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1. Introduction

The importanceof therole of thegeodesistsin thealignmentof particleaccelerators
is generallyaccepted;on the other hand, their role in the alignmentof the physics
experimentsthemselvesis lesswell known. Thispaperwill give an overviewof what was
doneon thealignmentof theL3 experimenton thelow-electronpositronLEP machineat
CERNand thaw certainconclusionsfor the alignmentof the next generationof collider
physicsexperiments.

1.1 Surface Geodetic Network

The baseof all geodeticworkson aparticleacceleratoris thesite surfacegeodetic
network. This net of pointsmeasuredto the highestprecisionpossibleguaranteesthe
parametersof thenew machineandits relationshipto any preexistingcomponentsof the
acceleratorchain. The positioning of the machine and experimentis carried out
concurrently; the commonrelationship to the surfacegeodetic network assuresthe
alignmentbetweentheacceleratorandtheexperiment.

1.1.1 The LEP Geodetic Network

The LEP surface geodeticnetwork consistsof five 5 pillars coveringthe spatial
extentof theLEP machineandfive 5 pillars known in theCERNreferencesystem,these
latterpointsprovidingthelink to existingmachines,suchastheSuperProtonSynchrotron
SPS. The measurementswere carriedout betweenall pillars using a two-color laser
distancemeasuringdeviceprecision101. An acceleratoris aplanein geometricalspace.
Survey/geodeticmeasurementsarein generalmadewith referenceto thelocal vertical line
describedby a plumb bob. A mass model was developedand checkedby astral
observationsto correctfor thedivergenceof thelocalverticalproducedby theproximity of
theJunmountains. The coordinatesofthe surfacenetworkwere transmittedto pillars in
theLEP tunnelitself by theeightaccesspits.
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1.2 Alignment of the LEP Machine

The alignment of the accelerator itself involves an initial positioning of the
componentsat theft theoreticalposition to avoid distortion of the designparametersof the
machineandsubsequentsmoothingto guaranteethe relative alignment of adjacent magnetic
elementsto within a tenth of a millimeter.

1.3 Survey Alignment of a Physics Experiment

The responsibilityof survey alignment for physicsexperimentsat CERN is twofold.

Responsibility to ExperimentalCollaboration-To provide technicalaid to the
collaboration verification of theoreticalparameters and to provide coordinates
for the external survey database approximate values for alignment by track
fitting.

* Responsibility to Experimental Collaboration and Machine-To assure the
correct alignment of common elementsof the accelerator, the most important
being the experimentalmagnet

* "Russian Doll Metrology"-The L3 detector differs from the other LEP
experiments becauseit is built directly on the beam line andbecauseof its
structure. The structureof the experiments ALEPH, DELPHI andOPAL can
be comparedto that of a setof Russiandolls. In such a case,the installation of
a detector hides another. The technique developedfor the alignment of large
nondeformable compositeobjects of this type was christened "Russian doll
metrology." It is the establishmentof a ëascadeof spatialrelationships between
parts of a modular object at various measurementepoches,which allow the
subsequentmathematical recreation of the complete object once it is fully
assembled.Four 4 levelsof relationshipscan be distinguished.

- InternalGeometry: The definition of the relationship betweenthe physics
referenceandthe surveyreferenceon the detector.

- Detector Geometry: The spatial description of a modular object using the
survey referencepoints.

- Relative Geometry:The establishmentof a cascadeof spatial relationships
betweenadjacent detectors.

2



- Definitive Geometry: The positionof all detectorson beam-linededuced
from aboverelationships.

Russian doll metrology is often the only meansavailable to supply a completespatial
description of an experiment on the beam-line. It requires however a very important
planning effort in particular for the definition of the timing of intervention and to assurethat
the common points necessaryfor the transfer of relationships are always visible. From the
point of view of installation, it is advantageousbecausemost survey work is donebefore
installation of the experiment on the beam-line. However objects are assumedto have an
unchangedspatial relationship through time which is often not the case. The truth of this
assumptioncanonly be checkedby the alignmentsystemsof the detectorsthemselves.

2. Brief Overview of Survey Operations on the L3 Experiment

2.1 Survey Preparation Works

It is essentialto incorporatesurvey from the establishmentof the collaborationand to
include it in the working groups. E. Menant startedto follow the LEP experimentsfrom
the middle of 1983. He was named as surveylinkman in the technical proposal of L3,
datedMay 1983. This early involvementhadthe following aims.

