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ABSTRACT 

This report gives a broad description of the major options adopted at the s tar t of the project in 

order to meet the three challenges imposed on the geodesists engaged in survey work for the CERN 400 GeV pro

ton synchrotron (SPS). The methods and means used are dealt with in a general manner. In the conclusion a 

c r i t i ca l study is made of the results obtained. 

From a di f ferent aspect, a description of the Survey Group's responsibi l i t ies highlights the extent 

of the savings that can be made by a well-trained group carrying out high-precision measurements. The physical 

dimensions of the project and the complexity of the work involved in building a second-generation accelerator 

demand high standards of precision since these condition the proper operation of the machine. 

Only by making extensive preliminary studies and precise survey work above and below ground-level 

over a number of years, was i t possible to ensure that the f inal geodetic and metrological measurements would 

be completed at high speed and low cost. 

RESUME 

Ce rapport a pour objet une description des grandes options qui ont été prises dès le début du pro

j e t pour résoudre les t ro is défis qui furent lancés aux géodésiens lors de la construction du synchrotron à 

protons de 400 GeV (SPS) du CERN. Les méthodes et les moyens employés y sont exposés d'une façon générale. 

On trouvera dans la conclusion une étude cri t ique des résultats obtenus. 

D'un autre point de vue, les responsabilités du Groupe de Géodésie et de Métrologie sont exposées 

de façon à montrer l'ensemble des économies potentielles qu'un groupe bien entraîné peut réaliser grâce à la 

qualité des mesures effectuées. Les dimensions du projet et la complexité de la construction d'un accéléra

teur de la deuxième génération exigent des critères de précision d'un très haut niveau, puisque la bonne 

marche de la machine en dépend. 

Ce n'est qu'au prix d'études préliminaires très élaborées, d'une géodésie de surface et d'une métro

logie souterraine étendues sur plusieurs années, qu ' i l a été possible de réaliser l ' i ns ta l la t ion déf in i t ive 

aussi rapidement qu'économiquement. 

ZUSAMMENFASSUNG 

Dieser Ber ich t beschre ib t d ie dre i w icht igen Problème, d ie s ich den Geodà'ten bei den Vermessungs-

arbe i ten f u r das 400-GeV-Protonensynchrotron (SPS) von CERN s t e l l t e n und d ie Entscheidungen, d ie d iesbezugl ich 

zu Beginn des Pro jek ts ge t ro f fen wurden. Die verwendeten Methoden und M i t t e l werden i n grossen Ziigen ange-

geben. In den abschliessenden Bemerkungen werden d ie Resultate k r i t i s c h gewi i rd igt . 

Es w i rd auch auf einen anderen Aspekt der Arbei ten der Vermessungsgruppe hingewiesen, den der poten-

t i e l l e n Ersparn isse, d ie s ich dank der Prazis ion der Messungen, wie s i e eine gut t r a i n i e r t e Gruppe du rch f i i h r t , 

e rz ie len lassen. Die raumliche Ausdehnung des Projekts und d ie komp l i z ie r te Konstrukt ion eines Beschleunigers 

der zweiten Generation verlangen e in hohes Mass von Genauigkei t , denn das gute Funkt ionieren der Maschine hangt 

von i h r ab. 

Dass d ie endgi i l t ige I n s t a l l a t i o n schnel l und m i t geringen Kosten durchgefuhr t werden konnte, i s t nur 

den eingéhenden Vorstudien und den jahrelangen Vermessungsarbeiten iiber und unter Tage zu verdanken. 
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I. INTRODUCTION 

It would seem important, when discussing the high-precision geodetic and metro-
logical survey techniques used in the construction of large particle accelerators, to em
phasize the extensive savings which can be gained by any laboratory which undertakes the 
construction of the second-generation giant proton synchrotrons (400 - 500 GeV). 

