ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

—'W':@ﬁ

cuc‘“

CLIC NOTE 553
January 2003

AN ACTIVE PRE-ALIGNMENT SYSTEM
AND METROLOGY NETWORK FOR CLIC

F. Becker, W. Coosemans, R. Pittin, I. Wilson

Geneva, Switzerland
28/01/2003






CLIC Note 553
January 2003

AN ACTIVE PRE-ALIGNMENT SYSTEM
AND METROLOGY NETWORK FOR CLIC

F. Becker, W. Coosemans, R. Pitting, I. Wilson

Abstract

The pre-alignment tolerance on the transverseiposibf the components of the CLIC linacs is tyfiyceen microns
over distances of 200 m. Such tight tolerances aaha obtained by a static one-time alignment bseawormal
seismic ground movement and cultural noise assstiatth human and industrial activity quickly cresisignificant
errors. It is therefore foreseen to maintain thengonents in place using an active-alignment systéach will be
linked to a permanent metrology and geodetic nékwdrhis report describes the overall philosophy and
implementation of such a system and proposes ossitge solution for active-alignment which usegpteg-motors
to move components and stretched-wires as referiime® Special sensors have been developed touneedise
position of the components with respect to theregfee lines, and to measure local tilt and relatieetical position.
An in-depth analysis has been made of the repeons®n the alignment system of perturbing effelite to the
attraction of the moon and the sun, and of thegmess of nearby geological masses. The active-abghsystem was
used to maintain the components of the 30 GHz TwarB Test Accelerator in position in the CLIC Teatikty
CTF2 as a practical demonstration of successfutadio@ in an accelerator environment. The hardvesa@ control
system that was built for this application are diéstl together with the results obtained.
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1 Introduction

The Compact Linear Collider (CLIC) Team at CERNstadying the technical feasibility of building aT&V
centre-of-mass*dinear collider as a possible new experimentatigiarphysics facility for the post-LHC era [1].
It is proposed to accelerate the beams using meguéncy (30 GHz) normal-conducting structures alirgy at
high accelerating fields (150 MV/m), this signifitly reduces the length and, in consequence, tke afothe
linac. The RF power to drive these structures tsaeted by specially-designed decelerating strestiirom low-
energy high-intensity electron beams that run pelréd the main linac. This novel use of a secopdsram to
provide RF power for the acceleration of a primiaeam is often referred to as Two-Beam-AcceleratiomBA.
An overall layout of the 3 TeV CLIC collider is g in Fig. 1. The electron and positron main linaes each
13.75 km long and are equipped with 21470 fiftylomg accelerating structures.
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Fig. 1: CLIC Complex at 3 TeV

The peak RF power of 460 MW per metre length ohdamac is generated by 22 drive beams. Each dréam
supplies power to a 625 m length of linac and énteent to a dump. A beam delivery section at titead each
linac focuses the beams down to very small spass{Z3 nm horizontally and 1 nm vertically) to d¢eegery
intense beam/beam collisions at the interactiontpoi

The overall length of the complex is about 35 kntypical 2.23 m long CLIC TBA module is shown ingFR.
The distance between the primary and secondary $éamabout 60 cm. Magnetic quadrupoles keep thenbea
focused and on the correct trajectory. The excossibom the ideal trajectory is monitored by beaosifion
monitors (BPMs). It is particularly important taniit transverse beam offsets in the acceleratingtres because
these offsets induce disruptive transverse wakisfiaehich adversely affect the transverse emittafitee beam.

92.5¢cm
(80 cm active) 17 cm 2cm 111.5cm

Ry . -
< %

S EEN G = O Gl oo [yt es
] 1
VAN peEEl oo I os HH o HH o H
<<

Y

A

-« > >
4cm 3cm 54 cm 50 cm
A -
- _—
223 cm

Fig. 2: CLIC module



This requires a tight alignment tolerance betwdenttansverse positions of the structures and RIB The
longitudinal structure position is less importdhis foreseen to support four of these accelegastnuctures on a
silicon-carbide girder. The alignment of the stanes on the girders can be done very preciselwiftin a few
microns) in a laboratory or workshop environmenfobe installation in the accelerator tunnel. Aliggithe
structures in the tunnel, is then a question afnétig the girders to some pre-determined acceleraference
axis. The magnetic centres of the quadrupoles raisst be aligned along this same axis. This initiale-
alignment of components quarantees that when ttsiebieams are injected into the linacs, they vatl loe too far
off the design trajectory, and will produce sigrnialshe BPMs that can be used in a second stepptement the
more accurate beam-based alignment system.

The pre-alignment tolerance on transverse positfonshe girders, quadrupoles and BPMs is preselilym
over 200 m. Such tight tolerances cannot be oldabea static one-time alignment because normahsei
ground movement and cultural noise associated kdtinan and industrial activity, quickly creates #figant
errors. The components will therefore be equippét an active alignment systemvhich will form part of a
permanent metrology network he girders and quadrupoles will be moved bystey motors.

2 Getting an overview of the complete system by looking at the installation proceuk:
From geodesy to initial alignment

The CLIC linacs will be installed in a tunnel dugderground at such a depth that the whole struetilrde in

geological formations (the molasse) which guarargreellent stability for the machine. The tunnell vie

connected to the surface by 13 shafts along igtterabout 3.6 km apart and as close as possihlertizal from
the tunnel. The connecting galleries between th¢obws of the shafts and the main tunnel will praifidy be
perpendicular to the latter. The geometric conpaints, also referred to in this chapter as pillargeference
points, are equipped with standard CERN refereonc&eds consisting of a spherical cup with a precidiole
over which a sphere can be centred.
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- 1606 modules -
|4 3581 38 >|
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|
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= == / ’ =
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Fig. 3: From geodesy to initial alignment

2.1 The geodetic surface network

Having selected a site for the machine, the woringewith the establishment of a geodetic netwankttoe
surface. This will consist of survey pillars immaidily next to each access pit for the undergrowmgsteuction,
together with a number of pillars placed so asr&aie a well-conditioned control network. Obseadi for the
network will be made by means of GPS, using difféed techniques to guarantee an accuracy of abdutm
for the relative positions of the pillars (or reface points).



To determine the local deviations of the vertigatronomical observations will be made using atheramera
close to each pit.

2.2 Underground surveys

The techniques to be used are those developelddunnelling of LEP.
2.2.1  Vertical drop procedure

From the geodetic network, a secondary networktizbdished, consisting of pillars to be used fertthpographic
surveys and measurements, especially for settintheishafts.

Once the shafts have been sunk, reference pillast be placed at the bottom of each, connectebetsurface
geodetic network.

To achieve this connection, at least three geomegference points are fixed on brackets boltetth¢acurb-stone
of each shaft, and are integrated into the geodetiwork and thus known to the same accuracy agebdetic
pillars. These reference points are used to deterati least three reference pillars at the bottbeach shaft.

Depending on the size of the shafts and on wheleee are any obstructions, these measurementfoasby
three dimensional triangulation and trilateratiorbg electronic plumb line and vertical distanceaswement.

In view of the possibility that the recently busiructure could move, it will be necessary to réplea geodetic
network and vertical drop measurements on a redudais during the different phases of constructon
probably also throughout the life of the machirteislthus necessary to plan the installation ofaamtomatic
measurement system. Although a number of ideaswf b establish such a system are being consideeed,
detailed proposals have yet been formulated.

2.2.2  Tunnel drilling and underground survey netwok

The reference points at the bottom of the shafisuaed to guide the drilling of the access galierg then the
drilling of the main tunnel. The survey techniqeedi is classical traversing, involving the measergrof angles,
distances and height differences. These obsengatiombacked up by gyroscopic observations whipplgurue
north. As the tunnel drilling advances, a referepitiar is placed on the tunnel walery 49.06 m, thus forming
the underground survey control network in conjunttivith the pillars at the bottom of the shaft

When the tunnel reaches the next shaft, the trausrslosed onto the reference points for thattshathis way it

is possible to improve the accuracy of the cootémaof the underground survey network. For this the
observations of the geodetic network, the vertaraps and the underground network are repeatedthese
measurements, in addition to the techniques inglicatbove, procedures more akin to metrology arel:use
stretched wire offset measurements and high peetidistance measurements. In this way the undemgrou
network is fixed with an absolute accuracy+ob mm in relation to the surface network, and atiet accuracy
between three consecutive pillarstot mm.

2.3 Metrology network and setting out the machine

Starting from the underground survey network, tbaccete blocks which will support the machine aut ip
place. It should be noted that for stability reastivese blocks form an integral part of the tufiloelr. The plates
which will support the metrology network sensors placed on the blocks at intervals of 49.06 m,anedaligned
by means of the survey network. For this operagiach support plate is fitted with two standard CHRférence
sockets.

Once this has been done, the survey network pitiansbe destroyed, with the exception of thosbeabbttom of
each shaft and in the tunnel access galleriesréfeeence sockets on the plates become the geomefigrence
system for all subsequent operations.

From this new network the machine component supgatés are set out, one plate per support gindieukation
point and per quadrupole. These plates are equippth reference sockets and fixations which allthe
automatic location of all the components of thectamator.

The components of the metrology network are thetalled. This means fitting the sensors on the cuppates,
installing the alignment systems and the eleatsoim the radiation protected niches in the cotecbase.



When installation is complete, the first networkasgrement is made, with the connection to the seirgeodetic
network. Two plates close to the access galleryfitherl with reference marks, thus enabling the ngetic
connection to the access gallery pillars. The geodeetwork and vertical drop observations musmnthe
repeated.

At the same time, for the reasons indicated in @raP, gravimetric observations are made bene&tbf dhe
plates supporting the components of the metrolagyaork.

After these measurements are made the positiotteeaupport plates are computed and if necessargated.
The girders and the quadrupoles can then be iedtalhid connected to the metrology network. Theafigerment
of the machine components can then be carried out.

Before the accelerator is put into operation, ¢hterconnection of the metrology network to thedg network
must be carried out.

After this final check the pre-alignment systenaddivated and it then maintains the componenti@fachine
within the prescribed alignment tolerances.

3 Choice of the way to establish the geometric reference network

To achieve the CLIC alignment specifications aighiline in space must be established by meamasgafometric
reference network which is one or even two ordémmagnitude more accurate than the networks prisieeing
used for existing accelerators. Such a referentwgonlke can be set-up using either an optical aligmnsgstem or
a mechanically established reference system.

Optical techniques come immediately to mind wheredawith establishing a straight line in space,abse in
suitable conditions light is propagated in straighets. The SLAC FFAC linac for example is alignesing a laser
and Fresnel lens system and. the physics grougsaipng for the LHC experiments have developed chfie
optical techniques for the geometric control ofitlietector elements. Such systems, with furtheelg@ment,
could possibly be used to establish the requiréateace network for CLIC.

The difficulty with optical techniques is that, tdbtain a high accuracy over long distances, itsisertial to
operate in a vacuum. In these conditions, the nréchlaconnection between the components to be elueakd
the reference network is not always direct, andswewe to be found to overcome the loss of accusdigh this
entails. For CLIC, two parallel linacs have to Bigreed. For each linac, connections to the refezemetwork
have to be made every 2.2m for the supports o&tlcelerating cavities, and to two points of eacthefseveral
hundred quadrupoles. Given the accuracy demandebtdanitial positioning and the fact that thegalinent must
be dynamic, it was felt that the connection betwinenreference network and the points to be medsurest be
as direct as possible, and that it would be adymdus to investigate a mechanical technique.

The overlapping stretched wire technique, whicprigposed in this report, is derived from a techaiginich has
been widely used at CERN over a number of yeargeSi is proposed to use the wires both for hatiaband
vertical positioning, a vertical reference. is regd. This will be provided by a hydrostatic leveji network.
Although the reference system proposed is essinti@chanically-based, use will also be made obptical
technique developed for the LHC experiments tonadigme points over short distances.

Although the solution proposed is simple to pupliace and makes the connection between the linapanents
and the reference network more direct, in conttaspurely optical techniques it is directly depemden
knowledge of the geoid and of the phenomena whisturdb it.

4 Supporting and moving the accelerator components

4.1 Accelerating cavities

To reduce the number of parts requiring alignmseneral components are grouped together on onergiftius
for the main linac four accelerating cavities aneam position monitor (BPM) are typically placeddther
while two transfer cavities and a BPM are combifeedhe drive linac.

These components are supported on the girders tdpdks which are aligned during manufacture to m3jThe
maximum weight of components installed on a giideabout 40 kg. The girders are made of silicoticier and
the V-blocks of stainless steel. The dimensionghefgirders and the properties of SiC are givethénfollowing
table.



Properties of SiC Dimensions of girders

density 2.56 length 2230 mm
coefficient of expansion 4.8 x t0 section 120x 60 mm
thermal conductivity 30 W/mPK wall thickness 7.5 mm
specific heat 1050 J/kg mass 6.7 kg/m
modulus of elasticity 21 x 103 kg/mm?

Table 1: Dimensions of girders and properties €f Si

It can be seen from the Table that the specifiditig of a ceramic girder is three times greatearttthat of
metallic girders (steel or aluminium). It is alshrege times less sensitive to deformations resulfiogn
temperature gradients.

Before aligning the V-blocks, the support girdems maded with their nominal weight to compensateifiduced
deflections. The resulting error in straightnesshef axis generated by the two planes of the Visas less than
3 um. The difference between the coefficients of espanof copper (the accelerating cavities themsglaed of
silicon carbide could, if rigidly clamped, resulta bimetallic strip effect. To overcome this ditfity, the cavities
are fixed firmly on one V-block and allowed to €idn the other. For a temperature differerd ¢f 5°C and a

distance of 200 mm, the relative movement is abput.

Six axes have to be controlled to fix an elemerggace. In order to guarantee the continuous sntcarkition
between the positions of the girders, the endswvof adjacent girders rest on a common cradle. Thdleris
connected to three micro-movers and to a micromstop through swivel-joint link rods (Fig. 4) (Fif). The
micro-movers and the micrometric stop are statieo Df the micro-movers control vertical movemettitg, third
controls movements in the planes perpendiculaheddngitudinal axis of the linac. The micromestop allows
for a manual adjustment along the longitudinal akEcause this direction does not require a preadigament
this does not need to be motorised. The end ofginder is rigidly attached to the cradle while #wed of the
other is fixed to the same cradle through two liolls at an angle of approximately°4fegrees to the vertical.
The system is designed in such a way that the mentnof the micro-movers result only in rotatioesveen the
two girders about a virtual articulation point whiis the intersection of the lines passing throtihghaxes of the
accelerating structures.

