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Chapter I1.11

Survey and alignment of accelerators

Jean-Christophe Gayde
CERN, Geneva, Switzerland

The present chapter summarizes the survey and alignment processes of accelerators and transfer
lines. The major geodetic principles governing the survey and alignment measurement space
are revisited and their relationship to a lattice coordinate system shown. The chapter continues
with a broad overview about the activities involved in the step by step sequence from the initial
discussions on alignment strategy to final smoothing. Emphasis is given to the relative alignment
of components and the corresponding instrumentation and method. The R&D for the alignment
of future accelerators is also introduced. This chapter also aims at considering the benefits of
integrating geodetic metrology in the design of new particle physics facilities as early as possible.

IL.11.1 Introduction to accelerator alignment

According to the Oxford dictionary, alignment is: “an arrangement in which two or more things are
positioned in a straight line”. In the context of particle accelerators, the “things” are machine components
such as beam instrumentation and vacuum devices, magnets, RF components, etc. In an accelerator, the
components must be positioned as close as possible to their theoretical position in order to define a

smooth machine, and to fit, in given alignment specifications, to the lattice.

The geodetic metrology, also known as large-scale metrology, guarantees the quality of geomet-
ric knowledge of accelerator components at every stage of the project, from prototyping to installation
and commissioning [1]. The alignment maintenance over the machine’s lifetime is essential to ensure
that the beam continues to circulate despite ground movements, stresses applied by various forces and

movements due to thermal gradients.

Geodetic metrology is based on a combination of several fields of expertise, the main ones being
geodesy, topography with techniques adapted to high-precision and industrial environments, optics, and
mechatronics. The latter two provide custom-developed geometric measurement and control technolo-
gies.

In the following sections, based mainly on CERN’s experience, the principles and tools of geodetic
metrology are discussed, the various stages of particle accelerator alignment are enumerated, and a few

areas of R&D are addressed.

This chapter should be cited as: Survey and alignment of accelerators, J.-C. Gayde, DOI: 10.23730/CYRSP-2024-003.1601,
in: Proceedings of the Joint Universities Accelerator School (JUAS): Courses and exercises, E. Métral (ed.),

CERN Yellow Reports: School Proceedings, CERN-2024-003, DOI: 10.23730/CYRSP-2024-003, p. 1601.

© CERN, 2024. Published by CERN under the Creative Commons Attribution 4.0 license.

1601


https://doi.org/10.23730/CYRSP-2024-003.1601
https://doi.org/10.23730/CYRSP-2024-003
http://creativecommons.org/licenses/by/4.0/

II.11.2. Introduction to geodesy

I.11.2 Introduction to geodesy
I1.11.2.1 Definition of geodesy

Geodesy is the science of accurately measuring and understanding three fundamental properties of the
Earth: its geometrical shape, orientation in space, and gravity field [2,3]. The changes of these properties

with time are also studied.

Knowing the shape of the Earth and defining parameters to express coordinates is a prerequisite
for all survey work. It is necessary not only for the alignment of the accelerator components but also to
define the absolute and relative position of all surface areas and underground areas (i.e. sites, buildings,

tunnels, accelerators, experiments).

Survey techniques applied to alignment and positioning of accelerators and experiments require a
solid geodetic infrastructure covering the entire accelerator complex. Depending on the size of the com-

plex, the requirements are different, but the geodetic infrastructure must include the following elements:

— One or more coordinate reference systems (CRSs) composed of a datum and a coordinate sys-
tem [4] along with the respective coordinate reference frames (CRFs) i.e. their realizations by
means of reference frames consisting of physical points and associated values of the coordinates;

— Technical documentation of all components of the geodetic infrastructure, including guidelines for
their use (e.g., for performing measurements, transformations, stabilization of point markers, etc.)

and materials for training and education of personnel;

— Internal or external control baselines and calibration sites for geodetic instruments.

I1.11.2.2 Coordinate reference systems and frames (CRSs and CRFs)

At a global, national, regional, or local scale, CRSs and their associated frames are established to ensure
consistency of the coordinates for an entire area or object. It is common that several CRS coexist in
accelerator facilities. They are established to suit specific needs and to be convenient for the users
(see Fig. 1I.11.1). For instance, a global geodetic CRS can be used to link the facility with external
infrastructures, and a local cartesian coordinates reference system can be dedicated to the alignment of
the particle accelerator or the physics experiments. Specific CRSs can also be defined to compute relative

positions between particular points housed on a single component.