As a first approximation, it is generally believed that accuracy is costly in 
terms of time, money and staff. The term "costly" is misleading and only used for budget 
purposes. The speed and accuracy with which the CERN Survey Group installed the quadrupole 
and dipole magnets in the Super Proton Synchrotron (SPS) tunnel resulted in substantial 
savings. Only two months elapsed between the moment when protons were first injected into 
the accelerator and when they reached the design energy of 400 GeV at an intensity of 3.10 1 2 

protons per pulse. This time would certainly have been greater if the elements in the ring 
had not been installed within the prescribed tolerances. Although it is impossible to place 
a monetary figure on the time saved by CERN, it is likely to have been considerably greater 
than the budget of the Survey Group. 

Having drawn attention to this point, the purpose of this paper is to explain how 
the Survey Group achieved these results. 

II. TASK OF THE SURVEY GROUP 

High standards of precision have not, in themselves, been the aim of the Group, 
but rather the most rational means of meeting the requirements of the accelerator designers 
and builders. First studies concerning the methods and instruments needed to achieve the 
correct positioning of the magnets in such a large structure as the 28 GeV proton synchro
tron (PS) were felt necessary at the start of the project in 1954. Since completion in 
1959, the synchrotron has operated with only two magnet re-adjustments. However, surveys 
have been carried out in an attempt to establish a better correlation between the survey 
measurements performed at each annual shutdown and the closed orbit detected by the pick-up 
electrodes when the machine is operating. 

Whereas the Group had hitherto used conventional equipment specially adapted to 
achieve the accuracy needed for the PS machine, it found it necessary to undertake the 
development of new equipment more suited to future geodetic and metrological work. Although 
a new and promising discovery, the laser, proved to be disappointing for high-precision 
measurements, the development of large computers revolutionized survey techniques. 

These advanced techniques were used in the Intersecting Storage Rings (ISR) 
between 1967 and 1971, when the magnets were being installed along more than 4 km of tunnel. 
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This proved to be valuable experience for the construction of the 400 GeV proton synchro
tron over the period 1971 - 1976 and the installation of magnets and equipment in more 
than 10 km of tunnels. 

The SPS is a separated-function machine. The beam is bent by means of simple 
dipoles, and focused by relatively few quadrupole magnets. As the latter serve as the beam 
optics system, they must be positioned with utmost accuracy. Each period of the machine 
lattice, i.e. its geometrical configuration, consists of a focusing magnet, four bending 
magnets, a defocusing magnet, and a further four bending magnets. There are 108 lattice 
periods around the circumference of the machine. The diameter of the machine is 2.2 km, so 
that the magnetic confinement system is 7 km in circumference and it contains over 1000 
bending and focusing magnets. The quadrupoles are spaced at regular intervals of 32 m. 

The size of the magnet is dependant on the aperture required. Its dimensions are 
calculated on the basis of the rms sum of the values of the random errors affecting the 
closed orbit. 

The geometric parameters are used in the calculation of the half-aperture at the 
design stage and later become the precision criteria for the installation of the acceler
ator components. These parameters are as follows : 

- dn. : radial deviation at a given point of the synchrotron's circumference, 
- dh : vertical deviation in relation to the reference horizontal plane, 

- dt : deviation in the tilt of the magnets. 

The dh and dt are measured in relation to a physical reference. 

The du are defined in a relative manner : 
- the radial deviation of a quadrupole in relation to the two adjacent quad

rupoles must not exceed a pre-determined value; this requires that the vari
ation remains discrete over the accelerator's entire circumference, 

- the theoretical radius depends on the accuracy which can be obtained in the 
surface geodetic network. The deviation in the radius has a secondary effect 
on the accelerator particle orbit. 