Z2

Fig. 4: Girder - supporting structure for accelegcavities



Fig. 5: Girder in CTF2

4.2 Magnetic quadrupoles

Thanks to the system of link rods equipped withlsdiameter swivel joints, movements occur througtations
about a point, which are almost frictionless andndo introduce stresses in the structures. Thenddges so
arranged that the micro-movers and swivels areyair@e of backlash. The weight of the cradle dmddirders
compresses the vertical micro-movers and thelihk rods but extends the vertical link rods. Tdese offset

from the thrust axes of the micro-movers and tikedas to compress the horizontal micro-mover emnlink rod,
and to push the cradle against the micrometric. stop

These components are distributed along the lerfgtiecaccelerator and they must be able to movepieddently
of the girders. Wherever there is a quadrupolegthee of course no accelerating structures. Theg@pported
by an L-shaped metal platform surrounding the gird&e horizontal part, equipped with three veftitécro-

movers, supports the quadrupoles (Fig. 6), (Fig. T’yo horizontal micro-movers for transverse homnizd

displacements and a micrometric stop for longitalidisplacements are attached to the vertical pdrich is

parallel to the beam axis. Unlike the girders, his tcase the micro-movers do not use link rodsraasmit
movements. They act as link rods themselves, eingpped with swivel joints at both ends.

z
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Fig. 6: Support structure for quadrupole



The vertical micro-movers are tilted slightly indwlirections to apply pressure on the horizontaraamovers, to
eliminate backlash of the swivel joints and to prdke vertical part of the support platform agaitis
micrometric stop.

Y ——

Fig. 7: Quadrupole in CTF2

4.3 Coupled movements

The mechanisms illustrated in Fig. 4 and Fig. & associated with circular movements for whichrtbe-linear
equations were developed by Patrice Poirier in 291

The disadvantage of the link rod system is thatrttewvement of a micro-mover in one direction introgls a
displacement in another direction. For a girdeis #econd-order effect is 0.07 mm for a 4 mm. dispinent.
Since the micro-movers are remotely controlled bftwsare which manages the displacements, this eaupl
movement is therefore only a minor drawback.

4.4 Connection with the tunnel floor

All micro-movers acting upon the same cradle, giglgoport or quadrupole platform are attachedrwetal plate
which is in turn fixed to a concrete base by thteeaded rods with nuts and lock nuts (Fig. 8). Gtwecrete base
is a continuous support integrated into the acatdertunnel floor. For reasons related to accdgyilkand
subsidiary equipment, the accelerator cannot bentedwn the floor itself. Compared to a metaltracture, the
concrete support represents a more stable solutibch minimizes the amplification of vibrations jpagated
through the floor. It also offers the possibility groviding recesses within it, in which the electics can be
protected from the harmful effects of radiation.



45 Micro-movers

The micro-movers have been specially developed raadufactured to meet the specific CLIC requirements
precise displacement without hysteresis under laddsgp to 40 kg, small overall dimensions and tasise to
radiation. The active part of the micro-mover igritical for girders and quadrupoles, as indicatetiez, the only
difference being in the system connecting theataty part and the component to be moved. The d@dosists
of a stepping motor, an all-metal reduction geaviity minimal backlash, and a high-precision miceten screw.
Three sensors manage the start and the end ofreacdment as well as the midway position. To meet th
specifications correctly, a micro-mover must alwaysk under compression. The micro-movers speditioa

are given in Table 2.

Fig. 8: Concrete support

End of movement stop
Midway stop repeatability

Range of movement +4 mm

Smallest step 0.2pum

Co linearity 1/1000 of the distance
Maximum speed 0.83 mm/s

Maximum speed 40 kg

Max. load along the thrust axis (quadrupoles) 30 kg

Max. load along an axis offset by 30 mm (girders) 1 kg

closed at the end of the range

: +2um
Diameter 60 mm
Len.gth 150 mm
Weight 1.5 kg

Table 2: Micro-movers specifications




For a continuous movement with displacements I|kas br equal ta- 5 um , at a frequency of 1 Hz, the
expansion of the micro-mover due to heating froenrttotor is less thanim.

The control system is described in the chapter 7.

The motor responds to the following commands :

» relative displacement,

» absolute displacement,

» reading of position in relation to a position definas the origin,

» status reading for the motor and the stops,

e automatic return to half-way stop position withpassing through the end stops.
Using the micro-movers with an offset load (on ¢gielers) is awkward and can lead to less good tedul the
future it is therefore planned to use the samecjpiia for girders as for quadrupoles, the micro-erathen being
equipped with two end swivels and working as areaxing link rod.

4.6 First experimental test bench

The equipment describe in this chapter is the &iithis experiment development program.

A first remote computer-controlled micro-movemeasttbench permitting controlled submicron displaeets,
was built in an unused underground acceleratoreium2A to study the problems associated with tinepsrt
and precise positioning in space of CLIC main licamponents and to study the mechanics of couplais of
girders (Fig. 9: First alignment test bench in TJ2Ahis set-up consisting of two moveable girderd ane fixed
girder was used to demonstrate the feasibility@ftolled sub-micron movement using commerciallgikble
components, details of this set-up and the resbitained are given in reference [3]. Piezo-electravers with a
stroke of + 3um were mounted in series with some of the jackzdwide higher speed response.

The test facility is piloted remotely from an Olitie?C and was programmed for automatic alignmetit vespect
to independent transducers monitoring the positbrthe accelerating sections themselves. Afterbdetite
misalignments (of 1 mm say) the system settled baclominal positions within less than a micron.

The performance of this micro-movement test degaebe summarized as follows :

» smallest step in any one direction = (r,
» hysteresis over = 4 mm =8n (open loop),
e errorover 4 mm in closed loop = Quh,

» frequency =1 Hz.

Fig. 9: First alignment test bench in TT2A



5 Sensors

5.1 Introduction

In order to set up the initial alignment and to mtain the geometry of the elements within the rnegftolerances,
the components are equipped with sensors wichefeeensed to the metrology network.

5.1.1 Girders

As seen in the previous chapter aligning the ggderhich support the accelerating structures, iesplthe
alignment of virtual points, each of which is tidersection of the lines passing trough the axekseofccelerating
structures. Each of these points is defined bystiepe of the cradle, so the sensors are attaohix tcradle
itself. As the cradle is equipped with three mianovers, three measurements with respect to theerefe
network are required: a vertical distance, a hatizbdistance perpendicular to the beam, and thée dretween
the cradle and the horizontal in the direction perfcular to the beam.

5.1.2  Quadrupoles

The support platform for the quadrupoles is equipwéh five micro-movers. Therefore five measuretsesith
respect to the reference network are required:vievtical distances, two horizontal distances pedfmiar to the
beam, and the angle between the support platfochttenhorizontal in the direction perpendiculathe beam.

Remark: The sensors are fixed on the girder craahelson the quadrupole platforms during manufagtuith
micrometric accuracy with respect to the mecharasak of the elements to be aligned.

5.1.3  Metrology network (details in chapter 6)

For the metrology network, the reference systemoafour types:
* an absolute reference which is the local vertical,
» the free surface of a liquid which follows the shayh the geoid,
* adouble line of stretched wires,
e two optical lines.

With the exception of the optical reference systemigh are fixed directly onto the girders, thetinmentation is
rigidly attached to platforms regularly spaced lestwthe two linacs.

5.2 Description of sensors

There are four types of sensors:
* aninclinometer (tilt measurement system, TMS),
e a hydrostatic levelling system (HLS),
* awire positioning system (WPS),
e an optical offset measurement system (RASNIK-CCD).
These sensors are resistant to radiation and casdaewithin the stray field of the magnetic eletaen

5.2.1  Tilt Measurement System (TMS)
The reference frame for this instrument is the lloeatical. Tilts are measured in relation to twdhogonal

horizontal axes.

In the TMS, a mass is maintained in levitation byetectrostatic field. The displacements of thesy@msised by
the movements of the instrument are measured bgcidage sensors and the values obtained are cau/énto
angular units.

From the outside, the instrument looks like a 40 ouhe; it does not include any electronic companehhe
control electronics are always positioned a fewemseaway from the instrument to protect them frawhiation.
Technical details of the TMS are given in Table 3.
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Measuring range +0.010 radian
Pass-band 0 to 100 Hz
Resolution 107 radian
Repeatability 10° radian
Output signal for each measuring axis proportidodhe

measured angle + 10 volts

Table 3: Technical details of the TMS

The bottom face of the instrument, parallel tortfeasuring axes, is machined and ensures an abaotuigacy of
10* radian with respect to the vertical. Due to thesgasnd and the measuring technique, the instrunsnbe
used as a low-frequency accelerometer. Eighteghese instruments are in service in CTF2. In Clditders,
quadrupoles and support platforms for the metrologtyvork would all be equipped with TMS.

5.2.2  Hydrostatic Leveling System (HLS)

The free surface of a “water network” provides teference frame. The system works according tptheiple
of communicating vessels.

The network consists of vessels connected to ettudr by pipes. The pipe has a diameter of 60 mmiand
partially filled with water, allowing water and dw circulate freely within it.

To eliminate the effects of differential variatioosatmospheric pressure, the whole pipework systeonly open
to free air at one point.

The vessels are equipped with a temperature sehsansor is fitted to each vessel through a wigterjoint and
measures capacitance in order to determine thendistto the free surface of the liquid.

To avoid salt deposition and the growth of florad anicro fauna, dematerialized water is used withicride
additive. The vessels, the pipes and the casinth®fsensor are made of stainless steel. As requihed
electronics are included in the sensor or offsea ligw meters. The unit consisting of a vesselasdnsor forms
a cylinder, with a diameter of 100 mm and a hegfHt20 mm.

The technical details of the HLS are given in Tahle

Measuring range 5 mm

Pass-band linked to the shape of the network
Resolution 0.2 um

Repeatability 1um

Absolute accuracy after linearisation 1um

Output signal proportional to distance 0-10 volts

Output signal proportional to temperature 0-10 volts

Table 4: Technical details of the HLS

HLSs have been used for checking the LOW-BETA sestiof LEP (48 units). They will be used in LHC Q10
units) for the same application. The CERN geodetest bench for alignment systems is equippet thitee of
these instruments.

In CTF2, six HLSs monitor the stability of the coete girder supporting the accelerator. For CLt@5 foreseen
to install HLSs on the platforms of the metrologgtwork.

5.2.3  Wire Positioning System (WPS)

The WPS uses a capacitive measurement techniqug @lo perpendicular axes, to measure the distaeteeen
its mechanical axis and a stretched wire whicheseas a reference. On each measurement axis, thesitg
between two electrodes. The WPS (a parallelepgded.5 x 4.5 x 70 mm), does not include any elattro
components. The processing electronics are corthéxthie sensor by four triaxial cables.

The wire is made of carbon fibres and its geomafrymaintained by a sheath of woven PEEKk
(Polyetherethercetone) filaments. It is held insten by a frictionless pulley system and a counddyint
Technical details of the WPS are given in Table 5.
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Sensor

Measuring range +5mm
Pass-band 0-10Hz
Resolution 0.1 um
Repeatability 1um
Absolute accuracy after linearisation 1um
Output signal for each measurement axis and

proportional to the distance 0-10 volts
Wire

Apparent diameter 0.30 mm
Linear weight 280 gr/km
Breaking strain 56 dN
Mass of the counterweight between 15 and 20 kg
Accuracy of the tensioning system 10°N

Table 5: Technical details of the WPS

1 3

Tensioning .sys-'t‘é?h -

I
¥ fl

Fig. 10: Instrumentation in CTF2 (photo 1)

e | ]

WPSs have been used to check the stability of peetsometer elements installed in section 332 of L(E8

Sensors).

In CTF2, 34 sensors are installed on the girdedstha quadrupoles. WPSs have also been used tdaantme
movements of the LEP tunnel at points 5 and 1 dutivil engineering work for the LHC (20 sensorBjey will

be used for checks on the LOW-BETA section of L8 §ensors).

The CERN geodetic test bench for alignment sysisragquipped with four of these instruments.

For CLIC, it is foreseen to mount WPS on some efghiders, all of the quadrupoles and all supplatfgrms of
the metrology network.
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Fig. 11: Instrumentation in CTF2 (photo 2)
5.2.4 Alignment System from NIKEF (RASNIK -CCD)

The RASNIK-CCD system consists of two opto-elecita@omponents and one optical element (Fig. 12).

Part of the image of a coded mask, illuminated bgtavork of infrared diodes through a diffusorpisjected into
a digital camera by means of a lens. In this apptia, the camera and lens are considered to foenoptical
reference axis and the movements of the mask aasured with respect to this axis (). The cameimected
to a computer and the image is analysed and cohpetie the reference image to deduce the radiatipaqX,
Z) of the mask with respect to the reference aiie longitudinal movement (Y) can also be deterchias well
as the three angles of rotation about the X, Y Zades.

dit"{icnr coded projection LR.

mask lens filter =~ RasCam PC containing

RasLed \ / framegrabber,
running ICARAS

& 1

Y | =
g X=24.742

2%f 2#f ="

gy | P ! ! =
Fig. 12: Diagram of RASNIK-CCD system

The RASNIK-CCD system was developed by the eleateodepartment of the Dutch National Institute for
Nuclear Physics and High Energy Physics (NIKEF) Making use of the same principle but in a différform,

it has been used extensively to control the positibthe detector elements of the L3 experimeritER. It has
also been used on the first CLIC alignment testheAbout 7000 RASNIK-CCD systems will be integchteto
LHC.

For CLIC, it is foreseen to install the RASNIK-CGystem on all girder support cradles to ensure aguracy
of relative positioning of three consecutive gier

[——

RasMux
MasterMux
TUSA15SMux

5.3 Experimental models set-ups

A second test bench consisting of the same basioeglts as the first but with six motorized girdisrduilt to
enable the new CLIC pre-alignment scheme to baedug@ig. 13). In the test facility the structutese aligned,
dummy accelerating sections, are supported by ¥¢kislon 1.4m long silicon carbide girders. Movemaitthe
set-up are monitored by linear and angular disptere transducers (0.1 um and 10 prad resolutiqgrectisely).
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A stretched-wire running along the axis of the aintes and passing through capacitive positionsttacers
where the BPMs would normally be placed is usedinmulate the beam. The set-up is piloted remotelynfa
small computer. After deliberate misalignments ofmin, the system which is programmed for automatic
alignment with respect to any of the transducestiles back to nominal positions within < 1 micior8 seconds.

Fig. 13: Second alignment test bench

The set-up is being used to test Wire Positioniggteédn (WPS) and optical system (RASNIK), used fa-p
alignment before injection of the beam [5] [6].

For the second system the image of a square-shiagdijht source is focused on a light-detectingrfquadrant
cell by a thin lens. Displacements of the sourens lor four-quadrant cell out of the optical aXishe instrument
produce an imbalance at the detector. This systesnbieen incorporated, with overlapping and redundan
technique (Fig. 14 and Fig. 15), into the six hwllsupport girders of the test module (Fig. 16)d anables the
relative positions of the far ends of two adjacgintiers to be maintained in position with respecthe ideal
straight line to < 2um. This system is howeverkedli to be used in CLIC because of fears of ragimtiamage; it
will be replaced by a the new system RASNIK-CCRainew configuration (Chap.6.3).

