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ABSTRACT 

   Big science and ambitious industrial projects continually push forward with 

technical requirements beyond the grasp of conventional engineering techniques. 

Example of those are ultra-high precision requirements in the field of celestial 

telescopes, particle accelerators and aerospace industry. Such extreme 

requirements are limited largely by the capability of the metrology used, namely, 

it’s uncertainty in relation to the alignment tolerance required. The current work 

was initiated as part of Maria Curie European research project held at CERN, 

Geneva aiming to answer those challenges as related to future accelerators 

requiring alignment of 2 m large assemblies to tolerances in the 10 µm range. 

The thesis has found several gaps in current knowledge limiting such capability. 

Among those was the lack of application of state of the art uncertainty 

propagation methods in alignment measurements metrology. Another major 

limiting factor found was the lack of uncertainty statements in the thermal errors 

compensations applied to assembly’s alignment metrology. A novel methodology 

was developed by which mixture of probabilistic modelling and high precision 

traceable reference measurements were used to quantify both measurement and 

thermal models compensation uncertainty accurately. Results have shown that 

the suggested methodology can accurately predict CMM specific measurement 

uncertainty as well as thermal drift compensation made by empirical, FEM and 

FEM metamodels. The CMM task-specific measurement uncertainties made at 

metrology laboratory were validated to be of maximum 7.96 µm (1σ) for the 

largest 2 m assemblies. The analysis of the results further showed how using this 

method a ‘virtual twins’ of the engineering structures can be calibrated with the 

known uncertainty of thermal drift prediction behaviour in the micrometric range. 

Namely, the Empirical, FEM and FEM Metamodels uncertainties of predictions 

were validated to be of maximum: 8.7 µm (1σ), 11.28 µm (1σ) and 12.24 µm (1σ).  

Keywords:  

Precision alignment measurements, uncertainty modelling, accelerator 

components fiducilisation 
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“…My Sword I give to him that shall succeed me in my Pilgrimage…” 

- John Bunyan, Piligrim’s Progress, Section X, part 2 
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1 INTRODUCTION 

1.1 Large assemblies precision alignment challenges 

   Large-scale scientific and industrial research projects require state of the art 

engineering to fulfil the desired requirements. In such projects, micrometre 

accuracy of assembly and alignment of large components can be critical. 

Alignment of large structures is defined as the procedure where large 

components or assemblies are dimensionally arranged in a manner into a 

superstructure to deliver certain desired function at a given tolerance. Large can 

be defined as any component or assembly larger than 1 m or as defined by 

(Stahl, 2013) at the size limit of conventional industrial metrology. This process 

can be performed actively by the use of actuators and guidance system 

(Glassman et al., 2016) or passively by the reliance on well-designed kinematic 

features and tight manufacturing tolerances (Slocum and Donmez, 1988). 

Examples of large-scale high precision assembly projects (and related 

references) that utilise those techniques and have common challenges in the field 

of scientific research, industry and military can be seen as shown in Figure 1-3 

Both active and passive alignment rely on high accuracy measurements of 

features location used to guide the process. In metrology, a reference for the 

required accuracy of measurement is the so-called “golden rule” as stated in 

(ISO, 2012, 2013b). Measurements have to be with uncertainty of up to 10 % of 

 

 

 

 

 

 

 

 

 

 

Figure 1: Celestial and Earth Telescopes: a) Herschel space observatory (Fransen, 

Doyle and Catanzaro, 2011); b) Thirty Meter Telescope (Nelson and Sanders, 2008) 
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the tolerance zone for which they are used to qualify (Knapp, 2001; ISO, 2013b).  

If this ratio is achieved, engineers can rely on the metrology applied and use it for 

the alignment procedures. For state of the art scientific or industrial research 

projects, this ‘rule’ might not be suitable. Required tolerance with respect to 

metrology uncertainty zone ratio can be close to one to one. A summary of 

metrology equipment qualifications and respective limit of tolerance studied 

(according to ‘golden rule’)  are shown In Table 1. 

 

 

Figure 2: Future high-speed earth transport projects (Musk, 2013) and 

Accelerators/Large scientific experiments (Bottura et al., 2006) 

Figure 3: Aerospace: a) Airbus factory assembly challenges (Saadat and Cretin, 2002), 

b) Blackbird SR 71 thermal expansion challenges (Merlin, 2009) 
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Table 1: Metrology systems for geometrical location measurement and their 

expected performance according to manufacturers. 

Currently, highest accuracy alignment metrology for meter range structures can 

be delivered by Coordinate Measurement Machines (CMM) (Hocken and Pereira, 

2016). Maximum Permissible Errors (JCGM, 2008a; ISO, 2009) for CMMs are 

quoted as low as 1.3 µm (for a system capable of measuring up to 1.2 m object) 

(HexagonAB, 2017) to 8.9 µm (for a system capable of measuring up to 3 m sized 

object) (Carl Zeiss AG, 2017). The quoted best-achieved measurement 

capabilities are only valid within very tightly controlled environmental conditions 

(temperature, vibration, measurement procedure applied and more). This high 

measurement performance is achieved at the cost of lengthy measurement 

procedures performed at specialised CMM systems and laboratories frequently 

limited to components of up to 2 m to 3 m. Even with this high metrology 

performance, the (alignment tolerance/measurement uncertainty) ratio for future 

projects such as Compact Linear Collider (CLIC) (CLIC (Collaboration), 2012) 

can be close to one. Alignment tolerance requirements can be as low as 7 µm to 

12 µm @ 1 σ  for up to 2 m objects (CLIC (Collaboration), 2012). 