When working with multiple coordinate reference systems in the same area, it is essential to de-
termine coordinate transformation models. If a sufficient number of point coordinates are known in two
different CRSs, it is possible to compute a set of transformation parameters. Helmert transformation
parameters (composed of three translations, three rotations, and potentially a scale factor) are commonly
used. The uncertainties of the transformation parameters must be considered when applying transforma-

tions between CRSs to estimate the accuracy of the transformed coordinates.

To realize the CRSs, and create the associated frames, the first step is to build a network of physical
points anchored on the ground or on the floor, such as concrete pillars and drift nests. Then, various

techniques can be used to assign coordinates to the points.
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Fig. I1.11.1: Schematic representation of two CRSs and their associated CRFs in a particle accelerator
facility. In this example, CRS A could be a general CRS and CRS B a local CRS for the linear accelerator,
with its X axis aligned to the beamline.

11.11.2.3 Geoid and deflection of vertical

The geoid is a selected equipotential surface of the Earth’s gravity field and serves as the reference
surface for height determination. It can be considered as an idealised continuation of the mean surface

of the oceans beneath the continents.

As a first order approximation, the geoid can be modelled as a sphere with a radius of
R = 6371km. Up to a certain extent, an approximate value of the impact on height determination

s of the Earth’s sphericity (see Fig. I1.11.2) can be easily computed at a distance d using Eq. II.11.1

s=_— L11.1)

Spherical approximation of the
Earth's shape R

R : Earth raduis; s: effect on height due to sphericiy; d: distance

Fig. I1.11.2: Illustration of the impact of Earth’s sphericity on height.

The effect of the sphericity is s = 7:8umatd =10m, s = 780 um atd = 100m and s = 7:8cm
at d = 1000 m. It means, for example, that to compensate for the Earth’s sphericity and to maintain the
beamline of a 1000 m long linear accelerator in a Euclidean plane, the difference in altitude between the

start and the end of the accelerator will be, to a first approximation, 7:8 cm.
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II.11.2. Introduction to geodesy

However, modelling the Earth as a sphere can be insufficient to reach the accuracy required by
the alignment of the components of a machine. The geoid is irregular due to the gravity field variations
caused by local mass anomalies (mountains, valleys or rock of various densities). Hence, the Earth must

be modelled as an ellipsoid and, additionally, geoid variations must be known.

Across the Earth’ surface, the difference between the geoid and a global normal reference ellipsoid

ranges roughly between 100 m (see Fig. I1.11.3).

The primary task of a geoid model is to allow direct access to altitude from GNSS (Global Nav-
igation Satellite Systems including GPS, Glonass, Galileo, Beidou, etc.) observations, computing the
difference between the ellipsoidal height he and the geoid height N. Equation I1.11.2 gives the relation-
ship between altitude, ellipsoidal height and geoid height

H=h. N : (IL11.2)

Reference ellipsoid -7

——————— Equipotential surface (W is constant)

Geoid representation . , ,
—— Orientation of the gravity vector

H?: Orthometric height; h,: Ellipsoidal height; N: Geoid height; W: Earth’s gravity potential
Geoid: Reference geopotential surface, W=W,

Fig. I1.11.3: (Left) geoid representation with radial exaggeration factor of 10000 [5]. (Right) illustration
of equipotential surfaces trajectory (inspired by Ref. [6]).

The geoid also models the deflection of the vertical (DoV) (the angle between the normal to the
ellipsoid and the plumbline (or the gravity vector)). The DoV (") is split into North-South ( ) and
East-West () components. Knowing the DoV is crucial for accelerator alignment, as most observations
are made using gravity-related measuring instruments. In extreme cases, the plumb line is expected to
deviate from the ellipsoid’s normal by an angle as large as 109" (i.e. local distortions can reach 0:5m
per km, to be added to the sphericity effect) [7].