Articulation points

1 2 3 4 5 il 7 3
Becebrer
Lens
Ernitter '\
Lens
Feceiver

Fig. 14: Distribution of the RASNIK components
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Fig. 16: The RASNIK system in the girders on the2RTest bench
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6 Metrology network

This chapter describes the metrology network. mietrology aspects of the CLIC alignment specifimratare
first reviewed. Then the major features and genemalfiguration of the geometric reference network a
described. A section will cover an investigatiorttod effects of gravity. The final part of the ptexr will give the
results of the simulations which have been camwigidto optimise the network.

6.1 Specifications for the alignment of CLIC

The metrology network must allow the rectilineaigmament of each of the two 14 km long linacs (linea
accelerators) which form the complete accelerafbis alignment consists of the initial alignmentidre the
injection of the beam, and the control of the dispinents of certain components during operatiothef
accelerator with beam.

6.1.1 Initial alignment of the accelerator

The alignment of the CLIC linacs consists of twaotpaan initial alignment to get a beam to passugh the beam
position monitors (BPM's) installed at regular in&ls along the length of the linacs, and then anbbased
alignment using these BPM's to keep the beam asedlo the axis of the accelerator as possible. ifitial
alignment must be carried out with a relative aacyrof = 10 um along the X and Z axes over typilistances in
the s direction of ~200 m (Fig. 17).

4 The letter Y is used to indicate the polar
radius in the plane transverse to the
X direction of the beam.

Beam direction

Vertical axis

S
Fig. 17: Accelerator coordinate system

6.1.2  Controlling the displacements of the componén

The beam-based alignment of the accelerator duin@@cceleration of the beam requires the displaneof the
quadrupoles. These displacements are calculatedifrformation on the position of the beam withie tAPMs,
and the corresponding instructions are then tratesinio micro-movers. The sensors of the alignmgstem will
be used to quantify these displacements with subemiaccuracy, by taking measurements relativeetorgetric
reference points whose position will have been agegbduring the initial alignment phase.

6.2 Geometric reference system

To make effective use of the sensors describetlaérptevious chapter, it is essential to have safiity precise
knowledge of the geometric reference framework hactvtheir measurements are referred.

The major features of the stretched wires and jfurdstatic and optical alignment systems are flistussed,
pointing out the advantages and disadvantagescbf ®stem, and their usefulness in an alignmenésysuch as
that required for CLIC. Vertical alignment will lmscussed in the section on the effects of theitgiganal field.

6.2.1  Stretched wires

Essential features

The details of the wires currently used in the wiositioning system (WPS) are given in Chapterle Wires can
be subjected to a tension of 20 kg without diffiguT his is one of the parameters on which the ggomof a wire
depends and it is important that it be accuratelgwkn. A system as shown in Fig. 18 allows the trassion of
the tension from a counterweight over a knife-epigiéey with a sensitivity of + 1% N.
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\ Fixed attachment point

Knife-edge pulley

Counterweight

Fig. 18: Wire tensioning system
The frequencies of transverse and longitudinalatibn of a wire are given by the following equato

LA Equation 1
2rl Vd

F= FRQ-— Equation 2

Where : r is the radius of the wire,
| is the length of the wire,
H is the tension applied to the wire,
dis the density (mass per unit volume) of the wire,
ais the elongation of the wire under the tension p.

A wire of length 100 m with the characteristics egivin Chapter 5, subjected to a tension of 20 kg, &
transverse vibration frequency of about 4 Hz. Tikian important parameter to consider when decidimghe
data acquisition rate for a wire positioning system

Equation in the vertical plane

Under the influence of gravity the wire forms aetwtry in the vertical plane, whose equation anghgntées are
described by Favre,1953 [7] and Merrit, 1983 [8&fdRring to Fig. 19: Wire under gravity, the eqaatof the

catenary is :
z= i[c)’(%— B Equation 3
q H

Where : H is the tension to the wire,
Q is the weight per unit length of the wire.

A
H ' H
£« —_—

W ¥ ¥ ¥ ¥ ¥ W ¥ W ¥ ¥ g
Fig. 19: Wire under gravity

17



It must be emphasised here that in reality theigthanal field is not uniform and rectilinear asosvn in Fig. 19.
Over a distance of 100 m, an equipotential surfgearts from the straight line between two poimtstdy about
0.2 mm (Fig. 20). The effect of this phenomenontten equation of the wire is examined in more detathe
section below.

Given the characteristics of the wire used for GLM&inaud,1996 [9], shows that a very good appraxiom to
Equation 3 is given by :

z= A(x) =— Equation 4

For a wire of length 100 m, under a tension of B0 wWith the characteristics mentioned previoudhg $ag is
1.8 cm.

art

\8
c\ﬁ@x 0.2mm @

straight line

Fig. 20: Curvature of gravitational field over 180

Fig. 21: Wire with ends at different heights

Equation 4 corresponds to the case where the drille wire are at the same height. In the genexsé evhere the
heights are different, the equation (referring igp B1) is as follows [Merrit, 1983] :

2 2
Z=ﬂ X+£ - Equation 5
12 8f 16f
Where : is the horizontal distance between the ends ofvtre

h=ZE2 _ZEl
f :(ZEZ _ZEl)/Z_ZM

The parameterf may be expressed as a function of the tensloand the weight per unit leng#j of the wire :

2
H_ slg_f Equation 6
q
Equation 5 then becomes :
2 2
V4 =4 S+H—h _Hh Equation 7
2H ql 2q1°

The wire's sensitivity in the vertical plane to traious parameters which affect the shape ofatsmary are now
examined. For these calculations, a wire of led§®m under a tension of 20 kg has been assumed.

18



Effect of the length of the wire

The wire is insensitive to variations in its lengitbecause this would need to change by 1.4 mntdotak sag by
1 um. In the present caseemains fixed and is known to the required acourac

Effect of the tension on the wire

The tension on the wire would need to vary by 1ib ghange the sag by 1 um. Thus this parametelittias
effect on the wire, given that the tensioning syskas a sensitivity of + 18 N.

Effect of the mass per unit length of the wire

The catenary is very sensitive to the linear méskeowire. In fact the sag changes by 1um forréatian of only
1.6 165 g nt1, it is very tricky to determine the linear ma$she wire with this degree of accuracy.

Effect of the accuracy of the measured height diffences h and f.

The sensitivity of the determination of the catgrtarthe accuracy of these measurements is indidatthe table
below. The uncertainty in the position of the winereases with distance from the origin of coortisawith
respect to which its equation is expressed, wheltigorigin is the midpoint or one of the endgtaf wire.

Accuracy of a measurement bf or f Maximum uncertainty in the form of the catenary
+3um +34um
+4um +45um
+5um +5.7um

It emerges from this investigation of the parangetenich determine the vertical curve of the wiratth is better
to make use of equation 5, in which the linear nudiske wire does not appear.

Equation in the horizontal plane

When gravity and the tension are the only two fereeting on the wire, the projection of the wire the
horizontal plane is the straight line between iitdse

In the presence of transverse air currents, the wan again form a catenary. Tests in the LEP tumvealed
very slight lateral winds which were difficult toeasure, being turbulent and thus tending to causevire to
oscillate. Their effect may be eliminated by adpgtthe time interval (data rate) for offset measoents.
Alternatively, and more simply, as is proposed, whes could be enclosed within a tube to shelient from air
movements.

In the horizontal plane the wire provides a geoimeaference frame directly. For the vertical plaris important
to determine the height differendeandf as accurately as possible.

Advantages of stretched wires

The advantages of using stretched wires to pravidgeometric reference framework are as follows :

» offsets can be measured with micron precision fseeious chapter), the wires are unaffected
by radiation,

e alarge number of sensors can be used simultayemushe same reference line,

* inrelation to the accuracy of measurements, lastgdces can be covered,

e planimetric position is very well defined, only tpesitions of the two end points need to be
known,

» vertical position is very well defined provided thle two height differences are measured with
sufficient accuracy.
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Disadvantages of stretched wires

The major disadvantage of stretched wires lieshigirtuse as a vertical reference frame. The twaghtei
differences which enable the vertical curve to bmputed must be measured, and cartesian coordimaistsbe
calculated, with the highest possible accuracy.

Use of stretched wires in the CLIC alignment system

Stretched wires provide a very good two dimensigiametric reference frame covering a long distamitie
relatively few unknowns involved. They are thustahbiie for providing the high order metrology netwdor the
initial alignment of the accelerator.

In addition, offset measurement systems can lelftth the components to be moved during the act&larof
the beam. Thus, once the network of wires has Hetarmined, the movements can easily be contrbfedirect
measurements of offsets from the wire.

The wire thus constitutes a very valuable geomegference system provided that there is a sephighe
precision vertical reference system. This leadbéadiscussion of the hydrostatic levelling systethS).

6.2.2  Hydrostatic alignments

Essential details

The hydrostatic alignments to which measurementthéyHLSs are referred lie on an equipotentialazgfin the
earth's gravity field. As a first approximatioridtassured that this forms a spherical surface avhadius is that of
the earth.

It is desired to use these alignments as the eenteference frame for the positioning of composentt the
accelerator along a straight line. The differerthpdollowed by a water surface at rest and byaigdit line are
shown in Fig. 22. The difference in height to the ef the straight line is far too great to be a@bleonsider using
only a single hydrostatic alignment over the wHelegth of a linac.

%
\‘0,7. %
% /

/

Hydrostatic alignment

LL =17 770.939 m
CD =17 770.893 m
HD =17 770.887 m

Height difference = 24.799 m
Slope = 2.791 mrad

Fig. 22: Differences between a straight line amydrostatic alignment

In order to restrict the vertical offsets sepamgtime HLSs from the linac to reasonable valuessrsdnydrostatic
lines will be required. A set-up like that shownFRig. 23 allows the relative positions of succesdines to be
determined and thus ensures the continuity of wergetric reference system.
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Water level

Hydrostatic levels

\

cent of Base plates
Fig. 23: Start and end points of hydrostatic alignts

Advantages of hydrostatic alignments

In the present case the use of hydrostatic aligisreenthe geometric reference frame has two adyasita

» they can provide height measurements to micronigicec(see chapter 4), they are unaffected
by radiation,

« the long and continuous reference system which greyide allows height differences to be
determined very accurately by reference to a waterl over much greater ranges than optical
levelling.

Disadvantages of hydrostatic alignments

The major disadvantage of using hydrostatic alignndor vertical referencing is that water levetsldw
equipotential surfaces of the earth's gravitatidiedd. It is difficult to determine the geometry such surfaces in
relation to a reference frame so as to allow agittdine to be established. This problem will leeliscussed in the
section devoted to gravitational anomalies.

Use of hydrostatic levelling lines in the CLIC aligment system

The hydrostatic levelling lines provide the georiceteference frame for the measurement of the teight
differences required to determine the catenarheftretched wires. They are also employed forméasurement
of the differences in height used directly in tistablishment of the reference network.

These may include, for example, height differenisesveen successive stretched wires or even betthese
which are further apart, depending on the availabhtevledge of the geometry of the equipotentiafene.

6.2.3  Optical alignments

The laws of propagation of light rays through axthlens will not be repeated here. As has already lseen,
gravity complicates the use of both wires and hgtétic systems. The advantage of using light raygrovide
geometric reference frameworks is their insensjtito gravity. With a system such as that describechapter 5,
this enables measurements of vertical offsets tadaccurate as those of horizontal offsets. Furttwee, the
optical systems foreseen to be used can also neeéitarand have a significant cost advantage oherwire
sensors.

The disadvantage of optical systems is that thgthenver which they may be used with sufficientuaeacy is
limited by the medium through which the light ipagated. In the case of air, even small temperafadients
can cause significant deflections. It would be seagy to operate in a vacuum to overcome thestations, but
this would lead to other constraints.

6.3 Configuration of the metrology network

The purpose of this section is to introduce thadbasnfiguration of the metrology network whichftgeseen for
CLIC. The possible variations on this network, &ma selection of the optimum configuration will thecussed in
the section dealing with the simulations which hbgen carried out.

The configuration of sensors and their associatmhgtric reference frames are first described, thed the
method of computing the network is explained.
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6.3.1 Positioning the alignment sensors

The layout of the planned network is shown in F6g.2 has been shown that the initial alignmentsists of
aligning the articulation points of the girders which the accelerating cavities are mounted. Eatibutation
point is equipped with a RASNIK-CCD transmittemdeand sensor side by side, as shown in Fig. 24.

This allows the measurement of the misalignmeraah articulation point with respect to the stralgte joining
the two adjacent articulation points. At regulateiwals of approximately 49 m (22 modules), thécalation
points are connected to a network of stretched swiog a combination of two offset and tilt monitor
measurements. This network consists of two linesigds about 98 m long, parallel to the linacs amdrlapping
by half their length (Fig. 25) [10]. The fixing artdnsioning systems for these wires are mounteglaifiorms

fixed on the concrete block.

1 module = 1 girder

Transmitt% Lens (Jw Sensor A + |
| + T 4 T

Fig. 24: Overlap of optical alignment systems

| 1

Fig. 25: Overlap of wire positioning systems

**

pam—y

‘ Offset measurement

Plan view B A
| 2 modules 17.24m 16 modules  35.6%m |
¥ mn |—"—| M
I ® O -,
+1 4
e T B ol Y
B Lo [Le L+ &
F —F- =
o ” u
guadimpole girder wire  optical ligne hyrdrostaticue network articulation of the girder  reference plate
B wire positioning sensor i mee wire tensioning O hyrdrostatic leve ling senscnrD optical sensor @ inchnometer

Section view B Section view A

Concrete support

Fig. 26: Layout of the planned network
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The platforms act as supports for pairs of wireifimsng systems measuring the transverse andcatmiffsets
between two wire ends in one line and the overlappiire of the parallel line. These measurememnges® fix
the wire network. Between two consecutive platforimsterms of connections between wires and girdines
offsets between wires are measured using othes pHirWPSs combined with tilt monitors. This type of
measurement leads to improvements in the redundanhg computation of the wires.

These platforms also serve as supports for theoeeffisr the hydrostatic levelling network. Theiclination is
measured using a two-axis tilt monitor. Thus th@lteinformation from the HLS can be used for thertical
measurements for the four WPSs on the platform.hijldeostatic levels are used for the measuremetiteotwo
height differences needed to determine the forthefcatenary of each wire, as well as for the hedifference
measurement between neighbouring wires. Meanwhdentagnetic quadrupoles, which are independertieof t
girders, are equipped with offset measurement systnd tilt monitors with which they are positioriedelation
to the wires.