Metrology system Maximum Permissible 

Error (MPE) (ISO, 2009) 

Lowest verified tolerance 

ranges  

“golden rule ratio” - 10/1 

(Tolerance/MPE) [10] 

Laser tracker: ± [15 µm + 6 µm/m] 

(Hexagon metrology, 

2009) 

± [150 µm + 60 µm/m] 

Photogrammetry: ±  [50  µm  to 100 µm] at 1 

m to 2 m (Luhmann et al., 

2013) 

±  [500  µm  to 1000 µm] 

CMM’s : ± [0.3 µm to 1.9 µm + 1 to 

7 µm/m] (Carl Zeiss AG, 

2017; HexagonAB, 2017) 

± [3 µm to 19.9 µm + 10 to 70 

µm/m] 
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When large assemblies need to be aligned to micrometric accuracy, not only the 

knowledge of metrology equipment performance is critical but also its measurand 

dimensional stability during and after measurement. Thermal effects can create 

dimensional changes in assemblies in the order of 8 µm to 25 µm per m per °C 

for most common materials used (Steel, Aluminium, Titanium and other alloys). 

These contributions effects have to be considered in the uncertainty budget and 

compensated when necessary (Stahl, 2013). Several examples are found in 

various domains such as celestial and earth telescopes, future high-speed earth 

transport projects and aerospace. A challenge in supersonic aerospace is the 

consideration of thermal expansion in components precision alignment due to air 

friction heating effects. An extreme example is the design of Blackbird SR-71 spy 

aircraft. Due to Mach 3+ cruise speed and high friction heat generated (up to 450 

°C airframe surface temperature), the designers had to assemble and align 

components with consideration for the expected thermal expansion. This had a 

big impact on the aircraft airframe at take-off environment. Large expansion gaps 

(of up to 4 mm/m) in the fuel tank were letting fuel leaking through the seals on 

the runway (Merlin, 2009) Figure 3, b).  

Thermal gradients between the top of the aircraft airframe and the bottom were 

created due to the depletion of fuel in the tanks which itself acted as a heat sink. 

This further caused dimensional variations in the airframe that reportedly altered 

the aerodynamic characteristics during flight (Merlin, 2009). Another example of 

thermal issues in large objects assembly and alignment example is coming from 

challenges in a future project of high-speed transportation, the Hyperloop (Musk, 

2013; Taylor, Hyde and Barr, 2016). One of the enabling factors for the project 

success is the ability to cope with the vacuum pipes alignment and thermal 

deformations caused by sun radiation and internal heat loads. Those can cause 

significant drift in the dimensions of the tube used to guide the train boogies (up 

to 0.8 mm per 30 m single steel pipe segment for 10 °C thermal gradient). Such 

large dimensional changes can have a critical impact on the tubes alignment and 

thus high-speed train boogies (travelling more than 1000 kph). This can cause 

additional structural stresses and vibrations due to the required thermal joints 

interfacing between each 30 m tubular segments. Understanding and 
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compensating accurately for any such thermal effects in high precision assembly 

and alignment can be critical for project realisation. 

An additional challenge for large-scale state of the art research and engineering 

projects is their complexity, high economic value. Their practical realisation 

requires industrial and international decentralisation. This puts great challenges 

in the coordination and standardisation of manufacturing and metrology 

practices. A direct example from industry is the A380 aircraft developed by Airbus 

Europe. Components for the aircraft were manufactured in several member 

states of the EU and finally integrated in Toulouse France. The final integration 

had to rely on length and angle measurements having less than 50 µm errors for 

up to 50 m long components. All components coming from different countries and 

manufacturers with different internal work practices and process. Such 

undertakings would not have been possible without the traceability to a common 

reference and standards. This being the international SI (BIPM, 2006) unit system 

the and the realisation of the meter standard (Vollard, 2005). 

Particle accelerators are another example where state and beyond state of the 

art solutions for all the upper stated challenges can be critical for a project 

relisation. The Compact Linear Collider (CLIC) future accelerator study and it is 

beyond state of the art requirements initiated the current thesis as revieled in the 

following chapter. 
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1.2 Compact LInear Collider (CLIC) accelerator study  

1.2.1 Future particle accelerators  

   One of the future goals of accelerator physics is the ability to study particle 

beam collisions at the highest possible energy and event rate of collision. The 

current physical design of the machines limits the maximum possible acceleration 

gradient of the particles. To increase the energy of collisions and thus the 

probability for discoveries, length of future machines needs to be increased. The 

second important requirement, event rate of collision is proportional to Luminosity 

which can be seen defined in Eq.(1-1) 

Where 𝜎𝑥𝜎𝑦 [nm] is the transverse particle beam size, 𝑓𝑟𝑒𝑝 [Hz - MHz] is the 

repetition rate of bunches of particles accelerated and 𝑁𝑒
2 [nC] is the beam 

charge.  Thus achieving high event rate of particle collision an accelerator must 

have as high as possible Luminosity. This would imply that the particle beam 

cross section size (𝜎𝑥𝜎𝑦 ) has to be as small as possible and the frequency of 

events (𝑓𝑟𝑒𝑝) as high as possible. Circular colliders, such as the Large Hadron 

Collider (LHC), can have really high frequency [MHz] of events. This is due to the 

possibility of inserting and circulating numerous particle bunches within the ring 

colliding repetitively and continuously at the interaction point. Thus those 

machines can achieve high Luminosity with larger beam cross sections. In the 

current state of art for LHC of the beam cross section is in the order of 16 µm at 

Collison point (Wenninger, 2007) with alignment requirements in the range of 100 

µm up to 1 mm. This was achieved using the current state of the art techniques. 

