fact, Virgo is presently operating in pre-bake-out HV regime. This is necessary because, during commissioning, the towers have to be opened rather frequently and would require a bake-out after any evacuation, to reach UHV regime. This is not a problem, since the intermediate pumping system already allows reaching a pressure close to 10-5 Pa, in the mirror compartments. This pressure value is absolutely acceptable from the point of view of noise induced by vacuum fluctuation; a lower value would be required if all other noises could be pushed well below the present design sensitivity. A few bake-out runs have been performed for test purposes.

Tower venting time has been set at about 14 hours (one night). This is due to the need to avoid moving dust particles and to limit to a few hundred Pa the maximum pressure difference across the Kapton windows of the Separating Roof. The impedance created by dust filters and air dryer on the inlet line helps to this aim. Given the large volume, venting air comes from atmosphere; hence it has to be dried to avoid potentially dangerous water condensation.

All what has been said for the high towers holds also for the small ones, limited to the HV regime; since small towers have one single compartment, no bake-out is performed and there are no Ti evaporation pumps.

The Mode Cleaner tube, 142 m long, is cut by a gate valve close to the IB tower. Hence the MC tube is evacuated together with the MC tower.

Also the Signal Recycling tower has one single compartment, but being part of the UHV volume, it is equipped with a Ti pump.

4.7.4 Tube pumping

Each 3 km arm tube is equipped with six pumping stations, at 600 m distance, very similar to the tower lower compartment pumping stations, including a 1600 l/s magnetic bearing hybrid turbomolecular pump backed by a 25 m3/h scroll pump. There is also a single volume Ti evaporator with a 200 l/s ion pump. The turbo/scroll group is used as intermediate pumping and during bake-out, the Ti/ion group is used as totally vibration free permanent pumping, in the regime 10-6 Pa to 10-8 Pa.

Due to the huge volume, the tubes cannot be rough pumped by the scroll pumps, in fact it is necessary to employ a group able to pump against atmospheric pressure for more than one day. This heavy duty is performed, on one tube at a time, by a large group made of a 1000 m3/h Roots pump, backed by a 250 m3/h oil free pump. The roughing group ultimate pressure is 10-1 Pa, but intermediate pumping is started at 10 Pa, in order to avoid any backstreaming.

Tube pumping times are much longer than the tower ones:

· rough pumping:


about four days

· intermediate pumping

about one day.

The chosen bake-out time is two weeks, to compensate for possible temperature disuniformities in such a long system.

Such long times have no drawback, since the large valves allow to maintain the tubes in vacuum, when opening the towers. On the other hand, since the tubes do not contain any equipment, there is no need to vent them. In fact the arm tubes have been evacuated only once, in 2003, and they have never been vented, since then.

Tube venting time is of the order of a few days; venting will be performed, when needed, using filtered atmospheric air.

As for the towers, also the tubes will be definitively baked-out only at the end of the commissioning phase, when venting a tower will happen very seldom.

4.7.5 Control instruments

Most control instruments and vacuum gauges are installed on dedicated ports (“Instrumentation Bottles”), connected through valves to the vacuum system. In this way, in case of failure or maintenance, they can be accessed without venting the large volumes. In general there is one instrumentation bottle per pumping group.

Different type of pressure gauges have been chosen, according to the required performances and to the pressure range: Pirani, Capacitance, Inverse Magnetron, Bayard-Alpert. On almost any instrumentation bottle there is also a Residual Gas Analyzer (RGA). This instrument proved to be very useful to monitor the vacuum quality, to monitor hydrocarbon contamination and to detect leaks.

High sensitivity differential gauges have been installed across the Large Valves, to prevent operations with pressure differences higher than 2000 Pa.

All the instruments are read and controlled remotely, as described in detail in the following sections.

4.8 Vacuum Control System

The vacuum control system [4.9] has been designed in such a way that the main vacuum elements of the Tubes (Tu), Towers (To), Link Valves (LV) and Large Gate Valves (LGV) stations can be controlled and monitored remotely. That includes all basic actions needed to reach the vacuum level required in the different parts of the vacuum chamber and the continuous acquisition of all slow control channels giving information about the state of the vacuum itself (pressure values, pumps activity, valves status) as well as the vacuum control elements. 

Moreover, the vacuum control system includes safety protections for all actions considered hazardous for the personnel or dangerous for the equipments. The philosophy of the safety protection architecture is to introduce redundancy for all protections against hazardous commands: at least two completely independent safety conditions are required, one of them being hardwired. The hardware safeties are implemented in every bench (Tu, To and Valves), and the software safeties are implemented in a local server for Tu and To, and in the top Supervisor (VTTVSU) for the valves. The software safeties allow combining information of the different parts of the vacuum chamber. For instance the large valves cannot be opened if the two capacitance gauges installed on each side of them read a pressure difference greater than 500 Pa (5 mbar). The safety protection can be conditional or active: a conditional safety forbids for instance to act on a pump if a condition is not fulfilled. An active safety monitors permanently the activity of a pump and executes a specified action when a given condition is detected [4.10].