6.3.2  Calculation of the network and the positionig of the components

The major part of the establishment of the netwiak in the computation of the positions of thetsthed wires,
which can be considered as the primary metrologyar.

Once these positions are known it is possible terdene the positions of the articulation pointsiud girders to
which the wires are connected. The secondary nktean then be computed, this consists of the oppita
optical offset measurement systems and is placedebke pairs of points connected to the primary ngtwThe
computation of this secondary network is at the esgime the computation of the positions of the gird
articulation points.

Finally the positions of the quadrupoles are detifrem measurements of the TMSs, and the WPSs warieh
fitted to each quadrupole.

6.4 Study of perturbations of gravity and their consequences

In order to derive any benefit from the high accyrachieved by our sensor measurements relativibheo
geometric reference systems introduced in 6.2s iegsential that these should themselves be defiritdd
micrometric accuracy in a reference frame whicbvedl us to establish a straight line such as thahefCLIC
linac.

As these reference frames are for the most pasitsanto gravity, it is not possible in this sitiean to consider
the earth's gravity field as uniform and spherinal, even everywhere perpendicular to an ellipdaidadel of the
earth.

In this section the disturbing effects which catleegravity field to depart from a regular ellipgal form, and the
extent to which this affects the components ofGh¢C alignment system are discussed. Two phenordetarb
the gravity field, the distribution of mass in theighbourhood and the attraction of the moon aadstim.

The distribution of mass in the neighbourhood

Topographic relief and differences in density & body of the earth can be considered as anonveties result
in a gravity field which is different from that af homogenous ellipsoid. Thus for example the maoomta the
neighbourhood of CERN exercise on any nrasm attractiordg which must be combined with the attractipn

normal to the ellipsoid, to obtain the true attiattg (Fig. 27).

Fig. 27: Effect of a nearby mass anomaly
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A study of the gravity field in the neighbourhood@ERN is given in Bell, 1985 [11]. The resultsaofimulation
using a model of the masses covering an area x30/&m indicate a maximum deviation of the vertioalL5’
(sexagesimal seconds) relative to the ellipsoidhef CERN system, at the level of the topographidase,
oriented perpendicular to the line of the Jura naus (the upward vertical is deflected Bytd the south and
13" to the east). We will use this maximum value i@ tbllowing section in order to analyse the effaftsnasses
in the neighbourhood.

Attraction of the moon and the sun

Acting as perturbing masses, the moon and the sadifynthe terrestrial gravitational field. Their qéiarity is
that their effect at a given point varies continslguwith their varying positions in relation to tlearth. The
acceleration due to gravitg thus changes continuously both in direction anéhiansity. The intensity varies

within a range oft 2.4 x 10-6m.s-2, while the direction can varyb9"05 (Melchior, 1973, chap. 1.5) [12].

Elsewhere, marine tides are another more conspscoonsequence of lunar and solar attraction. ih ipart
because of its response to the continuous vargiogravitational potential that the free surfat¢he oceans is
in constant motion. If the terrestrial globe is sidered as an elastic fluid, this also deformsioanusly under
the influence of the moon and the sun. This is"#&th tide" phenomenon, studied by Melchior, 1968 and
Jobert and Coulomb, 1973 [14].

The perturbing effects described above are liableave consequences for the geometry of the grsuridce and
hence also the geometry of the accelerator itaslfyell as for the use of wire positioning systehysrostatic
levels and inclinometers.

6.4.1 Repercussions of ground deformation on CLI@lignment

The ground surface deforms continuously under tifleence of the moon and the sun. Since earth tidesa
periodic phenomenon, the accelerator, rigidly fixathin the ground, could be subjected to deflegiarhich are
incompatible with its proper operation (Fig. 28)hese deformations would then have to be correbtethe
alignment system.

Maximum amplitude
for 6=n/4

6=0

Fig. 28: Simplified tidal waveform propagated aldhg alignment of the CLIC

A preliminary approximate computation allows usatwlyse the possible deformations due to eartls tder the
range of 35 km. According to Melchior, 1973, theximaum amplitude of this wave is about + 40 cm anchin be
broken down into elementary sinusoidal componefkte elementary components with the largest am@gud
have periods of about 12 hours. Consider the masivaurable situation, with a sinusoidal wave oféitade 40
cm and a period of 12 h, propagated along the m@lkgm of CLIC. This situation is illustrated in Fig9 which
shows the plane section through the centre ofdhid &vhich contains the accelerator.

The 35 km line has a maximum curvature when itspaitht is at the peak of this oscillation, as showfig. 28.
The deflexion due to the earth tide can thus bienagtd by simple differences of ordinates on this svave.
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From an approximate computation, the value of @ikedtion over 35 km is 6.0 pm and thus remainsfaaller
than the accuracy of + 10 um over 200 m which baset maintained. The deformations of CLIC due twugd
movements engendered by the attraction of the madrthe sun are therefore negligible.

Bending due to | g;ym
the earth tide

Fig. 29: Bending of the accelerator due to thequici undulations of the earth tide
6.4.2  Effects which perturb the wire positioning sgtems (WPS)

For the correct use of the WPS, it is essentidlaee precise knowledge of the geometry of the ctest wires.
This geometry depends on the tension applied tavitee and its weight per unit length (which is assd to be
constant), and on the gravitational field.

Equations 3 and 4 which model the shape of the imire gravitational field which is uniform and vieetl with
respect to the chosen frame of reference havedgitesen presented in 6.2.1.

As the tension applied to the wire is provided byoainterweight, the rati@/H of the linear weight to the
applied tension remains constant when the verticadponent ofg varies uniformly. From the above equations it

can thus already be deduced that in the vertieadepthe wire does not deform as a result of unifeanations of
the acceleration due to gravity. However other sypEperturbation are liable to alter the geomefryhe wire,
these are discussed as follows.

Non-uniformity of the gravity field

Equations 3 and 4 were established on the basisgtha the same everywhere. However in reality thiaas

strictly true and it is necessary to evaluate thgations in the intensity of the gravity field whibring about the
following three phenomena:

(a) Variations with latitude

On the terrestrial ellipsoid, the normal attractipn(see Fig. 27) increases with the latitutland diminishes with

the altitudeh in accordance with the relationship (8) given beldR is the radius of curvature of the earth's
surface, which is approximately 6378.7 km in thgioe of CERN), defined by the International Uniofh o

Geodesy and Geophysics*.UGG3 [Vanicek and Krakiwsky, 1982, p.79] [15]:

Y= 9.780318$(l+ 0.005278895in? ¢ +0.000023462in* ¢)E€1—2—th Equation 8

The difference between the normal attraction akties of a 100m wire will be greatest if the wg®iiented
north-south. Around CERN this maximum differencé e in accordance witig, 018 10" ms~2.

(b) Nearby masses

The deviation of the vertical due to nearby magsest constant and diminishes as one gets fuaivay from the
Jura [Bell, 1985] [11] . Taking the extreme casthuie deviation at its maximum of 15” at one efhd wire and

zero at the other, the effect @nwould beAg,, 126010°8m3 ™.
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(c) Luni-solar attraction

Since the positions of the moon and the sun irticgldo the two ends of a wire are different, datiént alteration
in the intensity ofg will result at each end (see 6.4.1). Accordingadculations, for the region of CERN, the

maximum resulting discrepancy i is Ag, 0300 ' m3~2.

Thus the effects of nearby masses and of lunarsaar attraction on the variations in the intensifythe

gravitational field are negligible compared witlo$le resulting from variations in latitude. As a ssquent only
the latter have been taken into account in anajytia consequences of non-uniformity of the gréieital field

for the geometry of a wire. It has been assumeddtveould vary linearly from one end of a wire to thber.
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Fig. 30: Wire in a non-uniform gravitational field

It can be calculated that, with the origin of cdoedes at the lowest point of the wire, the differes between
the catenaries of two wires, of which one is imredri a uniform gravity field (Fig. 19) and the eths in one
which is non-uniform, can reach the non-negligiméue of 9 um. It should be possible to confirns tthieoretical
result by experiment. If it transpires that theens indeed deformed because of the differencatitudles between
its ends and that the assumed model is sufficiexhtiye to reality, it would be possible to corrfmtthis effect
when wires are used for the vertical alignment.

Curvature of the gravitational field

It has been shown in 6.2.1 that the curvature @feirth, which to a first approximation is alsa thiathe gravity
field, represents about 200 pm over 100 m (Fig. 2be effect of this on the shape of the wire hasnb
calculated the field of force shown in Fig. 31.
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Fig. 31: Wire in a curved gravity field

The calculation shows that, with the origin of atinates at the lowest point of the wire, the déferes between
the catenaries of the two wires, of which one imérsed in a uniform gravity field (Fig. 19) and titker is in a
curved field (Fig. 31), remain substantially lesart 1 umThe effects of the curvature of the gravity field on the
wires of the WPS may therefore be neglected.
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Nearby masses

Assume first that along a 100 m wire the deviatibthe vertical due to nearby masses is constant.

It has already been shown that in this case the isimot deformed in the vertical plane. Howeveraitild be
deformed transversely or longitudinally dependinglee orientation of the horizontal componentgof

(a) Transverse deformation

If it is assumed that the horizontal component @fs oriented perpendicularly to the wire, the honizd

projection of the system of forces is analogouth&d of Fig. 19. A numerical computation was meaealculate

the deformation for a maximum deviation of the ioaftof 18" perpendicular to the wire. The results indicatd th
for a 100 m stretched wire the transverse defoonas slightly greater than 1 um. If CLIC has tolhdlt in a site
where such deviations are encountered, it wouldnéeessary to determine these and apply the negessar
corrections when a wire is used for horizontalratignt.

(b) Longitudinal deformation
The case wherg has a horizontal component parallel to the wire &lso been considered (Fig. 32), and the
deformations of the wire due to this longitudintifaction have been evaluated.

H H
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Fig. 32: Wire subjected to a longitudinal attrantio

With the origin of coordinates at the lowest pahthe equilibrium curve of the wire, the differescbetween the
parabola (Fig. 19) and the curve obtained by apglyhe maximum longitudinal attraction (Fig. 32)nan
substantially less than 1 um. It also transpirext the values taken on either side of the lowesttpare
sufficiently symmetrical to consider that this panot displaced longitudinally.

The longitudinal effect of nearby masses on thergeoy of a CLIC WPS wire is thus negligible.
Effects of attraction by the moon and the sun

As with nearby masses, the moon and the sun leaddeviation of the vertical. According to Melchid966
[13], p-20 this deviation never exceeds 0.05" whgctvell under the value of 15" which has been mezliabove
in studying the effects of nearby masses on thesyiwhich were seen to be negligible. The deviatibthe
vertical due to luni-solar effects can thereforgoabe neglected. Moreover it has also been shoairnttle non-
uniformity of the gravity field caused by the attian of the moon and the sun is negligible.

Thus the effect of the attraction of the moon dreldun on the geometry of the CLIC WPS wires idigibde.
6.4.3  Effects which perturb the hydrostatic levellig systems (HLS)

The water at rest in the network of pipes conngdiire HLS vessels is intended to provide a referencface for
the vertical alignment of CLIC. This obviously ontyakes sense if the geometry of the reference cuifself,
which is an equipotential of the gravitational digis known to the required degree of accuracy. ddéfermation
of such equipotentials by nearby masses is constduie the deformations induced by the attracttbthe moon
and the sun are variable with time. The repercussid these two phenomena for the use of the HllSwaiv be
examined
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Effect of nearby masses

In the presence of a topographic anomaly the edgipial surfaces of the gravity field are deformasl shown in
Fig. 33. Among results given by Bell 1985 are tiftecknces between the equipotential surfaces aaeHtipsoid
model of the earth used for geodetic computatidn€EBRN. Although almost zero at the Meyrin sitegsh
differences can exceed 20 cm towards the Jura.

The heights of a point above the ellipsoid andgéeeid can thus be significantly different. Howetleg primary
interest is the height differences between pairgairfits. If the height differences with respeceth of the two
surfaces were sufficiently similar for each pothe undulations of the equipotential surface cdaddgnored and
the raw height differences obtained with the HL8Iddoe considered to refer to the ellipsoid.

ellipsoidal model of the earth

Fig. 33: Equipotential surface deformed by a topphic anomaly

To investigate this potential problem, the follogiprocedure and subsequent calculation was madéddrEP
site:

» Selection of two sets of points (100 m grid) defirie geocentric coordinates and contained in
the plane of the LEP accelerator; the first seftesl to an area where there is only slight ground
relief, while the second set is at the foot of Jbeg;

» With coordinate transformation programs and makisg of the correct geoid and ellipsoid for
CERN, computation of the heights of the pointsratation to each of the reference surfaces
(Fig. 34);

» Calculation and comparison of the two types of hedifference between pairs of points 100 m
apart.

Ellipsoid

Fig. 34: Heights above the ellipsoid and the geoid

The results of this computation are given in Tahl&@hese results show us that it will not be pdesib disregard
the undulations of the hydrostatic surfaces witbpeet to the ellipsoidKnowledge of the geometry of the

equipotential surfaces due to gravity is thus essential for the use of the HLS for the alignment. The required
accuracy (a few micrometres in height differencesvieen points about a hundred meters apart) iswargual in
gravimetry. Steps have been taken to find out #& bccuracy available from current methods fa thpe of
determination.
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Flat ground on the surface | Accidented ground on the surface |
Number of pairs of points 110 110
Mean difference (um) 153 366
Mean difference (um) 246 458
Minimum difference (um) 60 273

Table 6: Differences between height differencesrrefl to the ellipsoid and the geoid

Undulations of an equipotential surface with respetcto a reference ellipsoid

A 40 km geoid profile of a possible CLIC instaltati site has been calculated. This profile (Fig.i8%)ased on
the geoid model CHGEO98 established by the Fedeqabgraphy Office in Bern.
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Fig. 35: Geoid Profile along CLIC

The geoid is a particular equipotential surfacel awe can therefore reasonably suppose that théepiofFig. 35
may be considered to be that of the water in th& kibes.

It is important to realise that one can interphig profile as that of an accelerator in a Cartesiderence frame if
we started from the principle that hydrostatic $ifiellow a trajectory parallel to an ellipsoid sagé€, and that this
hypothesis forms the basis for the determinatiothefcorrections to be made in order to returndtraght line.

As one can see, the profile includes a section evitter density of points is higher, where therepaiats every 20
or 40 m, and two other sections where there is adgint every kilometre.

We have used this increased density of points aduate the geoidal undulations, which give a goalication of
the straightness that an accelerator would havedfsupposed that the hydrostatic lines had aqibrigliptical
curve.

