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1. INTRODUCTION

The construction of the LHC, the future Large Hadron Collider, is under way at CERN.  In this accelerator, the particles circulate in two separate channels, are guided by superconducting magnets, and collide in four points.  A two-in-one design has been adopted for the super-conducting magnets, whereby the two beam channels and their corresponding sets of coils are inserted in a unique structure and in a single cryostat.  The magnetic length of the dipoles is 14.3 m, for a total mechanical length of 17 m.

The collider will be installed in the LEP tunnel, after dismantling of the existing machine, and two new transfer lines will be built to inject the protons into the LHC in the two directions.  Their total length is about 5.5 km, the equivalent of 80 percent of the Super Protron Synchrotron built in 1974.

After an intensive R & D period, the construction of the LHC now begins, with the first civil engineering activities in winter 98, even if the studies continue.

This paper presents a review of the metrological aspects of the project, and four particular points are highlighted. After some considerations regarding the internal metrology of these long two-in-one cryomagnets, the underground geodetic network as well as a preliminary study of a possible permanent control of the alignment of the elements all along the machine are presented. Then, a global approach of the alignment of the insertion quadrupoles will be presented. 

2. Internal Metrology of the cryomagnets

To obtain the maximum physical aperture for the beams, the cryodipoles are bent in the horizontal plane, which contains the two beam lines, with a radius of curvature of 2784 m.  Their total length is 17 m, between the two ends of the vacuum pipes, and the cold mass is supported by three cold posts inside the cryostat.

To study the process of the fabrication of the magnets, CERN has built a facility area, where prototypes are built.  Several controls are made at each step of the construction of one cold mass, and in particular, the curvature is measured, as well as the vertical sag.  Then, the ends of the cold mass are welded with respect to the global geometry of the cold mass.

It is not only important to get the correct curvature, but also to build the ends of the cold mass with the correct geometry, to allow the connections between two adjacent magnets to be made possible with a minimum of discrepancy.  In addition, corrector magnets are located at the ends of each cold mass and must be precisely aligned with respect to the magnet.

2.1 Principle

The measurement of the curvature of the cold mass of a dipole is made through the two beam pipes, considering that the cold bores are the first mechanical elements, which can limit the aperture [1].
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Fig. 1 Measurement of the curvature of the cold mass of a dipole

The two profiles are measured with a probe in a same coordinate system, as well as external fiducials, which are located on the ends of the cold mass (Fig. 1).  These last points are used to position the end covers as well as the correctors using a portable 3-D measuring machine. The probe, which is inserted into the pipes, is equipped with six sensors to measure three inner diameters of the pipes, two clinometres, which control the roll of the probe along the pipes, and a PSD sensor which detects the laser beam.

2.2 Improvements

Measuring such elements with a system based on the principle of tooling docks, similar to that which is often done in aerospace industry for example is powerful, but the main drawback is the lack of redundancy in the measurements.  This is why we are looking for another method based on classical triangulation with motorized theodolites.  The aim of this evolution is to be able to control the quality of the manufacturing process remotely by analyzing the measurement reports.  Redundancy in the observations seems to be the only way to provide a reliable check.

Today, the ends only are located with respect to the geometrical axis of the cold mass, and this method also needs to take account of the results from the warm magnetic measurements carried out during the manufacturing process. 

2.3 Assembly

The next step is the assembly of the cold mass in its cryostat.  Three cold posts support this cold mass, and the middle post will have to be adjusted to minimize the vertical sag.  At the same time, the position of the external targets located on the cryostat have be determined from the auxiliary fiducials fixed on the ends of the magnet, and could also be controlled during magnetic measurements, and recorded.  No adjustment to a theoretical value will be done.

The question of the stability of the cold mass inside its cryostat is still opened, and no test of transportation have been carried out yet, and a method based on closed range photogrammetry is tested.  

