3. The Infrastructure

3.1 Infrastructure function and requirements

The infrastructure for the Virgo interferometer consists of the buildings and the tunnels necessary for the interferometer installation and of all the technological equipments needed for the interferometer operation.

The general requirements used for the realization of the Virgo infrastructure are:

· detector and infrastructure capable of a 20 years lifetime

· detector performances at the limits of present technologies

· locate the interferometer on a flat, controlled area, as far as possible away from mechanical vibration sources (like roads, trains, industries), within a reasonably short distance from one of the collaborating laboratories

· keep to a minimum the perturbation to the geological, biological and economical equilibrium of the surrounding region.

The following stability requirements have been also established:

· the foundations of the buildings have to guarantee that the mirror suspension points will not move more than 1 mm per day

· the overall displacement of the suspension points in 20 years will be within the design adjustment range of a few centimeters

· the foundations of the tunnel have to guarantee that the center of any cross-section of the vacuum tube stays inside a straight cylinder of 50 mm radius

· in order to keep the previous limit, only a limited number of tube supports will have to be realigned, not more frequently than once per year.

The most peculiar Virgo buildings are the long and narrow halls, called tunnels, protecting the 3 km long vacuum tubes. The two orthogonal tunnels are laid down approximately in the South-North direction and in the East-West direction, starting from an almost cubical Central Building, containing a large majority of the electronic and optical equipments, including the laser source (Fig. 3.1, 3.2). At the far ends of the tunnels there are the Terminal Buildings, containing the interferometer end mirrors. At mid length of each tunnel there is a large technical hall, used as assembly hall for the tubes and, later, as laboratory and workshop space. From the Central Building starts also the Mode Cleaner Tunnel, ending in the Mode Cleaner Building; they contain the 144 m long Mode Cleaner (MC) resonant cavity.

Close to the Central Building there are also: 

the Technical Building, containing the main electricity connections, transformers, uninterrupted power supply, diesel generators, hot and chilled water generators;

the Control Building, containing the interferometer Control Room, the main computers and offices;

the Office Building, added in 2002, containing offices, the seminar room and two smaller meeting rooms;

the Main Building, completed in 2007, containing offices, laboratories, the auditorium, two meeting rooms and a cafeteria.

Along the arms, on the outside of the 90o angle, there is a service paved road, running on the East side of the North tunnel, turning around the Central buildings and running on the South side of the West tunnel. The road and the overcrossing bridges are large enough to allow the passage of full size trucks and buses.

3.2 The Site

The land necessary for the interferometer consists of two orthogonal strips, 48 m wide and 3 km long, converging in a central area of about 80,000 m2 and four areas of about 40,000 m2 each, at the far ends and at mid length of the strips. The total surface is about 480,000 m2. The width of the strips and the dimensions of the five areas have been chosen in order to keep external noise sources at a reasonable distance from the interferometer.

3.2.1 Site Choice

The Cascina site has been preferred for the following reasons:

· the previously listed requirements can be easily met

· along the arms it is flat at the level of ± 0.5 m

· it has a relatively low density of population and farmhouses

· there are a few small roads, no highways, no railways.

On this site it has been possible to find an interferometer lay-out crossing only two secondary roads and keeping Central and Terminal buildings, containing the mirrors (the test masses), at least at 200 m from existing farms and from electrical power lines, and at least at 500 m from main roads. The access turned out to be very comfortable through an existing paved road. The whole Virgo area is enclosed by a fence, with several access gates; only one of them, close to the central area, is normally operative.

In addition to the two bridges needed for road crossings, three more bridges have been built above the tunnels, to allow circulation of agricultural machines and sheep herds.

The site geology is not ideal, from the point of view of stability. In fact the area is an alluvial plane, made of a clay pack several hundred meters deep, interlaid with a few gravel and sand layers. To proof the suitability of the site for Virgo, a detailed geological survey has been performed, including penetrometric tests, core borings, water-table height measurements. Undisturbed core samples have been collected down to a depth of 60 m; in some locations 180 m have been reached.

A computer simulation of the soil subsidence in 20 years has been developed by a specialized company, using also a few measurements at large distance from the site, all the available historical data and the existing plans for water pumping.