The following table shows, for these parameters, the evolution of the results 
over the period 1954 - 1976, for the three CERN machines : 

PS (radius 100 m) ISR (radius 150 m) SPS (radius 1100 m) 
1954 1959 1967 1971 1971 1976 

dn. (mm) 

et project et results et project et results et project et results 

dn. (mm) 0.60 0.15 0.15 0.08 0.15 0.08 
dh (mm) 0.30 0.12 0.15 0.10 0.15 0.10 
dt (mrad) 0.02 0.02 0.10 0.02 
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It can be seen that the standard deviations of these three parameters were less 
than those specified at the design stage. As a result, the CERN accelerators were not only 
able to provide a useful proton beam immediately on completion of construction but also 
offered scope for juggling with the orbit's characteristics and maximum flexibility when 
extracting accelerated protons. Figure 1, which shows the correlation between the verti
cal closed orbit of one ring in the ISR and the levelling of the magnets in this ring, is a 
clear proof of the importance of the work done by the Group. 

I S R . Correlation between the vertical closed orbit and levelling of the magnets 

October 1971 

I " levelling 
J 2 mm 

1 cm 

o closed orbit 

E5E 
August 1971 

V v ^ 3 = 1 U m I«w"in9 

° closed orbit 

September 1971 

levelling 

closed orbit 

Figure 1 

III. GEODETIC SURFACE NETWORK 

Three major problems were successively encountered during construction of the SPS 
machine 

- the gyroscopic traverse for guiding the boring machine, 
- the installation of magnet supports before the final completion of the tunnel, 

i.e. without a complete underground geodetic figure, 
- the final installation of quadrupole and dipole magnets and auxiliary com

ponents within the required tolerances. 

Each of these three problems was a challenge to the geodesists, and could be suc
cessfully solved only by making a series of extremely precise measurements, based on a 
highly accurate geodetic network on the surface. 

If the scale of the accelerator is reduced by a factor of 1000, the problem would 
be similar to measuring a circular chain with a circumference of 7 m, a width of 3 mm and 
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with links measuring 32 mm long. This analogy shows that the underground geodetic figure 
can be too easily distorted for it to be calculated as a free and independent figure. It 
was essential, therefore, that the surface geodetic network should supply the coordinates 
of reference points situated at equal intervals around the synchrotron's circumference. 

The structure of the surface network was subjected to a certain number of con
straints. 

The first was the link with the existing network which had been used for the 
construction of the Intersecting Storage Rings. The second was an irregular topography 
around the circumference of the tunnel, with a difference of 50 m between the highest and 
lowest points, and the presence of an extensive wood on the highest part of the molasse 
plateau in which the ring was to be bored. The third was the need not to spoil the environ
ment and the strict prohibition imposed on the felling of trees. 

An additional constraint was that provisional solutions had to be found in the 
region of the shafts, before the buildings were erected and the final reference pillars 
installed on their roofs. Figure 2 shows the final triangulation-trilateration network 
(1975). This network was measured and computed at various stages of the civil engineering 
and installation work in the tunnel. It was also necessary to adjust these successive 
determinations using those points which had proved to be stable over the whole of the 
period of accelerator construction. 

The surface geodetic network consists of a triangulation (angle measurement with 
a Wild T3 Theodolite) and a trilateration (distance measurement with a MA 100 Tellurometer 
and, for the last two determinations, duplicated with a Spectra-Physics Geodolite). The 
distance measuring instruments were tested and standardized on the 500 m geodetic reference 
base, measured in 50 m lengths with invar wire, and on an auxiliary base 1500 m long, 
composed of four survey monuments at 500 m intervals. 

Detailed studies of the accuracy of these instruments, performed over a large 
number of measurements, using survey pillars equipped with tight-fitting reference sockets, 
showed the precision of the instrument to be : 

- MA 100 Tellurometer : 0.5 mm + 1.1 mm per kilometre 
- Geodolite : 0.3 mm + 1.2 mm per kilometre 

After each set of measurements, the network was adjusted by the least squares 
method, (method of variation of coordinates) in an appropriate projection system. The high 
quality and large number of observations (250 observation equations for 40 unknowns) enabled 
very close results to be obtained from one set of measurements to the next. 
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The ellipses of error, calculated after each set of measurements, never exceeded 
1.8 mm on the semi-major axis, for the poorly determined points. In the final network 
(November 1975), this value was only 1.3 mm. 