3. INSTALLATION OF THE CRYOMAGNETS

3.1 The Geodetic Network for the Installation

The LHC machine will be installed in the LEP tunnel, after removal of the LEP components.  So it is essential to transfer the geometry of the LEP quadrupoles to other points which will be fixed in the floor of the tunnel.  To get the best absolute coordinates of these new points, the LEP quadrupoles are re-measured radially with the gyroscope, and these bearings are combined with the wire offset measurements which are periodically made for the smoothing of the machine.  Such a combination of these different measurements provides a very accurate as well as a smooth traverse (Fig. 2 & 3)

About 80% of the LEP quadrupoles were measured during the last winter shutdown and the provisional results show a  20 mm discrepancy between two pits limited to 20 mm, over 3.5 km.
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Fig. 2 Simulation with bearings only - observed at 40 m and 80 m
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Fig. 3 Simulation with bearings observed at 40 m plus nylons at 120 m

3.2 Alignment

The alignment process will consist of two phases.  The first one is the first alignment.  At this stage, each magnet will be aligned individually from the geodetic network previously described.  After a local smoothing to be sure of the best relative position of neighboring cryostats, the connection of the cryostats will be possible.

The next phase will be the final smoothing, made as late as possible, when the cryostats are connected together and the magnets cooled down.  This allows all the external forces, which can act on the cryostats to be taken into account, and this is why the cryostats must be able to be moved under vacuum. This smoothing is made directly on the fiducials of the cryostat, without any measurement from an external network.

3.3 Maintenance of the Alignment

Preliminary studies are under way into the efficient maintenance of the component’s alignment.  In this way, the objectives are to detect unexpected movements of the cryostats, to minimize the limitation of the mechanical aperture for the beams and to identify the areas to be re-measured during shutdowns.  Another aspect is, in addition, to get an external image of the interconnection between two cryostats when realigning under vacuum and cold.

To meet these aims, a solution under study consist in stretching wires along each half cell (about 51 m), with an overlap of one dipole (17 m) and fixing wire sensors at each end of each cryostat [2].  As no radiation problems are expected in this machine in the arcs, low cost optical sensors with integrated electronics could be used.  The results from the linear regressions are very poor when considering each wire separately, because of the rather small number of measurements on each wire (10). The method seems to be much more efficient when considering several wires together with their overlapping, by adding conditions equations in the fitting analysis (Fig. 4).
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Fig. 4 Simulation with four wires

4. ALIGNMENT OF THE LOW BETA QUADRUPOLES

To correctly align the machine components around the experiments is always a challenge for surveyors.  The shielding, the complexity of the areas, and the experimental equipment itself usually block the lines of sight and force the surveyors into acrobatic measurements.

Two problems have to be solved.  The first one is to be able to align one triplet of quadrupoles with respect to the other triplet (left/right side) and to the main elements of the ring.  A tolerance of ± 0.5 mm (3*) is required for this alignment [3] to get the vertex at its theoretical position.  

After several studies -mainly involving the possibility of aligning using an optical reference line in the vacuum pipe- it has been decided for the two main experiments of LHC, ATLAS and CMS, to build a gallery parallel to the beam and dedicate it to surveying.  The enormous civil engineering activity in these two areas will strongly affect the stability of the ground - deformations of several cm are expected- and this justifies the decision.  A permanent reference line will be installed in this gallery and across the experimental area.  

As shown on Figure 5, another auxiliary line installed in the main tunnel and linked to the gallery in three points will allow the magnets to be connected geometrically on each side of the experiment with a maximum of flexibility.

For the control of the radial movements in the horizontal plane, the reference line as well as the auxiliary line will be stretched wires, and invar bars equipped with sensors will do the link between the wires.  Hydrostatic levels will be used for the altimetric determinations.

For the two other experiments, as no civil engineering work will affect the stability of the area, the underground network will be densified, remeasured after removal of the LEP experiments, and then regularly checked. 
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Fig. 5 Experiment Atlas

The second point is to align one quadrupole inside the triplet.  In order to have orbit corrections possible, the tolerance for the position of one quadrupole with respect to the others is 0.35 mm (3*).  Nevertheless the stability required for the alignment is much more demanding and will probably need permanent remote controls and a closed loop adjustment with the jacks of the cryostats.  Attention will also be paid to the stability of the cold mass inside the cryostat.