For each 200 m segment included in the denseioseEig. 36), the maximum offset of the geoid geofias been
calculated with respect to a straight line passimgugh the point at each end of the segment. Tefexts are
relatively large, even though they are less thantthO pm threshold over 200 m. In fact, these would be the
defects in the CLIC if it could be perfectly aligheith respect to an ellipsoidal surface. It shdaddsaid however
that the measurements and the mechanical linkseahitrological network will also introduce thewroerrors.
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profile

max. offset

Fig. 36: Calculation of the straightness defec

The results of these calculations are presentelign 37. The rms of the straightness defects o@€ & is
+ 8.4um.
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Fig. 37: Defects in the straightness of the prafilenicrometers

The approximations made in neglecting the fact thathydrostatic lines do not have an elliptic atuve are

therefore too large, even more so since the cdionkthat have been made are based upon a gediel tiely
to show differences with respect to the real situat

Knowledge of the equipotential surfaces of the ydield is consequently indispensable for the abélLSs for
this alignment.

The required precision (several microns in the tteitfferences between two points a hundred metres apart)

is very unusual in gravimetry, and the CERN surgeyup has undertaken steps to understand the bessipn
achievable with current techniques for this typeletermination.

Effects of the attraction of the moon and the sun

The HLS are affected by both oceanic and eartts tideause the water in the pipes and the grounthitth the

whole system is fixed are being continuously defminder the influence of the moon and the sunaaedhus
modifying the values recorded by the sensors.

It has been shown that earth tides do not affecstiaightness of the alignment of the acceleraigrmerely vary

the inclination of the whole system. Tidal effects the HLS must thus be corrected and not intezdreis
alignment errors.
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The theoretical values of the tides which resulirfrthe attraction of the moon and the sun, will ri@wexamined
and compared with the readings which have beemtakea hydrostatic line at CERN.

Theory of tides

Tides result from the fact that water surfaceseat, together with the earth considered as aniefast, deform
in response to the continuously changing gravitatidield. This change results primarily from thentinuously
varying positions of the moon and the sun relativthe earth.
According to Melchior, 1966, p.15 [13], the distumdp attraction of the moon or the sun is deriveahfrthe
potential W, as follows:

GM e(M C/M e)

2
W, :fﬁ:—g[@cosz z—1) Equation 9

G : Newton'gravitational constant
M., M. : masses of the earth and of a given celestial body

a: distance from a given point to the centre of the earth
I : distance from the celestial body to the earth
Z : zenith angle of the celestial body at the point

G,M, and M .Mc are known,a can be calculated from the coordinates of the point in quastiog geodetic
formulae, andz and I may be calculated using astronomical ephemerides.

From Equation 9 it can be deduced that the resultant deform&tiérihe gravitational equipotential surfaces,
given by Melchior, 1966, p.16 is as follows:

&=W,/g Equation 10
Knowing that :
g= Gl\éle Equation 11
a
It can be shown that :
4 4
g=m D:i (3cos2 z —1)+ Ms Dh; (30052 z, —1) Equation 12
2r 2r

S

m,, m: ratio of the masses of the moon and the sun to thheefarth
7y, zg: zenith angles of the moon and the sun at the point
r,re: distances from the moon and the sun to the earth

The computation leads to values éf which can reach several tens of centimetres in absolute terms. The

variations in the height of a liquid at rest (which is know conform to an equipotential surface) do not reach
these values because the liquid changes its potential rather fl@aminip the same equipotential with its
movements. On the other hand one can observe variations iiffiénertes of level of a liquid which illustrate the
changing deformations of equipotential surfaces and of thexgrou

The difference between the readings of two HLS vessels thus resribie tidal effects on the water in the pipes
and on the ground which supports the whole system. Theséfdcts must be corrected. In fact, if this is not
done, the height differences obtained from the HLS could leepitted as departures from rectilinearity in the
accelerator components, whereas it has been shown in 6.4.letlidatHlexing of the accelerator is negligible.
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Love's numbers

Love's numbers [Melchior, 1966, part 2, chap.1][A® used to formalise the expression of diffeasyects of
earth tides. These will be useful for the intergtien of HLS data. The application of Love's nunsbir very
straightforward and each type of elastic defornmatiae to tidal effects can be represented by a twtibn of
these numbers. They are linked by rather compléferdntial equations to the distribution of derestiand of
module of rigidity within the earth, but can be smered as functions solely of the distance from fibint in
question to the centre of the earth.

On the earth's surface and for the phenomenaaist;, the two Love numbers which will be usedkaievn ash
andk.

h represents the ratio of the height of the ead# td the height of the corresponding tide of agaocat rest.

The effects of the density variation which acconiparthe deformation and displacement of massegaltiee
attraction of the sun and the moon can be modéNesheans of an additional potentiklrepresents the ratio of
this additional potential caused by the deformaitiiseif to the disturbing potentia\, .

Thus the total disturbing potentiaI(ISIr k)Nz, and the tide observed on an ocean at rest would have a height of
(1+ k) (W, /g . However, if this tide is observed by means of a reference atiadhed to the earth's surface, the
mark is itself displaced because of the earth tide by a heightWf /g in relation to the surface of the earth

(considered as spherical). The observed deforma,"t(i)rwill thus be :

& = (1+k—h)[-l% Equation 13

The values usually accepted farand k are as follows [Jobert and Coulomb, 1973] [14]:

(1+k)=13 and h=06  hence (1+k-h)=07

This implies that the tide observed on an ocean at rest by meameference mark attached to the earth's surface
would be 70% of that which would be observed if the eartle weinitely rigid (=k=0).

Knowing these values it is then possible to calculate the camedi be applied to readings taken on the HLS.

Correction of HLS readings for tidal effects

A hydrostatic line about 70 m long has been installed intaop&ERN which is stable and free of vibration. HLS

vessels were placed at each end in order to read the distance seffegatme§erence surfaces from the plane of a
free water surface (Fig. 38). Recordings of the sensor valees taken at the desired frequency. Knowing the
geodetic coordinates of the two HLS, the values of the tides baen calculated in order to correct the

differences between the readingse, =, s -

HLS2
HLS1
—— reference surface _T:ea ding
} hydrostafic surface Y }
pipe containing water and air
(fixed to the surface of ground)
ground
/.

Fig. 38: Set-up used for HLS trials

The HLS are used to determine height differences by means efedifes between the readings taken on each.
With neither an earth nor a water tide, this difference woulé gk the height difference between the points
directly, relative to a gravitational equipotential whose geometyld be invariant with time. But in reality the
difference between the readings also includes the differences betwesmlitudes of the water and earth tides
as shown in Fig. 39.
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In Fig 39(a), the water tide alone is consideret] & is assumed that the attraction of the moah the sun is
greater at HLS2 than at HLS1. At HLS2 the watel ¥ils be attracted more strongly towards the esies
surface of the HLS vessel than at HLS1, and, iftithe is ignored, HLS2 would appear to be too lasnpared

with HLS1. The error in the height differentg ¢, =, s, would be(L+k)W.,,/g-W,,/g)

W,, andW,, denote the tidal potentials at points HLS2 and HLS1 respégtisee equation 9.

In fig 39(b), the earth tide alone is considered, and itasnagssumed that the attraction of the moon and the sun
is greater at HLS 2 than at HLS1. As the HLS vessels ayrigitached to the ground which is raised more at
HLS2 than at HLS1, the reference surface will move further aveely the water surface at HLS2 than at HLS1,
and if the tide is ignored, HLS2 would appear to be tot ltigmpared with HLS1. The error in the height

differencel, s, — 1,5, i this case would be h(W,,/g -W,,/g) note the opposite sign from case (a).

HLS1

- HLS2
reference surface | .

water surface

Ihisa

g
A Y

a) water tide

2

ter surface

b) earth tide
Fig. 39: Effect of tides on HLS readings

It can be seen that the earth and water tides, although alwdyes sdrhe sign, have opposite effects on HLS
readings. It is this which explains wHy is subtracted fromi+k in the determination of the amplitude of tides
observed by means of a reference mark attachdg tground as in the present case. If the HLS rgadihpoints

1 and 2 are denoted By, ¢, andl,, s, , the corrected height differendg, is obtained from :

N, = (l Hst | HLSZ)_ (1"' k- h)(sz/g _W21/g) Equation 14
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Height differences from 2 HLS, 17/8/00 to 20/8/00
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Fig. 40: Differences HLS 1 - HLS 2 : observed, andected for earth and water tide effects.

Fig. 40 illustrates the results which have beemiokd. The test which will be now described covexgueriod of
four days (a total of 393 readings taken at quédmoar intervals).

It can be seen that the difference HLS1 -HLS2, exdad for the tidal effects, shows both a more gdne
diminishing movement together with residual semipdal undulations with amplitudes of over 2 um. The
reduction appears to express a more general moverfhgre ground. The residual movements can biatéd in
part to the accuracy of the data used in equatofsée below), but also relate to other phenomdmelvhave yet

to be addressed and which could involve alignmeatre These might include periodic ground movemerher
than tidal effects (such as thermal or diurnalaffeor local water heating.

An important question is whether this correctechaigs a good representation of the variations a@ifit in
relation to a straight line which rocks under tlifeet of tides, or whether the correction appliezeds to be
improved. Equation (6.10) is in fact very genegald by analysing in situ readings covering a pedbdne to
three months it is possible to define tidal parareefor a particular site [Ducarme, 2001] [16]. 98 a solution
which will certainly be used for CLIC. In fact tHéLS will be among the first equipment to be ingd]l and
enough time will therefore be available to colldwa data needed to establish a local tidal model.

The next section examines whether the parameted tos compute the corrections are known with siaffic
accuracy.

Accuracy of corrections

It is necessary to evaluate the accuracy of theections calculated using expressions 12 and 1BleTashows
the accuracies of the parameters used in thelliestrated in Fig. 38. The accuracies shown Bret Z_ are in
fact averages calculated over a period of a yearakgiven celestial bodg is obtained as follows:

Z=sing [3inJ +cosg E:osé’@:os(@—a) Equation 15
Where : @ is the latitude of the point in questiowyg L +5m (for our test)

O is the angle between the body in question and the plane edtador
05 =003 for the moon e 5 =+ 03for the moon

6 is the sidereal time at the point in questiar, =+1.2 n0~’h
a is an angle between the body in question andriheepmeridian
04 =+003' for the moon andr,, =+ 0.3for the sun
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Love’s numbers are known with sufficient accuracycbnsider them to be exact (they are now knowasixo
places of decimals but one significant figure iffisient for the present). The a-priori accuracytioé corrections
applied, for a period of a year have been calcdlatég. 41 illustrates the results obtained.

Parameter Type Accuracy
m, Physical constant +1.10°
m, Physical constant +1.10°
z, Ephemerides and geodesy +0.14"
z, Ephemerides and geodesy +0.32"
r Ephemerides *4m
r Ephemerides + 15km
a Geodesy +5m

Table 7: Accuracies of parameters used to comjdédorrections

It can be seen that the a priori accuracy of threections which has been applied are always b#ttar+ 1 um.
This result is entirely satisfactory at present ibaian be further improved if necessary. In féuet points which
were used for the trial were only fixed #05 m in relation to the centre of the earth, whilerent geodetic
methods easily allow an accuracy of better thhdhhm to be achieved. As a guide, with the lattdueathe
accuracy of corrections to be applied to HLS regsliwould be of the order af0.3um.

Accuracy of corrections over a period of a year
position on the earth : +/- 5m; moon : +/-0.03" et +/-4m; sun : +/-0.3" et +/-15km
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Fig. 41: Accuracy of the corrections applied to He&dings
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6.4.4  Effects which perturb the tilt monitoring sysems (TMS)

The angles given by the tilt measurement systetaterto the local vertical. If there is a deviatwfithe vertical it
may be necessary to apply corrections to inclinemetadings so as to reduce the computations tanaef of
reference which allows the alignment of CLIC todomtrolled. The next section examines the extemitizh the
deviation of the vertical affects the informatiobtained from the TMS and what corrections it isgilole to

apply.
Effect of the attraction of the moon and the sun

According to Melchior, 1966 [13], the deviationtbg vertical due to the attraction of the moon trdsun never
exceeds 0"05, or 2.4 T0radians since the accuracy of the TMS is curreotlly 10°%adians, the deviation is
imperceptible.

Thus the effect of the attraction of the moon amel $un on the use of the TMS is negligible with ¢herent
equipment.

Effect of nearby masses

Fig. 26 shows the effect of nearby masses on tieetiin of the local vertical. The results giverBiell 1985 [11]
indicate deviations of the order of a sexagesimabsd (4.8urad) at the CERN site, with a maximum of 15".
These values are large enough to significantlycattee information supplied by the TMS and thefeef must be
corrected in order to achieve the reliability tprad which is expected from the sensor.

As for the HLS, a sufficiently accurate model o flocal geoid is thus required, from which the dé&ons of the
vertical can be deduced.

6.4.5 Summary of the effects of gravity

The consequences of the perturbations of the gréeltl on the alignment of CLIC have been invesstigl.

The non-uniformity of the gravitational field anttetdeviation of the vertical are liable to defoim tires of the
WPS significantly, but these two effects can edsdycorrected.

In the CLIC configuration, in order to use the HIiiSyill be necessary to take into account the @ffeof nearby
masses as well as the attraction of the sun ana rftioial effects).

The anomalies caused by the distribution of neanbgses demand a very accurate definition of thétgtnal

equipotential surfaces; a further study must beettallen to determine whether current techniquesapable of
achieving the level of accuracy required. If thiged not prove to be the case, the use of the HLSIHC will be

seriously compromised. It will then be necessargideelop an alternative solution which is capalflproviding

an adequate vertical reference system.

The tidal effects of the moon and the sun, whicwvehbeen corrected during trial tests can be detethto the
required accuracy.

The use of inclinometers is subject to the sameicésns as the hydrostatic levels in terms of wtesige of the
equipotential surfaces and thus of deviations efvrtical.

6.5 Determination of the optimum configuration for the network

An important part of this study consists of theimigation of the metrology network introduced ir8,6by
carrying out computer simulations to determine alignment accuracy obtainable from the differensgiole
variants of the network.

The method of simulation used is first describelder brief details of the computation software wHicld to be
developed will be given. The models used for egipk bf observation will be described and the défervariants
of the network which were tested will be presentedconclusion the configuration which is believedbe the
best will be outlined.
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6.5.1  Simulation method

The principle of the simulations is to assign simedl values to the network observations. Thesetlwam be
computed as if the network had really been obseraed the effects of perturbations which might effthe
geometry can be estimated. In this first investigatinto the network, such perturbations will beited to
normally distributed random errors of measurement.

In the method of simulation used at CERN [Mayou#l87] [17], the provisional values of the unknowme a
considered as ideal. They are used in the progoanompute the exact value of each observation.ndlam
number generator then adds a random error todbal value, taking account of the a priori standbrdiation of
the measurement. Repeating this operation seweras generates a collection of hypothetical obsknetworks.