The coordinates of the reference points located at the tops of each shaft, the 
depth of which is between 23 and 62 m, were transferred to the bottom of the tunnel by three 
different techniques : a plumb-line damped in an oil-bath, a nadiro-zenithal telescope and 
a precision nadir plummet Wild GLQ with mercury horizon. Experience showed that the accu
racy of these operations, including connection to the underground survey chain, remained 
within a millimetre. The rms values obtained by adding quadratically these errors range, 
for the underground reference pillars, between 1.1 and 1.5 mm, the average value being 1.3. 

Repeated sets of measurements of the surface geodetic network and the quality of 
the results obtained made it possible to overcome the three major problems referred to 
above. They also ensured an excellent connection between the successive phases of machine 
construction and, at each stage of the project, prevented the costly repercussions of any 
serious setbacks. 

IV. GUIDING THE BORING MACHINE : AUTOMATION OF THE GYROSCOPE 

During the "Meeting on Technology arising from High-energy Physics" held in 
Geneva in 1974, Dr J.B. Adams, Director-General of CERN Laboratory II, remarked that "the 
technology of accurate tunnel boring, which we had to learn and perfect in the last two 
years, is one of the most fascinating technologies in the project". 

The special feature of the SPS tunnel was that the work started by digging six 
shafts located at regular intervals around the 6,911 metre-circumference. The main tunnel 
was thus divided into six sextants representing the six superperiods of the accelerator. 
When making the underground traverse to guide the boring machine it was not possible to 
measure a geodetic bearing at each end of one sextant of the accelerator. Only the surface 
coordinates could be transferred down each shaft to the bottom of the tunnel, but not the 
accurate geodetic bearings. 

A goniometric traverse, in which the errors are cumulative, would not have 
guaranteed a transverse deviation of several centimetres after the boring of 1152 m between 
each shaft. The use of a compass would not have been precise enough. The gyrotheodolite 
was therefore selected for the underground traverse. Every 32 m, a survey monument was 
erected in the molasse, located in a joint in the shuttering. The meridian was therefore 
determined on each monument, thus preventing any risk of cumulative errors. The distances, 
all equal, were measured with an invar wire. The coordinates of the pillars determined by 
this traverse were used for the installation and orientation of the laser which guided the 
boring machine. 
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Before tunnel-boring started, it took two years to become fully conversant with 
the operation of the Wild GAK 1 gyroscope mounted on a T2 theodolite. In this way, it was 
possible to appreciate the operating difficulties encountered by the users of this instru
ment, and their hesitation to use it. With the experience gained, the standard deviation 
indicated by the manufacturer was reduced by a half, namely from 60 dmg to 30 dmg, in lab
oratory conditions and with manual operation. At the same time, development work was in 
progress in the Group's Mechanical and Electronics Section on an automatic measurement sys
tem. Although this did not lead to any significant improvements in overall accuracy, the 
automatic equipment considerably reduced the work of the operators, since the gyroscope was 
able to carry out the measurements automatically and record the transit times on tape. 

The traverse of half ot the tunnel circumference was carried out with the gyro-
theodolite, operated manually. After 1.2 km of tunnel had been bored, the transverse devi
ation of the tunnel axis was only 23 mm at shaft PA2, 19 mm at shaft PA3 and 14 mm at shaft 
PP4. When the automatic gyroscope was used, this deviation was 10 mm at shaft PP5, 26.4 mm 
at PA6 and 1.5 mm at PP1. Figure 3 shows the radial deviations between the coordinates of 
each pillar at the bottom of the six shafts and those obtained from the gyroscopic traverse. 

After each sextant had been bored, a goniometric traverse was made to cross-check 
the results of the gyroscopic traverse. 