5. CONCLUSION

The main framework of the alignment process has now been established.  The geodetic network will come from the LEP quadrupoles, and we already now that the results of the gyroscopic measurements confirm the good original alignment of the quadrupoles, and a major decision to use survey galleries has been taken for the alignment of the low beta quadrupoles.  Nevertheless, a lot of points, sometimes fundamental points, are sill pending.  The inner metrology of the cryomagnets , the jacks for the cryostats, the stability of the cold mass in its cryostat, the detailed process of the alignment process, for example have to be studied , and this is not an exhaustive list.  A lot of work is still to be done !
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0.0
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0.0
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0.0
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10.0

0.0

0.0

0.0
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0.5

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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0.0

0.0

0.0
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15.0

29.0
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52.0
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-520.0
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-0.2

0.0

0.0

0.0

0.0
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0.0
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0.0

0.0

0.0
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1.0
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0.0

0.0

0.0

0.0
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-10.0

-10.0

0.0

0.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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0.0

0.0

0.0

0.0

0.0
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51.0

52.0
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0.0

0.0

0.0

0.0
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

10.0

10.0

0.0

1.0

1.0

-0.2

N=Ut*U

1.0

720588.0

12130.0

-92500.0

-11800.0

0.0

0.0

0.0

0.0

droite 2

-0.2

12130.0

210.0

-1400.0

-200.0

0.0

0.0

0.0

0.0

x2

y2

0.0

-92500.0

-1400.0

34188.0

1730.0

0.0

0.0

0.0

0.0

-0.2

-11800.0

-200.0

1730.0

210.0

0.0

0.0

0.0

0.0

1.0

0.0

0.0

0.0

0.0

720588.0

12130.0

-92500.0

-11800.0

-0.2

0.0

0.0

0.0

0.0

12130.0

210.0

-1400.0

-200.0

-0.4

0.0

0.0

0.0

0.0

-92500.0

-1400.0

34188.0

1730.0

0.2

0.0

0.0

0.0

0.0

-11800.0

-200.0

1730.0

210.0

0.3

0.0

N-1

0.3

7.042203278398321E-5

-0.003568190310543092

2.768333716897355E-5

3.307131020955188E-4

0.0

0.0

0.0

0.0

0.0

-0.0035681903105430858

0.24159227796039118

-0.0021578133552477724

0.04736584301070706

0.0

0.0

0.0

0.0

-2.0

2.7683337168973496E-5

-0.002157813355247773

7.042203278398342E-5

-0.0010796638531998034

0.0

0.0

0.0

0.0

0.5

3.3071310209552637E-4

0.047365843010706635

-0.0010796638531997997

0.07734953177573424

0.0

0.0

0.0

0.0

droite 3

-0.2

0.0

0.0

0.0

0.0

7.042203278398321E-5

-0.003568190310543092

2.768333716897355E-5

3.307131020955188E-4

x1

y1

0.3

0.0

0.0

0.0

0.0

-0.0035681903105430858

0.24159227796039118

-0.0021578133552477724

0.04736584301070706

0.0

0.0

0.0

0.0

0.0

2.7683337168973496E-5

-0.002157813355247773

7.042203278398342E-5

-0.0010796638531998034

0.1

0.0

0.0

0.0

0.0

3.3071310209552637E-4

0.047365843010706635

-0.0010796638531997997

0.07734953177573424

-0.5

0.0

K=Ut*Y

A=N-1*Y

-0.5

79.1

0.008904986729340338

m1

0.0

-0.6000000000000003

-0.41052735237637616

b1

1.0

25.2

0.0036395794295711456

m2

-0.2

1.5

0.08655666913229856

b2

0.1

-31.6

0.0047480032327968874

m3

-0.2

-1.5

-0.31747378312600044

b3

-0.4

49.0

0.004948875102187442

m4

droite 4

0.2

0.8

-0.07252320192848138

b4

x2

y2

0.3

0.5

-520.0

-10.0

0.0

10.0

0.0

-660.0

-10.0

140.0

10.0

0.0

10.0

0.0

-10.0

0.0

-520.0

-10.0

0.0

10.0

0.0

-660.0

-10.0

140.0

10.0

0.0

10.0

0.0

-10.0

0.0

0.0

x

y1

y2

y3

y4

d1

d2

d3

d4

0.0

-1.0

1.0

0.3

-0.5

-0.41052735237637616

0.08655666913229856

-0.31747378312600044

-0.07252320192848138

14.0

0.0

-0.2

0.0

0.0

-0.28585753816561144

0.13751078114629461

-0.251001737866844

-0.0032389504978572042

15.0

-2.0

0.0

-2.0

1.0

-0.27695255143627107

0.14115036057586575

-0.24625373463404715

0.0017099246043302402

29.0

0.5

-0.2

0.5

-0.2

-0.15228273722550634

0.1921044725898618

-0.1797816893748907

0.07099417603495442

30.0

-0.2

1.0

-0.2

0.1

-0.14337775049616602

0.19574405201943293

-0.17503368614209383

0.07594305113714186

36.0

0.3

-0.2

0.3

-0.2

-0.08994783012012397

0.2175815285968598

-0.1465456667453125

0.10563630175026653

37.0

0.0

-0.4

0.0

-0.4

-0.08104284339078366

0.22122110802643094

-0.1417976635125156

0.11058517685245398

51.0

1.0

0.2

0.1

0.2

0.04362697081998107

0.272175220040427

-0.07532561825335918

0.17986942828307817

52.0

1.0

0.3

-0.5

0.3

0.05253195754932144

0.2758147994699981

-0.07057761502056228

0.18481830338526561

66.0

-0.2

0.0

0.0

0.5

0.1772017717600861

0.3267689114839942

-0.004105569761405858

0.2541025548158898

PARAMETRES

droite 1

x1

y1

Y

mat U

Ut

-1.0

0.0
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15.0

29.0
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0.0
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0.0

0.0
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0.0
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0.0

0.0
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0.0

0.0
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1.0
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0.0
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0.0
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0.0
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0.0

0.0
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0.0

0.0

0.0
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0.0
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0.0

0.0

0.0
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52.0
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0.0

0.0

0.0

0.0

0.0
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0.0
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

140.0

-10.0

-520.0

-660.0

10.0

0.0

0.0

0.0

0.5

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0
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0.0

-0.2

0.0

0.0
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0.0

0.0
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0.0
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1.0
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0.0
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0.0

0.0

0.0
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1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

