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Control of the assemblies

Why do we need high precision alignment?
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Fiducialisation process

Fiducial

JackPoints of interest in a cryomagnet

CMS detector



Why do we need high precision alignment?
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To make the beam pass «through»: the components must be aligned in such a way that the beam is detected by beam 
position monitor, in order to launch «Beam based alignment»

The Earth is in constant motion:

V Frequency of realignment function of the alignment requirements and amplitude of ground motion

V Alignment tolerances: error of placement which, if exceeded, leads to a machine that is uncorrectable ïwith an 
unacceptable loss of luminosity

10th September 2008:

2 yellow dots on a screen signaled the first
time that protons had circulated CERNôs
LHC: bunch of subatomic particles making its
way around a 27 km circumference tube.



We provide metrology and alignment for components installed in the accelerators, their 
beam transfer lines and physics experiments throughout the CERN. 

GM ïGeodetic Metrology
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Nearly 60 km of 

beam lines!

Permanent 

monitoring

R&DGeodetic aspects Georeferenced 

scans

Associated 

software

-- Our Mandate --

 7500 accelerator 
components

20 experiments

Thousands of 

sub-detectors!

V ╔60persons

V 15nationalities

V Multi-disciplinary
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Some daily challenges
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Size of the components

Scale

Accuracy and precision

Underground

Difficult configuration: straight and narrow

In crowded area

Severe environmenté

From µm to mm



Our tool box
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GM

TOOLBOX

Software & database

Photogrammetry

Optical & digital levels

Laser trackers & total stations

Alignment sensors

R&D systems Laser scanners & portable CMM

In-house instrumentation



Outline

Introduction

The different steps of the alignment of colliders, with LHC as case study

State of the art and current developments for HL-LHC

Towards the alignment of future colliders

Disclaimer: this presentation will be illustrated by a lot of examples 

coming from CERN, but can be generalized to all labs.



Steps of alignment
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Installation and determination of surface geodetic network

Transfer of reference in the tunnel

Installation and determination of an underground geodetic network

Absolute alignment of the components

Relative alignment of the components

Maintenance of the alignment

Fiducialisation of the components

Definition of alignment tolerances

Definition of their theoretical trajectory

Definition of alignment strategy
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On the surface

Inside the tunnel
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Control & assembly of components



Definition of alignment strategy
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Alignment of a 

component inside a 

tunnel

General constraints

Access (installation, alignment, maintenance)

Space

Radiation level

Thermal stability

Stability of the tunnel floor, ground motion

Component & support design

Impact of vibrations

Eigen frequencies

Rigidity of component & support

Weight

Beam requirements

Fiducialisation requirements

Component assembly on girder

Girder alignment in the tunnel

Relative / absolute alignment 

requirements
Project constraints

Cost

Manpower available

Operation / maintenance time
Alignment methods & 

instrumentation available

Å Takes several years!!!

Å Different methods and solutions needed 

according to the area



Geodesy is the science of accurately measuring and
understanding 3 fundamental properties of the Earth :

Å its geometrical shape;

Å its orientation in space;

Å its gravity field;

as well as the changes of these properties with time.

Why is it so important to take it into account?

Å To align components of a collider, along a plane or a straight line,
we need to know the shape of the Earth very accurately

Å A large part of instrumentation is set-up to perform
measurements w.r.t to gravity

Å We need to define the relative position of all area on surface and
underground : sites, buildings, tunnels, accelerators,
experiments

Geodesy
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Geoid surface

Geoid surface vs ellipsoid



A geodetic datum (or geodetic reference datum or geodetic reference frame) is :

Å A coordinate system

Å A mathematical model

Å A point of origin

Å Sometimes a projection is also given

A geodetic datum may be :

Å global, meaning that it represents the whole Earth;

Å or local (it represents an ellipsoid best fit to only a portion of Earth).

Å é There are hundreds of reference datums.

CCS : Cern Coordinates System

Å The CCS is a right-handed 3D Cartesian

coordinate system used to define the

relative position of all the accelerators and

experiments at CERN, 

Å The CCS is defined as follows :

Geodesy
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Geodetic datum

CERN CCS



Geodetic network and its transfer
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Physical realization of points in an underlying
reference system.

Absolute reference for all subsequent
geodetic and survey work

Å Civil engineering

Å Infrastructure

Å Alignment

Networks with different orders of precision.

Mixture of permanent GNSS stations and
geodetic pillars



The underground network consists of a backbone of monuments preferably in the floor or on the
walls.

Unfortunately, the configuration of a tunnel network is quite bad (linear, long and narrow) with
refraction issue

Several means are proposed for their determination (Total station, direct levelling, gyro-theodolite
measurements) in order to reach :

Å an absolute accuracy of 3-4 mm (1ů) along 3 km

Å a relative accuracy in planimetry between 3 consecutive monuments of ± 0.3 mm r.m.s. by adding
wire offset measurements and in altitude between 3 consecutive monuments of ± 0.1 mm.

Underground geodetic network
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Forced centering system on a GGPSO
Highly accurate determination of the North 

direction (Azimuth) 
GGPSO, LHC underground geodetic network GGPSO



Fiducialisation is the determination of the reference axis of the component w.r.t.its external 
alignment targets (fiducials) accessible to survey measurements.

