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Abstract

The Large Hadron Collider (LHC) project at CERN includes the con-
struction of four large physics experiments, which will study particle
collisions. Each particle detector needs to be precisely aligned with re-
spect to the accelerator beam line by survey measurements. One of
these particle detecting experiments is called ATLAS.

Configurations of the geodetic underground cavern network are con-
strained due to access and space limitations. Sighting restrictions in-
crease as the installation of detector parts in the cavern progresses.
Consequently, the reliability of the network reduces. Additionally, de-
formations of the cavern as well as access structures affect the geodetic
network and need to be considered. Dedicated network measurements
can only be carried out on an irregular and sparse basis. For processing
the inhomogenous and hybrid measurements an adaptive Kalman Filter
(KF) is developed interpreting the cavern network as a kinematic sys-
tem. This enables to handle changing network configurations easily, as
well as maintaining a higher level of reliability in the network compared
to individually adjusted network measurements. With such an algo-
rithm it is possible to evaluate survey measurements more efficiently,
giving accurate estimations for the point positions and corresponding
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error information at times of measurements but also to predict future
positions and error estimates.

The application of the developed method to the processing of simu-
lated and real survey data sets for the ATLAS cavern network demon-
strates the algorithm’s superior performance and advantageous capabil-
ities compared-to conventional processing methods.




Zusammenfassung

Im Rahmen des Large Hadron Collider (LHC) Projektes am CERN wer-
den vier grofie Teilchendetektoren Kollisionen untersuchen. Jeder dieser
Detektoren muss mit Hilfe von geodétischen Messungen in Bezug auf
den Teilchenstrahl ausgerichtet werden. Eine dieser Detektoranlagen ist
ATLAS.

Zahlreiche Einschrénkungen fiir die Konfiguration von geodétischen
Netzen ergeben sich aus dem Umfeld einer Kaverne. Behinderungen
durch bauliche Einrichtungen und Detektorbauteile, die mit zunehmen-
dem Baufortschritt in der Kaverne Platz finden, nehmen mit der Zeit zu.
Die Moglichkeiten fiir geoditische Messungen werden immer mehr ein-
geschrinkt und die Zuverlassigkeit im geodétischen Netz wird dadurch
reduziert. Das geodétische Netz wird zusétzlich von Deformationen der
Kavernenstruktur und Plattformen beeinfiusst. Spezielle Netzwerkmes-
sungen kénnen nur selten und in unregelmissigen Abstinden durchge-
fiihrt werden.

Ein adaptiver Kalman Filter (KF) wird entwickelt, der die kinema-
tische Interpretation eines Netzwerkes erlaubt. Verdnderliche Netzwerk-
konfigurationen kénnen im KF Formulismus einfach behandelt werden.
Die Zuverldssigkeit des Netzwerkes kann auf einem hohen Niveau ge-
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halten werden. Messdaten werden im KF Algorithmus effizienter analy-
siert, als im Ausgleich von einzelnen Messepochen und ergeben prézisere
und zuverldssigere Koordinatenergebnisse und Genauigkeitsinformatio-
nen. Fir Epochen ohne Messdaten kénnen Koordinaten und entspre-
chende Genauigkeitsinformationen pridiziert werden.

Die Anwendung der entwickelten Methode auf simulierte und rea-
le Vermessungsdaten fiir das ATLAS Kavernennetzwerk zeigt die hohe
Leistungsfihigkeit des Algorithmus.




Acknowledgments

T would like to thank Prof. Fritz K. Brunner, head of the Institute of
Engineering Geodesy and Measurement Systems at Graz University of
Technology for supervising this thesis.

Many thanks go to Christian Lasseur, head of the Experimental
Metrology Section at CERN, who proposed the topic of this thesis and
who gave me as much time as possible to work on and finish this thesis
even though the experiment installation schedules were pressing on the
survey team. A big ‘Mercil’ to all members of CERN’s survey group
who supported me in my thesis work and in the practical surveying work
during my time at CERN.

I would like to thank especially Dirk Mergelkuhl and Antje Behrens
for proof reading this thesis and Vasco Correia Carmona, Pires and An-
dreas Herty for their help in taking the photographs of CERN survey
equipment,.

The support and encouragement of Werner Riegler, coordinator of
the Austrian Doctoral Student Program, and of Christian Joram and
Lucie Linssen of CERN’s Physics department have been very important
enabling me to finish this thesis.




vi

I am very grateful to have Alexander Koschik as my partner at my
side. His help and support for me to work on and write this thesis
and his dedication to understand surveying analysis techniques, often
strange to a physicist’s understanding, has been unrivalled.




Abstract
Zusammenfassung
Acknowledgements
Contents

1 Introduction
1.1 CERN-LHC......

Contents

1.2 Motivation—-ATLAS: Problem description . . . ... ...

1.3 Scope of the thesis . . .

2 CERN ATLAS cavern network
2.1 Coordinate systems for LHCPoint 1 - ATLAS . . . . ..

2.2 The ATLAS cavern . . .

2.2.1 Underground structures . .. ...........
2.2.2  Geological and geotechnical aspects . . . .. ..

2.2.3  Access structures

iii

vii

O W

11

13
13
15
20

vii




viii CONTENTS

23 The ATLASdetector . . . . . . . .. .. ... ... .. 23
2.3.1 Detector systems . . . . . . ... ... ... 23

2.3.2 Installation schedule . . ... ... ... ..... 26

2.3.3 Detector access scenarios . . ........... 29

2.3.4 Positioning requirements . . . .. ... ... ... 30

2.4 The metrological ATLAS cavern network . ... .. .. 32
3 Metrology at CERN applied to detector positioning 37
3.1 CERN referencesystems . . . . . .. ... ........ 38
3.2 Network point monumentation . .. ........... 41
3.3 Measurement methods . . . . . ... ... ........ 50
4 Standard network and deformation analysis 59
4.1 Networkanalysis . ... ... ... ............ 59
4.1.1 The geodeticdatum . . . .. ... ........ 60

412 Accuracy .. .. ... ... 62

413 Reliability . . . ... ... ... ... ... 63

4.2 Standard deformation analysis . . ... ......... 67
43 Conclusion . ... ... ... ... . o . 72
5 Alternative adjustment of deforming networks 73
5.1 Deformationmodels . ... ... ... ... ....... 74
5.2 Kalman Filter in geodetic applications . . . . . ... .. 75
5.3 Kalman Filter basics . . . . . ... ... ... ...... 76
5.3.1 State-spacemodel . ................ 77

5.3.2 Discrete Kalman Filter . . . . . .. ... ... .. 79

5.3.3 Nonlinear filtering . .. ... ... .. ...... 82

5.3.4 Innovation Analysis - Adaptive filtering . . . . . 85

5.3.5 Some characteristics of the KF* . . . .. ... .. 88

5.4 KF equations for a kinematic 3D geodetic network . .. 90
5.4.1 From equations of motion to system equations 91

5.5 Adaptive Kalman Filter for a kinematic network 96
5.5.1 Summary of KF terms for kinematic 3D network 97

5.5.2 Innovation analysis . . . . ... .......... 100

5.5.83 Stochastic stabilization . .. ... ... ..... 107

5.5.4 KF characteristicterms . .. ... ... ..... 110

555 GaimmatrixK . ... ... ... .. ..., 112

5.5.6 Selection of system model — Multiple-model filter 114

5.6 Including additional informationin KF. . .. .. .. .. 115




CONTENTS ix

5.6.1 Formulating conditions as additional information 115

57 Conclusion . .. .... ... ... .. .. .. ..., 117

6 Application and results of adaptive Kalman Filter 119
6.1 Implementation of the adaptive KF algorithm . . . . . . 120
6.2 Small simulated network data . . . . ... ... ... .. 124
6.2.1 Network configuration and observations . . . . . 127