1.0

-0.2

N=Ut*U

1.0

720588.0

12130.0

-92500.0

-11800.0

0.0

0.0

0.0

0.0

droite 2

-0.2

12130.0

210.0

-1400.0

-200.0

0.0

0.0

0.0

0.0

x2

y2

0.0

-92500.0

-1400.0

740288.0

13530.0

-92500.0

-11800.0

0.0

0.0

-0.2

-11800.0

-200.0

13530.0

410.0

-1400.0

-200.0

0.0

0.0

1.0

0.0

0.0

-92500.0

-1400.0

740288.0

13530.0

-92500.0

-11800.0

-0.2

0.0

0.0

-11800.0

-200.0

13530.0

410.0

-1400.0

-200.0

-0.4

0.0

0.0

0.0

0.0

-92500.0

-1400.0

34188.0

1730.0

0.2

0.0

0.0

0.0

0.0

-11800.0

-200.0

1730.0

210.0

0.3

0.0

N-1=

0.3

5.7492076020359954E-5

-0.002923872817965915

4.338683084773377E-6

3.864571701772072E-4

-7.223229299448682E-6

6.681520474090351E-4

-6.592524850385197E-6

2.847684368546005E-4

0.0

-0.002923872817965964

0.2061672628853968

-9.073833200968853E-4

0.04049442286070891

-6.175174467562685E-6

-0.011986455144234007

1.5033820327072327E-4

-0.01300115799629349

0.7

4.338683084774676E-6

-9.073833200969245E-4

2.5985586528901405E-5

-8.715104627124925E-4

-3.4260905386962063E-6

6.467121319856558E-4

-7.223229299447962E-6

4.829083082312413E-4

0.5

3.864571701771474E-4

0.04049442286071236

-8.715104627125355E-4

0.07205834461397949

-4.205901564316325E-4

0.023410658850012724

-1.9141891364547102E-4

2.396316415044922E-4

droite 3

0.7

-7.22322929944759E-6

-6.175174467695245E-6

-3.426090538695186E-6

-4.2059015643171034E-4

2.5985586528900405E-5

-8.435382481949353E-4

4.338683084774318E-6

6.210302365018008E-4

x1

y1

0.3

6.681520474090199E-4

-0.011986455144230544

6.467121319856071E-4

0.023410658850015757

-8.435382481949172E-4

0.07021217845582141

-6.728102537722849E-4

0.02501260048328718

0.5

-6.592524850382736E-6

1.5033820327057848E-4

-7.223229299447763E-6

-1.9141891364547127E-4

4.338683084774011E-6

-6.728102537722723E-4

5.7492076020359574E-5

-8.706041993778248E-4

0.1

2.8476843685468824E-4

-0.013001157996300063

4.8290830823125166E-4

2.3963164150301534E-4

6.210302365018206E-4

0.025012600483286067

-8.706041993778196E-4

0.07065153405858249

-0.5

0.0

K=Ut*Y

A=N-1*K

-0.5

79.1

0.00810472440791871

m1

0.0

-0.6000000000000003

-0.34790259561792214

b1

-0.3

25.2

0.0015973443938189019

m2

0.1

1.5

0.118072399184719

b2

1.0

54.39999999999999

-0.0013468552845844759

m3

-0.2

2.6

0.22176060911333298

b3

-0.4

65.2

5.449527305248531E-4

m4

droite 4

0.2

0.7

0.13436410114648467

b4

x2

y2

0.3

0.5

0.0

-520.0

-10.0

0.0

10.0

0.0

-660.0

-10.0

140.0

10.0

0.0

10.0

0.0

-10.0

0.0

-520.0

-10.0

0.0

10.0

0.0

-660.0

-10.0

140.0

10.0

0.0

10.0

0.0

-10.0

0.0

-520.0

-10.0

0.0

10.0

0.0

-660.0

-10.0

140.0

10.0

0.0

10.0

0.0

-10.0

0.0

x

y1

y2

y3

y4

d1

d2

d3

d4

0.0

-1.0

1.0

0.3

-0.5

-0.34790259561792214

0.118072399184719

0.22176060911333298

0.13436410114648467

14.0

0.0

-0.2

0.0

0.0

-0.2344364539070602

0.14043522069818362

0.2029046351291503

0.1419934393738326

