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Abstract
Increasingly stringent alignment requirements in particle accelerators have led to the development of dedicated high-accuracy alignment systems. While qualification procedures exist for standard metrology instruments, no established methodology is available for the qualification of research and development alignment systems and their associated references. This paper presents a generic qualification process developed for the Compact Linear Collider (CLIC) alignment strategy and subsequently applied to the LHC and HL-LHC project. The methodology combines theoretical modelling, individual sensor qualification, short-range validation through dedicated mock-ups, and long-range validation using large-scale test facilities. Its implementation is illustrated through the qualification of the Wire Positioning System (WPS) and the Hydrostatic Levelling System (HLS). The results demonstrate the ability to characterize sensor performance, quantify environmental influences, validate alignment references, and assess long-term stability at the micrometre level. The proposed approach provides a transferable framework for the qualification of future alignment systems.

INTRODUCTION
In particle colliders, one of the most effective ways to increase luminosity, while maintaining the same beam intensity, is to reduce the transverse size of the colliding beams at the interaction point. This directly impacts alignment requirements, which become increasingly stringent as beam sizes decrease. 
Alignment systems are developed and implemented when the required alignment objectives cannot be met with state-of-the-art instrumentation and conventional alignment methods [1]. The primary objective of these systems is to establish a straight reference line and perform continuous transverse measurements relative to this reference, such as vertical and/or offset measurements. The Wire Positioning System (WPS), for instance, combines a stretched wire serving as a straight alignment reference with sensors that measure radial and vertical offsets relative to the wire. Similarly, the Hydrostatic Levelling System (HLS) uses a water surface that follows a gravitational equipotential and sensors that measure vertical offsets with respect to this reference.
Standards established by the International Organisation for Standardisation (ISO) and their associated guides exist for many types of measurement instruments; however, no equivalent standards are available for research and development alignment systems. During the development and qualification of the WPS and HLS systems, it was therefore necessary to establish a rigorous qualification methodology, considering the absence of existing or accepted procedures for testing and calibrating the sensors and validating their associated references.
This paper focuses on the qualification of alignment strategies based on the two alignment systems introduced above, namely the HLS and WPS. First, we present the generic qualification process that was developed and implemented for the first time within the Compact Linear Collider (CLIC) study and later in the LHC Machine Detector Interface (MDI) area. We then describe each stage of the process and illustrate it with practical examples. 
implementation of a generic process to qualify the alignment systems
Introduction to CLIC and its alignment requirements
Studies aimed at developing new alignment solutions for CLIC began more than 30 years ago. Early concepts were introduced in a key report that proposed dedicated alignment systems as potential solutions [2]. The CLIC team at CERN was investigating the feasibility of constructing 
a 3 TeV centre-of-mass electron-positron collider for the post-LHC era, based on a two-beam acceleration scheme. In this concept, a low-energy, high-intensity electron drive beam runs parallel to the main linac and provides the radio-frequency power required to accelerate the main beam. Components associated with both beams are integrated into modules approximately 2.2 m long, resulting in about 20,000 modules distributed along the nearly 50 km length of the collider [3]. At that stage, the alignment requirements were regarded as ambitious R&D targets: a transverse alignment tolerance of ±10 µm at 3σ over 200 m for quadrupoles, beam position monitors (BPMs), and the girders supporting the accelerating structures.
In 2010, following extensive discussions with the physics community, a set of alignment requirements considered achievable was defined. These requirements enabled the development, validation, and qualification of a complete alignment strategy that was presented in the Conceptual Design Report published in 2012 [4] and in the implementation plan released in 2018 [5].
After initial pre-alignment and smoothing operations, an active pre-alignment system will continuously compensate for ground-motion-induced displacements, ensuring sufficient beam progression to implement beam-based diagnostics and feedback systems. The alignment requirements specify that the functional axes of the main-beam quadrupoles, accelerating structures and drive-beam quadrupoles must remain within cylinders of radius 14 µm, 17 µm, and 20 µm, respectively, over any 200m sliding window (at 1 σ) [6].