The results of the study showed an average ground lowering of 15 cm, with a time constant of the order of 5-10 years; the calculated differential subsidence turned out to be below 5 cm, hence within the straightness requirements of the vacuum tubes.

From the seismic point of view, the site turned out to be acceptable, showing a linear power spectrum, as a function of the frequency  below the curve 10-6/2 m Hz-1/2. This condition holds in any weather condition and during the peak working hours (Fig. 3.3).
In the Cascina region temperature ranges between –5oC, during cold winter nights, and 35 oC, in summer sunny days. These data have been considered in order to specify the mechanical characteristics of the bellows inserted in the tubes to accommodate thermal expansion.

3.2.2 Site Acquisition

Besides the physical characteristics, the Cascina site (via Edoardo Amaldi, Santo Stefano a Macerata, 56021 Cascina, Italia) has been chosen thanks to the administrative help of the Mayor and of the County Council of Cascina, of Provincia di Pisa, of Regione Toscana and of Pisa University.

The site has been acquired and made ready to build for Virgo by INFN. The acquisition procedure was a classical “esproprio”, that is a forced acquisition for national interest. Due to the number of owners (about fifty), the operation required a few years to be completed.

3.3 The Central Buildings

3.3.1 Central Building

The Central Building (Fig. 3.4), at the common starting point of the interferometer arms, contains the main optical components, suspended to six independent SA chains, inside six vacuum towers. The bottom part of a seventh tower has been installed, ready for the future installation of a “Signal Recycling” mirror and its SA. This is planned in the transition from Virgo+ to Advanced Virgo (see the Conclusion paragraph). The installation at a later time of a further tower basement, 17 tons heavy, would be impossible. The seven towers are installed in one single room, about 34 m by 34 m, 18 m high, equipped with a bridge crane, needed to assemble the SA and the upper parts of the towers. The interferometer beams run 1,100 mm above the floor supporting the towers.

Inside the building, at the South-East corner, there are three floors of laboratories and offices.

At the ground floor, that is the same level where the towers are installed, there is a large area of clean rooms down to class 10. In one clean laboratory there is the laser source; the other clean rooms are used to assemble the optical payloads and for any other operation on optical components. At the first floor there are: a room for control and acquisition electronics and two electronic laboratories. At the second floor optics laboratories and offices. The third floor is open and, being served by the bridge crane, is used as storage area.

In order to preserve cleanliness, the clean rooms are kept at a pressure slightly higher than the rest of the building, which is, in turn, at higher pressure with respect to the external atmosphere.

On the South and East sides, there are two underground rooms, external to the building, hosting heat exchangers and air treatment units for the clean rooms and for the general air conditioning system, respectively; hot and chilled water are supplied from the Technical Building.

The Central building (Fig. 3.5) has been built, with one floor underground, at the top of an existing small hill, about 4 m high. In this way the “ground” floor of the building is at the same level as the floor in the arm tunnels, which come out from under the hill, towards North and West. The top of the hill gives the access to the building, at first floor level, and allows crossing the tunnels as on natural bridges. On the South wall there are a door for the personnel and a door for trucks. Two much larger trap doors, on North and West sides, allowed the introduction of the 17 tons tower basements by a large mobile crane. After this operation, those apertures have been permanently sealed.

Under the ground floor there is a basement, running under all the towers, and accessible through the clean rooms; the basement itself is equipped with filtered air circulation, and has a cleanliness class between 10,000 and 100,000. The assembled payloads, wrapped in clean foil, are brought from the clean rooms down to the basement, then they are raised into the towers, through suitable trap doors; more details on this operation are given in the tower section.

The ground floor and the basement floor have been built as a very rigid double wall concrete box, supported by 25 piles running in the clay ground and reaching a gravel layer, at a depth of about 35 m. In this way the building has a very good long term stability. The upper walls and the roof of the building are made of a light and stiff steel structure, 2 m thick, enclosed between two walls of metal sheet and thermal insulation sandwich. This design allowed to push any mechanical resonance of the building above 7.5 Hz, since the SA’s would have not been able to properly damp vibrations at lower frequencies. The upper layer of the armoring steel embedded in the concrete structure has been completely welded and electrically connected to the upper metal walls, in order to constitute a large Faraday cage, with a good ground connection.
3.3.2 Mode Cleaner Building and Tunnel

The MC Building (Fig. 3.6) has structure and all main features very similar to the Central Building, but on a smaller scale, since it contains only one short tower. It has a surface of 11 m by 12 m and it is 12 m high; it has one single room, equipped with a bridge crane, and a clean room basement under the tower, for payload installation.

