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Abstract

The metrology and geodesy of the 27 km accelerator was completed between 1981 and
1989 with a maximum section of 40 surveyors, technicians and helpers.

Geodetically, the main difficulties in obtaining millimetric precisions were due to
meteorological factors i.e. the evaporation with occurs in the Geneva Basin.

The accuracies were achieved by a reduced team, through time and patience, working
both day and night using the Terrameter.

In the metrology, the obstacles to be overcome in order to obtain the required
decimillimetric accuracies were that of the installation schedule, air draughts and humidity in the
tunnel.

Many teams often working in shifts used micro-computers, commercial instruments and
devices developed by CERN in order to overcome the difficulties which were experienced.

1. INTRODUCTION

With reference to the seminars “Applied Geodesy for Particle Accelerators” as part
of the CERN Accelerator School (C.A.S.) held in April 1986 and to the “International
Workshop on Accelerator Alignment” held at SLAC in July 1989 [11] most of the methods and
instruments used in the alignment of LEP have been presented. The related topics were the
geodesy [1, 2, 3], the underground geodesy [4], the metrology of LEP [5, 6, 7, 9] and the
calculations used for these applications [8, 10].

This paper focuses on the following items :

- the organization and the schedule of the personnel in order to satisfy the time and
space constraints of the project;

- the rate of work done with the instrumentation chosen;
- some of the results obtained.
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2. THE SURVEY AND ALIGNMENT PROCESS

2 0 3

2.1. THE SURFACE REFERENCE NETWORKS

The Geodetic Network (Figure 1)

The role of the geodetic network was to ensure the perfect positioning of the LEP
with regard to its injectors PS and SPS. It consists of eight main points situated on raised parts
of the site in order to allow for intervisibility of those eight points; the nine pillars situated
around the shafts were the references for the civil engineering work and then for the metrology
[1].

During the summer of 1986, the 17 pillars were measured with the Terrametre. As
with previous years, measurement of distances greater than 10 km was difficult because of the
evaporation which occurs in the Geneva basin.

In order to obtain a standard deviation of 1.2 mm on the 63 residuals, it was
necessary for the team to make numerous measurements during the night.

The geodetic network was completely measured three times and the error ellipses
for the coordinates were at maximum 1.4 mm.

The Levelling Network (Figure 2)

lgl was measured at the nodes, to allow the calculation of the normal corrections for
different sections of the network. An evaluation of the geoid meant that the ellipsoidal heights
in the local reference system could be determined [2, 11].

The total length of the network is almost 90 km. The closing error of the outer
circuit (length = 37 km, with 720 height differences) was 2.1 mm.

The standard error was almost 1 mm on the altitudes and £ 5 mm on the ellipsoidal
heights.

Table 1 gives details about the instruments used for the measurement of the surface
reference networks.

The Transfer of Coordinates down the Shafts

The transfer was performed in far from ideal conditions i.e. during the installation
of pipes down the shafts as well as construction equipment present on the surface. Two types
of instrument were used :

- a WILD ZL zenithal telescope, and
- a KERN E2 theodolite.

The mean difference between the two types of measurement made by the
instruments was 0.5 mm.

2.2. UNDERGROUND NETWORKS
The Marking of the Standard Interval between Consecutive Quadrupoles

There were 800 plumb points (in total) from the tripods with 800 x 3 = 2400 nail
points (Figures 3 and 4). This allowed for the installation of the electrical cables, alimentation
bars and water pipes. All these marks were put in place from the pillars of the polygonal
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Figures 3 & 4 : The floor marking
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network, which was used as the reference for the civil engineering work and was remeasured
before using.

The Metrological Reference Network

This network was necessary to allow the alignment of the quadrupoles. This
important step will be described later.

The Ground References of the Girders

The ground marks were placed at either end of the vacuum chamber passing
through the quadrupole, sextupole and dipole connection of each girder (Figure 4). Their
purpose being to enable the feet of the girder to be set down, with the aid of plumb lines from
the ends of the vacuum chamber, and also to act as a reference to make the holes for the feet of
the dipoles. This was done by teams of three people using the metrological reference network
already measured and calculated (Table 1).

2.3. ALIGNMENT OF THE MAGNETIC AND DETECTION
ELEMENTS

The Alignment and Smoothing of the 800 Quadrupoles and the Alignment of
the 3300 Dipoles

The two subjects above will be discussed in more detail further on.