6.2.2 Analysis and comparison of adaptive KF results 128
6.2.3 Influence of stochastic stabilization on gain matrix 144
6.2.4 Including additional information in adaptive KF 154

6.2.5 Conclusion for the small simulated network . .. 156
6.3 Simulated ATLAS cavern network data . . ... .. .. 157
6.3.1 Network data simulation . . . ... ... .. ... 157
6.3.2 Networkanalysis . . . ... ............ 162

6.3.3 Analysis and comparison of adaptive KF resuits 165
6.3.4 Conclusion for simulated ATLAS cavern network 175

6.4 Real ATLAS cavern networkdata. . . . ... ... ... 182
6.4.1 The real ATLAS cavern network . . ... .. .. 182
6.4.2 ATLAS cavern network measurements . . . . . . 183

6.4.3 Analysis and comparison of adaptive KF results 189
6.4.4 Conclusion for the real ATLAS cavern network . 209

6.5 Conclusions for application of the adaptive KF . . . . . 211
7 Conclusions 213
Appendix 217
A S-Transformation 217
B Structure of the gain matrix K 219
List of References 223

Curriculum vitae 231







Introduction

1.1 CERN - LHC

The European Organization for Nuclear Research (CERN — Centre Eu-
ropéen pour la Recherche Nucléaire) is currently concentrating its efforts
on the new project LHC (Large Hadron Collider) which will be the most
powerful particle accelerator in the world.

Particle accelerators are used to generate high energy beams of either
protons or electrons which are then collided at specific locations creating
new particles which allow to study the structure of matter. Particle
detectors are capable of measuring energy, mass and charge of these
newly created particles. In order to create and study particles with
higher momeéntum, the colliding particle beams have to be of higher
energy which has driven accelerator technology in recent decades to
build accelerators with ever higher energy. This development will reach
its momentary maximum with LHC which will accelerate two counter-
rotating proton beams to 7 TeV per proton. In modern high-energy
physics experiments, large multi-layered detectors surround the particle
beam collision point, the so called interaction point (IP). Each layer
of the detector (grouped into individual detector subsystems) serves a
separate function in tracking and identifying each of the many particles
that may be produced in a single collision.

1
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sy Existing Structures
st | HC Project Structures

v

ATLAS

Figure 1.1: The LHC project. Existing and newly constructed underground open-
ings including the new LHC experiments ATLAS, ALICE, CMS and
LHCbh, ©CERN.

The LHC machine will accelerate protons along an almost circular
trajectory of approximately 27 km. It is installed in an existing tunnel
which accommodated the LEP (Large Electron Positron) Collider until
its shut-down in November 2000. The existing tunnel and shafts could
be largely adopted but some additional excavation work was necessary.
The LHC tunnel is situated on the French — Swiss border in the Leman
basin, 50 — 175 m underground.

Part of the LHC project are four high energy physics experiments
which have been constructed and installed on four beam collision points
along the LHC particle beam line, as can be seen in Figure 1.1.

All LHC experimental detectors consist of multiple subsystems. Each
of these systems tests for a special set of properties of particles which
are created in the beam collisions. The trajectories of the decay parti-
cles are traced when passing through the individual detector systems.




CERN - LHC 3

Muoh Detectors: ‘e Calorimeter tiquid Argon Calofimeter
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Toroid Magnets:  Solénold Magriet ‘SCY Tracker Pixel Détéctor TRT Tracker
Figure 1.2: Model of the ATLAS detector: Detector systems. The size of the

detector is compared to the size of persons in the illustration, ATLAS
Experiment image, © CERN, [3].

Since the detectors are inside a powerful magnetic field, the curvature
of the observed particle trajectories are a function of their momentum
and charge. The momentum gives the mass of the observed particle
and together with the energy measured by the calorimeters the parti-
cle can be identified. To get correct and precise results it is absolutely
essential that the positions of the detectors and all individual parts are
known with respect to the IP and accelerator beam line and also rel-
ative to each other within one experiment. Accuracy requirements in
some systems can be as small as 30 um. Compared to the size of the
detectors and considering their complex structures, these requirements
are very challenging for both manufacturing, installation, positioning,
geometrical control and analysis.

The two biggest LHC experiments are ATLAS (A Toroidal LHC
ApparatuS) at Point 1 and CMS (Compact Muon Solenoid) at Point 5.
The two corresponding underground caverns UX15 at Point 1 and UX5
at Point 5 had to be newly excavated whereas caverns at Point 2 and
Point 8 could be ’recycled’ from former LEP experiments.
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The ATLAS detector is about the size of a five story building and
is placed in the UX15 cavern having a dimension of approximately
53 x 30 x 35 m. The detector is comprised of the following major
systems, see also Figure 1.2: Inner Tracking Detector (including Pixel
Detector, SCT Tracker and TRT Tracker), Solencidal Magnet, Electro-
magnetic Calorimeter (Liquid Argon Calorimeter), Hadron Calorimeter
(Tile Calorimeter) and Muon Detectors (including Toroid Magnets).
Each of these components are again assembled of numerous parts. Align-
ment and position of each detector part has to be established and con-
trolled during the manufacturing and installation process and also later
under operation. Different requirements apply for different detector
systems.

Once accelerator and detectors will be in operation additional align-
ment systems installed inside individual detector systems will provide
online information of the relative geometry of related detector parts.
These systems will yield online information which will be used to cor-
rect the data gathered by the detectors at the collision events. As these
systems are set up to provide only small relative corrections they have to
rely on precise a priori positioning and constantly monitored alignment
with respect to the beam line. They do not make the precise position-
ing obsolete but rather depend on it. These online relative detector
alignment systems are not discussed in this thesis.

Excavation work for the new LHC experiments started in 1998. First
collisions of particles accelerated by the LHC are expected by the end
of 2007. Approximately 3000 persons form the scientific and technical
staff at CERN. Each year more than 5000 researchers representing col-
laborating institutes come to CERN. The ATLAS collaboration includes
163 institutes from 34 countries.

For more information about CERN and the LHC project visit
http://www.cern.ch.

1.2 Motivation—ATLAS: Problem description

Installation of the new large physics experiments is a very critical task
in the LHC project. The accuracy requirements in some locations are
very demanding and often call for the application and development of
special techniques. Also logistics behind such a project are unique and
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Experimental Zone ATLAS
Floor Leve! -82.5m

LHC Beam Line _/

Figure 1.3: Lowering of detector components into the cavern, [2].

require long planning and preparation time before carrying out the ac-
tual tasks. Whenever possible pre-assembly steps are carried out at
other locations than the actual experimental zones which represent very
confined environments. In case of the biggest experiment, ATLAS, pre-
assembly is only possible to a relatively small extend, simply because of
the detector’s design. ATLAS detector systems are very complex and
their structure reminds of a ‘Russian doll’ where one part is encased
in another, not accessible from the outside. Thus the major part of
the ATLAS assembly process has to be carried out in the underground
cavern, see Figure 1.3. Space and access possibilities are very limited
in such a confined environment and make the surveyor’s work in many
aspects challenging. See also Figure 1.4 and Figure 1.5 which show some
snapshots of the installation progress in the ATLAS cavern.

The installation of detector parts in the cavern is guided and con-
trolled by geodetic measurements to enable and ensure precise and ac-
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curate positioning. These measurements refer to a local cavern net-
work, which is linked to the LHC machine geometry representing the
theoretical accelerator beam line. A network had been designed, consid-
ering mechanical and geometrical constraints and limitations in order
to obtain a sufficiently reliable network. This layout is referred in the
following as the nominal network. It has been used as guidance for in-
stallation of network points in the real ATLAS cavern. The network is
realized by geodetic monuments which are either attached to the cavern
walls, mounted on metal structures, which serve as support for various
infrastructure installations and as access for the personal or embedded
in the cavern floor.