* Preliminary Exchangesof Information: It is essentialto explain what survey
can do, cannot do and has done. A preliminaryappraisal of the needsof a
detector canbeconductedby meansof a simple questionnaire. Survey technical
advicemaybe requiredvis-a-vis survey during manufacture of the detector or
survey requirementsin calls for tender.

* Definition of Survey ReferenceMarks: It is rare thatsurvey measurementscan
be madedirectly on the physicsreferencefor a detector, thus survey fiducial
marks have to be created at a known position with respect to the physics
referencesystem. It is better to establish this essentialrelationship during the
manufacturingprocessas the physicsfiducial marks are more readily available.
The type andposition of the survey referenceis thus chosenbefore the survey
procedure is finalized. This is why precise holes which allow the
interchangeability of targets were requested for most LEP detectors. The
procedurefor the establishment of the relationship physics survey reference
must be known to the surveyor.

* Survey Linkman for Each Detector Group: It is essential to have one
representative for eachdetector who is chargedwith the survey dialogue. The
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role of this personin the detector group must be clear and the person must be
informedand reasonablyavailable.

* Precisions: Before adiscussionof survey procedurescan start, it is essentialto
have an idea of the precision requiredfor survey measurementson a given
detector and to understand the reasonsfor this request.

* Definition of Survey Procedure: Theoreticalstudies and simulations play an
essentialpartin the definition of survey operationsbecauseof the complexity of
installationproceduresandthelimited optical accessto survey fiducial marks.
Certain problemsmay requiredevelopmentof instrumentation andtests. The
cavern geodetic network evolves in function of the definition of survey
procedures.

2.2 Estimate of Survey Workload for L3

The field survey work on the L3 experimentinvolved over 300 interventions,the
majority in the two yearsprecedingthe startup of the LEP seeTable 1.

Table 1. SurveyWork by Zone

Zone
No. of Survey

ReportsDistributed Period
TEST BEAM 40

to 7/89
SXL2

Support tubeand
coil assembly 63
thai assembly 37 1/87 1V87

to 11/88
UX2S

infrastmcture 50
l/87to11/88magnetassembly 58

detectoron 44 8/88
11/88to 7/89

LABORATORY/
WORKSHOP 23

to 6/89
OUTSIDE CERN 5

11/86to 10/87
Total 320
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The number of meetings necessaryfor the preparationand the follow-up of these
interventionsis difficult to evaluate. Onemeetinga week for the period April 1983 to
July 1989 for at leastone memberof the CERN survey group surveyengineeris a
conservativeestimate.

The post start-upworkload is obviously lessheavy, but preparation for phaseII and
maintenancemeasurementsfor the databasecontinue.

2.3 Subdivision of Survey Works

The surveyoperationscarriedout on the L3 experiment Table 2 can be subdivided
as follows.

* Preparation of Experimental Zone: Materialization of coordinated points,
control parameters of cavern, alignment bridge cranes; for example, the
verificationof the position of the countingmoms in PX2S.

* Dimensional Control: The verification of certain parameters of objects in
laboratory, workshop or factory, often as part of an acceptanceprocedure;such
operations were carried out on the magnetcrown and support tube prior to
transportto CERN.

* GeometricalCalibration: The spatialdescriptionof an object by survey
measurements;an exampleof this was the measurementof the relationship
betweencrystalsandsurveyreferencemarksfor the BGO barrel.

Prealignment:Measurementsto optimizealignmentbeforeinstallationin data-
takingposition; can be cited thepointingof muon octantcenterlines towards
axisof torquetube.

* Alignment: Measurementsto optimize alignmentduring installationin data-
taking position; an ifiustration of this was the on-line guiding of the 28 coil
packetsduringinstallation.

* Metrology for Database:Measurementof the object in its data-takingpositionto
providespatial cooitlinatesfor the external survey databaseandmaintenanceof
this data bank; in the case of L3, prevision of 315 reference points on
52 detectorunits to a submillimeiric precision.
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Table 2. Subdivisionof SurveyWorksasPerformedon L3 Detectors

.