However, for future circular and linear accelerators that may not be the case. 

Linear accelerators design implies that particles have only one try/shot per beam 

bunch before they meet at the interaction point. They act as particle guns using 

only their available length for each bunch acceleration. Thus, in order to reach 

Ncollision event ∝ L (Luminosity) where 

L (Luminosity) ∝
𝑓𝑟𝑒𝑝𝑁𝑒

2

𝜎𝑥𝜎𝑦
 

 

 

 

(1-1) 
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higher luminosities, smaller beam sizes (in the nm region cross section (CLIC 

(Collaboration), 2012)) and longer machines (~50 km) will be among the design 

requirements. Beyond state of the art circular colliders (such as The Future 

Circular Collider (CERN, 2017a)) would have really high luminosity requirement 

thus needing beam cross section close to the linear accelerator requirements 

( ~50 nm region at interaction point). Thus size of future colliders would need to 

be in length of the order of 50 km to 100 km  with colliding beams cross section 

in the nm region. 

This, however, would require extremely tight specifications for components 

assembly and alignment (i.e. beam focusing magnets, accelerating structures) to 

be realised. This will ensure successful collision at the impact location (the 

particle detector) (Redaelli, 2004) as shown in Figure 4.  

The relative accuracy of assembly and alignment required can be compared with 

the analogy of aiming, aligning and stabilising two rifle barrels at more than 10000 

km targeting to collide two 2 cm bullets in a pre-determined location in mid-air.  

Figure 4: Top: Beam bunches collide due to successful alignment of accelerator 

active components. Bottom: Beam bunches missing collision due to 

unsuccessful alignment of accelerator components. 
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Alignment of accelerator components can be split into two phases: pre-alignment 

and beam based alignment. In the first stage, ‘pre-alignment’ concerns all 

alignment aspects before launching the first beam within the accelerator. In this 

phase the active components (focusing and accelerating) are aligned to sufficient 

tolerance, so the beam can pass for the first time (see Figure 8). Pre-alignment 

itself consist of two separate phases: ‘fiducialisation’ and ‘tunnel alignment’. 

Fiducialisation phase concerns the measurement of the spatial 3D location of the 

components electrical and magnetic axes with respect to the zero coordinate 

reference frame part of each assembly. The zero reference frame is defined by 

the location of fixed to the assembly physical reference marks called fiducials 

Figure 5. 

In the tunnel alignment stage, this information is used to align each assembly with 

respect to a common tunnel frame of reference (i.e. long overlapping stretched 

wire or another mean such as a laser to create this stable global reference 

(Mainaud Durand, 2016)). Each assembly fiducials, and thus magnetic axis, has 

to be adjusted with respect to the global reference. This initially is done by 

reliance of high precision mechanics, achieving 0.2 mm to 0.3 mm of alignment 

tolerance. Next step would be to use 5 degree of freedom high precision actuators 

in order to further align each active component magnetic or electric axis. This has 

Figure 5: Schematic of magnet assembly cross-section. Measurement of 

electromagnetic axis with respect to fiducials (pre-alignment) in quadrupole 

magnet 
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to be done up to tolerance of 14 µm to 17 µm (1 σ), depending on the component 

type. These requirements lead to a target uncertainty of alignment measurements 

of 12 µm at 1σ for various magnet assembly sizes from 0.6 m to more than 2 m 

in length (see Figure 8). 

The difference between the targeted measurement uncertainty (12 µm at 1σ) and 

CLIC alignment tolerance zone (14 µm to 17 µm at 1σ) is due to the extra budget 

required for the magnet to magnet alignment reference system based on 

capacitive Wire Positioning Sensors (WPS). The WPS system links each 

assembly reference frame with the global tunnel reference known as the 

stretched wire [2]. These demanding requirements have to be achieved for a 

large number of modules, assembled and measured by several companies and 

laboratories located in CERN member states around the world. (see Figure 8). 

Once each active assembly is aligned to the desired tolerance the beam based 

alignment can begin. In this phase, the high precision actuators use so-called 

Beam Positioning Monitoring sensors (BPMs) information in real time to align, 

stabilise and focus the beam to the highest fidelity and thus luminosity (Mainaud 

Durand and T.Touze, 2006). This procedure is comprised of three stages “one to 

one steering” allowing for the first pass of the beam through the machine. 

“Dispersion-free steering” an optimisation of the BPM sensors and quadruple 

magnets location by variation of beam energy. “Minimisation of acceleration 

structures offsets” by the use of Wakefield monitors and assembly girders 

actuators. 