The statistics derived from the results of thidexilon of network observations then give a verpdjindication
of the suitability of the network being modellednieet its predetermined objectives.

6.5.2  Development of computation software

A project of the size of CLIC demands a powerfalstesquares adjustment tool which allows the aisabfsthe
propagation of errors and thus to the optimisatibrihe network. The general adjustment softwaregitiel
Général de Compensation - LGC) developed and ugedebCERN metrology group meets this need, biitsin
current version it has a major shortcoming for @dC study in that it does not allow the processaigwo-
dimensional observations of offsets from a wirebdistances between wires. This software, whosecgocode
represents about 10 000 lines of Fortran, has goder numerous updates although its maintenancexdas
become very hazardous.

This explains why new software was developed. Was done as a team effort, because the metrolagpgin
parallel with the CLIC study, also underlined tre=d to develop a more advanced tool and allotteaurees for
this.

Without going into the details of its developmeahg guiding principles are given as follows.
Guiding principles of the development

A research project of this nature is continuousighéng. For example, new sensors or new typeshstovation
which are not under consideration at present mate quossibly be incorporated into a proposal foiutre
alignment system. It is thus very important tha& domputation software should be extremely flexibleerms of
updates and must allow the speedy addition of newtionality without endangering that which is allg in
place.

In addition it is inevitable, and it is in any cadesirable, that software on this scale will beedeped by a team.
The model adopted must also be modular so asdw &lam members to work separately on specificspzrthe
program and then to combine them without mishap.

For these reasons it was decided to operate in This.programming language is object oriented [Budb?2]
[18] and thus meets the requirements which havebjesn outlined. Moreover it is very powerful angnerous
libraries of mathematical subroutines are available

In practice the choice of an object-oriented desigd of C++ has proved to be very beneficial. Depelent is
truly modular and the connection between old avd medules is very easy.

The mechanisms of inheritance and polymorphism ideowa great deal of flexibility with several impant

aspects of the software. Thus, while at present oetfworks expressed in cartesian coordinates eatomputed,
the model already allows the use of other referesystems, and the team is confident that moving dve
computations on the ellipsoid will not present angblem.

In terms of taking new types of measurement intcoant, the operations required are few, and moss-the
developer can make rapid progress in comparisovh#d is already in place. Three days' work areicsfit for a
person who is familiar with the model to includeew type of observation in the software. It is impot to note
that this timescale remains constant however mgpgst of measurement are already included, wherg@hs w
laborious programming in C or Fortran it tendsnoréase, sometimes by a substantial margin.
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6.5.3  Observational model
For this first study it was sufficient to expredistiae observations and carry out all of the coragiohs in a local

cartesian coordinate system. The observation emsfor every type of observation in the network given, as
well as the remarks applicable to each, in the@eegthich follows.

Orthogonal distances from a point to a straight lire

In  Fig.39 the horizontal and vertical distances fropomnt to a straight line are expressed as follows:

E, = (Se = SalXm - A)_(XB ~Xa)(Su ~Sh) Equation 16
\/ _SA Xg~ XA)2
E, = (S ~SalZu ~Z4)-(Zs ~Za)(Su ~S4) Equation 17

\/(SB ~Sp) +(Zs-2Z4)?

These equation are used to model WPS and RASNIK-Gigdervations.

(a) WPS observation model

In the WPS, the offsets are measured from the nmézddacentre of the sensor, perpendicular to itasueng
surfaces. The true situation is not as shown in &2gfor two reasons. The first results from thet that the wire
is not a straight line. The catenary of the wirestrtherefore be determined (see 6.2.1) and coorectinust be
made so that the distances used in the computedlate to the straight line joining the ends of thiee. The
second reason is due to the orientations of theoseand the wire. The wire is not necessarily pelréd each of
the planes defined by the two measuring surfacéiseoensor, and it is necessary to know the détiaf the latter
in the coordinate system being used. One may Hagicalculating the error introduced if the incliiat of the
wire to the sensor is ignored (Fig. 43) and hehteei offsets measured are not perpendicular tovite

E, is parallel to (XOS)

/ ‘/ E, E, is parallel to (ZOS)

Fig. 42: Distances from a point to a straight line
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Fig. 43: Wire not parallel to the measuring surface

The graph in Fig. 44 shows this error as a funatibthe distance measured for various inclinatiohthe wire to
the measuring surfaces. If errors of less thahpum are considered to be negligible, it can be skah the
inclination of the wire can be ignored if it falgithin the central part of the sensor beam andksifriclination
remains moderate (50 mrad representing 1 mm owan)5This is possible if the components of the olegy
network (sensors and support plates) are positianddsufficient care.
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Fig. 44: Errors due to the inclination of the wire

If it is assumed that the wire and the measurimfasas of the sensor are parallel, it remains tmlyetermine the
angle of the rotation of the sensor around the \#ig. 45) in order to express the measured distamt the
required coordinate system. This angle cannot kasuored directly, but knowledge of the orientatibthe sensor
in relation to its support platform as well as thelinometer attached to the latter allows theimation of the
sensor to the local vertical to be determined. e deviation of the vertical is known, it is theaspible to
express the measured distances in the local catedaystem.
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Fig. 45: Angle of rotation of the sensor aboutle

(b) RASNIK-CCD observation model

It has been shown in chapter 4 that the RASNIK-C&Dsors measure three distances and three rotatous
the axis of the system, which is a straight limecémbining this information with the tilt measurems made at
each girder articulation point (where the RASNIK{Z8ensors are placed), it is possible to expressémasured
offsets in the local coordinate system using equatil6 & 17.

Orthogonal distances between points on two straighines

In the reference frame of Fig. 46, the horizontal &ertical distances between two points on twaigit lines are
as follows:

E, = [(SA +%J-(sc +%ﬂz {[XA +WJ‘[XC +WJT 2
Equation 18
Ev=
[t BTSN [ g2 bl
Equation 19

With :

AB:\/(SB - SA)2 + (XB - XA)2 + (ZB _ZA)2

CD:\/(SD _50)2 +(XD - Xc)2 +(ZD _ZC)2
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Fig. 46: Distances between points on two straigleis|

These equations are used to model the observatibaéstances between wires, whose goal is to afisest
determination of the positions of the ends of tlesv This explains why the offsets are not exméss terms of
the coordinates of points M1 and M2 (Fig. 46) omwWires.

Model for distances between wires

This type of measurement is made using two rigidignected WPSs (Fig. 26), combined with a Tilt
Measurement System (TMS).

As with the WPSs it is first necessary to deterntime catenary of the wires in order to reduce tl@asured
offsets to offsets relative to the straight lines.

Uncertainties exist in jgand E caused by the orientation of the sensors in oeldid the wires and also to the
horizontal. This uncertainty results in uncertaimtys; and $

The computations show that in the case of two fErd00 m wires 20 cm apart, the uncertainty in easured
offsets does not exceetll um provided that ;sand s are known to+x 5 mm. Accurate positioning of the
components of the metrology network will minimizetinclination of the sensors with respect to tivesv As the
TMS, together with knowledge of the deviation of trertical, gives the inclination relative to tladtér, it should
be easy to achieve this accuracgd& mmin g and s

Using equations 18 & 19 to express the measurestsfin the local coordinate system, the paramstensd s
can be considered to be known.

Vertical distances

It has been assumed for this computation that #ighh differences measured with the HLS can beesgad in
the local coordinate system (see 6.4). The equaisea for the vertical distance between two pointnd B is
thus very simple:

AZD=Z.-Z, Equation 20
6.5.4 Networks tested

The typical configuration of the networks testedl®wn in Fig. 26. The computations of planimetng &eight
were separated because that offered a considesableg in computation time. Moreover, the wires dhe
girders are oriented along an axis parallel tabsem, as the positions of the unknown points irBtltérection are
of less importance they were always considerecetfixed. The unknowns to be calculated are thusXilaed Z
coordinates.
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For each network tested, the results for the abselnd relative positions of the components tolipmed will be
presented, together with information on the redgloathe observations. For each data value d shyreyphically,
the following curves for tha simulations carried out have been drawn:

« root mean square (rms) value:

n
. arithmetic mean z|=—1‘d|‘
- maximum : maxd; |

- minimum : min{d, }
Wire network: planimetry

(a) Characteristics of the computed network

This computation only determines the planimetrisiffans of the ends of the wires, along the whetegth (about
14 000 m) of one of the CLIC linacs. The first dast points of each line are taken as known. Aleofpoints are
variable in X only. The wire network is connectedthree known points of the underground survey osgtw
equally spaced along the length of the linac, waittaccuracy oft 5 mm.

Each wire has a length of about 100 m, and theracguattributed to the two types of offset measuseti 5 um
(Fig. 47). This network represents 932 observatwmish allow the determination of 614 unknowns.

X

+/- Spm
+/- Sum

— — — —

Fig. 47: Wire network: planimetry

(b) Results
The graph in Annex la represents the offsets opliigiorms, and therefore of the ends of the wiwét) respect
to their ideal positions, in terms of the absciSsa these ends. The rms value of these offsethesa 1.3 mm.

The graph in Annex 1b, the most important, reprisséime alignment errors of the ends of the wiresr v
distancel.d of about 200 m (Fig. 48), in terms of the absc&sd these wire ends.

Fig. 48: Wire alignment errors

It can be seen that this configuration enablespitimary metrology network to achieve the desirelatiee
alignment accuracy af 10um over 200 m.

The graphs in Annexes 1c and 2d show the residoathe two types of offsets observed. The rmsreofche
residuals of the observations between a wire emdtla@ overlapping wire is about2 pm, while that of the
residuals of the observations between parallelsaiseof the order of 4um. As the a priori accuracy of these
observations is the same, this shows that the tfjpst of offset has a more important role in deteimg the
positions of the points than does the second. ddnishe explained geometrically since, unlike tlemsd case, the
first type of offset can be considered as a diobservation from the end of the wire concerned.
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Combined computation of wires and girders: planimety

(a) Characteristics of the computed network

This computation simultaneously determines theipiatric position of the ends of the wires and thigcalation

points of one of the lines of girders, over a léngt about 2 km. A shorter length has been choseaudse the
alignment errors, of most interest, are independéttie length of the linac. That avoided a compaoitacovering

14 km which would have greatly increased the dema@amdmemory and computing time.

The first and last points of each line of wires eoasidered to be known, all other points représgmnariables in
X only. The articulation points of the girders @a&ch positioned in relation to the others by meditse network
of overlapping RASNIK-CCD observations (Fig. 24heTnetwork of optical observations is combined wiit&
network of wires by using the WPS measurements dewhe girder articulation points and the adjagérdgs.
These connecting measurements are regularly spaeedy 22 articulations. The a priori accuracy oé th
measurements of the offset from a wire:iS um, while that of the RASNIK-CCD observationst2 pum. This
network consists of 1065 observations for 983 unkro

(b) Results

The graph in Annex 2a represents the displacenoétit® ends of the wires from their ideal positionsterms of
the abscissa S of these ends. The rms value of thieplacements can reatt0.15 mm. This result, which is
better than that for the previous network, was jotatlle because the known points are only 2 kmtagar the
other hand this improvement owes nothing to theonperation of RASNIK-CCD measurements, since
computation of the wire network alone over a distaof 2 km gives exactly the same results. The lemal
displacements from the ideal position are thusahig to the shorter length under consideration.

The graph in Annex 2b represents the alignment®iwbthe ends of the wires over a length of ata®@ m in
terms of the abscissa S of these ends. As witprinaous network, the rms value of these misalignné about
+10um. From this it can be deduced that the combinadbRASNIK-CCD and WPS observations does not
improve the relative alignment of the wires.

The graph in Annex 2c represents the displacemaitke articulation points of the girders from tha&eal
positions, in terms of the abscissa S of thesewation points. The general effect is the samiathe position
of the wires because of the connection to them. Sjfstematic increase in the displacements betweaen pf
connection points 49.06 m) should also be noted.

The graph in Annex 2d represents the misalignmeinggrder articulation points over a length of ab800 m. A
cyclic variation related to the connections to Wiees is found. The rms value of these misalignméstaround

+ 40 um, which is much too high a value. This result vimproved by means of more frequent connections
between the articulation points and the wires. €hers of alignment which result from such a nekyavith
connections every four or five articulations, ah@wn in Annex 2e. This configuration gets much efto® the

+ 10pm required, and represents a good compromise betiteenumber of connections (and hence of WPS
sensors) and the accuracy obtained.

The graph in Annex 2f represents the residuals BfSVébservations between ends of wires and theappeng
wires, with a connection every four or five modul&beir rms error is about 2.4um . The residuals of WPS
observations for connections between girders ameswshown in Annex 2g, are smaller: their rmsreis@bout
+ 2.0um. This slight difference is not surprising becatlsese connection observations relate to the ation
points which are constrained by the more accuratsNRK-CCD observations.

The latter have the residuals given in Annex 2lthairms error of the order &f0.8 um.

It is the observations of offsets between parallieés which have the biggest residuals (Annex @) reasons
already discussed above.

Wire network: altimetry

(a) Characteristics of the computed network

This computation only determines the heights ofehds of the wires, along the whole length of ohthe CLIC

linacs. The observations of offsets between paint wires and between parallel wires are the sarferahe
first network discussed above, except that theyiragevertical plane. The existence of a solutmthe problems
of using the HLS for the vertical alignment (seé)tas been assumed, and that the catenaries wfirdee can
thus be determined to the required accuracy. Tdnses back to considering that it is possible tosueaheight
differences over distances of at least a hundre@grsieVertical distance observations have therefdse been
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incorporated into the network at a rate of one pair of consecutive platforms (Fig. 49), thus inipdy

independent observations.
X
B
<
%

~100m

+/- 8um
+/- Sp.m

Fig. 49: Wire network: altimetry.

The a priori accuracy of measurements of the offiseh a wire ist 8 um, while that of height difference
observations iz 7 um. This network represents 1228 observations terdete 614 unknowns.

(b) Results

The graph in Annex 3a represents the departuréseoénds of the wires compared with their idealtfs, in
terms of the abscissa S of these points. The rmsevaf these offsets reaches0.12 ym. This result is
substantially better than tHel.3 mm of the computation in 6.5.4, thanks todbdition of the HLS observations
which do not have any planimetric equivalent.

The graph in Annex 3b shows the alignment errorthefends of the wires over a length Ld of abo@n2Gn
terms of the abscissa S of these points. It caseka that for the primary metrology network thisfeguration
allows the desired relative alignmentto10 um over 200 m to be achieved.