Detector
Dimensional

Control
Geometrical
Calibration

Pre
alignment Alignment Metrology

Supporttube
andmagnet

X
X X

Muon ifiter X

Hadron
barrel X X X

BOObarrel X X X

. TEC X

Hadron
endcaps X X X

Luminosity
monitor X X

Muonbarrel X X X X

2.4 Some Implications of Survey for Experiment Installation

2.4.1 Detector Services

In general for L3, the survey got on with the mechanical installation but not the
services. Nearly 20% of the survey reference marks foreseen for the external survey
databasewerenot measuredbecauseof obstruction of the optical path by the servicesof the
detector. This suggeststhat a greater contactwith peopleresponsiblefor the designof the
detectorservicesis necessary.Howeverthis effort is required very late in the installation,
when surveyorsare very much occupiedby the realization of the installation alignment.

2.4.2 Services

A partof the survey work which waslargely ignored during the preparation was the
control of installations madein the cavern by outside firms. The work wasperformedto
check if contractualtoleranceswererespected.The improvisation of such measurements
was not always easy.
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2.4.3 Geodetic Cavern Network

An indispensableelement of the surveyalignmentof a physics experimentis the
cavern geodetic network, a series of stable points at strategic locations, whose spatial
coordinatesare known with respectto the theoretical beam to a few tenths ofa millimeter
and which actsas a large calibration bench. It is the homogeneity,precisionand continuity
through time of this knowledge which determines the survey measurementaccuracy
betweenspatially separateddetectors. The network evolvesfollowing the advancementof
the installation, this must be taken into account for zonedemarcation. The materialization
of the net survey brackets, pillars, etc. requirespace,stability and optical intervisibility.
The definition of essentialoptical paths is required,but any restriction to the optical
accessibilityof a pointreducesthe possibility to meetunforeseensurvey applications.

2.4.4 Survey Working Conditions

The useof the tripod givesmuch ofthe versatility of survey alignment, however it is
very susceptibleto disturbance. An exclusiveuse of an area during measurementis not
always possible, for this reasonmost precisesurvey work in the L3 support tube wasdone
outsidenormal working hours. It should be noted that the useof rails and the prealignment
of detectors reducesthe planning problem and sometimestakes survey off the critical path
of installation.

2.4.5 Liaison

For L3 the distribution of role and responsibility was not as clear as it could have
beenin the detectorgroups or for thatmatter in the survey. Time waslost in the searchfor
the correctpersonand the correct infonnation.

3. Survey Alignment and Mechanical Alignment

3.1 Survey Alignment on Physics Experiments at CERN

The requirements for alignmentof physicsexperimentsat CERN requiresthe useof a
variety of techniques,not always associatedwith thoseof surveyors.

3.1.1 Survey Techniques

The useof surveying techniquesgives the versatility, transportabilityand adaptability
of application, however the levelof precision obliges the useof high-qualityequipment for
example,electronictheodolite angularresolution 10 radians, geodetic level resolution
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10 microns,electro-opticaldistancemetersresolution200 micronsand an important
computing effort. The latter is firstly to facilitate and increasethe speedof measurement
treatment, and secondly for the rigorous block adjustment of divers redundant
measurements.

3.1.2 Industrial Triangulation

In recentyearsthe needof industry for precise,rapid,no-contactmeasurementon
large objectshas produceda technique basedon theodolite intersection. This method,the
descriptionof an objectby coordinationof points, intersectedfrom two or more electronic
theodolitesin a commonreferencesystem,with on-line data capture, treatmentand
organizationby portablecomputerhas been largely adopted andadaptedfor the alignment
of physicsexperimentsat CERN.

3.1.3 Mechanical Alignment

The precision realized for the alignment of particleacceleratorsat CERN owesmuch
to the useof mechanicalalignment,i.e., nylon offset device,distinvar. Theseinstruments
areavailablefor the alignmentof the experiments. Other techniques and instruments
adaptedordevelopedinclude the useof a theodolite/levelasan alignmenttelescope,digital
calipers,autocollimsition, autoreflection, etc.
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3.2 Comparison of Mechanical Alignment and Industrial
Triangulation

Industrial Mechanical
Triangulation Alignment

Typical Two or moretheodolites Calipers, tilt meters,dial
Instrumentation with on-line computer micrometer, alignment,

telescope,etc.