Currently, the biggest challenges fur future projects lie within the first stage: pre-

alignment and especially fiducialisation. Small errors due to measurements 

performed at that stage could be magnified across the large accelerator lengths 

through the other active (via precision actuators) alignment process and lead to 

miss-collision of the particle beams Figure 4.  To master this challenge a 

metrology capable of aligning metre plus size components and assemblies 

(magnets and accelerating structures) at large manufacturing scale with 

uncertainties in the micrometre range is required. 
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In this work, these challenges of large-scale metrology and uncertainty evaluation 

are addressed as part of a study on the alignment of one of the future particle 

accelerators concepts: CLIC (Compact Linear Collider) Figure 6 (CLIC 

(Collaboration), 2012).  

Extremely low alignment measurement uncertainties of the order of 10 µm and 

below state of the art need to be achieved on up to 20 000 sub-assemblies, of 

0.5 m to 2 m length each. Those would be subject to varying thermal conditions 

during their alignment process in 48.3 km long underground tunnel. CAD 

impression of such two-metre module can be seen in Figure 7. 

Figure 6: Artistic Impression of CLIC (48.3km long) under the Jura Mountains 

France next to Geneva, Switzerland courtesy to CERN 

Figure 7: One of 20 000 units, 2 m sub-assembly “two-beam modules” as referred 

in CLIC documentation (CLIC (Collaboration), 2012). 
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Each of this two-metre modules will be assembled from numerous components 

from which the most critical are the focusing magnets or Main and Drive Beam 

Quadrupoles (MB Quad and DB Quad), the beam accelerating structures (AS) 

and Beam Positioning Monitors integrated into the MBQ. The specification is even 

more challenging as the aligning reference is the electromagnetic null or so-called 

active magnetic axis (Bottura et al., 2006; Arpaia et al., 2015) of each magnet 

with respect to each consecutive one.  

Those measurements are later used for the alignment procedure via precision 

actuators at nominal operating conditions of the accelerator within the tunnel. 

Thermal conditions during operation could vary significantly causing internal 

thermal gradients critical for the assembly’s alignment. Temperatures of more 

than ten °C differential between metrology and machine actual operation in an 

underground tunnel. This causes large deformations and thus drift in the magnet 

alignment measurements. Therefore, accurate metrology and thermal drifts 

compensations are among the alignment challenges that need to be addressed 

for the realisation of the CLIC accelerator. 

1.2.1 The PACMAN project  

   The current PhD work was part of the Particle Accelerator Components 

Metrology and Alignment to the Nanometre-scale (PACMAN) EU project which 

aimed to address the current state of art issues of accelerator pre-alignment 

(CERN, 2017b). Before the PACMAN project, the possibility of achieving real 

alignment measurements uncertainties for such large industrial sized project had 

not been studied. 

The CLIC beam studies estimated that to achieve the desired luminosity, an 

elliptical beam with cross section semi-major axis sizes: 𝜎𝑥𝜎𝑦 = 60 nm x 0.7 nm 

must be aligned and focused. As defined in CLIC Conceptual Design Report 

(CDR) (CLIC (Collaboration), 2012),  the required pre-alignment measurement of 

electromagnetic axis with respect to fiducials coordinate system must be done to 

12 µm uncertainty for magnet alignment. Those values are equal to the maximum 



 

12 

value a measurement could lie from a true value at probability of one sigma (1 σ) 

or 68 % (Figure 8).  

The current state of the art in accelerators component alignment is based on 

historical considerations and experience gained with the alignment work done for 

CERN (Bottura et al., 2006) and others across the globe accelerator projects. The 

best alignment performance quoted for similar size assemblies are in the range 

of 50 µm + (Bottura et al., 2006) with no expansion coefficient k (σ level) but 

rather quoted as Route Mean Square (RMS) errors. An exception is a work done 

for the LHC (Dupont, Missiaen and Winkes, 2004) where metrology performance 

was stated at 1 σ but in the region of 100 µm +. However, none of the existing 

state-of-the-art work was done following the international standards of uncertainty 

propagation and quantification thus stating traceable to SI unit uncertainty 

statements (2.1.2) rather than error budget estimates (2.2.3). CLIC tight 

alignment tolerance was never required or reached. This is believed to be an 

issue for future accelerators having tolerances at the limit and beyond of currently 

available metrology methods for this assembly sizes. This limitation was the main 

driver behind the PACMAN project initiation. The project studied the integration, 

design and calibration of a multi-sensorial coordinate measurement system being 

able to perform the required alignment measurements at one place and time. The 

system created by the PACMAN team has four different sensorial elements used 

𝑥0 - Assembly reference 

coordinate frame zero 

defined by fiducials network 

location 

Uncertainty zone for pre-alignment of 
Magnets= 12 µm @ U (68%) 

 

Figure 8: The electromagnetic axis represented as line through 2x coordinates in 

space, and the global reference as coordinate system defined by the fiducials 
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in series to perform the alignment measurement. All were integrated into the bed 

of industrial bridge type Coordinate Measurement Machine (CMM).  

The four measurement systems are as follows: 

Stretched wire magnetic axis measurement: A stretched wire system was used 

for location of the magnetic axis of a magnet by best fitting a stretched wire with 

known minimum sag to it Figure 9.  