The graphs in Annexes 3c, 3d and 3e show the ra@siad the two types of offsets observed, togettidr those
of the vertical distance measurements. The rmg effrthe residuals of the observations between efds and
overlapping wires it 5 um, while that of the residuals of observations leetwparallel wires is towards7 um.

The residuals of the HLS observations aveeagaim. There is a better balance between the resithutsfor the
planimetric computation. This confirms that one eapect the HLS observations to improve the detsation of
the unknowns: the influence of each type of obs@mweon the final solution is more homogeneous Whitay
also be assumed to improve the strength of theisnlu

Combined computation of wires and girders: altimety

(a) Characteristics of the computed network

This computation simultaneously determines thehtsigf the ends of the wires and the articulatioimis of one
of the lines of girders, over a length of aboun?2 k

The first and last points of each line of wires emasidered to be known, all other points beingalde in Z only.
The configuration of the network is analogous tatttliscussed in 6.5.4 (combined computation of svaad
girders: planimetry). The measurements connectiaggirders to the wires are made every four or faaslules
and there is a height difference measurement bateaeh successive platform. The a priori accuratiyenoffset
measurements to the wire4is8 um, that of the RASNIK-CCD observationsti pm and for the vertical distance
measurements it is 7 um. This network consists of 1269 observationstierdetermination of 983 unknowns.

(b) Results

The graph in Annex 4a represents the displacenoénit® ends of the wires from their ideal positionsterms of
the abscissa S of these ends. The rms value dof tlisplacements can reath0.04 mm. This result, which is
better than that for the network in 6.5.4 (combisechputation of wires and girders : planimetry) \pasdictable
because we already knew the beneficial effect@HhS on the absolute vertical positions of thefptans.

The graph in Annex 4b represents the alignment&wbthe ends of the wires over a length of al#@@ m in
terms of the abscissa S of these ends. The rme wélihese misalignments is slightly undetOum. As with the
planimetry, the combination of RASNIK-CCD, HLS aMiPS observations does not improve the relative
alignment of the wires.
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The graph in Annex 4c represents the displacenaitke articulation points of the girders from thaeal
positions, in terms of the abscissa S of theseudation points. The general effect is still thensaas for the
positions of the wires.

The graph in Annex 4d represents the misalignmehtgrder articulation points over a length of ab800 m.
The rms value of these misalignments is arabi@ um, exactly as in the analogous planimetric computaand
can be considered to be an acceptable result.

The graph in Annex 4e represents the residualshef WPS observations between ends of wires and the
overlapping wires. Their rms value is abau.0um. The residuals of WPS observations for connestimtween
girders and wires, shown in Annex 4f, are smalleeir rms error is about 4.2 um. This difference is again
explained by the fact that the connection obsesuatrelate to the articulation points which arest@ined by the
more accurate RASNIK-CCD observations.

The latter have the residuals shown in Annex 4gysehrms error is arountl 0.8 um. It is the observations of
offsets between parallel wires which have the lBggesiduals (Annex 4h), for reasons already dssdisbove.

6.5.5  Optimum network

The various networks tested are now brought togethd the optimum network indicated by the resoiitained
is described, together with the method of deriving

Analysis of the computation

It appears that the computation can be done instages, in which the wire network is computed fifsowed
by the determination of the positions of the aftitton points of the girders in a second computaiiowhich the
ends of the wires are already known. This assumpmtaes however remain to be confirmed by simulatiosing
the same observed values on the wires in both tagesand combined computations, and then compéig
positions obtained by the two methods.

Determination of the positions of the wires

(a) Planimetry
In planimetry, the network shown in Fig. 47 saéisfthe condition of alignment 010 um over 200 m.

The accuracy of 5 pum in the two types of measurement involved reprisseat only the accuracy of the WPS
sensors but also the accuracy with which the dilmasf the mechanical mountings are known. Assgritiat
the WPSs measure 01 um, this requires the distance between the mecHarécares of two sensors on one
platform to be known to an accuracy#.8 um. It is thus likely to be necessary to calibrdte mountings of
each platform and to take special care with theipilty, especially in terms of variations in teempture.

This strict tolerance for the measured offset ccuddrelaxed somewhat by increasing the length efvilres.
However this renders them less stable (their naftequency is reduced),which presents problemshwvare no
less tricky.

(b) Altimetry
In altimetry, the network shown in Fig. 49 satisftee condition of 10um over 200 m.

The measurements can be a little less accurateithplanimetry, because of the presence of hydtiostavel

measurements. As in the planimetric case, the semarks about knowledge of the mechanical dimessain
course also apply here. It must be rememberechthight differences measured by the HLSs as wahasffsets
obtained with the pairs of WPSs are in fact pseoiogervations, that is to say direct observationsected for
deformations of the equipotential surface andliervertical curvature of the wires respectivelyp®eding on the
available knowledge of the equipotential (see Gtdls possible that these accuracies, althougtetatvan for
planimetry, may be harder to achieve.

Determination of the positions of the girders

For the determination of the positions of the gisda network of overlapping RASNIK-CCD systemsy(FR24)
combined with connections by WPS every four or fimedules enables a satisfactory accuracy to bes\aethi
This can be slightly improved by, for example, cecting every third module. However this represemts

45



significant number of extra WPSs, which runs coumtethe cost advantages of using RASNIK-CCD fa th
alignment of the girders.

The only difference to note here between planimaty altimetry concerns the connection observatidrish are
in fact pseudo-observations to which the remarkdengarlier also apply.

6.6 Practical operation of the alignment system

In this section the stages envisaged for the malctperation of the alignment system are introdude is
assumed that the components are prealigned andhanigitial alignment and the operation with bearovered.

Determination of the geometry of the equipotentiaburfaces under gravity

As we have seen in 6.4, this stage is crucial éouse of hydrostatic levels and inclinometers. Haermination
must enable both the height differences obtaineah the HLSs to be brought into the local coordirsyfgem and
the TMS readings to be corrected for the deviatibime vertical.

HLS observations for the establishment of a locaidal model

This stage is also essential for the effectiveaf¢be HLSs (see 6.4.3). Records covering a pesfazhe to three
months can begin as soon as the HLS network ialiedt

Determination of the vertical curve (catenary) of ach wire

Relative height measurements of three points df @ae (6.2.1) will allow the determination of tieguation of
the catenary in the vertical plane. The verticédets measured subsequently by the sensors mapéhresiuced
to offsets relative to the straight line joiningetend points of the wires. Knowing the approxinaierdinates of
each wire thanks to the prealignment, it is alsesfile, if necessary, to calculate correctionstfier effects of
nonuniformity of the gravity field (see 6.4.2).

Computation of the positions of the ends of the was

The next stage is the computation of the positiohshe ends of the wires, using the observatiordivark
described in 6.5.5.

Computation of the positions of the articulation pants of the girders and of the quadrupoles

Once the positions of the wires have been detednihés then possible :

» to determine the positions of the articulation peiof the girders by making use of the network
described in 6.5.5;

» to determine the positions of the quadrupoles byctlimeasurements relative to the wires.

Computation and transmission of instructions to themicro-movers

Knowing the positions of all of the components, thgplacements required for the initial alignmeah ¢hen be
computed. The corresponding instructions are tleeh ® the micro-movers fitted to the girder cradéed the
quadrupole platforms. The sensors can then chetkth desired positions have been reached.

Injection of the beam

When the initial alignment has been achieved ttarbean be injected. The initial positions of thenponents are
saved in memory in order to be able to restorerdiguration which allows the beam to circulate omgmin in
case of failure of the circulation of the beam.

Subsequently, while the beam is circulating, aligntis maintained by the beam-based alignmentrayste
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Regular monitoring of the positions of the componets

At regular intervals, for example every six houad, of the sensors can be read and the positiorall ache
components can be computed. This allows the mangoand recording of changes in the alignment &f th
accelerator, as well as enabling preventive meastwebe taken if the alignment approaches a critica
configuration.

7 Practical demonstration of the active alignment system in CTF2

7.1 CTF2 30GHz module layout

CTF2 was built to demonstrate the feasibility af fwo Beam Acceleration scheme, but also to tesbfferation
of the active alignment system in a working acatarwith typical CLIC components and with an alentbeam.

The four 30 GHz modules of CTF2 constitute a regméegtive section of the CLIC linac. Each modulesists of
two power-generating PETS structures driving faxgederating sections, each module is equipped Bitkis
and quadrupoles. A photograph of the CTF2 30 GHdules is shown in

Fig. 50. A layout of the motors and the sensorgterfour modules is given in Fig. 51.

Fig. 50: CTF2 30 GHz modules
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Fig. 51: Micro-movers and sensors in CTF2

7.2 CTF2 Alignment control system

The alignment control system of CTF2 [Delahayelgtl®94] [19] [Bouché et al., 1997] [20], was siiied to
regulate the transverse positions of the girdedsgaradrupoles to within £ 10 pm.

The total number of units to be controlled is :m6tors, 26 WPS and 18 TMS. Since each WPS delivers
signals (one for x and one for z), and each TMSides three (one for each dimension), 106 signaB$ plus
TMS) must be acquired. To this must be added timpéeature and HLS readings, present in the syserhere
are 134 signals to be acquired for a section af fioodules.

As regards the dynamic characteristics of the regdiof WPS, these show significant damped sinuioida
between 30 and 50 Hz. This is due to the mechamngsadnance of the reference. For frequencies |dkagem
30 Hz, there are no significant alterations in carigon with the required resolution. To filter thgserturbations,
Moving Average (MA) filters are implemented whicleapplied to each sensor output.

The displacements must respect the mechanical ilavesder to avoid "lost step” errors. Due to medbtan
inertia, friction and the starting load torqueisinecessary to limit the acceleration. So for ldispments requiring
a small number of steps (<100), low and constag¢dp are preferred, using speed profiles for momtsweith a

higher number of steps. The speed profiles implgrgation of speed that is trapezoidal for the gassented.

From the above, it can be concluded that the @eics of the alignment system must fulfill the évlling
specifications:

* A high quantity of signals to read, filter and pess (134);

* A high quantity of motors to drive following speptbfiles;

* High accuracy (1@m);

e Processing speed: due to the dynamics of the sydtemreading of the 134 signals, their
processing, the execution of the correspondingrobmigorithms and the execution of the
algorithms of the movement of the motors (speedilps) must be accomplished in less than
3 ms. This imposes demands on the processing time;

» Communication capacity with more hierarchic systethe system must communicate with
other systems through a VME bus. The amount of dathparameters to exchange demand a
flow of information specified in 512 words of 184i

e Low cost: the perspective to apply the electropic€TF2 (four times 1.4 m) to CLIC 0.5 Tev
(two times 3500 m), that is about 1400 times thegtle of CTF2, imposes cost and small
packaging constraints;

* Reduction of the wiring volume: the number of met@nd sensors justifies the search for
wiring alternatives that lead to significant redous;

 Immunity to electrical and radiation noise: the uiegment for high accuracy in a strong
radioactive environment generates strict conditiooa the EMC (Electromagnetic
Compatibility);
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* Flexibility: the system must be able to accommodhgeinevitable changes associated with a
development program such as CTF2 without compraoigitie ability to extend the system in
the future to CLIC;

e Modularity: ability to add more modules based ams$hme technology to create more elaborate
systems.

An electronic system has been developed thatlfulfile demands of CTF2 and that is also applicablgLIC
[Carrica et al., 1999] [21].

7.3 General Architecture of the system

In order to fulfil the specifications, the electrosystem is based on the following principles :

» Generalised use of Field Programmable Gate Arfay&Q);
« Use of intelligent systems with high-speed and {pgbcessing capacity;
» Division of the system in modules of similar chaeaistics;
* Galvanic isolation between boards and modules.
The electronics of the CTF2 alignment system is mmsad of two almost identical systems that operate

independently except that both are slaves to a migmarchical control. One is dedicated to the wntf the
Drive Beam and the other to the Probe Beam.

Each of these systems as shown in Fig. 52 incltitie® subsystems: the Control Subsystem, the Aitiquis
Subsystem and the Driver Subsystem.

< VME BUS
serial | Control
Motors -

Acquisition
< s Sensors

Fig. 52: General architecture of the electronic€1rF2

7.3.1 The Control Subsystem

The Control Subsystem cyclically performs the fionts that are shown in the flow diagram of Fig. 53.

The Control Subsystem communicates with a systemigifer hierarchy through a standard VME bus [VME,
1995] [22]. The communication is bi-directionalaths the alignment system receives and sendsniafiion to
the higher hierarchical system. The type of infaiorareceived and transmitted is detailed below.

« Information received: offsets for the correction tbe catenary, individual adjustments of
sensors, MA fiter parameters, velocity profile paeters, characteristics of each motpm(
/step ratio, currents), the desired displacememtach motor, characteristics of the counters of
the um’s accumulated in each motor;

e Information transmitted: TMS and WPS acquisitiok&} outputs for the TMS and WPS, the
state of each motor (failure, position),the stdtéhe counters of the um’s accumulated in each
motor.

The Control Subsystem is implemented through a ®Brd (Alignment Main Control Card, AMCC) that is
plugged in the VME bus. The communication with YdE bus is of a parallel type.

After communicating with the VME bus, the AMCC iaies a process of acquisition of all the sendbsends to
the Acquisition Subsystem the start conversion camimand it immediately starts to receive the regslin
corresponding to the previous cycle, which aredmaitted by the Acquisition Subsystem.

Once the parameters via the VME bus are obtainetiaéter fulfilling the acquisitions, the Controlil$system is
in a condition to execute the adjustments thatntb&rs must perform. These are previously procetsédfill

the movements within the framework of speed prsfil&inally, the sequences to be executed by eatbrrare
sent to the Driver Subsystem, where the power stagefound. The architecture of the AMCC is giireRig. 54.
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7.3.2  Acquisition Subsystem

The Acquisition Subsystem performs the followingdtions :

» Acquisition of sensor signals (67 signals) withGablt resolution;
e Communication with the Control Subsystem.

The architecture of the Acquisition Subsystem cxiesdf a set of chassis that inter-communicatedaigy-chain
way (Fig. 55). Each chassis has an acquisitiondy@ard includes boards where the electronic camditg of the
sensor signals is accomplished.

The acquisition boards are of 14 channels each, avit6é bit resolution and a maximum sampling r&te00 Hz.
This board possesses a digital electronics thdommes the channel selection and the AD series camuation.
The acquisition board also includes the serial canioation logic of the chassis and the correspandicoding
circuit. All the digital devices mentioned are implented in FPGA, this results in a board of redwisgnsions
(3U: 100 x 160 mm), whose layout is shown in Fig. 5

The serial communication between the Control amdAbquisition Subsystems is asynchronous, with cpdes
Mbit/s. An optical fiber is used for this for gahia isolation, and to eliminate electromagnetictpdrations
produced in the tunnel.
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Fig. 55: Acquisition Subsystem
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7.3.3  Drive Subsystem

The Drive Subsystem is structured round a setals;anter-communicating in a daisy-chain way, Beg57.
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Fig. 57: Drive Subsystem

Each rack includes up to five boards (Driver Carésch card possess the electronic drive for 6 mmofchus,
each rack can drive up to 30 motors. The interoaimaunication of the rack is performed through afilase.