The Alignment of the 400 Special Elements

This concerns the accelerating cavities, the electrostatic separators, the collimators
and some of the elements which are installed in the straight sections at the bottom of the shafts.
These elements were aligned using the quadrupoles which had already been aligned as
references in order to ensure the homogeneity of the collider. The work was carried out by a
unit of eight people using a Kevlar offset measurement device, a Wild NA 2 level and an Epson
PX4 for data capture.

Some of the elements had very precise alignment tolerances, for example, the
accelerating cavities and the low beta quadrupoles. The r.m.s. for the low beta quadrupoles
was 0.08 mm but the working conditions did not allow us to reach this accuracy.

3. REFERENCE NETWORK FOR THE METROLOGY
At the beginning of the project, we would have rather preferred to use the centring

sockets of the quadrupoles as the references for the metrology. This was in fact not realistic,
due to the tight schedule of the project. It was therefore decided to create a mobile reference
network. The real reference network was made up of a series of three marks, which each have
a conical head (Figure 4). Each set of three is glued to the ground and a level plane is ensured
by using a gauge. This was done by teams of two helpers.

The measurements were made by using plug-in tripods of which the feet were
placed in the set of three conical heads. About 100 of these tripods were made and the supports
of the reference socket were calibrated in the laboratory at CERN, in order to ensure the
interchangeability of the tripods to within 0.1 mm (1 cr) .

3.1. ORGANISATION OF THE TEAMS

At the beginning of the installation, the plug-in tripods were installed during
working hours, i.e. while the laying of the electric cables, water pipes, etc., was taking place.
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Due to damage to both the tripods and the reference marks, it became necessary to organize
teams of about 15 people who could work at the weekends.

In order to allow for distance measurement, angle measurement and vertical height
differences (between the tripod and floor marks) the tripods were screwed into the ground
marks at the beginning of the Friday afternoon. In order to minimize the draught during the
Kevlar measurements, plastic curtains were also set up. All the equipment was then left in
place for the following Sunday, this allowed for good measurement because the tunnel was
free. The procedures meant that the instruments remained at environmental temperature but had
the draw-back that there was risk of theft taking place. Table 2 gives details of the equipment
used, number of personnel and rate of work for each activity performed.

3.2. THE RESULTS

Good results were achieved by the teams being able to work without interference
during the offset measurement and levelling. Some problems were however experienced with
the life of the chargeable batteries for the micro-computers and also due to the Kevlar wire
breaking.

The standard deviations of the compensated residuals of the measures for the line of
tripods (approximately l00), which connects the reference pillars at the bottom of two
consecutive shafts were :

- Distances (invar wire) : 0.09 mm
-  Distances (Mekometer) : 0.20 mm
- Offsets (kevlar wire) : 0.09 mm

Figure 5 is the histogram of the mean differences in height between corresponding
tripods in the levelling loop.

4. ALIGNMENT AND SMOOTHING OF THE QUADRUPOLES
4.1. ORGANISATION OF THE TEAMS

The number of staff members with experience of the accelerator metrology was
limited to four people, this meant that 36 contractors, stagiaires (probationers), and helpers
were engaged. The teams were then organized, and because of the repeatitiveness of the two
operations, i.e. aligning quadrupoles and dipoles, more freedom was given to the teams to
motivate themselves to organize their work more efficiently.

Delays accumulated due to civil engineering problems led to the project leaders
creating a much shorter installation programme, the “CRASH Programme”, which had three
main points of attack. This was to take place in the second half of 1988.

All these reasons led to the creation of three teams of ten people, each one having
three engineering stagiaires, three technical stagiaires or contractors, four helpers and one of the
staff-members. The work was done in two shifts, 7h to 13h30 and 13h30 to 20h., in a
continuous working day with the same equipment.

The work patterns of the two teams were as follows :

1) only alignment of quadrupoles
2) alignment and smoothing of quadrupoles
3) only smoothing of quadrupoles
4) alignment of dipoles
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4.2. RUNNING OF OPERATIONS

The total equipment used is described in table 2.

The so called crayfish device whose task was to set down the girders of the
quadrupoles did not have the precise movement required. The positional error was about 20 -
30 mm. It was therefore necessary to create a machine which could perform the transfer. The
hydraulic device so called dab because of the small height it worked within (10 cm) solved the
problem but meant the procedure was slower than with only using the jacks.