As the ATLAS cavern in particular has been newly excavated in
its major extend, it has to be expected that the cavern will both de-
form and possibly move with respect to the tunnel housing the accel-
erator. This cavern deformation directly affects network points along
the cavern walls and those embedded in the cavern floor. Additionally
it translates to movements and/or deformations of the metal support
and access structures where many other network point monuments are
mounted. These structures are also expected to deform independently
as loads are applied intentionally or accidentally. As the network point
monuments are located in a working environment they are protected
from external influences as much as possible, but still might be sub-
ject to unexpected forces. Possible effects of such events have to be
considered and controlled. This complex deformation process directly
affects the geodetic network, its internal geometry and also reliability.
As the cavern network is defined with respect to the nominal accelerator
beam line, possible deformations or movements make this relationship
very important and would ask for a very strong geometrical connection.
This is unfortunately impossible due to vigorous limitations on the net-
work design. The network thus needs to be analyzed very carefully for
any possible deformation in order to fulfill the demands over the whole
installation and operational period of the experiment.

In the early stage of the installation process the cavern is mostly
empty, see for example Figure 1.4. As soon as the first network points
are mounted in the cavern a first small network is measured. At that
time it is still possible to measure this network in a very good config-
uration i.e. many measurements even across the later filled detector
space, as the sighting limitations are not very strong. In parallel with
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Figure 1.4: Photographs of the ATLAS cavern in August 2003 (left): beginning
of infrastructure and access structure installation shortly after the
delivery of the cavern to CERN, and November 2003 (right): during
installation of ATLAS feet, (C)CERN.

Figure 1.5: Photographs of the ATLAS cavern in December 2004 (left) at the be-
ginning of installation of the Barrel Toroid, 2 coils already installed.
Tile calorimeter is assembled on cavern side C. Right: September
2005 with all 8 Barrel Toroid coils installed and start of Muon Cham-
ber insertion into this structure, (©) CERN.
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the progressing infrastructure installation, more network points are in-
stalled until the full network is in place. But as more infrastructure and
detector parts are installed, sightings between the network points are
increasingly limited, see Figure 1.5. This also affects the network as it
degrades the configuration and thus its quality in terms of control and
reliability. Having a stable network with reliable reference information is
essential in this situation. Careful measurement planning in the cavern
network is important in difficult configurations and only together with
thorough statistical analysis of the survey data a high level of reliability
in the network can be maintained.

Thus, for the survey work to support detector installation two major
problems have to be faced:

o Deformation of the cavern network directly affecting its stability
and accuracy.

e Degrading network configuration due to increasing geometrical
limitations with progressing detector and infrastructure installa-
tion resulting in poorer network reliability.

In spite of these two problems it is necessary to maintain a high level
of reliability in the network to ensure accurate guidance of installation
and positional control of detector parts.

Several known techniques offer themselves for application in order
to deal with both problems individually. Here, however, the problems
are closely related, hence they cannot be addressed individually. An
alternative solution has been sought to treat these two problems in
a combined way and is described in this thesis providing a practical
solution.

1.3 Scope of the thesis

A metrological network in a large physics experiment cavern like ATLAS
represents a special situation for an engineering surveying application.
Therefore more details are given about this special situation by means of
problems and demands that have to be handled before a solution to cope
with this special situation is presented. Thus this thesis is structured
in the following way:
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¢ In Chapter 2 information on the ATLAS cavern, the ATLAS de-
tector and the metrological ATLAS cavern network is presented
and discussed. This includes information about the geological
and geotechnical situation at LHC Point 1, some details about the
excavation and construction works and also details about infras-
tructure and access structures in the cavern and this information’s
relevance to the study of cavern and network deformation. The
metrological network is discussed considering the nominal network
design.

In Chapter 3 a short summary of metrological measurement tech-
niques employed by CERN’s survey group is given, focusing on
techniques applied in the ATLAS cavern network and its link to
LHC reference geometry. Special attention is paid to specialized
survey systems. This chapter also includes a section on network
point monumentations commonly used at CERN and particularly
employed in the ATLAS cavern network and vicinity.

In Chapter 4 standard network and deformation analysis tech-
niques are shortly discussed considering their suitability and lim-
itations for the task at hand.

In Chapter 5 an alternative approach to network management
and deformation analysis is presented. The proposed method is
the application of the Kalman Filter technique to a 3D kinematic
network. With this approach it becomes possible to treat prob-
lems of a deforming network in degrading configuration in a very
efficient way.

In Chapter 6 results of the algorithm introduced in Chapter 5 are
presented for both simulated and real measurement data. Data
sets are simulated for two examples: One being a very small and
simple network which serves as an example to present the al-
gorithm’s performance in a very straightforward and direct way.
Secondly data, for the theoretical ATLAS cavern network has been
simulated considering early installation schedules and deformation
scenarios based both on assumptions and information discussed in
Chapter 2. With this simulation example special features of the
ATLAS cavern network can be investigated and critical issues in

3



10 INTRODUCTION

the network or measurement configurations identified. Finally, re-
sults for real ATLAS cavern network data for a period of three
years is analyzed and presented showing the capability of the pro-
posed algorithm to deal with less favorable data.

o A summary in Chapter 7 concludes this thesis.




CERN ATLAS cavern
network

In this chapter basic engineering information about the ATLAS experi-
mental zone (i.e. cavern and surrounding underground structures), the
ATLAS detector and the metrological cavern network are summarized.
It is discussed whether it is possible to derive a deformation model from
information about expected forces acting on the underground complex
or not. Such a dynamic model could be included in the deformation
analysis of survey data gathered in the cavern network. The ATLAS
cavern network is discussed in its nominal design layout. First, how-
ever, a short overview of the different coordinate systems in use in the
ATLAS cavern is given.

11
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2.1 Coordinate systems for LHC
Point 1 — ATLAS

CENTER OF ] Civil engineering (horizontal) N
THE LHC RING Afm
XmYmZm Mechanical engineering (foliowing beam slope) 5
XY2 Detector axis (following beam slope)

Xsurv Ysurw Zsury Experiment survey reference (horizontal)

Figure 2.1: Coordinate systems in the ATLAS cavern, [2]

The origin of all coordinate systems defined for the ATLAS cavern or
the ATLAS detector is the theoretical interaction point IP, [2]. For an
overview see Figure 2.1, in which the four ATLAS coordinate systems
are shown. '

Detector axis system The X-axis is horizontal, pointing towards
the center of the LHC ring. The Y-axis is perpendicular to the X-
axis and to the beam axis, positive upwards. It is inclined by 1.236%
(0.01236 rad) or 0.7082° with respect to the local vertical. The Z-axis
is aligned with the beam direction, to create a right-handed Cartesian
coordinate system.
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Mechanical engineering system In this system the X-axis is hor-
izontal and pointing towards the center of the LHC ring. The Y-axis
follows the beam slope upwards. The Z-axis completes a left-handed
Cartesian coordinate system. It is inclined by 0.01236 rad with respect
to the local vertical. This system is used by mechanical engineering
groups.

Civil engineering system The X-axis is horizontal and pointing to-
wards the center of the LHC ring. The Z-axis is perpendicular to the
X-axis and points upwards along the local vertical. The Y-axis com-
pletes the Cartesian coordinate system. It is horizontal and is therefore
inclined by 0.01236 rad with respect to the beam direction. This system
is used by the civil engineering group.

Experiment survey reference system The ATLAS survey coor-
dinate system is a local, horizontal coordinate system. The Y-axis is
horizontal and points towards LHC center. The X-axis is horizontal
pointing towards Point 8. The Z-axis is following the local vertical, pos-
itive upwards and thus completes the right-handed Cartesian coordinate
system. This system is used by the experiment survey group.