*^Jjk* 

PA 6 Jf Manual gyrotheodolite 
Automatic gyrotheodolite 

Figure 3 : Radial deviations in the six shafts, located in the long straight sections, 
sunk to the level of the ring. 
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n-2 n+2 

Figure 4 

Nevertheless, a permanent check on the gyroscopic measurements was kept (figure 4). 
Accuracy is controlled in a very simple manner. At each station of the gyroscopic traverse, 
the bearings of two adjacent monuments are measured. For each side of the traverse, there
fore, two totally independent values for the same bearings are obtained, since they orig
inate from two different stations, each involving a determination of the meridian. The 
standard deviation calculated over 107 differences of the first half-circumference is 
46 dmg. This same value, measured for the second half-circumference with the automatic 
gyrotheodolite on the 108 differences is only 35 dmg. It can thus be seen that there was a 
slight gain in accuracy, but the values of these two standard deviations are still of the 
same order of magnitude. On the other hand, although the operations take just as long, the 
operator's task is considerably simplified. The working conditions are always very diffi
cult in a machine-bored tunnel, in which the floor follows the profile of the circular 
cross-section. The homogeneity existing between the two standard deviations made it poss
ible to plot, on the same histogram, the distribution of the deviations between the direct 
and reverse gyroscopic bearings on the 215 sides involved in the gyroscopic traverse of the 
entire circumference (see figure 5). The standard deviation of these differences proves to 
be 42 dmg, thus reducing the standard deviation for one direction to 30 dmg. 

-« -a 
UNIT 

0 20 40 

O.OOQ1 grade 

HI 180 

Arithmetic mean 0.0000 grade 
Standard deviation (60%) 0.0042 grade 
Probable deviation (50%) 0.0028 grade 
Maximum deviation (99%) 0.0112 grade 

Figure 5 : Comparison of the d i rect and reverse gyroscopic bearings on the 215 sides 
of the underground gyroscopic traverse 
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The closure of the gyroscopic traverse on the reference points obtained from the 
surface geodetic network remained below the standard radial deviation of 36 mm which had 
beem promised when the project was drawn up. This value was of extreme significance for 
the choice of the boring machine diameter, as it could seriously affect civil engineering 
costs. On completion, the results obtained did not necessitate any additional excavation 
of the tunnel, and the accelerator ring was found to be located very close to its theor
etical position. Consequently, the measurements for magnet installation could be made 
without any constraints, and in accordance with the design scheme. 

V. UNDERGROUND SURVEY WORK FOR THE SPS 

The geodetic reference figure of the SPS (figure 6) is a modified version of that 
of the ISR. In the latter, because of the relatively favourable ratio between the width 
and length of a braced quadrilateral (1:2.5) distance measurements alone were used for the 
ISR framework consisting of 32 braced quadrilaterals. In the SPS, this ratio is approxi
mately 1:10. To keep the deviation of the radius within the tolerances, the reference 
figure had to be stiffened by measuring the offsets of the monuments of three consecutive 
quadrilaterals with the nylon wire equipment. As the SPS is a separated-function machine, 
the components which must be accurately positioned are the quadrupoles situated at one end 
of each semi-period of the accelerator's lattice, every 32 m. In this case, therefore, it 
was necessary to adapt the metrology system to the periodicity of the quadrupoles. Opposite 
each quadrupole two brackets were fixed, one on the outer wall, the other on the inner wall. 
In addition to the distance measurement of each braced quadrilateral, nylon wire alignment 
inside three consecutive quadrilaterals ensured the precise shape of the geodetic framework 
in each sextant. 

Figure 6 : Geodetic reference figure of the SPS. 

The accuracy of the Distinvar - which was developed to make distance measurement -
(figures 7 and 8 ) , shown by its standard deviation, is 15 ym in laboratory conditions, i.e. 
on the CERN calibration base. In the SPS tunnel it was impossible to attain this precision; 
the standard deviation resulting from an analysis of the residues after adjustment proves to 
be 30 vim. 
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Figure 7 : View of Distinvar mechanism. 