Stretched wire RF (Radio Frequency) axis measurement. A stretched wire 

system is used for locating the electric zero of BPM sensor. This was done by 

best fitting stretched wire known position to the electric centre. The electric axis 

measurement system was designed to utilise the same mechanical hardware as 

the magnetic axis measurement system with different electronic instrumentation 

and method used for this specific measurement Figure 9. The systems were 

developed by the PACMAN PhD students (Caiazza, 2017) and (Zorzetti, 2017) 

CMM non-contact wire location measurement. This measurement was used for 

locating the stretched wire axis (defined by the stretched wire system) in space 

with a CMM non-contact head. It translates the coordinates of the magnetic and 

electric axis to the CMM frame of reference. The instrument was developed by 

the PACMAN PhD student (Sanz, 2018). 

Figure 9: Example of stretched wire metrology system used for fitting a wire to 

components electrical or magnetic axis or for studying the field quality (courtesy 

of CERN) (Arpaia et al., 2015; Caiazza, 2015; Mainaud Durand et al., 2016). 
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CMM tactile measurement of reference datum on the assembly. Leitz Infinity 

CMM system (HexagonAB, 2017) was used for measurements integration and 

location of a global measurement datum on the PACMAN magnet assembly. This 

was done by exchanging the non-contact head with a tactile probe on the CMM. 

This referenced the knowledge of the stretched wire sensor and thus of the 

electromagnetic axes to the global assembly datum set by a system of fiducials  

Figure 10.  

These measurements were performed in class 1 metrology thermal environment 

with a temperature variation of ± 0.1°C evaluated according to (ISO, 2015) 

standard. Minimum test current within the coils, required for magnetic 

measurements and no water cooling was used to minimise any possible thermal 

perturbations of the measurement environment.  Compensations of CMM 

alignment measurements for both magnetic axis and spherical reference fiducials 

drift was studied consequently of initial alignment measurements. This was done 

by series of thermal cycles and reference measurements validated against 

Probabilistic Empirical and Finite Element compensation models. This work 

together with the task-specific uncertainty evaluation for the pre-alignment 

procedures was done by the author of the current PhD thesis (Doytchinov, 2018) 

submitted to Cranfield University, UK. 

Figure 10: Left CMM (Leitz Infinity). Right CAD impression of the integrated pre-

alignment system with the magnet assembly 
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1.3 Research motivation 

CLIC challenges raised the following questions and thus research motivation in 

the field of precision alignment addressed by the current work: 

 How to achieve alignment measurements with accurate uncertainty 

statements in the micrometric range for meter sized objects at large and 

international production scale? A challenge for future large-scale 

accelerator and engineering projects. 

 How to accurately evaluate the uncertainty contribution of the thermal 

effects on the alignment measurement uncertainties? How to compensate 

them if necessary with a known and valid uncertainty of the compensation? 

The present work was motivated on contributing to the knowledge of creating and 

validating a methodology that can be applied to answer the current state-of-the-

art challenges stated. This was achieved by providing accurate and traceable 

alignment measurements with specific uncertainties including for thermal effects 

compensation. It is claimed that such methodology provides a tool for solving 

common challenges in the area of large-scale high precision alignment.   
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1.4 Thesis structure 

   Chapter 1: In chapter one an introduction to the challenges of current and future 

large assembly’s precision alignment problem is given. The domain of 

engineering is defined as the one covering state of the art projects requiring the 

assembly of meter range objects to micrometre accuracy. Examples of current 

and future common challenges are given in the field of large telescopes, 

aerospace engineering and big science projects. Metrology performance vs 

desired assembly tolerances is put as one of the limiting factors in this field of 

engineering. The chapter then introduces a current alignment challenge in the 

field of future particle accelerators and the latest project on which the current 

thesis is based, aiming to resolve them. The chapter finally summarises the 

current PhD work research motivation aiming to resolve the challenges in the 

domain of accelerator alignment and thus contribute to large assemblies high 

precision assemblies in general. 

   Chapter 2: In this chapter, a review of the relevant state of the art literature is 

given. The review starts from defining the basic concepts in uncertainty analysis, 

relating them to the internationally agreed definitions, rules and standards 

(JCGM, 2008b). The capabilities and limitations of those state of the art 

uncertainty analysis standards and methods are discussed. The chapter 

introduces one of the latest expansions of the state of the art uncertainty methods 

(BIPM, 2008) based on probabilistic Bayesian analysis as the most relevant 

current method for tackling efficiently complex uncertainty analysis problems. 

Later in the chapter, the state of the art in uncertainty analysis for precision 

manufacturing and measurement machines Is discussed. Showing that currently 

manufacturing precision systems lag behind in the application of state of the art 

uncertainty analysis methods. The chapter then looks deeper into the concrete 

case of alignment of accelerators. It reviews state of the art in the field and current 

gaps in knowledge and challenges. Finally, the chapter defines a gap of 

knowledge in both accelerator alignment and precision engineering in general.  
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   Chapter 3: In this chapter, the focus of the current thesis is defined as an aim 

and hypothesis which if proven can answer the defined in previous chapter gaps 

of knowledge. 

   Chapter 4: In this chapter, a new methodology aiming at answering the outlined 

in the previous chapter hypothesis is defined. The methodology is split into two 

separate sub-methods that aim at answering the two major challenges: 

quantifying accurately the measurement uncertainty and having uncertainty 

statements on any systematic error compensation models applied such as the 

one for thermal errors. 