2.2 The ATLAS cavern

2.2.1 Underground structures

The ATLAS cavern is situated at CERN LHC Point 1, on Swiss territory.
The cavern floor is approximately 92 m below ground. The cavern itself
has the internal dimensions of length= 53 m, width—= 30m and height=
35m. For illustration see Figure 1.1 and Figure 1.3.

The cavern is connected to other underground openings in this area,
thus forming a complex of underground openings (see Figure 2.2). These
other openings include transport and security shafts, transfer tunnels,
caverns, chambers and galleries for service and infrastructure installa-
tions.

The main cavern is referred to (see Figure 2.2) as UX15, its axis
is parallel to the direction of the beam line but it is horizontal. The
large cavern USA1S5 is perpendicular to UX15 and holds, among others,
cryogenic services. It has a diameter of 20m and a length of 62m. It
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PM 15

Point 2

Figure 2.2: ATLAS: The complex of underground structures at LHC Point 1, [2].

is accessed by shaft PX15, which was built for the LEP installation
and which is now the main personnel access to the new underground
structures.

The new circular shafts PX14 and PX16, with internal diameters
of 18m and 12.6m respectively, provide material access to the main
cavern UX15. Other existing structures include the service shaft PM15
which is used to access the LHC tunnel and the service cavern US15.
The new underground structures were built around and into existing
structures. The galleries UPS14 and UPS16 serve as service galleries for
metrological measurements (survey galleries) and special measurements
systems, which are described in Chapter 3.

The LHC beam is inclined down from Point 2 to Point 8. This incli-
nation has to be taken into account in the detector installation process
as the cavern floor is horizontal. The right slope angle of the beam line
is 0.01236rad or 0.7082°. The IP of ATLAS is 11.37m from the cav-
ern floor, which also defines the origin of the local ATLAS coordinate
system(s), see Section 2.1. The lateral cavern side towards the adjacent
cavern USA15 is referred to as USA, the opposite lateral side US. The
end side towards Point 8 is called side A, and the opposite side towards
Point 2 side C.
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2.2.2 Geological and geotechnical aspects

A short overview of the geological situation at Point 1 as well as some
geotechnical aspects of the cavern construction shall be given here, based
on reports by Rammer [50, 51, 52|, and Guitton [17]. Although the
study of these extensive reports in search for information about the
expected cavern deformation behavior after construction has not turned
out satisfactory, this section is still included to give a broader view of
the situation. A short conclusion at the end of this section summarizes
the findings for geological and geotechnical information.

The CERN site is situated in the Leman Basin, enclosed by the Alps
in the south-east and the Jura mountains to the north west. The basin
is filled by sedimentary deposits, collectively called molasse. These de-
posits comprise a complex, alternating sequence of almost horizontally
bedded sandstones and marls, with a range of composite marly sand-
stones and sandy marls. The molasse is overlain by moraines from the
glacial periods of Riss and Wurm, consisting of gravel and sands with
many cobbles and boulders and varying in depth with less than 10m at
Point 1, [50].

Data on the geological TTHIT F“’
and geotechnical situation { REeR: h#b
stem from studies carried
out before the construc-
tion of the LEP tunnel, in
1981 and 1982 and before i mEmm el
the LHC project between il e et
1995 and 1997. In both [ giSapRdEs 0
cases this included bore- ! S
holes drilled and tested B
along the tunnel trajec-
tory, including the site
at Point 1. Rock sam-
ples were collected and an- Unit 3
alyzed in the laboratory
and in-situ testing was
carried out. Figure 2.3: Simplified rheological model for

For the derivation of (x15implemented in 3D FEM software FLAC3D
the geotechnical model at version 2.00. (‘Niveau marneux’ stands for ‘layer
Point 1, it was necessary of marl’), [12].
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to make some simplifications to cope with the problem considering soft-
ware and computer resources available at that time. The sequence of
various rock types was analyzed in detail for a selected group of represen-
tative boreholes and a simplified series of bands with similar properties
derived.

As basis for subsequent modelling these bands have been simplified
even more into three basic rock mass units, see Figure 2.3. The upper
unit consists predominantly of sandstones with some intermediate layers
of marls. It extends from the base of the moraine, at depths between 4
and 10m, down to 50 m. The middle unit extends to depths more than
80m and is the most diverse being composed by sandstones and marls
but also transitional rock types. The lower unit consists predominantly
of marls with sandstones and a minor proportion of transitional rock
types.

The analysis of various laboratory tests allowed to derive strength
and deformation parameters for each type of rock. Special attention
was paid to the weaker marls especially in critical zones (e.g. just above
the cavern vault) by implementing separate bands into the geotechnical
model. This model was used in the design and implementation of the
civil engineering works discussed in the following.

Civil Engineering Works

The civil engineering project had to consider additional constraints to
the geological situation:

¢ Size of the detector to be installed in the experimental cavern.

o Large diameter access shafts are required to lower pieces of equip-
ment into the cavern.

e Integration of new works into existing structures.

¢ Construction to be completed in 2002, LEP shutdown end of 2000.

Especially the last constraint on the time schedule made it necessary to
start excavation 2.5 years prior to LEP shutdown. It was required to
have as little effect as possible on the continuing accelerator operation.

The numerical analyses based on time schedules, geotechnical and
geometrical models carried out by the contractor consortium EDF-
Knight Piésold involved a multitude of 2D and 3D numerical calcu-
lations, [12]. The 3D analyses had the main objective to investigate the
interaction of different underground openings. More detailed studies of
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some critical sections in the model were carried out with a 2D approach.
It enabled to address some more precise details of the geological model.
Considering the tight
LHC project time
schedule the max-
imum possible amount
of construction work
had to be carried
out before final LEP
shutdown. All works
were to cause mini-
mum effects on the
existing structures and
no disruption to the
operation of the LEP
machine. This im-
plied that explosives
for excavation were
forbidden thus me- Figure 2.4: General layout of the Point 1 underground
chanical excavators works prior to bench excavation, [46].

were chosen. The

cavern vault had to

be excavated and concrete lining applied before LEP was shutdown.
Only then ali the equipment in the tunnel could be dismantled and re-
moved and the excavation of the cavern benches could proceed. This
required for a special solution of a temporary support of the dead weight
of the concrete cavern roof by suspension of 38 pre-stressed ground an-
chors of 225 tons capacity each. This support system had to work until
the construction of the cavern base slab and walls when they took the
weight of the concrete roof and the anchor cables became redundant,
[51, 46]. See Figure 2.4 for illustration.

PX15

Tensioned
Ties

4 LEP /LHC tunnel

The permanent concrete lining of the cavern consists of a 5m thick
base slab, 2m thick straight vertical side walls, 1m thick curved vertical
end walls and 1.3 m thick roof arch. The primary rock support consists
of fibre-reinforced shotcrete and rock bolts. To ensure watertightness
an impermeable membrane is included between the shotcrete and the
final concrete lining.

A
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The zones causing most
problems were shear zones
at the level of the cavern
vault, at the level of the
LEP tunnel and also be-
low that level, caused by
layers of marly sandstone Horizontal displacement

and sandy marls. This isovalues
behavior was anticipated
by earlier calculations (see Velocity vectors

an illustrated example in
Figure 2.5) and could be
observed with inclinomet-
ric measurements. The
excavation procedure was
adapted for these zones
and thus instabilities could

be sufficiently stabilized. Figure 2.5: 2D calculation UX15: Isovalues hor-

izontal displacements and velocity vectors, [12].