Figure 8 : Distinvar in operation in the SPS tunnel. 
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Alignment measurements using a nylon wire (figure 9) posed a problem. The nylon 
wire is sensitive to the movement of the air, which leads to oscillations and may produce 
systematic errors owing to the fact that the wire is constantly curved. The accuracy of the 
equipment, when used in laboratory conditions, is 18 um. When all precautions are taken, 
the ventilation system switched off and the measurement area sealed off by plastic doors, 
the standard deviation resulting from an analysis of the residues after adjustment is 
0.07 mm. 

Figure 9 : Nylon wire offset measurement device. 
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Figure 10 : Laser automatic offset measurement device. 

In the wider sections of the tunnel, at the entry of the injection tunnel into 
the main tunnel or at the start of the ejection tunnels, the air circulation is difficult 
to control and was found to interfere with nylon wire measurements. In order to improve 
the alignment measurements in these areas, the Group's Mechanical and Electronics Section 
developed a laser-operated system. Essentially, it consists of a laser emitter and a set 
of differential cells which are moved by a micrometer screw. The receiver responds to ran
dom beam oscillations and indicates the average of 10, 100 or 1000 measured values, each 
measurement being made every tenth of a second (figure 10). 

The air currents along the measurement path, which systematically disturbed the 
nylon wire measurements, actually helped improve the measurements with the laser equipment, 
since the propagation medium was rendered more homogeneous due to the mixing of the air. 
On the other hand, the temperature gradients which might have impaired the laser measure
ments were non-existent in the tunnel, as far as short horizontal measurements were con
cerned. The standard deviation of the laser equipment (0.09 mm) was slightly greater than 
that obtained with the nylon wire, but was absolutely free of systematic errors. 

The underground survey framework consists of 432 reference sockets mounted on 
brackets fixed to the tunnel wall. It necessitates the adjustment of a system of 878 un
knowns and 1700 observations. 
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This adjustment was processed on a CDC 7600 computer and performed by a substi
tution method (Cholevsky). A cross-check was made by the iterative method of conjugate 
residues (Dufour). The coordinates obtained by the two methods were fortunately the same. 

Height measurements are made by high-precision levelling using the Wild N3 mounted 
on an adjustable column; the reference marks consist of Taylor Hobson spheres with a central 
target point. The traverse is made with very short sides, less than 10 m, and of strictly 
equal length. 

VI. PROVISIONAL INSTALLATION OF THE ACCELERATOR COMPONENTS 

In spite of its apparent simplicity, this operation proved to be the most hazard
ous of the three challenges. Project management dictated that the provisional positioning 
of the magnets in the tunnel should start without waiting for boring to finish. 

The following operations were carried out as the civil engineering work was com
pleted on each sextant : 

- installation of the brackets, taking as reference the survey monuments used for 
guiding the boring machine, followed by vertical positioning of the reference 
sockets, 

- measurement of the survey framework, 
- adjustment of this partial chain, using the survey monuments at the bottom of 

the shafts as fixed reference points. When the next sextant was measured, 
the necessary measurement links were introduced in the computation, and a new 
adjustment made of these two sextants, 

- layout of the supports and provisional positioning of the quadrupoles and 
dipoles. 

It should be stressed that the most severe requirement of the progressive instal
lation of the magnet supports was that they should be installed to within a centimeter, 
which represented the maximum travel available for fine positioning of the magnets. It 
should be remembered that at the time the underground survey framework only partly existed. 

It was feared that this tolerance might be exceeded owing to a large number of 
uncertainties. This would mean that during fine positioning the magnets might have to be 
removed, the supports repositioned and the magnets reinstalled, with all the consequences 
for the busbar and vacuum systems. 