Astro-geodetic observations (see Fig. 11.11.4) using a zenith-camera allow direct access to the
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Fig. I1.11.4: Basic principle of determination of vertical deflections ""( ; ) measurements by combining
zenith camera and GNSS [9].

deflection of the vertical, using the difference between the astronomical coordinates ( ; ), determined

using a zenith camera, and the geodetic coordinates (”; ), determined using GNSS observations.

These two techniques only give local information. Long trends are computed using gravity obser-
vations, digital terrain models and satellite or combined global geopotential models. These observations
can only be done at the surface of the Earth, with an open sky view. If the particle accelerator is installed

in an underground tunnel, values must be transferred at the level of the tunnel [8].

IL.11.3 The stages of an accelerator alignment process
II.11.3.1 Introduction to the different steps of an accelerator alignment

The geodetic metrology of a particle accelerator follows different stages along the lifetime of the
project [10]. The alignment of accelerators can typically be described schematically by a sequence
of tasks which follow a relatively well-known chronological order, as illustrated in Fig. II.11.5. These
take place both outside and inside the area where the machine is installed. In the case of an accelerator
such as the LHC at CERN, "outside" refers to surface areas and "inside" to the underground areas of

tunnels and caverns.

One of the key aspects to be considered is geodesy, particularly for large-scale projects. Following
these studies, a geodetic network will be installed and determined to ensure the geometric coherence
of the entire project. This will then be transferred to the accelerator area, where an internal geodetic

network will be determined.

Each accelerator component is then equipped with external references. These are measured to be
representative of the component’s geometry in a process known as fiducialisation, which generally takes

place in the laboratory or workshop.

At the same time, the beam optics is determined by the physics teams and the theoretical trajectory

is calculated. This will provide the theoretical positions at which the components will have to be located.

In the accelerator area, the components are aligned to their so-called absolute position using the
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Fig. I1.11.5: Alignment steps for a particle accelerator project.

internal geodetic network, and then adjusted in relative position to obtain a smooth machine. Once the

accelerator is in operation, its alignment will be regularly maintained.

I1.11.3.2 Definition of the alignment requirements

Figure I1.11.6 lists the error budget for the LHC dipole magnets at CERN, and shows that alignment and
positioning requirements are derived from a global error budget containing contributions from several

disciplines, such as geodesic metrology, mechanics, cryogenics and vacuum.

These alignment requirements, which can vary significantly from one project to another, are of two
types. The absolute positioning requirement that indicates how much the actual shape of the machine
may differ from the theoretical shape is illustrated in Fig. II1.11.7 (left). For the LHC at CERN, this
difference is around 3mm per 3km. The relative alignment requirement that specifies the maximum
deviation of a component from its neighbors, as shown in Fig. II.11.7 (right), are generally significantly
smaller than the absolute positioning requirements. It is commonly expressed as an uncertainty at 1
level within a sliding window of a given length. For the LHC, this uncertainty is 0:2 mm at the level of
the component reference marks in a 150 m sliding window. For the CLIC project, one of the challenges is
to maintain an alignment at the level of the axis with an uncertainty of 14 um for beam position monitors
(BPMs) and accelerating structures (ASs), and 17 um for MQB quadrupoles, within a 200m sliding
window [11].

I1.11.3.3 Alignment strategy definition

The definition of an alignment strategy at an early stage is an important step of the geodetic metrology
for particle accelerators. As illustrated in Fig. II.11.8, this choice is guided by factors that will be refined
along the preparation phase in order to find the best compromise between cost and performance: the
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Alignment errors table for the Dipoles (i) (ii) (iii)
Mean (mm) Ends (mm) % Correctors
All r.m.s. values, in mm. In the plane of (mm)
the fiducials
Cold mass Mean magnetic axis/ideal geom. axis 0.1 (1)
construction Auxiliary fiducials / ideal geom. axis 0.2 (1) (2 0.2 6.2%
Magn. axis / Spool pieces fiducials 0.1
Magn. axis of spool pieces / ideal geom. axis of the dipole 0.2
Cold bores / ideal geom. axis of the dipole 0.33 (2) 0.1 1.6%
Beam screen  JBeam screen / cold bore axis 0.3 2| 03 |
Cold mass in Thermal effects on the cold posts 0.1 (1) (2) 0.2 6.2% 0.2
the cryostat Ovalisation and straightness of the cryostat 0.2 (1) (2) 04 24.9% 0.4
Mesures of the fiducials / ideal mean axis 0.1 (1) (2) 0.2 6.2% 0.2
Adjustment of the central post 0.2 (1) (2) 0.2 6.2% 0.2
positioning in Radial pos. of the fiducials / theoretical orbit 0.28 (1) (2) 0.56 48.7% 0.56
the tunnel
iy (1) Mean magnetic axis / theoretical orbit 0.48 mm r.m.s.
i) (2) Mechanical aperture limitation in the dipole 0.65 mm r.m.s.