CLIC alignment strategy and qualification steps
The development of the CLIC alignment strategy and its associated qualification process began with a series of dedicated prototypes designed to assess the feasibility of the initial concepts. For example, these early studies demonstrated that the active alignment of a girder using sensors and actuators could be achieved with a sub-micrometre resolution [7]. A succession of mock-ups, equipped with early versions of WPS and HLS sensors subsequently demonstrated the feasibility of this approach, including under operational conditions [8]. These studies also identified several bottlenecks requiring further investigation, particularly regarding the influence of gravity on both alignment references.
However, achieving sub-micrometre resolution does not necessarily guarantee micrometre accuracy and repeatability. Furthermore, the micrometric accuracy of individual sensors does not imply that the final alignment of the components will achieve the same level of accuracy (see chapter 4). All factors affecting the sensors and the alignment references must therefore be identified, understood, and quantified.
As no standards exist for the qualification of such systems, the following qualification process was established, initially in a metrological environment with a stable temperature of approximately 20°C:
Theoretical studies;
Individual sensor qualification;
Short-range qualification of the alignment system, either through redundancy or by cross-comparison with other alignment systems;
Long-range qualification over distances exceeding 140 m.
Once the behaviour of the alignment systems under controlled laboratory conditions was better understood, more detailed investigations and optimisations of the alignment strategy were carried out [9]. These studies considered system integration, the specific tunnel environment, including large temperature differences between installation and operation, radiation, magnetic fields, and longitudinal airflow. Interactions with other technical systems such as vacuum equipment, radio-frequency systems and magnets were also taken into account. Dedicated test facilities, described in Chapter 3, were developed and used for this purpose.
Towards a generic process
The qualification process developed and put in place for the active pre-alignment of CLIC was very useful for the LHC, particularly for the alignment of the low beta quadrupoles. These triplets of components located on both sides of the two main detectors of the LHC, had non-standard alignment requirements, with the positioning of one triplet with respect to the other within ±0.5 mm (at 3σ) and a positioning stability for each quadrupole inside its triplet within a few micrometres [10].  To meet these alignment requirements, HLS and WPS sensors, derived directly from the qualified CLIC designs, were installed in 2006 on the low-beta quadrupoles of the LHC. The main challenges arose with implementing these systems in a real accelerator tunnel environment, including sloped tunnels, remote sensor electronics located in parallel survey galleries, and stretched-wire references spanning 50-110 m [10]. 
For the HL-LHC project, the same qualification approach was adopted. During Long Shutdown 3, between 2026 and 2030, nearly 1 km of existing components (including the low-beta quadrupoles) will be replaced by more powerful equipment to increase the collider luminosity by a factor of ten [11]. Among the newly installed technical systems, the superconducting magnets and several secondary components will be equipped with alignment sensors for continuous position monitoring. These components will also be supported by motorised jacks, allowing their positions to be remotely adjusted from the CERN Control Centre when required [12]. 
The alignment requirements for this Full Remote Alignment System (FRAS) are like those of the LHC triplet but over a much longer distance: more than 200 m (instead of 50 m); they are defined in [13]. As this was the first time that such alignment systems were to be deployed over such long distances, and because dedicated in-house sensors were developed to reduce costs and increase flexibility [14], a specific qualification strategy was established for both systems.
The following chapters describe the different stages of the generic qualification process developed for newly designed or upgraded alignment systems. In the case of the WPS and HLS systems, preliminary studies quickly demonstrated the need for a more detailed investigation of the stability and accurate modelling of both the stretched wire used as a straight-line reference and the water surface used as a levelling reference plane.

theoretical approach 
Successive PhD theses have contributed to a better understanding of the long-term stability of alignment references and of the influence of environmental and other parameters on their behaviour. 