15.0

-2.0

0.0

0.7

-0.3

-0.2263317294991415

0.14203256509200252

0.20155777984456585

0.14253839210435748

29.0

0.5

-0.2

0.5

0.1

-0.11286558778827954

0.16439538660546715

0.18270180586038318

0.1501677303317054

30.0

-0.2

1.0

0.7

1.0

-0.10476086338036084

0.16599273099928605

0.1813549505757987

0.15071268306223026

36.0

0.3

-0.2

0.3

-0.2

-0.0561325169328486

0.17557679736219947

0.17327381886829185

0.1539823994453794

37.0

0.0

-0.4

0.5

-0.4

-0.04802779252492989

0.17717414175601837

0.17192696358370738

0.15452735217590424

51.0

1.0

0.2

0.1

0.2

0.06543834918593205

0.199536963269483

0.1530709895995247

0.16215669040325217

52.0

1.0

0.3

-0.5

0.3

0.07354307359385076

0.2011343076633019

0.15172413431494025

0.16270164313377702

66.0

-0.2

0.0

0.0

0.5

0.1870092153047127

0.2234971291767665

0.13286816033075757

0.17033098136112498

0.16204945565628043

0.031938012507995515

0.02692962212280179

0.01089602667472246

-0.0804466901566047

0.17078476418074276

0.17731438472204528

0.1523475412538048

Bin

Frequency

0.13286816033075757

1.0

0.16249897659161605

2.0

0.1921297928524745

4.0

More

3.0

droites à suivre

PARAMETRES

droite 1

x1

y1

Y

mat U

Ut

-1.0

0.0

0.0

14.0

15.0

29.0

30.0

36.0

37.0

51.0

52.0

66.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-520.0

-660.0

10.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

14.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-10.0

-10.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-1.0

15.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

52.0

66.0

67.0

81.0

82.0

88.0

89.0

103.0

104.0

118.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

520.0

660.0

-10.0

-1040.0

-1180.0

10.0

0.0

0.0

0.0

0.5

29.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

-10.0

-10.0

0.0

0.0

0.0

0.0

-0.2

30.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

104.0

118.0

119.0

133.0

134.0

140.0

141.0

155.0

156.0

170.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1040.0

1180.0

-10.0

-1560.0

-1700.0

10.0

0.3

36.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

-10.0

-10.0

0.0

0.0

37.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

156.0

170.0

171.0

185.0

186.0

192.0

193.0

207.0

208.0

222.0

0.0

0.0

0.0

0.0

0.0

0.0

1560.0

1700.0

-10.0

1.0

51.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

1.0

52.0

-0.2

66.0

N=Ut*U

1.0

52.0

720588.0

12130.0

-706100.0

-11800.0

0.0

0.0

0.0

0.0

droite 2

-0.2

66.0

12130.0

210.0

-11800.0

-200.0

0.0

0.0

0.0

0.0

x2

y2

0.0

67.0

-706100.0

-11800.0

3256048.0

34850.0

-2474100.0

-22200.0

0.0

0.0

52.0

1.0

-0.2

81.0

-11800.0

-200.0

34850.0

410.0

-22200.0

-200.0

0.0

0.0

66.0

-0.2

1.0

82.0

0.0

0.0

-2474100.0

-22200.0

7989088.0

56170.0

-5323700.0

-32600.0

67.0

0.0

-0.2

88.0

0.0

0.0

-22200.0

-200.0

56170.0

410.0

-32600.0