The MC tunnel, about 130 m long, runs from the Central Building to the MC Building, protecting the MC vacuum tube. The tunnel is 2.7 m wide and 2.7 m high, the lower part is a “U” shaped concrete beam, supported by 24 m deep pairs of piles, every 15 m; the upper part of the walls and the roof are made of metal/insulation/metal sandwich.

3.3.3 Control Building

This building (Fig. 3.7) hosts, at ground floor, the control room of the interferometer and a few offices. At the upper floor there are the main computers for data acquisition and data storage and the servers for the high speed web connections, hosted in suitably temperature controlled environment, and some more office space. The building is connected to the Office Building through a covered passage.

3.3.4 Main Building

It is a two floor building, inaugurated at the end of 2007, to host more comfortably personnel and laboratories previously located in prefabricated barracks. There is also a 99 seat auditorium, two meeting rooms and a cafeteria.

3.3.5 Office Building

The Office Building has the square lay out of a classical roman villa, with a central “impluvium” with a large olive tree. In the four sides of the building there are two rows of offices, a 50 seat seminar room and two smaller meeting rooms.

3.3.6 Technical Buildings
In the two floor Technical Building close to the Central Building (Fig. 3.2) arrives the main underground connection to the 15 kV, 1 MW power line. This building contains all main services for the central zone: transformers, diesel generators, uninterrupted power supplies, hot water generators and, on the roof, chilled water generators.

From the Technical Building, electricity is distributed by underground 15 kV cables to each Assembly Building and to each Terminal Building. At each of the five connection points to the 15 kV line, there are transformers to low voltage (400 V, three-phase). Low voltage available power is: 800 kW in the central zone, 200 kW in each-one of the four other supply points. From each point power is distributed along the tunnels, up to a distance of 750 m.

Low voltage mono-phase (240 V) and three-phase (400 V) power is distributed to users and plugs at three levels of reliability:

· as from the external company (any interruption time)

· assisted by diesel generators (1 minute maximum interruption time)

· assisted by battery uninterrupted power supplies (0 interruption time)

diesel generators can run indefinitely, if supplied with fuel; uninterrupted power supplies can last 30 minutes, but, being assisted by the diesel generators, can last indefinitely.

Respective available powers at the three reliability levels are: 800 kW, 400 kW, 300 kW at the central buildings, 250 kW, 200 kW, 24 kW at Terminal Buildings and 160 kW, 30 kW, no uninterrupted power, at mid arm Assembly Buildings.

A second similar technical building has been built to serve the new Main building. Its structure allows to increasing the capabilities, in case of possible larger demands.
3.4 The Terminal Buildings

They are located at the far ends of the interferometer arms, each hosting only one tower, containing the terminal mirror (Fig 3.8). All requirements and features are identical to those of Central and MC buildings: long term stability, mechanical resonant frequencies above 7.5 Hz, overpressure for cleanliness, bridge crane, clean room basement for payload installation.

The requirements have been met with a different design, with respect to the Central Building.

Walls and roof constitute a single concrete shell, with strong vertical stiffening ribs on the inside, resting on 30 m deep piles. The covered area is 17 m wide and 25 m long, in the arm direction; the height is 17 m.

The central part of the floor, 6 m wide and 15 m long, supporting the tower and the large valve, is separated by a 5 cm gap from the rest of the floor; this improves the isolation with respect to the building vibrations. In order to improve also the stability, this central part of the floor, together with the underlying clean basement, constitute a very stiff concrete box, founded on a longer set of piles, reaching a more stable gravel layer, 48 m deep at the North arm and 52 m deep at the West arm.

At the back of each building there is a one floor appendix hosting the 15 kV power connection, transformers, uninterrupted power supplies, diesel generator and chilled/hot water generators for climatization.