   Chapter 5: In this chapter, a summary of the experimental setups equipment 

and applied procedures is outlined. Here all the experimental setups and 

measurement systems are described in greater detail with further references 

given. Their measurement and the methods used for its quantification is defined 

as well. Beside measurement equipment, the key software tools used are 

described with given references. Second part of the chapter describes in greater 

detail the specific procedures applied for the uncertainty analysis and 

mathematical modelling. 

   Chapter 6: In this chapter, the studies significant results and findings are 

summarised in the form of various graphs and tables. In the first part, the results 

linked to the alignment measurements uncertainty analysis are outlined. In the 

second part, the results linked to thermal deformation modelling uncertainty are 

outlined 

   Chapter 7: In this chapter, a discussion of the thesis results is made. In the first 

part, an explanation of the findings related to CMM measurement uncertainty is 

made. In there the results confirm some of the gaps in knowledge and limitations 

of existing practices. Further, it shows how the suggested methods answer the 

exiting gap of knowledge related to alignment measurements uncertainty 

analysis. In the second part, the results related to uncertainty analysis of thermal 

deformation models are discussed and findings outlined. There a critical 

comparison of empirical, Finite Element Modelling and metamodeling is made. 

Further, it is shown how the findings confirm the hypothesis and can answer gaps 
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in knowledge not only in precision alignment but precision engineering as a 

whole.  

   Chapter 8: In this chapter, the findings from the discussions are summarised 

as a conclusion that shows the direct contribution to knowledge in the field of 

metrology and precision engineering. Further conclusions related to the CLIC 

project and alignment challenges is summarised. 

   Chapter 9: In this chapter, a future work recommendation is given. Namely 

current research work has found some additional gaps of knowledge that need to 

be answered if further increase alignment accuracy is required. Suggestions as 

well are made for further verifications and studies for alternative application of the 

proven in this thesis methodology. 
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2 LITERATURE REVIEW 

2.1 Uncertainties and their propagation 

   A precision system, manufacturing machine tool or measurement, is designed 

with the view of delivering a desired specific function. For metrology systems, this 

is a measurement with a related certificate of the measurement truthfulness – the 

uncertainty statement. Uncertainty is the doubt one has on the validity of 

measurement as best described in (JCGM, 2012) as the “parameter, associated 

with the result of a measurement that characterizes the dispersion of the values 

that could reasonably be attributed to the measurand”. The internationally 

recognised model for the propagation of various errors to final metrology system 

uncertainty is outlined In (JCGM, 2008b). This mathematical model is based on 

the Bayesian theorem and describes the final measurement uncertainty as 

Gaussian or t-shifted probability density propagated as a function of all possible 

error contributors. Detail illustration of the methodology for evaluation of 

uncertainty according to (JCGM, 2008c) are shown in Figure 11. 

The first step (step 1 in Figure 11)  is to describe the measurement model. This 

would include defining what exactly the measurand is 𝒀 (Is it length, form, mass, 

Figure 11: Graphical sketch of the GUM model steps as presented in (JCGM, 

2008c). 
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time etc.). Next step woud be to describe all possible influencing paramters 

(𝑋1, 𝑋2,  … , 𝑋𝑛). Final step is to define a model of the measurement describing 

how the various parameters influence the measurand 𝒀. The model is defined as 

the mathematical description of cause and effect describing 𝑌=𝑓(𝑋1, 𝑋2,  … , 𝑋𝑛). 

For example measurand 𝒀,, has the following function Eq.(2-1) of 𝑋1, 𝑋2, 𝑋3. 

Figure 12 shows how the three influencing parameters 𝑿𝟏, 𝑿𝟐, 𝑿𝟑  and their 

measurement uncertainties 𝒖(𝒙𝟏), 𝒖(𝒙𝟐),  𝒖(𝒙𝟑) propagate through the 

measurement model 𝒇(𝒙) to the final Measurand 𝑦 and its measurement 

uncertainty 𝒖(𝒚). 

Once the measurement model is complete, the standard uncertainties (𝒖𝟏 … 𝒖𝒊)  

associated with all input quantities (𝑿𝟏 … 𝑿𝒊)  must be evaluated (step 2 in Figure 

11). In step 2, an estimation of their probability distribution and probability density 

functions (PDF - function that describes the relative likelihood for a random 

variable to take on a given value) (JCGM, 2012) is made. This is achieved using 

Type A or Type B evaluation. In Type A analysis the evaluation of uncertainty 

contributor probability distribution is done via statistical analysis of series of 

observation. For example, this can be the standard deviation of a repeatability 

study. The uncertainty u(x) due to repeatability of a set of (n) measurements of 

the quantity (x) can be expressed by the standard deviation of the mean as shown 

in Eq.(2-2), Figure 13. 

𝑌 =
𝑋1(𝑋2 + 𝑋3)

𝑋3
2  

 

 

(2-1) 

Figure 12: Graphical sketch of the GUM model as presented in (Couto, Damasceno 

and Oliveira, 2013) 
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Where in Eq.(2-2) 𝒔(𝒙)̅̅ ̅ is the standard deviation of the mean, s(x) is the standard 

deviation of the sample and n is the number of measurements.  

In cases when it is not possible to perform Type A evaluation, Type B can be 

chosen, for example when the system is not available or not economical to be 

tested. In Type B evaluation, the uncertainty is defined by a theoretical distribution 

which is selected by the metrologist. An uncertainty PDF which represents at best 

the behaviour of the real system is chosen. For example, a digital calliper final 

digit reading, (with a decimal resolution due to rounding equal to a) could be 

anywhere between (𝑎−) and (𝑎+) Figure 14.  