Monitoring and control of the excavation work were carried out by
survey and geotechnical measurements conducted by external compa-
nies. The data was used to constantly refine the numerical models.
Thus also the actual load which would stress the cavern walls was de-
termined and the final lining of the cavern was accordingly chosen. Con-
vergence measurements which were made to optical targets on the inside
of the excavated cavern were compared to predicted values of displace-
ments. Results of such comparisons showed that the predicted values
were much larger than the observed values. 3D computations based on
largely simplified rheological models but including surrounding struc-
tures had predicted values 3.5 times larger than observed and had indi-
cated an asymmetric deformation, smaller on the USA side of the cavern
because of the close vicinity of the USA15 cavern which could not be
observed. 2D models based on the refined rheological model but not
considering any interactivity with other structures (thus symmetric de-
formation expected) had predicted values 5 times larger than observed.
Results of these comparisons could be introduced as additional informa-
tion to the deformation model. These refined models helped to finish
excavation work without major problems and were used to determine
the dimension of the final inner lining of the cavern.

2
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The tolerances for the final internal dimensions of the cavern were
rather tight (—0 and + 7cm), being softer on the positive side (thus
bigger cavern). Eventually the cavern was found (by final measurements
by both the contractor and CERN (laser scanner)) to be bigger by
approximately 5 — 10 cm.

Conclusion for cavern deformation model Geotechnical and ge-
ological information and some interesting details about the cavern con-
struction have been summarized in this section. For the problem at
hand, no quantification or model for future deformation behavior of the
underground structures after completed construction could be derived.
In the understanding of civil engineering, the cavern is not deforming,
once the inner lining is applied, [53]. Having said that, experience from
former LEP experiment underground openings had shown that remain-
ing forces on the lateral cavern walls cause them to be pushed slightly
towards the center of the cavern (approximately 1 mm per year, [29]).
Additionally it is expected that the cavern floor will subside by 2mm
directly after completion of the cavern before the detector parts are in-
stalled, and extra 5.5 mm over the whole installation period caused by
the load of about 7000t of the ATLAS detector plus 1000t of access
structures and infrastructure installations. Counteracting this vertical
sag, a heave of cavern floors has been observed in former LEP caverns
caused by hydrostatic pressure (estimated for UX15 1.2mm per year).
Stability (defined as movements lower than 1mm per year) is not ex-
pected to be achieved even after 15 years, [53, 7].

These values and assumptions cannot be quantified precisely and
no combined deformation model is available. Considering deformation
analysis in combination with survey data gathered in the cavern net-
work, it is unfortunately not possible to include an analytical model
of the cavern dynamics. However, the empirical information discussed
above is used in a simulation of possible deformation scenarios of the
ATLAS cavern, see Chapter 6.3. Analysis of real ATLAS cavern net-
work data shows if the anticipated displacements and deformations takes
place or not, see results in Chapter 6.4.
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2.2.3 Access structures

A large number of

HO Structure network points are
mounted on access
structures also serving
for infrastructure in-
stallations, surround-
ing the detector in the
cavern, see Figure 2.6.
Deformation mod-

els of these struc-
tures (especially any
interconnections with
a cavern deformation
model and the evolve-

Figure 2.6: Infrastructure and access structures HS ment over time) would

and HO in the ATLAS cavern, [2]. be of interest as they
could be included in a

dynamic deformation analysis of survey data in the ATLAS cavern net-
work. Models for both HS and HO structures are discussed in this
section. HS structures are located along the lateral cavern walls on
both US and USA side of the cavern. HO structures are erected close
to both curved end walls of the cavern, on side A and side C. They are
produced of structural steel and are attached to both the cavern floor
and walls. There is no direct connection between HS and HO struc-
tures. For both types of structures Finite Element Models (FEM) are
available, but these models have been calculated independently of each
other, in different software formats and following different standards.
At the end of this section conclusions are drawn for both HS and HO
structure information together.

HS structure

HS structures along the lateral sides of the cavern differ in their dimen-
sion, resulting from the detector interaction point (IP) not coinciding
with the center of the cavern. As there is more free space on the USA
side, various infrastructure facilities have been installed on this side and
thus the access structure expands further from the cavern wall.




THE ATLAS CAVERN 21

The HS FEM model is
implemented in the Robot
Finite element package,
[54]. The aim of the
FEM calculations carried
out at CERN were to
verify the structure ac-
cording to the regula-
tions in force, French
Standard EUROCODE3
and PS92 (norme para-
sismique francaise), [11]. Figure 2.7: Visualization of the finite element
The HS structure consists model of the HS structure, [11].
of twelve posts of profiled
steel Fe360, joined in pairs by an arch section on the top plus hori-
zontal elements of different profile types. The FEM representing the
structure is made up of 3660 elements and 2370 nodes. Load cases
to be considered include several groups, classified in their nature: Self
weight (permanent), detector and infrastructure parts weights (perma-
nent/variable), cryogenic equipment (permanent), thermal load (vari-
able), magnetic load (variable), seismic load (accidental), shock on
structure (accidental) and personnel mass (variable). The calculations
according to EUROCODES3 define certain load combinations according
to the limit states, i.e. Ultimate Limit States (ULS) and Serviceability
Limit States (SLS) defined by different factors on each permanent and
variable states, considering accidental loads or not. According to PS92
the loads are translated into effects on individual coordinate directions.
Certain combinations of this directional effects are then evaluated.

Boundary conditions used in the calculations include connections of
individual structure parts to the feet bases on the cavern floor and in
cavern walls, which were assumed infinitely rigid.

Results of the FEM calculations showed that the structure fulfilled
all regulations. For SLS a displacement maximum was found in vertical
direction of 25 mm (downwards) on top arch beams connecting vertical
posts. On average displacements were in the range of 2 — 3 mm, domi-
nantly in vertical direction. It is noted in the analysis report [11] that
no lateral displacements of the cavern walls were taken into account in
the final calculation as this posed a high level of stress on the struc-




22 CERN ATLAS CAVERN NETWORK

ture. It is recommended to use connections decoupling any transversal
movement of the walls. Whether such measures become apparent in the
results is presented in Section 6.4.

HO structure

HO structures along the curved end walls of the ATLAS cavern differ
only slightly for both facing sides, they are otherwise symmetric. The
HO FEM is implemented in ANSYS software, Version 5.6.

The main objective

ANSY; 5.6.2
N NOV 29 2000
of the calculation at 09:4p:47
. . NODi: SOLUT I
hand [20], is the vali- STEP=1
. ME=1
dation of the structure bt C e
. REYGm|
to carry the weight PowerGraphics

EFACET=1
AVRES=Mat

DMX =,005178
SMN =-.005175
SMX =.564E-03

of the ATLAS end-
cap muon chambers
(MEO and MEM) of
56t being assembled
in the cavern. Loads
to be considered in-
clude the muon cham-
bers, self weight of
the structure and per-
sonnel mass. Differ-
ent load combinations
are calculated, not fol-
lowing specific regula- Figure 2.8: FEM results for HO structure: Vertical
tions, neither acciden- displacements, [20].
tal loading incidents. Boundary conditions include connections to cav-
ern walls and floor and to the concrete shielding around the LHC beam
exits into the cavern. Connections to the floor are always assumed fixed
(all degrees of freedom blocked). In the other cases variations were cal-
culated to include knee-joints instead of clamping, freeing the rotations.
The results of the calculations show maximum displacements of
6 — 7mm in vertical direction for long horizontal beams. Differences
between load situations considering the weight of the muon chambers
or not have been found with a maximum of 2 — 3mm (not adding up to
the maximum of before), thus the validation to carry the muon chambers
was successful. For an example of the visualized results see Figure 2.8.

~.005175
] ~.004526
-.003877
-.003229
-.00258
-.001931
~.001282
-.633e-03
.153E-04
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Conclusion for access structure deformation models The me-
chanical studies of the individual HS and HO structures did not con-
sider any cavern deformation. The individual calculations consider cer-
tain load combinations which verify the structure considering maximum
loads acting on it. The results show the maximum effect on the struc-
tures caused by these loads without including time as a factor in the
model. For the application of these results to the expected deforma-
tions of the metrological cavern network points, it has to be considered
that these points are all mounted on the vertical posts of the struc-
tures. For these posts only very small displacements (< 1mm) were
found in the calculations. The results of calculations (although not be-
ing implemented in a dynamic model for deformation analysis) are used
in a simulation of possible deformation scenarios of the ATLAS cavern
network, see Chapter 6.3.