In [15], F. Becker proposed a preliminary alignment concept based on networks of redundant HLS and WPS sensors for long-range measurements and optical sensors for short-range measurements. His report was the first to include a detailed study of stretched wires and water surfaces used as alignment references, together with an analysis of gravitational perturbations affecting these references and their impact on alignment accuracy. He pointed out that corrections would be required to account for the non-uniformity of the Earth’s gravitational field and for the deviations of the vertical that affect the shape of stretched wires, as well as for tidal effects acting on water surfaces. In addition, local gravitational anomalies caused by the distribution of nearby masses would require dedicated studies to determine whether gravitational equipotential surfaces could be defined with sufficient accuracy. This conclusion was later confirmed by S. Guillaume in [16] who demonstrated that an accuracy of 20 µm over 200 m was feasible. Corrections related to tidal effects were investigated in [17], while [18] examined the non-negligible influence of the Coriolis force on a stretched-wire references.
In [19], H. Mainaud Durand proposed a novel approach for modelling the catenary shape of a stretched wire with micrometre-level accuracy using a combination of HLS and WPS sensors. T. Touzé proposed the final redundant configuration of WPS and HLS sensors for both the long-range and short-range alignment networks [20].
The complete set of assumptions considered for the alignment of CLIC was summarised in [21], where the transverse-position error propagation associated with overlapping stretched-wire references and WPS sensors was estimated to remain below 10 µm over a 200 m sliding window.
Whenever possible, these theoretical studies were complemented by experimental investigations to validate their conclusions.

INDIVIDUAL QUALIFICATION ON DEDICATED TEST BENCHES
Pre-series qualification 
Since the early stages of the project, dedicated test benches have been developed to qualify and calibrate alignment sensors. Over the years, these test benches have become increasingly sophisticated as our understanding of sensors has improved and technological advances have become available.
As the WPS and HLS sensors were initially developed and manufactured outside CERN, a comprehensive set of qualification tests was defined, together with preliminary designs for validation benches. Given the limited number of sensors involved at the time, these benches were generally operated manually [22]. Upon delivery, each sensor underwent a series of validation tests, including assessments of reading stability during the warm-up phase, linearity and interchangeability, all evaluated against pre-defined acceptance criteria [23]. For each new version of the electronics, resistance to radiation and magnetic fields were also evaluated [23]. These tests proved particularly valuable as they enabled the identification of modifications to electronic components in newer versions of the remote electronics that no longer met the specified radiation-hardness requirements.
In-situ qualification of the alignment systems
Specific tools were also developed to qualify the complete acquisition chain of the alignment systems after their installation in the tunnel or experimental areas. These tools included filling and purging tests for the HLS system and wire-displacement tests for the WPS system. This approach enabled the remote qualification of the alignment systems in the LHC tunnel through automated procedures, such as controlled variations of the water level in the HLS hydraulic network and controlled displacements of the stretched wire through the WPS sensors. [24].
The evolution of calibration benches for WPS
The first calibration tests for WPS sensors were developed in 1995 [19]. A 3D Coordinate Measuring Machine was used to verify sensor accuracy, and initial mathematical models were established to relate the analogue sensor readings to the wire position expressed in millimetres. Subsequently, a kinematic coupling was added to the WPS sensors to improve their interchangeability, enabling sensor repositioning with a repeatability better than 1 µm [20]. This modification required the development of two dedicated calibration benches, one for the relative calibration and the other for the absolute calibration [25].
The relative calibration bench consisted of two orthogonal nanometric positioning stages used to displace the sensor through a grid of 127 pre-defined positions. At each position, the sensor measured the radial and vertical offsets relative to a stretched-wire reference. During the entire calibration procedure, two independent sensors continuously monitored the wire position to ensure its stability.
Absolute calibration was performed using a dedicated calibration bench whose geometry was accurately determined by 3D CMM measurements. This setup allowed the electrical zero of each sensor to be related to the ceramic spheres defining the kinematic coupling reference frame. Using this method, an accuracy better than 5 µm was achieved for each sensor [25]. 
When CERN decided to develop its own capacitive WPS sensors, the newly developed prototypes successfully underwent the same qualification tests as the commercially supplied sensors. Since they used the same kinematic interface and measurement range, their integration into the existing calibration process was straightforward. 