Among the uncertainties in the survey work at this stage of construction the most 
problematical points were : 

- possible variations in the coordinates of the surface network which contained 
a certain number of weaknesses. There were no survey monuments at the tops 
of certain shafts, since auxiliary buildings 1, 4, 5 and 6 had not been built 
at that time; 
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- possible radial variations in the survey chain, especially half-way between 
two reference points. The degree of flexibility is of course greater as long 
as the survey framework has not been completed and systematic errors are more 
difficult to detect. 

Installation of the brackets between shafts 3 and 4 started on 1 July 1974. The 
Survey Group had to install the magnets between these two shafts using an initial determi
nation of the coordinates of the brackets. This determination was calculated from the co
ordinates of the pillars at the bottom of the shafts 3 and 4, the coordinates of which were 
obtained from a provisional surface network composed only of two final pillars installed on 
the then existing auxiliary buildings. 

Measurement of the brackets in the following sextants gave provisional results up 
to the time when the last pillar was erected on the auxiliary building located over shaft 4. 

In November 1975, observations and adjustments of the surface network in its 
final configuration were made. In order to have a homogeneous set of measurements, the now 
complete underground survey framework was remeasured, using as reference points the final 
coordinates of the pillars at the bottom of the shafts. The results of the final adjustment 
showed that in those sextants where the magnets had first been installed, the maximum radial 
distance by which the magnets had to be moved was only 8 mm. 

VII. FINAL POSITIONING OF THE ACCELERATOR COMPONENTS 

On 2 January 1976, the coordinates of the brackets used for the underground survey 
chain were calculated and the results published. Without moving any support, it was poss
ible to performe the fine adjustment of all the magnets and beam instrumentation. 

Mechanically, the micrometric displacements of the quadrupole magnets, which are 
more than 3 m long and weigh 13 tons, were easily performed by using the jacks, fitted with 
polyurethane pads and designed by the Group's Mechanical and Electronics Section. 

After all magnets had been installed, an additional measurement, independent of 
the survey framework, was made using only the quadrupole references in order to smooth the 
curvature of the figure. 

In spite of the constraints imposed by the programme, which for other purposes 
prevented access to the tunnel on certain days, all the installation work was completed by 
the end of April. On 3 May 1976, protons were circulating in the SPS for the first time. 

The fact that the protons were able to circulate round the machine without any 
correction to the orbit showed that the degree of accuracy promised by the geodesists at 
the design stage had been kept. In fact, we already knew this from a detailed analysis of 
the survey measurements and radial smoothing results. This analysis was based on the rms 
sum of all the random deviations on the radial position of the quadrupoles. 
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For the six points obtained from the surface network, the radial standard devi
ation was 1.3 mm (see section II). 

With regard to the geodetic network of the brackets, which used these points as 
reference, an examination of the ellipses shows that, after overall adjustment of the cir
cumference, the radial standard deviations are basically similar for each sextant. They 
steadily increase from the reference pillar, reach a maximum at the middle of the sextant, 
after which they decrease and finally disappear at the next reference pillar; in each sex
tant, the pattern of the ellipses of error is that of a spindle. For the last measurement 
made, this maximum represents a standard deviation of 1.2 mm. 

Errors inherent in the positioning of the quadrupoles in relation to the brackets 
were disregarded. Because of the sensitivity with which the adjustments could be made on 
the polyurethane-mounted jacks, the standard deviation is only 0.03 mm. 

Finally, the complete set of radial uncertainties in the surface network and 
underground framework provides, for each sextant, a cigar-shaped envelope, with the dimen
sions shown in figure 11. This envelope provides, among other things, a picture of the 
possible variations in the accelerator radius, which has an uncertainty varying from 1.3 mm 
at the reference points to 2.5 mm in the middle of each sextant. The last-mentioned values 
have no direct influence on the correct operation of the accelerator provided that the 
relative radial error dn. remains within the narrow limit imposed by the machine's parameters 
(0.15 mm), thus compelling the curve of the successive quadrupole positions to remain con
tinuous, with discrete increments. 

