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Abstract

The increasing dimensions and constraints for next-
generation accelerators are driving the development of new
methods and strategies for automated alignment measure-
ments. While the existing LHC survey train at CERN has
demonstrated significant potential, it also revealed the draw-
backs and shortcomings of such a system.

A next generation survey train is therefore under develop-
ment, taking into account all the lessons learnt from the
previous version. At present, the focus is on developing the
measurement system. Computer vision metrology stands
out as the most promising technology for rapid, non-contact
measurements, reducing the risk of interference with the
accelerator installations. A prototype has been built and will
be fully qualified on a test setup in 2025.

This paper describes the general considerations for such a
system, along with the studies and implementation of the
measurement solution. The results of first measurements
will be compared to those from classical measurement meth-
ods.

INTRODUCTION

High Luminosity LHC

Currently, the preparations for the High-Luminosity Large
Hadron Collider (HL-LHC) upgrade are running at full
speed. Scheduled for the Long Shutdown 3 (L.S3), this up-
grade will increase the luminosity integrated by the LHC
over the following 10 year period by a factor of 10 compared
to what has been accumulated to date. The main change is
a complete reconfiguration of the Long Straight Sections
(LSS) surrounding the ATLAS and CMS experiments, rep-
resenting approximately 1.2 km of the LHC machine. The
increased luminosity will lead to enhanced radiation levels,
and consequently a greater remanent dose rate during any
interventions.

Full remote alignment system

A Full Remote Alignment System (FRAS) will be
deployed in these modified long straight sections to allow
both remote measurements and remote alignment of the
components [1] (see Fig. 1).

Only the HL-LHC sections are covered by the FRAS,
so the geometry and alignment must be seamlessly con-
nected and propagated to the arc sections by conventional
measurements. The required overlap region with the FRAS
zone is subject to the same constraints in terms of radiation
and accessibility, hence the need for remotely-operated
measurements using a next generation survey train.

* patrick.bestmann@cern.ch

Figure 1: High-Luminosity LHC Long Straight Section

CURRENT SITUATION

The starting point is the HL-LHC with its reconfigured

Long Straight Sections and the extension towards the arc
sections. The FRAS system is using a stretched wire
reference running from the first quadrupole, Q1, up to the
fifth quadrupole, QS, over a length of about 190 m on each
side of the experiment. The wire is fully protected by a duct
and is measured by capacitive Wire Position Sensors (WPS).
Frequency Scanning Interferometry (FSI) based Hydrostatic
Levelling Sensors (HLS), distance sensors and inclination
sensors complete the measurement equipment of the FRAS
with a total of 1150 alignment sensors. These sections of
the machine will be precisely measured vertically (0.17
mm (1o) and radially (0.33 mm (10)) over a length of
420 m (with the experiment in the center), aligned and
monitored [1].
This immediately raises the question of how these mea-
surements can be connected to the arcs of the machine. To
extend the existing wire and machine geometry, a temporary
wire needs to be installed along the junction of the FRAS
Zone and the following sections, as shown in Fig. 2.
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Figure 2: Transition zone between FRAS and arc sections

The traditional wire offset measurements are labour
and time-consuming, typically performed with a wire
offset measurement device based on a digital scale and
a microscope. Over the past two years, these devices
have been updated, providing more reliable results and
improving operator comfort. However, the time required
for the observations remains unchanged. The time for
the installation of the equipment and the high rate of
redundancy required make these measurements slow. At
most, only 8 wire installations can be measured per day per
team, covering 400 m of the machine. The wire is moved
by one quadrupole at a time, with each point measured on



three consecutive wires, requiring at least three observations
per position. If the wire moves or if control measurements
fall outside acceptable tolerances, the entire set needs to
be repeated. A minimum of physical interference with the
wire is crucial for maintaining measurement quality. The
precision of a manual wire offset measurement is within the
range of 50 um, relative to the same wire. Any new system
must ensure at least the same precision.