For the HL-LHC project, the need to calibrate more than 300 sensors motivated the development of a new mobile calibration bench capable of performing both relative and absolute calibration simultaneously. This solution calibration time by approximately 30% [26].
Calibration benches for HLS
The development of HLS calibration benches followed a similar evolution to that of the WPS benches, progressing from manually operated systems to fully automated setups using precision displacement stages. At a later stage, the measurement technology of the HLS sensors was changed from capacitive to Frequency Scanning Interferometry (FSI). This transition brought significant advantages, notably the replacement of expensive, bulky electrical cables with optical fibres, while eliminating issues related to electromagnetic compatibility (EMC) and signal cross-talk [14]. 
The qualification strategy followed the same approach as for the WPS sensors. Initial manual measurements were cross-checked using 3D CMM measurements, before being progressively automated to cope with the large number of HLS sensor heads requiring calibration. In contrast to the WPS calibration benches, no displacement stages are required to calibrate FSI-based HLS sensors; instead, calibration relies exclusively on multilateration measurements [27].

SHORT-RANGE QUALIFICATION
Introduction
As mentioned previously, the fact that sensors achieve sub-micrometre resolution does not necessarily imply that the components to which they are attached can be aligned with the same level of accuracy. Numerous factors can affect the achievable alignment accuracy, including: 
The design of the components and their supports (e.g. vibrations, natural frequencies, rigidity, materials, and thermal expansion coefficients);
General constraints, including accessibility, available space, radiation, thermal and floor stability, ground motion, and industrial noise;
Project constraints, including cost, available workforce, and the balance between operation and maintenance activities.
Short-range mock-ups provide an opportunity to better understand the local impact of these parameters. They also offer a first opportunity to compare and validate different alignment solutions under representative operating conditions. Two examples of this qualification stage are presented here: the Two Beam Test Module (TBTM), developed for the CLIC project and the Single Component Test (SCT), developed for the HL-LHC project
The Two Beam Test Module (TBTM)
The TBTM is a full-scale mock-up consisting of four 2m-long modules. It was installed in a dedicated test area, equipped with longitudinal airflow, like that foreseen for the CLIC tunnel ventilation, and with the capability to vary the ambient temperature, from approximately 20°C to operating temperatures close to 35°C [28]. The CLIC components were equipped with heaters, temperature probes, and cooling-water systems to reproduce their real operating conditions. Different support and adjustment concepts were tested on the various modules. For position determination, several sensor configurations were evaluated; the final configuration incorporated redundant capacitive WPS sensors.
Several important lessons were learned [29-30]:
A redundant configuration of alignment sensors is essential to obtain a comprehensive understanding of the alignment behaviour of a component or its support structure.
Extensive tests on environmental effects, including temperature, humidity, and pressure, were required on the complete WPS acquisition chain in order to develop appropriate measurement corrections. These tests were performed using climatic chambers.
A rigorous qualification process and well-established uncertainty budget are indispensable, particularly when measurement results are compared with numerical simulations.
At the micrometre level, every parameter can have an influence on alignment accuracy, including transportation, support flexibility, and structures composed of materials with different thermal expansion coefficients.
A thorough understanding of the constraints imposed by other technical systems, and vice versa, is equally important. For example, rigid waveguides connecting adjacent supports or forces generated by vacuum systems can severely degrade micrometre-level alignment accuracy. Conversely, a better understanding of the constraints associated with all equipment systems makes it possible to optimise the overall alignment workflow. This approach ultimately led to the development of the Particle Accelerator Component Alignment to the Nanometre scale (PACMAN) project. In this project, we demonstrated that it was possible to measure all the steps of alignment including fiducialisation at the same time, in the high-accuracy and traceable environment of a 3D CMM [31].
By integrating temperature measurements, alignment sensor data, and deformation models corresponding to different thermal scenarios, the TBTM effectively constituted an early form of what would now be referred to as a digital twin.