(
(
(ii) Mechanical aperture limitation at the ends without beam screen 0.80 mm r.m.s.
(ii) Mechanical aperture limitation at the ends with beam screen 0.86 mm r.m.s.
(

iii) Magnetic axis of the correctors / theor. orbit 0.80 mm r.m.s.

Fig. I1.11.6: Alignment error budget for LHC dipole magnets.

Absolute positioning Relative alighment

Accelerator components Beam axis

- — - Real absolute position
— Theoretical absolute position

Fig. I1.11.7: Sketch illustrating the difference between the real and theoretical position of an acceler-
ator after alignment (left), and the relative alignment of accelerator components in a sliding window
representing the relative alignment requirements (right).

general characteristics of the accelerator project; the general environmental constraints in the machine
and experimental areas such as location, access, space available, harshness of the environment, thermal
stability, stability of the tunnel floor and ground; the design of the components and the supporting struc-
tures to be aligned; the beam requirements comprising the specifications for alignment accuracy; the
alignment methods and instrumentation that are available or have to be developed; the project constraints
(schedule, cost, resources, operation and maintenance time). The strategy can influence the design, the
integration model (related for example to needs of free lines of sight, equipment installation, cabling),

the budget (resources, instrumentation purchase, R&D) and the planning.
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Fig. I1.11.8: Schematic view of the alignment strategy definition process.

I1.11.3.4 Installation and determination of the surface geodetic network

Before the civil engineering team starts digging, a network of surface geodetic control points is estab-
lished in order to allow the various trades to work within a coherent framework throughout the lifespan
of the accelerator. This network consists of marked reference points such as concrete pillars known as

monuments, levelling markers, and GNSS antennas forming the permanent station network.

11.11.3.4.1 Definition of the Geodetic Reference System and its initial determination

The definition of the geodetic reference system in which the coordinates of the network points will be
given depends on several factors. The size of the project, ranging from a few tens of meters to nearly
30 km for the FCC project (a new circular machine 80 km to 100 km long), requires different choices to
be made regarding the modelling of the Earth’s geoid or the long-term stability of the work area. This

guides, for example, the type of reference framework to be defined (static and/or dynamic).

Inter-compatibility with national legal reference systems, especially for projects such as those at
CERN that cross a border, is also an important factor to be considered to simplify surface topography

and civil engineering work, as well as the referencing of existing GIS data.

The initial determination of the coordinates for each point in the geodetic reference system is
obtained by combining several types of observations, including spatial geodesy measurements (GNSS),
gravimetry, direct levelling, trigonometry (angle and distance observations), and astronomical measure-

ments (vertical deviations, astronomical orientation and positioning).

11.11.3.4.2 Surface geodetic network coordinates monitoring and upgrade during operation

During the operational phase, network remeasurement campaigns can assess the stability of each site, and

even define a displacement model (vectors and displacement velocities). The observed displacements
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can be caused by geological movements of varying magnitudes, ranging from a single city block to an
entire region. In this regard, the InSAR technology will soon allow better refinement of the analysis. This
technology, based on the interferometric analysis of satellite radar images, enables geological movements
to be mapped on a local scale (typically a few hectares) with precision at the mm level. It can greatly

facilitate the qualification of potential host sites.

Regarding the stability of GNSS antennas, the analysis of the time series of position in the early

years of operation assesses the stability of each site.

Based on the results obtained, a new version of the reference system can be calculated. In that

case, transferring the new coordinates to underground machine requires a vertical descend campaign.

11.11.3.4.3 Maintenance of the geodetic network infrastructures

The geodetic network must be maintained throughout the lifespan of the accelerator. Concerning the
permanent stations (GNSS network), maintenance mainly consists of hardware renewal. For example, it
is necessary to replace coaxial antenna cables before UV and weather conditions degrade the quality of

transmission of the signal.