Results Coordinates in a local Parameters,such as
reference system,related . straightness,length,
to vertical tilt, perpendicular

offsets

Further Treatment On-line fits to theoretical A priori no redundant
models, inclusion redundant information, independent
infonnation check, if possible

Measurement Indirect, coordinatesdo not Direct
always give characteristics
required

Precision Dependenton geometryof Tensof microns, but
intersection,at best several problems with increasing
hundreds of micronson scale for gauges,calipers,
object up to 30 m etc. handling, stability,

etc.

Access Noncontact,optical access Oftenphysical access
from eccentricstations and/or unobstructedplane

or line closeto object

Monitoring In development Well-established

New Trends Amelioration of soft, work Mechanicaland electronic
on remotemeasures developmentLAA
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Survey and mechanicalalignment shouldbe seenastwo complementarytechniques
requiringa carefuladaptation ofmethodto application. Cross-checkingbetweenthe two is
alwaysdesirable,it increasesconfidenceandavoids misunderstandingof mistakes.

Survey seemsparticularly appropriate for the noncontact spatial description of large
objects,where treatment andredundancygivesan ideaof thequality of themeasurement.
The settingof zeroeswith reference to a nonmaterialized coordinate systemis alsowell
adaptedto the surveytechnique.

The on-line guidingby surveyuseof theodoliteas alignmenttelescopeshould be
avoided, this adaptationof instrumentis prone to errors of interpretation. On the other
hand,mechanicalalignmentis very suitable for this task, it is direct, trusted by engineers
and if the referenceis weil chosenleaveslittle room for error. A verification by survey
meansis always useful For example in L3, a prealignmentof the hadron calorimeter guide
rollers and the guide rail in the support tube should have centeredthe inner ring of this
detector on the beam. Howevera survey measurementafter installation revealedthat this
was not the case,the weight of the detector had increasedthe distancebetweenthe rails,
thusmoving the referencefor the mechanicalalignment

4. Next Generation Collider Physics Experiments

All analysesin this sectionare basedon the document, "Experimental Area for a High
EnergyDetector," dated 31 October1989.

4.1 Cavern Geodetic Network

The designof the cavern geodeticnetwork is a two-stageprocess.

Primary Net: The design of the primary net is a priori to provide a link to the
machinereferencesystemand to providea basic coverageof the cavern. In the
final L3 cavern network, therewere 10 pointsof this type. Thesepointsshould
be at the same height as the survey reference plane for the machine or failing
that abovethe maximum heightof the acceleratormagnets. The plan position of
such points with critical optical paths is shown in Figure 1.

Secondary Net: Points in the secondary net are positioned for specific
measurementson the detectors. The design will thus evolve following the
definition of survey proceduresand the stageof installation. In the final L3
cavern network, there were over 30 points of this type. The majority were
positioned to allow the observation of the interaction point IP survey
references on the muon octants, which had a very limited optical access
15 degrees. In the caseof L3, the backwall wasa suitable support for these
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points. Howeverin the report cited above, the walls of the experimental cavern
perpendicularto the beamare too far from the IP for precisemeasurement5X

at 50 metersequals a vector of 0.4 mm on the measurement.

A meanswill have to be found to approach the secondarysurvey pointstowazils the
detector, for instance, temporary survey stations on magnetdoors, on support tube or
attachedto the calorimeter. The advantagesof this method are versatility of survey action
and reduced number of secondarynetwork points. This type of strategy, which requires
the redetermination beforeeachmeasurementof the survey station hasthe inconvenienceof
requiring a longer measuringtime andpreservationof a completeoptical accessto pointsof
the primary net

4.2 Comments on Assembly Procedure

The outline of the assemblyprocedures in "Experimental Area for a High Energy
Detector" suggeststhat the majority of survey work would be done on the surface as an
integral part of the assemblysequenceof the individual elementsof the experiment
magnet, muon detector, hadron calorimeter. A prealignment plus introduction on guide
rails shouldbe adopted asoften as possible. It would seemuseful to improve this simple
technique by the permanent inclusion of remote read-out mechanicalmeasuring devicesas
part of the detector. The establishmentof the zeroof such deviceswould be partof the
prealignment of the detector and they would provide a continuous measurementof position
during and after installation.

The establishmentof the internal relationship betweenphysicsandsurvey fiducial
marks by industrial triangulation or a calibration bench using alignment telescopesmay
becomepartof the assemblyprocess. This discussionmust not be treated lightly as it is
fundamentalto any further survey action on the detector.