4.8.1 Vacuum Control Hardware

There are 6 pumping benches for each tube and 10 pumping benches for the towers, among them are 7 benches for UHV (high) towers and 3 for HV (small) towers as shown in Figure 4.13. A pumping bench is typically in charge of controlling the pumps, the valves and reading gauge pressures. The power to the benches is delivered by dedicated UPS lines. Each bench is composed of an electrical part (power breakers, relays, power supplies, …) and an electronic crate managed by a CPU board (Motorola 68040 processor) on which runs the OS9 Operating System. The tube and tower pumping benches are based on the same electronic architecture, while the electrical part is very specific as a tower vacuum bench is much more complex. In addition to this, the racks contain specific controller boards associated to the pumps, valves and gauges. At the startup of the electronic crate, as a first step, a boot program is uploaded from a dedicated server (os9boot) located in the DAQ room (Central Building) which in a second step loads in the CPU memory the specific server program associated with Tube or Tower functionalities, then running permanently.

The valves are of two kinds: there are 5 link valves (LV) located between the towers and 4 large gate valves (LGV) to isolate the tubes from the rest of the vacuum chamber. These 9 valves are controlled only by one crate, hosted in the Injection Bench tower pumping rack, linked through a local network FIP to seven control boxes (one for each valve except for the 2 large gate valves located in the central building which share a control box with a link valve). The valve crate implements the same CPU as tower and tube crates.

4.8.2 Vacuum Control Software

The vacuum control software is based on a client-server architecture. The servers running on OS9 CPU are unique: there are 12 tube servers, 10 tower servers and 1 server for all the valves. The vacuum control software has been developed in the framework of the Supervisor (see the section on Interferometer Control). It hence benefits from this architecture. For instance, it makes use of the mastership communication protocol implemented in the Supervisor in order to arbitrate which software element is allowed to take the mastership on the control of a pumping bench at a given moment: only one client (a graphical user interface) can send orders to a server to perform a specified action, such as opening a valve or turn off a pump. Until the mastership has not been released, no other client can obtain it.

The architecture of the vacuum supervisor is hierarchical as shown in Figure 4.14: the tube servers are controlled by two instances of a supervisor (TuVSU) controlling the 6 tube servers of each arm. The choice has been driven for being able to operate each arm independently from the other. The 10 towers are controlled by another supervisor (ToVSU). These 3 supervisor servers are then run through a top supervisor VTTVSU (VTT for Valve Tube Tower) which controls directly the valves’ server. The different VSU (ToVSU, TuVSU and VTTVSU) have specific user interface clients displaying some information about the status of the different vacuum control elements (pressure, gauge status, valves status, server status, …) which are refreshed typically each second. Alarms are also gathered and displayed in real time on the user interface. The vacuum VSU are also in charge of forwarding the alarms sent by the servers to the ErrorLogger daemon which collects error messages coming from all servers running in Virgo.

The software safety protections for the towers and tubes actions have been implemented in each tube and tower server while they have been implemented in the VTT server itself for the valves because it requires the knowledge of some information (mainly pressure) provided by the tower servers.

Finally, the OS9 servers send slow monitoring information to the DAQ system (slow frame builders Fbs) each 10 seconds in order to acquire vacuum data which could be important to understand the apparatus at a given time.

4.9 Vacuum System performances

As explained, at present, in the commissioning phase, the vacuum system is kept in pre-bake-out HV regime. 

Most towers have been evacuated and vented several times. Each high or small tower is pumped by one scroll-turbo group and the backing scroll pump is put in operation only 5 minutes per week, when a consistent quantity of gas (500 Pa) has been accumulated by the turbo. A typical residual gas spectrum for the upper compartment of a long tower is shown in Fig. 4.15. Short towers behave as the upper compartments of long towers.

Bake-out of a tower lower compartment has been performed only for test purposes, so far, on towers fully equipped with SA. The residual gas spectra of a lower tower compartment, before and after bake-out are shown in Fig. 4.16.

The 3 km arm tubes have been evacuated only once, in 2003, and never vented any more. As for the towers, the final bake-out has not yet been performed. At present they can be kept well below 10-4 Pa, pumping with only one scroll-turbo group per tube, thanks to the excellent outgassing and cleaning procedures, adopted during fabrication and installation. In these conditions, the pressure profile along a tube varies between 0.4x10-4 Pa and 0.8x10-4 Pa.

One full tube has been baked-out for test purposes, achieving an average end pressure of 0.5x10-7 Pa. The residual gas spectra of a tube before and after bake-out are shown in Fig. 4.17.
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4.1.  Schematic lay-out of the vacuum system

4.2.  Vertical cross-section of a high tower, showing inner details and the SA

4.3.  Vertical cross-section of a small tower, showing inner details

4.4.  A tower base
4.5.  Bellows and lip shape

4.6.  Composition of an arm tube, showing the first modules, some intermediate modules and the end modules
4.7.  Basic module, its cross-section and one foot
4.8.  Picture of CNIM circular welding machine

4.9.  Typical residual gas spectrum for a finished tube module

4.10.  A basic support and the principle of its mobile side
4.11.  Support adjustment ranges in x, y, z, expressed in mm
4.12.  A large valve 

4.13.  Schematics of the vacuum control system

4.14.  Schematics of the vacuum control software

4.15.  Residual gas spectrum for the upper part of a long tower

4.16.  Residual gas spectrum for the lower compartment of a long tower, before and after bake-out

4.17.  Residual gas spectrum for a 3 km arm tube, before and after bake-out
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