𝑢(𝑥) = 𝑠(𝑥̅) =
𝑠(𝑥)

√𝑛
 

 

 

(2-2) 

Figure 13: Example of Type A uncertainty analysis defining PDF from frequency 

of measurand samples.  
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Thus we accept that for our measurement it is equally probable a true value to lie 

in our measurement interval (𝑎−) to(𝑎+). Such interval can be described by 

uniform PDF or so called rectangular probability Eq.(2-3) 

With associated variance Eq.(2-4)  

If the difference between the bounds (𝑎− 𝑡𝑜 𝑎+) is denoted by 2a, then:  

Which gives the standard uncertainty 𝑢(𝑥𝑖) = 𝑎 𝑥 (𝑑) where (d) is called the 

distribution coefficient and in the case of rectangular probability density function 

is calculated to be 1/√3.Examples of three frequently used Type B assumptions 

can be seen in Figure 15.  

 

 

 

𝑋𝑖 =
(𝑎− + 𝑎+)

2
 

 

 

 

(2-3) 

 

𝑢2(𝑥𝑖) =
(𝑎− + 𝑎+)2

12
 

 

 

(2-4) 

𝑢2(𝑥𝑖) =
𝑎2

3
 𝑜𝑟 𝑢(𝑥𝑖) = 𝑎/√3 

 

 

(2-5) 

 

Figure 14: Rectangular probability distribution assigned for calliper resolution 

rounding uncertainty contributor. The resolution of the calliper is 2a = 0.01 m. 
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Depending on the assumption made (rectangular, triangular, U-shaped or other) 

their associated standard uncertainties would be calculated to be different (a 

function of the area under the PDF). 

Once Type A or Type B evaluation methods are performed, and associated 

standard uncertainties are evaluated for each input (𝑋1, 𝑋2,  … , 𝑋𝑛), the best 

guess for 𝐶𝑛 and 𝑢 (𝑥𝑖 ,  𝑥𝑗) should be calculated, where: 

are the sensitivity coefficients on how (Y) will be influenced by small variation 

U(𝑥𝑛) and: 

𝑢 (𝑥𝑖 ,  𝑥𝑗) is the correlation coefficient between each two uncertainties (𝑥𝑖 ,  𝑥𝑗). It 

defines how they influence each other. If there is full dependance i.e. corelation 

of  𝑥𝑖 with 𝑥𝑗 then 𝑢 (𝑥𝑖 ,  𝑥𝑗) = 1;  if there is no dependance i.e. corelation at all 

then 𝑢 (𝑥𝑖,  𝑥𝑗) = 0. 

In this stage, all the evaluated standard uncertainties and their sensitivity and 

correlation coefficients are propagated (step 3 in Figure 11) to final ‘combined 

standard uncertainty’= (𝑢𝑐) which is the combined function of all 1 sigma 

uncertainty contributors Eq.(2-9). 

𝑐𝑛 =
𝜕𝑓

𝜕𝑥𝑛
 

 

 

(2-6) 

𝑢 (𝑥𝑖,  𝑥𝑗) = 𝑐𝑜𝑣(𝑥𝑖,  𝑥𝑗)   

 

(2-7) 

𝑎𝑛𝑑   𝑢 (𝑥𝑖 ,  𝑥𝑗)  ∈ 0 𝑡𝑜 1  

 

(2-8) 

𝑢𝑐 = 𝑓(𝑢1, 𝑢2 … , 𝑢𝑛)  

 

(2-9) 

Figure 15: Rectangular, U shaped, Triangular Type B assumptions for the PDFs of 

different types of uncertainties. 
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This can be done in several ways. In traditional GUM (JCGM, 2008b), the method 

suggested is the Law of Propagation of Uncertainties (LPU) see Eq.(2-10). 

Alternatively, to this law three other methods are proposed in (BIPM, 2008; 

JCGM, 2008b) which propagate not only uncertainties but distributions as well: 

a) analytical integration, b) numerical integration or c) numerical simulation using 

Monte Carlo methods. The first two rely on the available analytical model of the 

measurement. Another limitation is the high mathematical rigour required in more 

complex measurement models. This might be limiting factor for the practical 

application of those (a, b) methods. The LPU propagation law Eq.(2-10) is defined 

as a simplified a Taylor series expression by considering only the first-order 

terms. This assumption holds as long as the uncertainties are a minimal number 

in comparison to the values of their corresponding quantities (measurand values). 

Once the combined uncertainty 𝑢𝑐 is known, the Expanded Uncertainty 𝑈𝑝 should 

be evaluated (step 4 in Figure 11). Expanded Uncertainty is as defined in (JCGM, 

2012) a product of the combined standard uncertainty and expansion coefficient 

(kp) Eq.(2-11). Eq.(2-10) describes an interval that contains only one standard 

deviation (68% confidence interval).   