-200.0

81.0

-0.2

-0.4

89.0

0.0

0.0

0.0

0.0

-5323700.0

-32600.0

5684508.0

34490.0

82.0

1.0

0.2

103.0

0.0

0.0

0.0

0.0

-32600.0

-200.0

34490.0

210.0

88.0

-0.2

0.3

104.0

89.0

-0.4

0.0

118.0

N-1=

103.0

0.2

0.3

104.0

5.749207602036088E-5

-0.0029238728179658766

4.338683084777783E-6

1.6084564976871703E-4

-7.22322929945067E-6

0.001419367894552168

-6.592524850387615E-6

0.001313202313516498

104.0

0.3

0.0

118.0

-0.0029238728179660023

0.20616726288539391

-9.073833200971081E-4

0.08767835550576247

-6.175174467500325E-6

-0.011344236999622158

1.50338203270863E-4

-0.03645391770662853

118.0

0.0

0.7

119.0

4.338683084774785E-6

-9.07383320096908E-4

2.59855865289008E-5

-0.0022227609622153294

-3.426090538696375E-6

0.0010030255480099797

-7.223229299448164E-6

0.001609732078945047

0.5

133.0

1.6084564976887467E-4

0.08767835550575083

-0.0022227609622153324

0.23296045871022736

-2.424334484194769E-4

0.0149947066223978

1.8418900992583107E-4

-0.05360508593493858

droite 3

0.7

134.0

-7.223229299447985E-6

-6.17517446769793E-6

-3.4260905386953174E-6

-2.4243344841957907E-4

2.5985586528901473E-5

-0.0035460392472007325

4.338683084774928E-6

-5.5804324723070044E-5

x1

y1

0.3

140.0

0.0014193678945516363

-0.011344236999589707

0.0010030255480099287

0.01499470662240167

-0.0035460392472007455

0.5267282379769798

-0.0011240332945888973

0.13577464984296472

104.0

0.3

0.5

141.0

-6.592524850383013E-6

1.5033820327057493E-4

-7.223229299447839E-6

1.8418900992579653E-4

4.338683084775005E-6

-0.0011240332945889058

5.7492076020359046E-5

-0.009839368058553805

118.0

0.0

0.1

155.0

0.001313202313514443

-0.03645391770650963

0.001609732078945116

-0.05360508593494602

-5.5804324723100334E-5

0.13577464984296878

-0.00983936805855381

1.7414072062959123

119.0

0.7

-1.0

156.0

133.0

0.5

0.0

170.0

K=Ut*Y

A=N-1*K

134.0

0.7

-1.0

156.0

1.0

94.1

0.005773551466809642

m1

140.0

0.3

0.0

170.0

1.0

0.4000000000000001

-0.17597465696707035

b1

141.0

0.5

-0.3

171.0

1.0

103.2

3.684582752714109E-4

m2

155.0

0.1

0.1

185.0

1.0

1.5

0.14165346840556942

b2

156.0

-1.0

1.0

186.0

1.0

246.8

-0.0017148610114273387

m3

170.0

0.0

0.2

192.0

1.0

2.1

0.3727781573911957

b3

-0.4

193.0

1.0

173.2

0.0017349487423525371

m4

droite 4

0.2

207.0

1.0

0.6000000000000001

-0.1932724743715768

b4

x2

y2

0.3

208.0

1.0

156.0

-1.0

0.5

222.0

1.0

170.0

0.0

0.0

-520.0

-10.0

520.0

10.0

171.0

-0.3

0.0

-660.0

-10.0

660.0

10.0

185.0

0.1

0.0

10.0

0.0

-10.0

186.0

1.0

0.0

-1040.0

-10.0

1040.0

10.0

192.0

0.2

0.0

-1180.0

-10.0

1180.0

10.0

193.0

-0.4

0.0

10.0

0.0

-10.0

207.0

0.2

0.0

-1560.0

-10.0

1560.0

10.0

208.0

0.3

0.0

-1700.0

-10.0

1700.0

10.0

222.0

0.5

0.0

10.0

0.0

-10.0

0.0

x

y1

y2

y3

y4

d1

d2

d3

d4

0.0

-1.0

-0.17597465696707035

14.0

0.0

-0.09514493643173536

15.0

-1.0