Manual measurements will no longer be feasible in the

FRAS zone, necessitating the development of a new, fully
remote offset measurement technique.
The Future Circular Collider (FCC) project presents its
own challenges but shares similar requirements in terms of
measurement, alignment and automation. The scale of the
project will not allow the use of traditional manual measure-
ments, except in very limited instances. This necessitates a
complete rethinking of the survey and alignment concept,
with new strategies and methods needing to be developed.

SURVEY TRAIN STRATEGY

One key lesson learned from the previous collimator sur-
vey train is that it was overly specialized, designed for a
specific region and a particular task. The new strategy is to
develop a more general and versatile measurement system
that can be applied across multiple regions and accelerators,
regardless of their infrastructure.

Concept

The concept combines classical offset measurements with

innovative vision-based developments, utilizing advance-
ments in measurement technologies, machine learning and
automation. The concept must remain modular to accommo-
date emerging technologies over the coming years. Vision-
based metrology is extremely promising, not only because
of its faster processing methods, but in particular due to the
possibility for non-contact measurements. This minimises
the risk of any interference or collision with the accelera-
tor components or the temporary reference wire, where any
contact would imply restarting the measurement sequence.
The stretched wire acts as a straightness reference over a
distance of 120-200 m. Currently, it is also used in com-
bination with Laser Tracker measurements and forms the
backbone of the FRAS permanent monitoring system.
A laser tracker has an angular precision of 3 prad, whereas a
120 m stretched wire, measured with a precision of 50 pm for
an offset, provides an angular accuracy of 0.8 prad over 60
m, which is nearly 5 times better. Currently, no other method
can compete with the stretched wire as a straightness refer-
ence. The concept used for the collimator survey train was
based on a combination of photogrammetry and stretched
wire references. This approach combines the advantages
of both technologies: the high precision in small volumes
and the stability and straightness reference provided over
long distances, which is crucial given the long and narrow
geometry of the accelerator tunnel.

Lessons learned

The Collimator survey train was also based on photogram-
metry, however, direct photogrammetry for wire measure-
ment was not feasible at that time due to the low resolution
of the cameras. Instead, laser micrometers were used as wire
sensors. These sensors were installed on two motorised arms
tracking the wire at a distance of (+15mm). Rather than mea-
suring the wire directly by photogrammetry, the wire sensors
were measured, representing the wire position through their
internal measurements. The main lessons learnt from the
Collimator survey train [2] can be summarized as follows:

* Photogrammetry is a highly precise and powerful tool

with significant potential for automation.

* Background and lightning conditions for photogram-

metry can vary greatly in the accelerator.

* Any physical contact with the machine equipment must

be avoided by maintaining maximum distance.

* The system needs to remain modular and universal,

even if specific tasks are targeted to be performed.

e Permanent and unprotected wire installations are not

maintainable.

* Modelling the wire in the vertical plane is challenging

due to the varying environmental conditions.

The most important changes in the concept include replac-
ing the laser wire sensors with direct photogrammetry and
the link of the entire system to the gravity. These changes
reduce collision risks and ensure that the wire remains un-
touched throughout the measurement session. This was the
main source of problems with the original system.

DEVELOPMENT STRATEGY

The first step of the development is entirely focused on
the measurement system and its automation. Vision-based
metrology provides the necessary degree of freedom and
automation, with its potential already validated by past stud-
ies. The infrastructure required for the mechanical robotic
automation will be considered as a second step. Four dif-
ferent stages to address CERN’s future alignment needs are
foreseen:

1. A manual measurement system for offset measurements
by photogrammetry and its full qualification on the HL-
LHC test setup.

2. Automation and integration into the Monorail inspec-
tion train for measuring the four HL-LHC Long Straight
Sections.

3. Extension to the LHC-arc sections to cover the full
LHC with automated offset measurements.

4. Extrapolation for automated measurements in the FCC.

The manual prototype will be a fully integrated measure-
ment system. In this context, "manual” means that it will
be displaced and positioned by hand. The measurement and
calculation process will, nevertheless, be fully automated.
This prototype is foreseen to be tested on the HL-LHC String



Test setup [3] in mid of 2025. The HL-LHC String is a full
installation of half a Long Straight Section, built on the sur-
face to validate all systems together before installation in
the machine begins. The FRAS system will be validated
on the same setup, and we will take advantage of the high
accuracy of the fully commissioned FRAS system to qualify
the manual prototype of the survey train.