The inter-racks communication and the communicatiith the respective AMCC is performed through atical
fiber for isolation purposes and to reduce noisgbl@ms. In each rack, there is a board that chaopgsal
signals into electrical ones. The communicatiowken the Control Subsystem and each Driver Cardygh
the rack) is serial asynchronous, with a speedMbb/s.

The power electronics needed to drive the six nsoteith a maximum current of 2A per phase, is sieopby the
Driver Card. Each motor is driven with current gsl{imposed currents), which are generated in a Flavivi.
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The Driver card includes a failure monitoring systéopen circuit failures) and the correspondinggation. In

this card, in addition to the control logic asstaiawith the generation of PWM and the protectibfaalts, there
are additional circuits for the programming of theximum current per motor, the management of tfeermation

of the state of each motor (failure and positiorea€h motor), the asynchronous communication amddaress
decoding.

This is all implemented through a FPGA with a catyaaf 6000 logic gates. In this way, a 3U boaralgained
(100 x 160 mm) which is addressable, capable eirdyisix motors with protections included, veryxilde, and
which allows the programming of the currents ofreamtor (Fig. 58).
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Fig. 58: Driver Card

The address of each driver consists of a 5-bit yweodthat the AMCC can control up to 32 Driver Garithat is
up to 192 motors. In the CTF2 application, each ABAfives only 35 motors.

The number of motors that can be controlled istéohiby the processing speed of the AMCC. With tlodion

algorithms developed for this application, movihg six motors one step takes |38 In terms of the speed of
movement, this means that the maximum speed thettar can be moved is 1/(N-30 us), N being the rarmob
groups of six motors to be moved simultaneouslyusTlthe maximum possible speed are 1040 steps/33388
steps/s respectively if one group or 32 are draigrultaneously.

Since the CTF2 requires a simultaneous movemeitgrbups of motors (N = 7), the maximum speed that
system allows is 4760 steps/s, that exceeds thdsraeCTF2 when the system is in closed-loop (oset-loop
the movements are small and the speeds are reduced)

When the system is in open-loop, large movemenikidme necessary but driving one motor at a timehis case
the speeds, that follow profiles, reach 33333 #tefibis exceeds by far the maximum mechanical spéd¢he
motors that are used in this application.

7.4 Results

All the requirements specified for CTF2 (see folilogvlist) were accomplished :
e 134 signals to be read and processed,;
» 70 motors to be driven, following the speed;

« 3 ms processing time to acquire 134 signals, tfoparthe control and adjustment algorithms
of the motors (speed profiles);
» Communication with a more hierarchical system vidB/bus.

The resulting system consists of :

e 2 AMCC;
e 4 driver Racks that include 12 Driver Cards;
13 AD Racks that include 13 AD 16-bit cards.

The whole system is commanded through 8 opticar$ibThis was feasible because a serial type coimation
system was adopted.
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The accuracy of the system was tested in opendpoge. For these tests, the acquisition system snpate
provided by highly-stable dc signals in the platehe sensor inputs. The variations of the readagsind the
acquired value are shown in Fig. 59. It was obskthat in 100 acquisitions the maximum deviatiors @deast
significant bits or Isi{1 Isb corresponds to 0.3 um). The statistical emlobtained were : Mean Value = 4000.16
Isb Standard Deviation = 0.746 Isb.

The accuracy of the system was tested in closag#oode. The WPS readings showed a maximum deviafion
1 um as shown in Fig. 59b. The statistical valustsioed were : Mean Value = 0.08 um, Standard Dievia=
0.493 um.

The following graphic shows the deviation of 13 Vi#P& the Y axis, to reach the value (0,5 mm) oseld-loop
mode. All the motors were moved at the same tine ifitial precision (5 um ) was obtained all alahg four
modules 12 s after the motors were started.

Acquisition Tests: 5.000 V input, 100 acquisitions Alignment errors, 100 acquisitions
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Fig. 59: Acquisition Tests
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Fig. 60: Deviation of WPS on the Y axis
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7.5 Real Time Task

The ALGN RT task provides the mechanism to commatriavith the AMCC cards and serves all cards and
connected equipment that is installed on the D&@oés three very important things: initialisati@eguisitions
and control.

7.5.1 Initialisation

At the start of the initialisation procedure, th€ Rsk first opens the AMCC loop and sends allahitalues from
the database to the AMCC cards. These values are :

e Scaling factors for all sensors;

* The values for Cwin and Titer for the TMS and WPS;

e The maximum and minimum speed, the maximum andnmimi current and the accelerations

for motors;

» Initial values for the calculated offsets;

» Initial values for the manual offsets;

* Reset all motors from fault state;

« Initialise the motors counters using the valuesiftbe database (in the first step it is 0).
In case of any problems, the RT task will interrtipd initialisation procedure and will try to retialise the
AMCC during the main loop. Until the initialisatiois done, no control or acquisitions are possiflae
initialisation procedure is made each time the &k tstarts.

7.5.2 Main Loop

Reading

During the acquisition loop, the RT task acquitesfollowing:
The AMCC flag;

* Mean values for all the sensors;

* Motor states;

* Motor counters - These values are only acquireddsed loop operation;

e The motor's power supply value (MPS).
The reading is only available if the AMCC card lhasew data and indicates that by the flag bytdhdfAMCC is
in closed loop, RT task checks the MPS value aadhbtor's state. The RT task can open the loomaitcally
if the MPS value is less than 20V, or some of tlmars have a fault state. In open loop, the RT paskcollects
the acquisitions to store in the database. Theifnegy of acquisitions is about 0.8 Hz.

Writing

If there is new data in the database, the RT taskgs this data to the AMCC card in the followindeo :

 Manual o_sets;

e Calculated o_sets;

* Cwin and Titer;

* Motor displacements.

7.5.3 30GHz Alignment System Console Application

The new console program has been created andléastahis program helps to communicate with the tRgk
and control the alignment. The layout of the irded display is the same as the real layout of QFF@be and
Drive beams). Each sensor has its own windowspldy the acquisitions (see Fig. 61).
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CTEF2 Alignment System
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Fig. 61: Alignment system console program

In the scheme, all active parts are marked witbvesr(up/down for motors and left/right for sensors)

With this program it is possible to control theldoling.
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The acquisitions for all sensors;

The calculated offsets for WPS;

The "Option" menu is used to change the
acquisitions from sensor's position to
calculated offsets;

The motor's states and motor's counters. When
the mouse is placed over the motor's button, a
small yellow window pops-up and displays the
selected motor name, status and counter;
Move motors to any positions - specified in
steps or in microns. This action is only
available in open loop;

Control the Motors Power Supply value;

Close or Open the alignment loop. The
buttons for this are marked with a yellow
arrow on the layout picture;
Control the AMCC flag (Flag
Ready, Old Data, Error);

The manual offsets for WPS. For the manual
offsets moadifications, the left/right arrow
buttons are used. When the mouse is placed
on these buttons the small window pops up
and shows the current values for the manual
offsets. When the sensor's button is clicked,
the Manual Offsets window pops-up (one
window for each group of sensors);

Change the Cwin and Titer value for TMS and
WPS. The command button is under the
"Control" menu;

: OK, Not

PB Girder 41

Write WY I
write ¥ I

Write ¥ |
Cancel
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TiTer WPs: |20 Changs
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EEER

Fig. 62: Offset windows and Cwin-Titer
window

Change the Cwin and Titer value for TMS and WPSe Tbmmand button is under th€dntrol”

menu.



7.6 Remarks

In spite of the magnitude and the complexity of ¢glggtem to be controlled, a modular and compactreehhas
been conceived and implemented in its differenrdé®avith FPGA technology and using high speed momes
with a high processing capacity (DSP).

The system mounted in CTF2 possess a high noisemityrbecause of galvanic isolation (optical fiemsnong
the different components of the system. In addijtiba generalized use of series communication basiderably
reduced the number of fibre-optic cables.

The overall performance of the system was very goothe experiments performed a very small aligmngzror
(1 pm) was obtained, this is to be compared wighsiecified value of 10 pm.

The system as designed, thanks to its flexibitynplicity and small number of components, is bsifted to the
present application (CTF2) and larger applicatigthe system could control modules that involve apat
maximum of 384 motors and 896 sensors without ngakimbstantial changes). It can also be considased
standard building block for a future CLIC system.

8 Conclusions

A possible active alignment system for CLIC hasrbg@eoposed based on the overlapping stretched wire
technique. Although the reference system proposeéssentially mechanically-based, use is also no@dn
optical technique developed for the LHC experiméntalign some points over short distances.

Although the solution proposed is simple to pupliace and makes the connection between the linapanents
and the reference network more direct, in conttaspurely optical techniques it is directly depemden
knowledge of the geoid and of the phenomena whisturdb it.

The active alignment system which has been devdlgpal tested meets the requirements specifiedhfor t
alignment of the various components of the acctlera

The experience gained with the CERN acceleratorichwhave been built up to now, provides a reasgnabl
precise idea of the techniques and proceduresvilidtte required for CLIC starting from the driltinof the tunnel
right through to the prealignment of the CLIC coments.

The metrology sensors which are foreseen to bénpuiice, and which have been tested, operatesatetijuired
level of accuracy and are suitable for use in @eadive environment.

The positioning of these sensors has been optintiredghout the length of the accelerator so thatcombined
data provided by these sensors enables the conmgdndre positioned with the specified accuracy.

The network which has been devised meets the sm@hs for the transverse alignment of the mazhits

ability to meet the specifications for the vertiedignment however requires an exceptionally pee&isowledge
of the geometry of the gravitational field. Furthesearch is needed to determine whether suchyeeaof

understanding can be achieved. If this proves tpdssible, the solution which is proposed shoulditie to meet
the alignment requirements of CLIC.

One of the spin-off benefits of this CLIC developrheork is that in the process of finding solutidosthe initial
alignment of the CLIC accelerator, the instrumeatatind techniques developed have provided realdfiens
for some of the alignment problems of other prgedhose accuracy requirements are less stringent.
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11 Annexes

ANNEX 1a
Reference plate offsets with respect to their theoretical position,
wire 100m., WPS and WTW sigma 5 microns, 100 simulations.
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ANNEX 1b
Alignment error of the reference plates over ~200 m,
Wire 100m, WPS and WTW sigma 5 microns, 100 simulations.
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ANNEX 1c

Residuals of the WPS observations,
Wire 100m., WPS and WTW sigma 5 microns, 100 simulations.
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Residuals of the WTW observations,
Wire 100m., WPS and WTW sigma 5 microns, 100 simulations.
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ANNEX 2a
Reference plate offsets with respect to their theoretical position,
Wire-Girder combined calculation, Wire 100m.,
WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 22 modules,
71 simulations.
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ANNEX 2b
Alignment error of the reference plates over ~200 m,
Wire-RASNIK combined calculation, Wire 100m.,
WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 22 modules,
71 simulations .
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ANNEX 2¢
Offsets of the articulations with respect to their theoretical position
Wire-RASNIK-CCD combined calculation, Wire 100m
WPS and WTW sigma 5 microns
RASNIK-CCD sigma 2 microns attached to WPS every 22 modules

71 simulations.
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ANNEX 2d
Alignment error of the reference plates over ~200 m.,
Wire-RASNIK-CCD combined calculation, Wire 100m
WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 22 modules
71 simulations.
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ANNEX 2e
Alignment error of the reference plates over ~200 m.,
Wire-Girder combined calculation, Wire 100m.,
WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
105 simulations.

Annex 2f
Residuals of the WPS observations between wires,
Wire-Girder combined calculation, Wire 100m.,
WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules
105 simulations.
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mm.

Annex 2g
Residuals of the linking WPS observations, Wire-Girder combined calculation,
Wire 100m., WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules
105 simulations.
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Annex 2h

Residuals of the RASNIK observations, Wire-Girder combined calculation,
Wire 100m., WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules
105 simulations.
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Annex 2i
Residuals of the WTW observations Wire-Girder combined calculation,
Fils 100m., WPS and WTW sigma 5 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
105 simulations.
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Annex 3a

Reference plate offsets in Z with respect to their theoretical position,
Wire 100m., WPS and WTW sigma 8 microns, DVER sigma 7 microns,
102 simulations.
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Annex 3b
Alignment error of the reference plates over ~200 m,
Wire 100m., WPS and WTW sigma 8 microns, DVER sigma 7 microns,
102 simulations.

0.05
0.045
0.04
0.035
0.03
=
g 0.025
0.02
0.015
0.01 N A R A NS N 2uh AN Apn MA, A N LA
. W™ A% M VA AAl (VAL VA AN VWA WA
0.005
0 . . . . . . . . . . . . .
[0} wn [se] [92] <t N~ e} o o — D ~ ~ o
[} N~ o o0} oo} © [} [s2] © [} © Yo} N -
~— N N AN N N [l (32} [se} [se} [32] [s¢g} N
m.
Annex 3c
Residuals of the vertical WPS observations,
Wire 100m., WPS and WTW sigma 8 microns, DVER sigma 7 microns,
102 simulations.
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Annex 3d
Residuals of the vertcal WTW observations, Wire 100m.,
WPS and WTW sigma 8 microns, DVER sigma 7 microns,
102 simulations.
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Annex 3e
Residuals of the DVER observations, Wire 100m., WPS and WTW sigma 8 microns,
DVER sigma 7 microns, 101 simulations.
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Annex 4a

Offsets of the articulations in Z with respect to theoretical position,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS et WTW sigma 8 microns,

RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4b
Alignment error of the reference plates over ~200 m,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS and WTW sigma 8 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4c

Offset of the girder in Z with respect to their theoretical position,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS and WTW sigma 8 microns,

RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4d
Alignment error in Z of the girder over ~200 m,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS et WTW sigma 8 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4e
Residuals of the WPSV observations between wires,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS and WTW sigma 8 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4f

Residuals of the linking WPSV observations,
Wire-RASNIK combined calculation, WIRE 100m., DVER sigma 7 microns,
WPS and WTW sigma 8 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4g
Residuals of the RASNIK-CCD V observations,
Wire-RASNIK combined calculation, Wire 100m., DVER sigma 7 microns,
WPS and WTW sigma 8 microns,
RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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Annex 4h

Residuals of the WTW observations, Wire-RASNIK combined calculation,

Wire 100m., DVER sigma 7 microns, WPS and WTW sigma 8 microns,

RASNIK-CCD sigma 2 microns attached to WPS every 4 or 5 modules,
52 simulations.
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