2.3 The ATLAS detector

2.3.1 Detector systems

The ATLAS detector is the largest experimental facility in the LHC
project. The detector has a diameter of approximately 25m and in
closed configuration is approximately 40m long. Its weight is about
7000t. The main systems of the detector are Inner Tracking Detec-
tor (Pixel detector, SCT and TRT), Calorimeter (Electromagnetic and
Hadron Calorimeter), Muon Spectrometer and the Magnet System (Cen-
tral Solenoid and Toroid Magnet System), see Figure 1.2.

The main support systems are the feet based on the bedplates em-
bedded in the cavern slab holding the Barrel toroid, and the main rails
for the Barrel calorimeters housing the Solenoid and Inner detector sys-
tems. In the following some details about the detector subsystems are
given. Details on the ATLAS detector summarized in this section and
more can be found on the ATLAS project’s webpage [3].
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The Inner Detector measures the momentum of each charged parti-
cle. It combines high-resolution detectors at the inner radii with contin-
uous tracking elements at the outer radii (see Figure 2.9), all contained
in the Central Solenoid magnet, which provides a nominal field of
2T. The highest resolution is achieved around the vertex region using
semiconductor Pixel detectors followed by a silicon microstrip detec-
tor (SCT - Semiconductor Tracker). At larger radii tracking points
are provided by the straw tube tracker (TRT — Transition Radiation
Tracker). The outer radius of the Inner Detector is 1.12 m and the total
length 7m.

SCT

Pixel Detector

Figilre 2.9: The Inner Detector: Pixel Detector, SCT and TRT, ATLAS Experi-
ment image, (© CERN, [3].

The Calorimeter measures energies of charged and neutral particles.
It consists of metal plates (absorbers) and sensing elements. Interactions
in the absorbers transform the incident energy into a ‘shower’ of particles
that are detected by the sensing elements. In the inner sections of
the calorimeter, the sensing element is liquid argon (Liquid Argon
Calorimeter). The showers in the argon liberate electrons that are
collected and recorded. To obtain argon in liquid state, the gas has to
be cooled to 88K in a cryostat. In the outer sections, the sensors are
tiles of scintillating plastic (Tile Calorimeter), see Figure 2.10.

The Muon Spectrometer identifies and measures muons. Muons
are particles just like electrons, but 200 times heavier. They are the only
detectable particles that can traverse all calorimeter absorbers without
being stopped. The muon spectrometer surrounds the calorimeter and




THE ATLAS DETECTOR 25

Tile Barrel

Central Solenoid Magnet |

Inner Detector

LArg Barrel

Figure 2.10: The Calorimeter: Liquid Argon and Tile Calorimeters, Barrel and
EndCap, ATLAS Experiment image, (© CERN, [3].

measures muon trajectories to determine their momenta with high pre-
cision. It consists of thousands of charged particle sensors in individual
Muon Chambers placed in the magnetic field produced by large su-
perconducting toroidal coils (Barrel Toroid and End-Cap Toroids).
The sensors are similar to the straws of the Inner Detector, but with
larger tube diameters. There are more than 1000 muon chambers assem-
bled inside the Barrel Toroid and around 1500 in the End-cap Toroids,
see Figure 2.11.

The Magnet System bends charged particle trajectories to measure
momentum. The Central Solenoid magnet has a length of 5.3 m with
a diameter of 2.4m. It is designed to provide a field of 2T with a peak
magnetic field of 2.6 T. The total weight is 5.7t. The Toroid Magnet
system consists of eight barrel coils housed in separate cryostats and two
End-Cap cryostats housing eight coils each. The End-cap coil systems
are rotated by 22.5° with respect to the Barrel Toroids in order to pro-
vide radial overlap and to optimise the bending power of the interface
regions of both coil systems. The Barrel Toroid coils are assembled ra-
dially and symmetrically around the beam axis, see Figure 2.11. Each
coil has an axial length of 25.3m and extends radially from 9.4m to
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End-Cap Toroid

Muon Chambers

R\

Barrel Toroid Coils

Big Wheel

Figure 2.11: Muon Spectrometer and Toroid Magnet System: Barrel Toroid and
End-Cap Toroids, ATLAS Experiment image, (©) CERN, [3].

20.1m. The total weight of all eight coils together is 830t. The peak
field provided by the Barrel Toroid coils is 3.9 T. The End-cap Toroid
coils are also assembled radially and symmetrically around the beam
axis. They are cold-linked and assembled as a single cold mass in one
large cryostat. The cryostat rests on a rail system facilitating the move-
ment and parking for access to the detector center. Each coil has an
axial length of 5m and extends radially from 1.65m to 10.7m. The
total assembly weight is 240t. The peak field provided by the end-cap
toroids is 4.1 T.

2.3.2 Installation schedule

Here the planned installation schedule as outlined in [2] is briefly sum-
marized. The real installation process of the ATLAS detector differs in
some parts significantly from the planned schedule, both in sequence and
time periods from this planned schedule. Nevertheless it gives a good
overview of the major installation steps to be carried out. The progress
of installation has to be considered in the design of the metrological
network. The installed detector parts represent obstacles for the geode-
tic measurements. Information summarized in this section combined
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with rough envelope specifications of the detector parts are included in
a simulation of the ATLAS cavern network analyzed in Chapter 6.3.

Considerations in the installation schedule had to incorporate many
different factors including necessary space, weight of detector parts to
be lowered, sequence of the assembly, special transport constraints of
individual systems etc. The heaviest object to be lowered is the End-
Cap Toroid with 240t. The biggest objects are the 8 individual coils of
the Barrel Toroid each 25.3 x 5.3 x 1.1 m large. The total instaliation
period of the detector was planned to be about 30 months and the in-
stallation schedule was divided into 15 phases. The following summary
is focused on major detector parts, often neglecting nevertheless impor-
tant infrastructure installation. Survey interaction is demanded in all
of the following steps but is not explicitly mentioned in the following
description.

o Phase 1-3: After the cavern is delivered to CERN general facilities
are installed including ventilation, power, lights, access structures
and travelling cranes. With these cranes in place, enabling trans-
port inside the cavern, the installation of access structures HO and
HS starts and large cryogenic storage vessels are lowered into the
cavern. Then the assembly of the ATLAS detector parts can re-
ally start with the installation of the support feet, see Figure 2.12
and the first Barrel Toroid coils.

Figure 2.12: Installation Phase 3: Figure 2.13: Installation Phase 4: Bar-

Start of the support feet and rail as-  rel Toroid coils 3 and 4 in place. Start

sembly, [2]. of Barrel Tile Calorimeter assembly on
side C, [2].
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Figure 2.14: Installation Phase 7: Lig-
uid Argon End-Cap cryostat lowered
onto supports Tile C, [2]. Start End-Cap Calorimeter A, [2].

CERN ATLAS CAVERN NETWORK

¢ Phase 4-6: More Barrel Toroid coils are installed and in parallel
installation of the Barrel Calorimeter starts on side C, see Fig-
ure 2.13. The Liquid Argon Calorimeter Barrel is lowered into the
cavern and assembled in connection with the Barrel Tile Calorime-
ter. Then the first Solenoid connections are installed and the Bar-
rel Calorimeter is moved on rails to its final position inside the
Barrel Toroid. The assembly of the End-Cap Calorimeter C can
thus start on side C.