3.5 The Tunnels

3.5.1 Arm tunnels

The function of the tunnels is to protect the arm vacuum tubes from external events of natural and human origin. The most relevant prescription is the stability with respect to subsidence, as described at the beginning of the Infrastructure Section. The inner cross-section (height 3.1 m, width 5.0 m) has been designed in order to allow an easy welding of the tube and the passage of a tube module at the side of the already installed tube (Fig. 3.9).
The floor and the walls of the tunnel belong to concrete beam elements, having a cross-section with the shape of a wide “U”. The tunnel is covered by a light roof, made of curved sandwich plates (metal/insulation/metal), similar to those used for the central building walls. On the roof there are apertures with filters, to evacuate heat, during tube bake-out.

For a maximum of stability, every 15 m there is a pair of piles, 0.8 m in diameter, inserted 20 m deep, in the ground. On the capitals joining every pile pair, rests the tunnel, having the classical “Gerber Beam” isostatic structure (Fig. 3.9). The concrete beam elements have been poured on site, in a casting factory set up on purpose at mid length of the West arm. There are 20 m long beams resting on two adjacent pile pairs and 10 m long beams joining the longer beams. All the elements touch each other through stiff rubber pads; this helps to avoid mechanical friction among rigid bodies and to damp any possible resonance. Beam resonance effect is, anyway, cancelled by the fact that tube supports are positioned exactly above the piles, that is the place less affected by oscillations of the structure.

The tunnel floor has been aligned to better than 1 cm, correcting for the earth curvature, which gives, on 3 km, a sagitta of about 20 cm. The corresponding angle between the vertical directions at the arm ends is about 0.5 mrad.

Main doors to enter the tunnel are located every 300 m, in correspondence of the foreseen position for the vacuum pumping stations. Further doors, located every 100 m, are present for safety reasons. Between the door wall and the tube there is a 2.5 m wide passage, for equipment and tube modules. On the other side of the tube there is a narrower passage, for cable trays and inspection.

3.5.2 Assembly Buildings

At mid length of each tunnel, there is a large hall about 40 m long and 24 m wide; the whole floor surface, including the included 40 m long portion of tunnel, is served by a 5.5 tons bridge crane. The halls have been used for reception, preparation and buffer storage of tube modules, to be directed to the tunnel for installation. Since the end of the tube assembly, the North Assembly building has been converted to vacuum technology laboratory, mechanical workshop and storage. The West Assembly Building became cryogenic technology laboratory, silica fiber production laboratory and monolithic payload assembly laboratory.

3.6 The Clean Rooms

3.6.1 Central Building Clean Rooms

At the Central Building ground floor, a surface of about 300 m2 is occupied by clean rooms, with different purposes (Fig. 3.4).

The main clean block is subdivided in four rooms:

· the entrance/dressing interface, class 10,000

· the central room (class 10,000) giving access to the other rooms and to the lower clean gallery, under the towers, through a trap door for equipment and a personnel staircase;

· the assembly laboratory (class 1,000), where payload assemblies can be performed inside an inner volume (class 100), confined by curtains

· the mirror preparation laboratory, where mirrors are equipped with magnets and markers, inside a class 10 cabin.

On one side wall of the class 1000 payload assembly room, there is the exit door of a large washing/drying machine, with a 1 m3 capacity. Components to be cleaned enter the washing machine through the entrance door, accessible from the washing room, containing also other ultrasonic cleaning facilities and a dedicated ultrapure water production plant.

The clean laser laboratory (class 100,000) has a separate entrance/dressing interface; it contains two optical tables for the laser source and the beam shaping optics. Part of the laboratory walls coincide with the external wall of the Input tower; through the various optical windows, the main beam is injected into the interferometer and control beams reach sensors and cameras.

All the described rooms are supplied by the same air treatment unit, running at full power when there is activity in the clean rooms; during data taking, in absence of activity, the clean rooms are set in stand by, at low power, in order to reduce acoustic noise.

A dedicated air treatment unit supplies a separate clean room system, constituted by the clean basement and by the towers standing on its roof. The clean basement is the path to install payloads into the towers. When this operation has to be performed, the bottom lid is removed from the relevant tower, which is supplied at a higher level with filtered air. In this way the coming payload is subjected to a clean air shower, preventing the entrance of dust into the tower. The air fed to the tower is filtered at a class 100 level, but there is no real laminar flow, due to the uneven air distribution and to the large obstacles on the air path. The air return flow is taken at the basement floor level.