4.3 Survey Development and the Next Generation Physics
Experiments

The continuing needs of industrial measurement have produced an enormous
developmentin noncontactmeasurementsinceL3. The main developmentsof interest for
the alignment of physics experiments are in industrial triangulation, trilateration, total
stations and industrial photogrammetry. These methods with some of the key recent
developmentsare briefly describedin Appendix A. Industrialphotogrammetry seemsto be
very promising for alignment purposes. It provides a permanent recordwhich can be re
analyzedwith hindsight The precision howeveris related to object size,the investmentin
equipment heavy,andit would seemdifficult to adaptfor use in a referencesystemcontrol
network points must appear in field of view of camera. Industrial triangulation seemsto
be the bestcompromiseversatility/measurementtime and it providesan on-line redundant
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solution. The appearanceof precise total station is very interesting becausethe geometry
for theodolite intersections in experimental caverns is rarely ideal. The problem with
distance remains the target, the corner cube prism is bulky and unsuitable for angle
measurement. The survey group at CERN is looking at the problem, one possibility is to
use an adhesivereflective material "scotchlite." This material might produce a sufficient
precision subn’iilhimetric for certainapplications.

The problem of the optical medium is finally the limit on the possibleprecision of
industrial survey,the effect can only be minimizedby approaching the instrument to the
object and by controlof the ambientair conditions.

The developmentof specializedgraphicallogicals, such asAutocad, are of interest for
the preparation works, they should allow the direct inclusion of survey parameters in
centraldrawing banksand matepreparationstudiesin particularmodelingof optical paths
easier.

4.4 Cost of Survey

The budget for the survey works for the L3 installation was on the order of
$35OKSF. Ten percent of this budget was for equipment both new andreplacementand
the rest for the temporary manpower required by the installation up to five student
surveyor engineers.

Items which do not appearin this costing include existing equipment and gadgets,the
survey group technical support mechanicalworkshop, geodeticcalibration benchand the
CERN permanentstaff who followed the preparation and the installation of L3.
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Appendix A. New Trends in Industrial Survey

Industrial Triangulation

Triangulation is the spatial coordination of an objectpoint by intersection of optical
rays from two or moreelectronictheodolitesin a common reference system. The optical
ray is defined by the horizontaland vertical anglesreadon the theodolites, the results are
nonnally calculatedonline.

New Trends

- Calibrationof theodolitesto produce a true solution of 10-6 radians.

- Remotemeasurement CCD camera with remote guidanceor automatic
imagerecognitionresolution 2.3 microns.

- Motorization angularmovementof the theodolite speedsof up to 55° per
second.

As a result of this data capture of up to 600points by hour is now possible, this
speedwould allow for example the continuousproffling of smooth surfaces.

Trilateration

Trilateration is the spatial coordination of an object point by intersectionof distances
from three or more distancemetersin a commonreference systemintersection of spheres.

New Trends

- Searchfor interferometricprecision without fringe counting from instrument
to objectpoint

- Search for high-resolution, but small,corner cubesrobotcalibration.
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Total Station

A total station produces the spatial coordination of an object point by poiar
coordinates, optical ray from theodoliteplus distance from onboarddistancemeter.

New Trends

- Seeindustrial triangulationand trilateration.
- Miniaturization to allow inclusion of distancemeter in theodolite.
- Laser tracking systemscapable of following object of speedup to 1 m/s

LTS3IO KERN & API USA.

Industrial Photogrammetry

A photograph is a two-dimensionalimage of an object. Coordinatescan be measured
directly in the plane of the photograph. When a photograph is taken of an object from two
different camera positions andviewed through a stereoscope,the overlap between the.
photographs will appear in three-dimensionalmodels. This three-dimensionalmodel can
alsobe createdanalytically by digitization of the photograph.

14



100.00 in
4

muon chamber
assembly tube

.rneter

ig position
:::.::: muon chamber

lowering position

Figure 1: Primarynetwork indication of possiblepoint positions and
optical paths

PROPOSED LAYOUT Scale 1/500

12.october 1989

095/44
PLAN VIEW FIGURE 1

I

_______________________ ______________________ _______________________ _______________________ _______________________ _______________________ _______________________ __________________

LHC DETECTOR HALL