The Single Component Test (SCT)
The SCT consists of a 22-ton cryo-magnet prototype of a low-beta quadrupole, originally developed for the LHC in the 1990s. It is equipped with a redundant configuration of FRAS alignment sensors and supported by motorised jacks. The facility serves as a qualification platform for validating the mechanical design, qualifying the alignment solutions, testing both low-level and high-level acquisition and control/command software, preparing installation procedures, and validating new hardware and software releases [32].
Among the main lessons learned were the following [33]:
Improvements to the mechanical design of wire-protection systems, motorised jacks, and sensor supports, resulting in greater flexibility, reduced intervention time, and improved operational efficiency.
Validation of the complete acquisition chain for the alignment sensors and of the entire control/command chain for the motorised jacks, including the high-level software required to perform remote realignment operations.
Identification of non-negligible noise affecting the FSI-based HLS sensors, which was corrected before large-scale deployment.
Establishment of a clear quality workflow governing hardware and software development, testing and deployment [34].
This test facility enabled numerous issues to be identified and resolved before the installation of the alignment sensors on a second operational mock-up, the Inner Triplet String Test, where the FRAS was required to be fully operational from the outset [35-36].

LONG-RANGE QUALIFICATION 
During the qualification of the CLIC pre-alignment strategy, it quickly became apparent that the influence of certain parameters could not be assessed with sufficient accuracy on a short-scale test facility. This was particularly true for effects related to solar and lunar tides. To address this limitation, a dedicated facility extending over more than 140 m was constructed in an old tunnel characterised by very low ground-motion and excellent thermal stability. A primary network consisting of seven invar plates was installed, integrating HLS and WPS sensors measuring with respect to parallel stretched wires of different lengths. Once the network had been fully qualified [21], it was complemented by a vacuum pipe running in parallel, enabling validation of additional alignment systems through intercomparison measurements. Within the framework of the HL-LHC project, a “fourth” measurement line was added to qualify the in-house developed HLS and WPS sensors against the primary network.
This facility played a crucial role in demonstrating the feasibility of the proposed alignment strategy for the CLIC study. Analysis of the sensor measurements showed excellent agreement with the theoretical simulations performed for the selected sensor configurations. These results enabled extrapolation of the proposed solution to larger scales and demonstrated its feasibility, at least in the radial direction [21].
The facility also enabled the identification and correction of tidal effects in HLS measurements [17], now also corrected in the HLS readings of the LHC. 
Furthermore, it was demonstrated that the catenary shape of wire stretched over more than 140 m can be modelled with micrometre-level accuracy using a combination of redundant HLS and WPS sensors, while treating the wire tension and linear mass as unknown parameters. These studies also confirmed that a stretched wire can provide a highly accurate vertical alignment reference [37]. 

CONCLUSION
The complete qualification of new or upgraded alignment systems is a multi-year process. There is a need to develop specific test benches and short-range and long-range test setups to qualify both the alignment reference and the alignment sensors. These benches or facilities must themselves be qualified, either through cross-check measurements against traceable systems such as 3D CMMs or through intercomparison with other alignment systems. A combination of redundant sensors from different technologies can also be a solution for qualification. During the qualification process, the environmental impact and operational conditions must not be forgotten, especially at the micrometre scale.
Maximising the likelihood of success in the development and qualification of such alignment systems requires a multidisciplinary team covering metrology, mechanics, electronics, controls and mathematics. The efforts invested in the development and qualification of such alignment solutions are never lost, as they can be immediately transferable to other projects or applications. Hardware digital twins integrating real sensor measurements and modelling will offer a fantastic opportunity to simulate and qualify the newly developed alignment systems in real conditions.
Looking ahead, the Future Circular electron-positron collider (FCC-ee) is the preferred successor to the LHC. The alignment requirements in the Interaction Region, although still being defined, are expected to be several times more stringent than those of the LHC. Meeting these requirements will necessitate the development and qualification of new or upgraded alignment systems, for which we will apply the established qualification process and build on the lessons learned.
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