Å Magnetic measurements combined with laser tracker (warm magnets)

Å CMM measurements, for smaller components and requirements of the order of micrometers.

Å Laser tracker measurements when the requirements are of the order of 0.1 mm rms

Fiducialisation
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Magnetic measurement benchCMM (Metrology Labô) Laser Tracker
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To align the objects, their position on the theoretical trajectory is needed

Å It is defined by physicists, using the MAD-X software [general-purpose tool for 

charged particle optics design and studies in accelerators and beam lines]

Å The component positions are given in an optics local coordinates system

Å There are then transformed in the CCS coordinates system

Å Each component position is defined by a start / end points and orientations

Definition of the theoretical trajectory
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Beam Points

Beam



The absolute alignment consists of 3 steps:

Å Marking on the floor: vertical projection of the geometrical mean of
the beam line, using the installation drawings.

Å Positioning of the jacks (or adjustment platform): the stroke of jacks
compensates the errors of the floor, the errors in their positioning,
cryostat construction errors and ground motion during the life of the
accelerator. Jacks positioned within ± 2mm, w.r.t. underground geodetic
network. Then, they are sealed on the floor.

Å First positioning of the component w.r.t. underground network

Absolute alignment of components
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From the component to the tunnel floor

LHC jacksô installation



The beam points are not visible in the tunnel

Each component/object to be aligned is equipped with at least two
reference alignment targets and a reference for the control of the
roll angle. These reference targets are called fiducials.

Å 2 fiducials + 1 roll surface

Å 3 fiducials

Adjustment solution : 6 degrees of freedom: 3 angles and 3 translations 

In order to adjust the components at their nominal position
they must be equipped with appropriate adjustment systems 
allowing :

Å To adjust the roll angle

Å To adjust the vertical position : E / S

Å To adjust the radial position : E / S

Å To adjust longitudinal position : E / S

Adjustment systems
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Adjustment sequence



Å Horizontal plane adjusted by the height of 3 vertical rods

Å One or two sliding plates to adjust the horizontal

Å Adjustment: pull/push the top plate sliding on the plate below

Adjustment systems
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Adjustment platform example 3Adjustment platform example 2Adjustment platform example 1



Jacks (LHC)
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Vertical adjustmentR & L adjustment

Jack configuration

LHC jack

R & L adjustment



Towardsthe initial absolutealignment
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www.sli.do
#918332

Underground geodetic network Marking on the tunnel floor

Jacks for the componentsô adjustment
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Initial absolute alignment

http://www.sli.do/


Relative alignment of components
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Thesmoothingprocess:onlystartoncethemagnetsareconnected,under
vacuumandareatcold(ifsupra),totakeallthemechanicalforcesinto
account.

Collider Epoch Circumference Vertical (mm) (1ů) Transv. (mm) (1ů)

PS (p) 50ôs 650 m 0.3 0.6

SPS (p) 60ôs 6 km 0.2 0.2

LEP (e+e-) 80ôs 27 km 0.2 - 0.3 0.2 - 0.3

LHC (pp) 2000 27 km 0.20 0.20

CLIC (e+e-) ? 2 x 25 km 0.014 - 0.017 * 0.014 - 0.017*

FCC (ee) ? 80-100 km 0.1 * 0.1*

* All errors included

Over a sliding window of 200m



The LHC alignment
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Vertical smoothing performed by levellingRadial smoothing performed by wire 
offset measurements

Levelling

Wire offset measurements

See Paper «Long Shutdown 2 LHC smoothing status and data analysis», Fuchs J-F and al.,  LINK

http://www.sli.do/
https://cds.cern.ch/record/2849060/files/CERN-BE-2023-010.pdf


Specific case of LHC low beta triplets 

14 June 2024Hélène Mainaud Durand | Alignment and metrology for particle accelerators and detectors 23

Communicating vessels Difference of height measurement

d

S
C roee=

Hydrostatic Levelling Sensors (HLS):

- Reference surface = water

- Vertical measurements

- Continuous measurements (1 Hz)

- Repeatability : ± 1 µm

- Accuracy: 5 µm (1ů)

- Range: 5 mm

Wire Positioning Sensors (WPS):

- Reference surface = stretched wire

- Vertical + radial measurements

- Continuous measurements (up to 100 Hz)

- Repeatability : ± 1 µm

- Accuracy: 5 µm (1ů)

- Range: ± 5 mm

HLS sensor

WPS sensor

See Paper «3D calculation for the alignment of LHC low beta quadrupoles», Rude V. et al., CERN-Be-2023-003,LINK

https://cds.cern.ch/record/2849052/files/CERN-BE-2023-003.pdf


Specific case of LHC low beta triplets
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LHC low beta quadrupoles and alignment system

HLS and WPS sensors

Motorizedjacks

Motorized jacks for LHC low beta triplets



HLS Sensors
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Hydrostatic Levelling System (HLS)

Å HLS applications : ATLAS bedplates

ATLAS bedplates in 2003



3D scanning

14 June 2024Hélène Mainaud Durand | Alignment and metrology for particle accelerators and detectors 26

SPS, BA5

Z+F IMAGER 5016

HL-LHC New galleriesTransfer lines

CMSEast Area Experimental lines