Wire offset measurements

Traditional wire offset measurements determine the hori-
zontal and perpendicular offsets of fiducial points with re-
spect to the wire. Multiple points are measured along each
wire before the wire is moved forward, with common points
used to link the different overlapping wires, as shown in Fig.
3.
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Figure 3: Manual wire offset measurement

While measurement of the FRAS wire at the same time
as the additional extension wire in a single image would
have been optimal, the FRAS wire is fully enclosed and not
accessible. However, since the positions and orientations
of the FRAS WPS sensors are exactly known within the
magnet’s reference frame, they can be used as the fiducial
point provided they are measurable using photogrammetry.
The WPS sensors have therefore been fitted with four pho-
togrammetric targets directly engraved on the body of the
sensors as shown in Fig. 4. As the body is made from black
anodized aluminium, it was possible to form the target by
stripping the black anodisation layer, creating a sufficient
contrast with relatively sharp contours. Such targets are
radiation-resistant and more durable compared to traditional
sticker-type targets. Each WP sensor will undergo a fiducial-
isation of the photogrammetric targets with respect to the
three-ball mount interface, defining the sensors coordinate
system.

Figure 4: WPS sensor with engraved targets

Wire offset measurements using photogrammetry

Previous publications have demonstrated the feasibility of
direct wire offset measurements using photgrammetry [4],

creating a measurement system suitable for a tunnel environ-
ment. The main challenge remains automating the process
in a harsh and heterogeneous environment. The variable
lightning conditions and contrast need to be accounted for to
acquire high-quality images for precise measurements, while
the changing background can make it extremely challenging
to establish a universal setting for the photogrammetry.

In simple terms, the basic task is to measure a stretched wire
with a target in the background. From this, the 3D distance
from the wire to the fiducial needs to be decomposed into
horizontal and vertical offsets. Several studies have demon-
strated that detecting the wire in such an accelerator envi-
ronment with the required precision is feasible. [5] [6] [7].

PROTOTYPE
Hardware prototype

The hardware prototype consists of a fixed frame with
four consumer type NIKON D5600 cameras. Each camera
features an APS-C CMOS sensor with a resolution of 24
MP. The prototype frame, made from aluminium extrusions,
allows for rapid adaptation to new configurations. The final
frame will be of a girder-type made of carbon composite,
as shown in Fig. 5. The entire system needs to be linked to
gravity to decompose the 3D distance. The needed precision
for this link depends on the distance between the target and
the wire. For the horizontal wire offset, it is a second-order
effect if we limit the height differences by the configuration.
The prototype frame is equipped with four Wyler Zerotronic
inclination sensors, mounted in pairs on two cubes oriented
perpendicularly. This setup provides redundancy and con-
trols the deformation of the frame.

The acquisition is triggered by a hardware signal for all
four cameras, while the inclination sensors constantly mon-
itor the setup’s stability. Data acquisition is allowed only
when the stability threshold is met. The cameras and inclina-
tion sensors are read out by USB and controlled by a Matlab
acquisition script.

Software prototype

Although commercial photogrammetry software is
available, it does not provide the required level of automa-
tion for processing. The approach has been to use the
existing software where possible and to develop the missing
tools in-house. The bundle block adjustment and camera
calibrations are calculated using AICON software. However,
the automatic identification and 2D measurement of a
stretched wire required in-house development. Integrating
the system with gravity-link is another essential part of the
development process.

The image processing is based on scripts developed dur-
ing various studies. These scripts have been optimized and
arranged to build a solid foundation for in-depth testing and
evaluation of the system. Adjustments are made using our
standard LGC software (Logiciel General de Compensa-
tion), which is tailored to the requirements at CERN but