1152 m 

Points derived from surface 
geodetic network . et * 1,3 mm 

Pn-i 

1152 m 

Bracket metrology fit s 1,2 m m 

.A-»1»*'"1 

rte> ^^^r----— J. -—"' 

Theoretical radius 

Ct : Radial standard deviation 

Curve after smoothing 

et = 0,08 mm , Standard deviation computed 

from the mean smoothing curve . 

Figure 11 : Combination of random errors and curve obtained after quadrupole smoothing. 
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By analogy with the traverses in field survey work, or aerial triangulations in 
photogrammetry, it may be assumed that this curve follows the law of the deformation of 
linear networks, by double summation of the random errors. Its general appearance will be 
that of a curve of the second, or more rarely third, degree. This curve is contained in a 
random manner inside the envelope shown in figure 11 and constitutes an approximation of 
the theoretical line among an infinite number of possible locations within this envelope. 

Smoothing was done by measuring, with a nylon wire device, the local curvature of 
successive sets of three adjacent quadrupoles, (figure 12). A comparison of this curve 
with the theoretical curve gave local information on the positions of the quadrupoles in 
relation to a mean curve, for which the absolute position did not need to be known. This 
was done, in the least squares adjustment, by solving the observation equations with the 
double condition Ev 2 and ZdR 2 minimum (v being the residues of the measurements and dR the 
deviation in relation to the curve). 

This measurement was made for checking purposes only, but it provided a direct 
estimate of the relative residual errors. On the basis of the smoothing results, the cal
culated value of the parameter dx (the radial deviation of a quadrupole in relation to the 
two adjacent quadrupoles), was 0.08 mm for the overall circumference of the synchrotron, in 
other words half the promised value. 

Levelling gave rise to the usual problems. The overall accuracy obtained is 
0.5 mm/km, and a relative accuracy of 0.10 mm was attained for one quadrupole in relation 
to the two adjacent quadrupoles. 

A critical study of the results obtained shows that the geometric measurements 
are in good correlation with the closed orbit plots for the bare machine, i.e. without any 
beam correction (figure 13). 
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Figure 13 : Horizontal and vertical closed orbits at 300 GeV (17.6.76, 13.02h). 

VIII. CONCLUSION 

Although it was not possible here to go beyond a general description, this paper 
has shown how the Survey Group took up the three challenges to their technical skill during 
the construction of the 400 GeV proton synchrotron. 

From the budget standpoint, it is very difficult to place a figure on the savings 
made owing to the successful outcome of the Group's activities. On looking back, it is 
hardly conceivable that the boring machine would not return to its starting point with 
acceptable tolerances. On the other hand, it is quite understandable that, because of the 
early start of the provisional installation work, it might have been necessary, during 
final installation, to remove all the magnets which were first installed in sextants 3 and 
4, shift the supports and reinstall the magnets and beam control equipment, with all the 
consequent disturbances to the vacuum and busbar systems. 

The excitement of the engineers and physicists responsible for the construction 
of the accelerator on learning that protons had orbited the ring for the first time clearly 
illustrates the relief felt when such a complex machine as an accelerator operates correctly 
from the very first moment. The first photographs of the closed orbit gave the Survey team 
concrete proof of the success of their work. Here too, if it had been necessary to align 
the machine by moving quadrupoles as a result of beam measurements and repeat this a number 
of times, this would have proved an extremely time-consuming task taking many months. 
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Furthermore, it would no doubt have had serious repercussions on CERN's personnel budget 
and necessitated considerable capital investment. 

The author would like to take this opportunity to thank all members of the Survey 
Group, engineers, technicians, trainees and temporary labour for their sustained efforts in 
carrying out the tasks of the Group. Repetition of the same operations day after day in a 
7 km-long tunnel made the work monotonous and tedious, increasing the risk of error. The 
installation of the magnet supports required the marking of 40,000 reference lines on the 
floor of the tunnel, and the fine adjustment of more than 1,600 components, in a space of 
four months. These are perfect examples of the amount of routine work involved in this 
high-precision work. 
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