The marked points must be protected against damage caused by exposure to outdoor conditions
mainly corrosion. Applying an exterior paint preserves the integrity of the concrete. As for sealed
markers, usually made of brass, they are protected from oxidation by a cover, the presence of which must

be checked regularly.

I1.11.3.5 Definition of the theoretical trajectory

The accelerator elements are aligned to the beam trajectory according to the positions defined by the

models of beam optics produced by the physics teams.

At CERN, these models are established using MAD-X (Methodical Accelerator Design, version
X) software, which provides the beam trajectory in a local system, the location of the accelerator elements
along it, and their orientation. The software also delivers the theoretical absolute geometrical position of
the accelerator components in the CERN Coordinate System (CCS) once it has been fed with the point
of origin and the initial direction in this system. To be more precise, the theoretical location of each
component is expressed by the CCS coordinates of the so-called beam reference points named E and S.
These non-materialised points, E and S, on which the survey teams base their alignment, respectively
correspond to the positions of the entry and exit on the mechanical or magnetic axis of each component,

at its upstream and downstream ends.

I1.11.3.6 Fiducialisation of the components

Most of the axes of the accelerator components, such as the magnetic axis, are not physically constructed.

Nevertheless, they must be aligned along six degrees of freedom.

Since the active reference surfaces of the components (septum blades, magnet laminations, etc.)
are no longer accessible after the component’s installation, it is necessary to determine a new set of visible

fixed reference points on the outer surface of the component. During a dedicated transfer measurement,
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I1.11.3. The stages of an accelerator alignment process

these reference points, known as fiducials, are determined with respect to the functional reference sur-
faces or the magnetic axis of the components. This geometric measurement, known as fiducialisation, is
usually carried out in a workshop. Fiducialisation is required for all equipment whose precise alignment

parameters must be determined, and is often combined with dimensional manufacturing controls.

To this aim, a local reference system for each component, called the RST system, is defined as
follows (see Fig. 11.11.9): the origin is the beamline point E of the element; the beamline lies in the
median plane of the element; the S-axis passes through the beamline points E and S of the element and
is positive in the E to S direction; the R-axis is perpendicular to the S-axis, lies in the median plane
of the element, and is positive to the right when looking from E to S along the beamline; the T-axis is
perpendicular to the median plane of the element and forms a right-handed system with the R-axis and

S-axis.

- S-axis

beamline

Fig. I1.11.9: Illustration of the RST local coordinate system of a dipole magnet.

The axes of a component can be materialised using various techniques such as mechanical moles,
rotating wires or stretched wires. Fiducialisation consists of the combined determination of these axes
and of the component’s fiducial marks, in the same coordinate system, based on measurements carried
out using instruments such as mechanical gauges, three-dimensional coordinate measuring machines or

laser trackers [12].

Once the fiducial positions are known in this RST-system with respect to the active part of the
equipment, the latter will be adjusted to its theoretical position along the trajectory as defined by the
beam optics calculations. For larger components (typically horizontal deflection magnets in the arcs
of a circular collider), the impact of thermal expansion of the materials must be taken into account
and compensated for. For this reason, fiducialisation measurements must be carried out in a controlled

environment.

I1.11.3.7 Transfer of reference from the surface to the inside of the accelerator area

The geodetic reference system defined on the surface must be extended to the accelerator areas. In
case of underground installations, this transfer to the tunnel is performed through access shafts. This
step, illustrated in Fig. I11.11.10, is referred to as vertical drop. The depth of the shafts directly affects
the uncertainty of the points determined underground. Several methods exist to perform this geometric
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transfer, but the combination of several techniques provides the necessary redundancy for an independent
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Fig. I1.11.10: Ilustration of the vertical drop for the transfer of the geodetic network from the surface to
the tunnel.

11.11.3.7.1 Transfer of planimetry

The simplest and fastest method to transfer planimetry is the nadir-zenith telescope. Measurements can
be taken either from the surface (nadir telescope) or from the tunnel (zenith telescope), although it is
often easier to measure the targets from the bottom of the shaft. The target is typically a LED centred
in a holder, usually a spherical target. The telescope is mounted on a translation base plate, allowing the
adjustment of its position along the vertical passing through the target. The positions of the targets and

stations are determined by conventional surveying methods.