Figure 2.15: Installation Phase 8: End-
Cap Calorimeter and Shield Disc C.

e Phase 7-9: The Liquid Argon End-Cap Calorimeter is installed on
its supports in connection with the End-Cap Tile Calorimeter, see
Figure 2.14. The End-Cap Calorimeter C assembly is completed
and it is connected to the Barrel Calorimeter. The Shield Disc is
foreseen to be lowered on side C, see Figure 2.15 and the End-Cap
Calorimeter on side A is assembled as before on side C.

Phase 10-12: The Shield Disc on side A is lowered. All services
to the Barrel Calorimeter and the Solenoid are connected. After
first tests of the Solenoid the installation of the Inner Detector
can start. For this the End-Cap Calorimeters are moved out of
the Barrel Toroid (open position). The barrel part of the Inner
Detector is positioned as well as the first section of the beam pipe.
Instaliation of Muon Chambers into the Barrel Toroid begins. The
chambers are slid on previously installed rails inside the Barrel
Toroid, see Figure 2.16.
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Figure 2.16: Installation Phase 12: Figure 2.17: |Installation Phase 14:
Start of muon chamber installation -  End-Cap Toroid A lowered onto sup-
barrel side C, [2]. port truck. Muon chambers side C, [2].

e Phase 13-15: The Muon chambers on the Big Wheel on side C
and A are installed. The End-Cap Toroids are lowered into the
cavern. As they are very big, they are the last systems to be
installed. They restrict access, particularly if in closed positions
as this requires closing up all other sub-detectors. Their cool-
down-time of 40 days is another restricting factor. During this
period the installation of Muon Chambers on the wall structures
can take place, see Figure 2.17. Finally ATLAS installation is
completed and shielding blocks are lowered on both side A and
side C. ATLAS is ready for taking collision data.

2.3.3 Detector access scenarios

When LHC is running, the experimental area (UX15 cavern) is not
accessible due to radiation, [2].

Ultra-short shutdowns are planned to happen on a quite regular ba-
sis, allowing access to the experimental zone for a duration of approx-
imately one hour. The detector is not open during this period thus
no detector system is displaced. The magnetic fields stay on. Ouly
equipment on the periphery of the detector is accessible in this type
of shutdown. Access is only given to a very limited group of people.
No survey interaction is foreseen for this kind of shutdown but if it be-
comes necessary a very careful and detailed planning has to be carried
out beforehand.
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In the short-opening scenario LHC and the detector systems are
shut down and the experimental zone can be accessed under certain
restricted conditions. The duration of these shutdowns is planned to
be in the order of seven to ten days. The purpose of these shutdowns
is to give access to some detector systems (muon chambers on the Big
Wheels, Barrel muon chambers, space between End-Cap Calorimeters
and End-Cap Toroids, outer faces of Inner Detector), thus some will
be displaced, but major beam pipes stay in position and many service
systems will stay connected. Survey interaction is only foreseen in very
extraordinary cases and again needs to be planned in very high detail
in advance.

Regular maintenance will be carried out during the shutdown peri-
ods of the LHC machine, scheduled every year between November and
April for a period of approximately 5 months. During this period the
ATLAS detector is in open configuration called long-opening scenario.
This requires a large movement of the End-Cap Toroids. Some systems
might even be craned to the surface (Forward Shielding, Shield Discs)
to free space in the cavern. Nearly all moving system services will be
disconnected except services on the End-Cap Toroid and on the Liquid
Argon Calorimeter that have to be kept connected continuously to keep
the system at cryogenic temperaturc. Survey measurements will take
place to control structural deformation of the cavern especially the cav-
ern floor, i.e. bedplates and to control and most importantly re-establish
positions of detector systems before the next run.

2.3.4 Positioning requirements

The demands on surveys tasks in the context of the assembly and in-
stallation of the ATLAS detector are very diverse. To summarize, the
steps of an individual detector part to be installed in the experiment
are like follows:

e Verification of manufacturing and pre-assembly precision:
This refers to both individual detector modules or lager struc-
tures that are assembled from individual detector modules. The
precision is given by engineering specifications or manufacturing
tolerances. It is in general verified outside the cavern before instal-
lation. Assembly precisions are very diverse and range from 30 pym
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for some parts in the Inner Detector to 5 mm for the Barrel Toroid
coils, corresponding survey measurement precision demands vary
between 50 ym — 1 mm.

Different types of information requested in this step include di-
mensions of objects, planimetry and relative alignment of individ-
ual modules. The geometry of the detector parts are generally
represented by at least a minimum set of selected points (fiducial
marks) on the outer surface of the object which are visible and
accessible in the installation procedure. These fiducial marks are
in general equipped with a standard reference hole to fit survey
targets commonly used by the CERN experimental survey group.

o Accuracy of installation with respect to the nominal beam
line: The installation of detector parts is guided by survey mea-
surements using the fiducial marks or other features of the object.

The accuracy of the positioning of the individual detector parts is
effected not only by survey measurement precision and accuracy
in the metrological network but also by manufacturing precision
and mechanical assembly constraints. Overall it can be said that
the necessary accuracy for survey tasks is between 50 ym — 0.1 mm
in the area of the Inner detector and between 0.5 — 2mm on the
outer.

As one example for better illustration of the diverse requirements may
serve the Inner Detector, [18]:

The Inner Detector sits on rails attached to the inner diameter of the
Liquid Argon Cryostat of the Inner Warm Vessel. These rails have to be
aligned to be planar to £0.1 mm and parallel to £0.2 mm. The absolute
position of the Inner Detector with respect to the nominal beam line
depends thus on the accuracy in the metrological network and also on
the positioning accuracy of the Liquid Argon Cryostat warm vessel. It
is required to be =1 mm. The error budget for the survey accuracy is
0.1 —0.3mm.

The Inner Detector and the Liquid Argon Calorimeter are located
in the very center of the ATLAS detector and are installed when the
Barrel Toroid is already in place, thus access and network configuration
are very difficult. A good reliability in the network is essential to give
accurate positioning results. Special measures are taken (installation
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of temporary additional network point monuments, etc.) in order to
give a good connection to the network. The relative positioning of the
individual detector systems in the Inner Detector are in the range of
10—1000 pm, the most central pixel detector being the most demanding,
and less for the TRT.

When methods available to the survey group are not sufficient or the
required access can not be given, relative positioning has to be achieved
by other methods including services provided by a metrology lab or
specially designed alignment systems.

Positioning requirement details for any system can be found in the
TDR (Technical Design Report) of each system in the Electronic Doc-
ument Management System (EDMS) at CERN.

2.4 The metrological ATLAS cavern network

A metrological cavern network was originally designed in a preliminary
study considering the following constraints, [13]:

¢ Space with respect to construction specifications and needs to per-
form geodetic measurements ensuring personal safety,

o requirements for spatial uncertainty (< 0.2 mm (1o) for each point),

e local redundancy of observations (> 60%),

o distance measurements are preferred over angle observations in
order to minimize measurement uncertainty and effort.

The resulting nominal network design consists of 116 point monu-
ments in the cavern, installed along the cavern walls, embedded in the
floor and mounted to the HS and HO structures. This design study has
been used as a guideline for the installation of the real network point
monuments in the cavern but constraints that arise in the real situation
cause the real network to differ in some places substantially from the
design layout.

Two figures illustrate some network point monument locations in
this design network: In Figure 2.18 the monuments distributed on the
HO structure on Side C can be seen. These monuments are plug-in
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Figure 2.18: Network point monuments on HO structure Side C. Plug-in brack-
ets mounted on vertical posts of structure in different orientations,
(O CERN-TS, Ref. ATFIM___ 0002.

brackets, see more details about CERN point monumentation in Chap-
ter 3.2. In Figure 2.19 network point monuments along the US cavern
wall are presented. The distribution considers the available space not
interfering with infrastructure or other installations (not plotted here)
and the necessary space to actually carry out theodolite observations
from such a point, indicated by the spatial envelopes around the monu-
ments. Additionally, access to the point monuments from gangways and
access structures should be possible and the demands on the network
summarized above should be fulfilled.