-0.08937138496492572

29.0

0.5

-0.008541664429590728

30.0

-0.2

-0.002768112962781094

36.0

0.3

0.03187319583807677

37.0

0.0

0.0376467473048864

51.0

1.0

0.1184764678402214

52.0

1.0

0.12425001930703103

66.0

-0.2

0.20507973984236602

52.0

1.0

0.16081329871968278

66.0

-0.2

0.16597171457348253

67.0

0.0

0.16634017284875394

81.0

-0.2

0.1714985887025537

82.0

1.0

0.17186704697782512

88.0

-0.2

0.17407779662945358

89.0

-0.4

0.17444625490472498

103.0

0.2

0.17960467075852474

104.0

0.3

0.17997312903379614

118.0

0.0

0.1851315448875959

104.0

0.3

0.19443261220275246

118.0

0.0

0.1704245580427697

119.0

0.7

0.1687096970313424

133.0

0.5

0.14470164287135964

134.0

0.7

0.1429867818599323

140.0

0.3

0.13269761579136827

141.0

0.5

0.13098275477994092

155.0

0.1

0.10697470061995817

156.0

-1.0

0.10525983960853086

170.0

0.0

0.08125178544854811

156.0

-1.0

0.07737952943541898

170.0

0.0

0.10166881182835452

171.0

-0.3

0.10340376057070705

185.0

0.1

0.1276930429636426

186.0

1.0

0.12942799170599512

192.0

0.2

0.13983768416011033

193.0

-0.4

0.14157263290246286

207.0

0.2

0.1658619152953984

208.0

0.3

0.16759686403775093

222.0

0.5

0.19188614643068647

droites à suivre accrochage sur dipoles 1(E) et 3(S) 

PARAMETRES

droite 1

x1

y1

Y

mat U

Ut

-1.0

0.0

0.0

29.0

30.0

44.0

45.0

51.0

52.0

66.0

67.0

96.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-670.0

-960.0

10.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

29.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-10.0

-10.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-1.0

30.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

52.0

81.0

82.0

96.0

97.0

103.0

104.0

118.0

119.0

148.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

520.0

810.0

-10.0

-1190.0

-1480.0

10.0

0.0

0.0

0.0

0.5

44.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

-10.0

-10.0

0.0

0.0

0.0

0.0

-0.2

45.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

104.0

133.0

134.0

148.0

149.0

155.0

156.0

170.0

171.0

200.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1040.0

1330.0

-10.0

-1710.0

-2000.0

10.0

0.3

51.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

-10.0

-10.0

0.0

0.0

52.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

156.0

185.0

186.0

200.0

201.0

207.0

208.0

222.0

223.0

252.0

0.0

0.0

0.0

0.0

0.0

0.0

1560.0

1850.0

-10.0

1.0

66.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

0.0

0.0

0.0

0.0

0.0

10.0

10.0

0.0

1.0

67.0

-0.2

96.0

N=Ut*U

0.0

52.0

1399668.0

16780.0

-1126100.0

-16300.0

0.0

0.0

0.0

0.0

droite 2

-0.2

81.0

16780.0

210.0

-13300.0

-200.0

0.0

0.0

0.0

0.0

x2

y2

0.0

82.0

-1126100.0

-13300.0

4639228.0

41000.0

-3206100.0

-26700.0

0.0

0.0

52.0

0.0

-0.2

96.0

-16300.0

-200.0

41000.0

410.0
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