As an optical method, this technique is impacted by the variations of the refractive index along the
line of sight. Visibility must be as good as possible. The accuracy decreases as distance increases. Nadir-
zenith telescopes have a relative precision of approximately 1 : 200000, i.e. 0:5mm / 100 m (excluding
variations in the refractive index along the line of sight). Repeating independent determinations within

the same shaft allows validation of the results.

The mechanical method, known as "plumb lines", is not affected by the refractive index but is
impacted by the air circulation within the shaft. The setup consists of a set of weighted wires, suspended
in the access shaft. The stability of each wire is ensured by an oil bath in which the weight is immersed.
The weights are equipped with fins to increase friction with the liquid. The wires are observed and
intersected on the surface and in the tunnel from several stations by optical measurements. The accuracy
of the position determination mainly depends on the quality of the spatial intersections. It is to be noted
that the rotation of the Earth around its axis also affects the orientation of the wires in the East-West

direction (due to centrifugal force). This must be compensated for.

A third method, also mechanical, is less common since it is more challenging to implement. It
consists of measuring the point of impact of a steel ball released from its suspension created by an
electromagnet at the top of the shaft. The position of the impact point needs to be corrected for the
rotation of the Earth. The accuracy can be significantly degraded in case of air currents during the fall.

Series of measurements allow the repeatability of the system to be estimated.
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11.11.3.7.2 In uence of vertical de ection

The methods described above are all affected by vertical de ection. Indeed, the installation of the nadir-
zenith telescope is done according to the local vertical, as well as the suspension of a pendulum, or the
falling of an object in the Earth's gravitational eld. Corrections must be applied accordingly. Knowledge
of the geodetic orientation (i.e. the direction of geographic North) is necessary to calculate corrections
in both North-South and East-West directions. It is important to note that the vertical de ection must
be known at the altitude of the instrument, i.e. at the bottom or top of the shaft (depending on the
con guration). While the geoid models easily determine the vertical de ection on the Earth's surface
with an accuracy of abou®:2 mgon (i.e. about0:3 mm at a depth ofL00 m), the estimation of the
vertical de ection at the bottom of the shaft of an underground accelerator is derived from the surface
de ection values, corrected by a model of rock density. Thus, the respective accuracies of the geoid and
the mass density model have a direct in uence on the accuracy of the vertical drop.

11.111.3.7.3 Transfer of altitude

The transfer of altitude from the surface to the tunnels requires the measurement of spatial distances and
vertical angles. This is quite a simple step performed from the bottom of the shaft using a tacheometer
with an inclined eyepiece or a laser tracker if the depth is within its measurement range. Targets are
installed at the top of the shatft, typically the same points used during the planimetric alignment measure-
ments. Collecting the horizontal angles also allows for planimetric determination of the points. This is
another cross-check of the results obtained using the methods described above, although the associated
accuracy is lower due to the lines of sight being close to vertical.

11.111.3.7.4 Calculations and results validation

All measurements collected from the described techniques, with an appropriate level of redundancy to
allow their control, are calculated using least-squares adjustment. The analysis of the results and the
comparison of the transferred geometry from one shaft to the next allows for uncertainty evaluation.
Previously collected data shows that an uncertainty:»fmm at 100 min altitude and):5 mm at100m

in planimetry can be achieved.

11.L11.3.8 Installation and determination of a geodetic network inside the accelerator area

The underground geodetic networks consist of a dense set of monuments, preferably installed in the
oor or on the walls. They are generally made up of a combination of reference points that are known
either in altitude (1D) or in space (3D). Unfortunately, the long and narrow con guration of a tunnel
network is quite unfavourable from a geometric point of view. Furthermore, for optical observations,
the proximity of walls can also expose lines of sight to a risk of refraction in addition to that due to the
vertical temperature gradient.

The 1D deep levelling references are distributed throughout the tunnels. They consist of rods made
of a material with a low or well-known thermal expansion coef cient, that are sealed onto stable rocks,
with a mechanical interface at their end located just below the oor level and totally independent from it
(see Fig. 11.11.11).
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