34 CERN ATLAS CAVERN NETWORK

Figure 2.19: Network points on cavern wall Side US. Foldable brackets attached
to walls and the envelope of the necessary space around to make
observations form these points, (C) CERN-TS, Ref. ATFIM____ 0008.

A simulation of measurements between the cavern network points
inside the cavern was used to verify the network configuration. However,
this simulation did not consider some important factors:

e Datum definition: The ATLAS cavern network refers to LHC
geometry (represented by reference points in the LHC tunnel).
Points in the LHC tunnel are not directly visible from the cavern
after a certain stage of installation thus the only connection is
achieved passing through the survey galleries. The link through
these small galleries is geometrically very weak and thus it will be
realized by special metrological systems: A hydrostatic levelling
system (HLS), a wire positioning system (WPS) and additionally
a precise distance measurement system consisting of calibrated
invar bars and capacitive sensors. See Section 3.3 for more infor-
mation on these special measurement systems.
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The datum definition is transferred by these systems into the cav-
ern. As these systems are foreseen mainly to support LHC align-
ment (control of Inner Triplet quadrupoles) they are not avail-
able from the beginning of detector installation, see layout in Fig-
ure 2.20. Thus before these systems are available the connection
to the datum definition is achieved directly via the tunnel exits
(as longs as these are not blocked) or through the critical survey
gallery link.

o The progress of installation affects the network configuration severely,
as many sightings that are possible at the beginning become ob-
structed as more objects are installed.

A simulation of survey data considering the installation process and
also possible deformation scenarios is used in Section 6.3 to analyze the
nominal network layout and to evaluate the performance of the data
processing algorithm presented in Chapter 5.




X cavern reference network (brackets)

wire fix point . + hydrostatic levelling (H.L.S)
wire protection tube y

invar bar

Beam ——» -+— Beam

machine geometry

intermediate control line

Figure 2.20: Schematic top view for the installation of special measurement systems HLS, WPS and invar bars (IRS) in
the LHC tunnel and ATLAS experimental zone, [2].
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Metrology at CERN
~applied to detector
positioning and
alignment

Ever since CERN was founded more than 50 years ago, accelerator and
experimental installations needed to be positioned and aligned. The
challenges in these applications have always demanded for new and
creative surveying solutions. Alignment techniques and high-precision
measurement systems developed and employed at CERN and other ac-
celerator laboratories are different to other applications in engineering
surveying. :

In this chapter an overview is given of techniques developed and used
today at CERN in the context of metrology for high energy physics ex-
periments as well as some details about geodetic reference systems and
corrections. Special focus is given to a selected group of high precision
measurement systems employed in the ATLAS cavern network. Al-
though the development of measurement techniques or systems is not
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part of the research work presented in this thesis the purpose of this
overview is to illustrate the survey work and special developments car-
ried out in the CERN survey group over recent years. Most of the
methods presented in the following are employed in the real ATLAS
cavern network data set analyzed in Chapter 6.4.

For more general details on accelerator alignment and related sur-
veying tasks reference is made to Chapter 4.1 in [33].

3.1 CERN reference systems

The CERN reference system is a local geodetic reference system rep-
resented by the CERN Coordinate System (CCS), [23]. It is a three
dimensional Cartesian coordinate system. Its pr1nc1pal point is a sur-
vey point in the center of the old PS accelerator, with the Z-axis being
the vertical at this point, Pg. The X and Y axes are defined locally
forming a right-handed Cartesian coordinate system, see Figure 3.1.

Part of the geodetic reference system are definitions for a horizontal

- and a vertical geodetic datum. The CERN horizontal geodetic datum
is defined by a geodetic reference ellipsoid, in the form of the GRS80
reference ellipsoid. Its relative position and orientation are defined by

" the geodetic coordinates of Py, setting the deflection of the vertical at
this point to zero and fixing the geodetic azimuth of the CCS Y-axis in
the direction of another real PS survey point.

Additionally to the horizontal datum four different vertical datums
are used at CERN. The complexity of the related models depends on the
size and accuracy requirements of the accelerator project involved, [22]:
Whilst for the PS accelerator with a diameter of 200 m a planar reference
system sufficed, it was necessary for the SPS accelerator (diameter of
2km) to establish a spherical reference surface.

For the LEP accelerator (diameter almost 9km) a local geoid model
was derived. In a collaboration with Swiss academic and federal insti-
tutes a high resolution gravity field model was simulated for the CERN
site and its results compared to astro-geodetic measurements. This
geoid model is represented by a hyperbolic paraboloid and describes
the equipotential surface of the gravity field passing through point pg
which is the foot of the CERN ellipsoidal normal passing through the
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principal point Py, see Figure 3.1. This model was also to be used for
the LHC which is installed in the very same tunnel as LEP before.

But for the CNGS Project - CERN Neutrinos to Gran Sasso (730km
from CERN) — it was decided to update the geoid model over the CERN
site, {24]. In collaboration with the Swiss Federal Office of Topography,
values for the deflection of the vertical were extracted from the model
used there (an evolution of the models used at the time of LEP) for
a grid of points over the CERN site. As no analytical surface could
provide a good fit to the values obtained, interpolation is carried out
using splines. The new geoid model is referred to as RS2K and is applied
to calculations for LHC today as well.

With these local geoid

z b models it is possible to

derive deflections of the

XY plane of PS/ CCS Po h / vertical and geoidal un-

dulations for any point
at CERN with respect
to the geodetic refer-
ence ellipsoid. Further-
more it becomes possi-
ble to combine horizon-
tal and vertical positions
to get 3D positions and
to treat measurements to-
gether and not, as com-
Figure 3.1: CERN Coordinate System defined at 100N in traditional meth-
the initial point Poy. Relationship to reference el- 0ds, to separate horizon-
lipsoid and local geoid model. tal and vertical networks

in calculations. Similarly

the relationship to any lo-
cal geodetic reference system (local survey reference system) can be de-
fined. Simplified transformation routines for all LHC interaction points
can be found in {30].

Local geoid

Thus, with the information of a local geoid model, survey data can
be adjusted and analysed in the CERN Coordinate system (CCS). To
achieve this the observation equations are determined in the local geode-
tic system and the resulting matrices are transformed to the CCS for
adjustment.
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Survey measurements inside a particular experimental zone are cal-
culated in the respective local, horizontal experiment coordinate system,
like the ATLAS survey coordinate system described in Section 2.1. The
transformation parameters between the CCS and the ATLAS survey
coordinate system defined for the LHC Point 1 can be found in [30].

Survey data inside such a local
reference system are analyzed with-
out corrections for effects of the
earth’s curvature. Nevertheless net-
work measurements linking the local
network to the LHC geometry and
thus the CERN reference system are
calculated in general including the re-
spective corrections. If the earth’s
curvature is not taken into account
in the local system the resulting er-
ror estimate for a distance of 50m is
approximately 0.2mm. This number
(x) is obtained by a spherical approx-
imation of the geoid surface with a
mean earth’s radius of R = 6371km
and a length L = 50m, see Fig-
ure 3.2.

Figure 3.2: Estimation of error for
neglecting earth's curvature.

Note: The scope of this thesis is to present an algorithm solving
deformation problems occurring in metrological networks and not to
provide a complete survey data adjustment package. The survey data
adjustment module providing data for the adaptive Kalman filter al-
gorithm presented in this thesis does not apply any corrections for the
shape of the earth. This algorithm is supposed to be implemented as
part of an survey data analysis program that provides the above dis-
cussed corrections if necessary, like the least-squares adjustment pro-
gramme LGC [31] developed and used by CERN’s s