Another problem known in the alignment of large accelerators is due to disregard of
the civil engineering tolerances.

If there are errors in the construction of the tunnel, these follow through into the
alignment of the elements. Delays are introduced if the tunnel floor has to be dug out further or
if it is necessary to wedge the feet of the quadrupoles. In order to avoid this, there are two
solutions :

- to correct the civil engineering errors at the time, though this can delay the
schedule,

- a mechanical team equipped with a revolving laser to detect the errors and correct
them as they arise.

The second solution was chosen in our case, but delays were again introduced
because some mistakes were made with the corrections applied.

The importance of the installation schedules must be stressed, there were a lot of
companies involved in the programme. Even though the schedule was well organized,
problems were still created for the survey teams because of the movement and transport of
material by electrical trucks and the monorail in the tunnel. Some of the trucks collided with
and disaligned the quadrupoles (l counted about twelve).

Electrical power-cuts due to the installation of electrical cables, etc., also slowed
down the process.

4.3. THE SMOOTHING MEASUREMENTS

In order to achieve the required accuracies on the quadrupole alignment (dr = dh =
0.1 mm, dt = 0.1 mrad), once a section of twenty quadrupoles had been measured, the team
began to smooth the relative positions. This was done using six radial measurements (taken by
the “écartomètre” in conjunction with the Kevlar wire) and treated by the programme written
for the SPS [8].

The height differences between quadrupoles were measured with an automatic
level, transformed into six pseudo-vertical observations, and then treated by the smoothing
program.

The small displacements which were required as a result of the calculations were
then performed with the jacks on the girders. The rare cases where millimetric displacements
were needed were due to mistakes in the positioning of the tripods. Figure 6 is an extract from
about 31 m of graphical interpretation representing the positions of the 800 quadrupoles after
smoothing.
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5. ALIGNMENT OF THE DIPOLES

This was done by the three groups of ten people mentioned in the preceding
section. Alignment gauges were used to place the 3300 dipoles due to the fact that they were
not equipped with the two reference marks. The alignment took place by means of two sets of
equipment, each consisting of a commercial laser and a sphere (developed by the CERN
Magnet Group) [12], which had two directional photoreceptive cells. The equipment worked
interactively with a computer developed by the Survey Group at CERN.

The sought precisions (dr = dh = 0.3 mm, dt = 0.1 mrad) were achieved even
though the conditions were not ideal (as explained earlier); in particular, the laser beam was
interrupted due to draughts caused by the speed of the monorail as it passed. This meant that
the calibration of the lasers and spheres had to be redone. Another inconvenience, though
minor, was the length of the extension cable between the equipment.

6. CONCLUSION AND ACKNOWLEDGEMENTS

Thirteen years passed between the installation of the SPS Synchrotron and the LEP
Collider on the same site. LEP has a length four times that of the SPS, with the same required
precisions in the alignment of the elements. This meant that there was an increase in the man-
working hours, but we were able to profit from the automatization of the instrumentation.

Topographical and vegetational obstacles (580 hours of tree chopping and
trimming!) made the creation of the geodetical network more difficult. The Terrametre, from
Terra Technology, allowed us to achieve good results. This was possible because the
Terrametre has the ability to eliminate per part the nightmare of the modern geodesist - knowing
the refractive index.

During the metrology the length of the reference wire for the offset measurements
extended from the 96 m of the SPS to 120 m in the LEP. This was possible because the nylon
wire was replaced by that of Kevlar. The excellent KERN Mekometer ME5000 EDM allowed
for redundancy in distance measurements. The essential difference in the data capture for the
references (tripods) and alignment of the elements in the LEP was to be the automatic capture
and interactive processing of the data with micro computers. This eliminated data errors but did
not reduce the work of the men.

We also found it was necessary to ensure that the equipment was of the highest
standards, i.e. durable and not susceptible to variations in humidity.

I have highlighted throughout this conclusion the large amount of work undertaken
by the personnel. I would therefore like to take this opportunity to thank those people (which
number about sixty) for whom it would be impossible to name here, for bringing their
experience or youth during the geodesy and metrology of the project. Special thanks will go to
my colleagues, Pierre Cuvet, Andre Froton, Andre Mathieu, Jacques Schmitt, for their large
personal input.

Thank you to Lindsay Mason for help with the translation and Sylviane Beauquis
and Jean Brüderlein for the typing and presentation of this paper.
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