3.6.2 Terminal Buildings Clean Rooms

In the Terminal Buildings and in the MC Building there is only the clean basement, under the tower, for payload installation. It is a small, 20 m2 clean basement, coupled to the tower, functioning exactly as the one in the Central Building.

3.7 Alignment and Survey

Alignment and survey have been based on a combination of optical instruments and satellite Global Positioning System (GPS). This method allows the optimization of measurement time and precision. The used optical instruments are last generation levels and theodolites fully automated and computer linked, able to measure up to distances of the order of several tens of meters. When used alone, such instruments would have allowed rms errors of about 15 mm on 3 km, due to the large number of measurement steps necessary to cover the full distance. The introduction, every 300 m, of a GPS measured point allowed to reduce the errors at the level of 5 mm. In this way, successive control surveys in limited regions, do not require to measure a full arm, from end to end, but only to measure the interval between two adjacent GPS points.

The points to be measured have been materialized on building and tunnel floor by precision brass bushes designed on purpose. The bushes have a cylindrical/conical standard hole, where any kind of target or instrument can be plugged in a reproducible way. About 450 such bushes have been cemented in precision holes, drilled on tunnels and buildings floors; every bush is closed with a dust tight protection cover. The tunnel bushes are considered also as tube reference points, since the tube is rigidly tied to the tunnel structure, through the supports. Reference points for the towers are materialized by four precision holes, drilled at the corners of the “square plate” of each tower basement.

Precision stands for GPS antennas have been developed in order to transfer the position of floor bushes outside the tunnel, through suitable holes in the tunnel roof.

3.7.1 Initial and Successive Surveys

A first survey of the site has been performed with the help of experts from the Engineering faculties of Roma-1 and Pisa universities, referring to IGM (Istituto Geografico Militare) points in a 50 km wide region. Several secondary reference monuments have been built on the site, to be used during tunnels and buildings construction.

The main surveys of the tunnels have been performed on the still open concrete structure, before to cover it with the roof panels. All the reference bushes, put every 15 m, in correspondence of the tube supports, have been carefully surveyed (±2 mm, rms). Successively tube supports and tube modules have been positioned with respect to the bushes (±1 mm, rms).

After the tube installation, all the bushes are surveyed at least once per year, to monitor tunnel/tube (ground) movements. When the displacements are larger than given limits (see Vacuum System Section) opposite correction displacements are performed, using the adjustment capabilities of the tube supports.

3.7.2 Ground Stability

Ground lowering rate at the Virgo site turned out to be of the expected order of magnitude: between 0 and a maximum of 30 mm per year (Fig. 3.10). On the contrary only a limited saturation effect can be seen, even about seven years after the construction (Fig. 3.11). In general the largest subsidence effects are located where the load added on ground is large, i.e. in correspondence of terminal buildings, of mid arm assembly buildings, of bridges and earth fills.

The Central Building, probably thanks to its deep foundations reaching a consistent gravel layer, remained stable, together with a large fraction of the first half of the North tunnel.

The Terminal Buildings, in spite of similar foundations on deep gravel, sink at a relatively fast rate: 8 mm per year at North and 12 mm per year at West. The end slabs of the tunnels, having less performing foundations, sink twice more quickly than the respective Terminal Buildings (Fig. 3.12). This behaviour produces a vertical share strain on the last tube module, rigidly connected to the large valve. In order to keep this strain within acceptable limits, the last tube modules of each arm have to be realigned every few months, that is every 2 mm of displacement of the tunnel-end with respect to the Terminal Building. At the tunnel/Terminal Building interface, a multipoint hydraulic level system has been installed, to monitor continuously the relative displacements at 0.1 mm level.

Horizontal transversal ground displacements are, as expected, more than 10 times smaller than the vertical ones. Nevertheless in a few points it has been necessary to perform also horizontal tube adjustments.

Horizontal longitudinal displacements are expected to be also small and neutralized by the interaction among tunnel beam elements.

Even if the lowering rate will not decrease, adjustment capabilities of tube supports will allow Virgo operation for more than 20 years.
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