Where (𝑘𝑝) is defined as ‘the coverage factor’, and is a constant that expands 

the uncertainty to the desired level of confidence by the metrologist (1,2 or 3 σ) 

Alternately if the uncertainty analysis is based on Type A assumptions the output 

PDF is accepted to be best described by Student’s t distribution (Moffat, 1988; 

Leito, Jalukse and Helm, 2017). Student’s t is a distribution that resembles normal 

distribution however its PDF shape is dependent on the number of measurement 

samples performed. Those are quantified under a control parameter called 

degrees of freedom equal to one minus the number of measure df = (1-N). At 

high degree of freedom (large number of measurements > one hundred) the 

𝑢𝑐
2(𝑦) =  ∑ 𝑐𝑖

2𝑢2(𝑥𝑖)

𝑁

𝑖=1

 +  2 ∑ ∑ 𝑐𝑖𝑐𝑗𝑢 (𝑥𝑖 ,  𝑥𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

 

 

 

(2-10) 

Up = kp𝑢𝑐(𝑦)  

 

(2-11) 
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Students t distributions matches the shape of normal distribution. However a,t loa 

wer degree of freedom the shape changes with lowering probability density 

around the mean distributed evenly among the tails of the PDF Figure 16 (Left – 

Normal Distribution, Right Students t).  

The coverage factor constant can be derived from tables linking it to the degree 

of freedom control parameter.  

When multiple uncertainty sources are propagated effective degree of freedom 

function of the degree of freedom of each uncertainty contributor has to be 

calculated 𝑣𝑒𝑓𝑓  (𝑣𝑒𝑓𝑓 → kp). It can be calculated by using Welch-Satterthwaite 

formula Eq.(2-12). 

𝑉𝑒𝑓𝑓 =  
𝑢𝑦

4

∑
𝑢𝑥𝑖

4

𝑣𝑥𝑖

𝑁
𝑖=1

 
 

 

(2-12) 

Students t 

Figure 16: Coverage factor influence on level of confidence (Leito, Jalukse and Helm, 

2017), Left Normal; Right Students t distributions 

Normal  
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Where 𝑣𝑥𝑖
 are the degrees of freedom of the i’th input uncertainty contributor, 𝑢𝑥𝑖

 

is its standard uncertainty and 𝑢𝑦 is the combined standard uncertainty 

(Satterthwaite, 1946; Welch, 1947). 

Step 5):  Once all of those steps are completed the result Y, and the associated 

uncertainty and coverage interval can be stated (Eq.(2-13)). 

2.1.1 Monte Carlo method for uncertainty’s propagation 

 However mathematically sound, the GUM (JCGM, 2008b) is cumbersome and 

difficult to implement, even impossible in some more complex cases. The three 

main limitations as defined in (Couto, Damasceno and Oliveira, 2013) are the 

following: 

 The LPU law is defined by using Taylor approximations truncating the 

higher order terms. If a system presents a strong element of nonlinearities 

this assumption might not be correct enough to estimate the uncertainty 

output. This is because some of the information would be lost with the 

truncation of the higher order terms. 

 In GUM central limit theorem (MIT, 2003) is accepted to hold for the final 

uncertainty PDF. Thus it is assumed that the final uncertainty has 

approximately normal distribution or t-shaped one. In reality, many of the 

contributor’s uncertainties might not be symmetric thus the final 

uncertainty might not tend to Student’s t or normal distribution. This might 

make the statement of uncertainty produced in this way inadequate. 

 Once the standard uncertainty is evaluated, it is required to calculate the 

effective degrees of freedom by the Welch-Satterthwaite formula to 

expand it to greater intervals. The analytical evaluation of the effective 

degrees of freedom in various situations is not a completely solved 

problem thus not always adequate to adopt. 

𝑌 = 𝑦 ± 𝑈𝑝  

 

(2-13) 
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Due to these limitations, the international standardisation committee has come 

with a supplement to the standard - GUM Supplement 1 (BIPM, 2008). It is the 

application of Monte Carlo (MC) method for the propagation of the various errors 

to the measurand uncertainty. The MC (Metropolis and Ulam, 1949; BIPM, 2008) 

is a method for the propagation of distributions (PDFs) of the various error 

sources to the final output PDF which is used to define the model uncertainty. 

This is done by performing random sampling from input parameters distributions 

and propagating them through the measurement model.  In contrast to LPU, this 

method is not based on the analytical propagation of standard uncertainties but 

the direct numerical propagation of distributions. This allows the information of 

the various uncertainty’s PDF to propagate to its final uncertainty PDF which can 

be of any regular or irregular/nonlinear shape. This can be seen in Figure 17 

where the various control parameters PDFs (𝑔(𝑥1),𝑔(𝑥1), 𝑔(𝑥1),…) are 

propagated by MC sampling through the measurement model 𝑓(𝑥) to the final 

measurands PDF 𝑔(𝑦).  

This gives a better and more realistic/accurate propagation of uncertainty, 

especially in more complex non-linear systems as commented in GUM 

Supplement 1.  

Another significant advantage of the MC method is the ease with which it can be 

applied to various measurement models. With MC unlike with GUM LPU, one can 

Figure 17: Graphical impression of the GUM model steps as presented in (Couto, 

Damasceno and Oliveira, 2013) 
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numerically or empirically propagate the PDF of the various uncertainty factors 

avoiding the complex analytical work required with LPU.  

The validity of MC model depends on how accurately the PDFs of the various 

contributors are representing reality. As in any simulation, the output is as 

accurate as the input parameters provided. In general, as discussed in (Couto, 

Damasceno and Oliveira, 2013), the greater the number of simulation trails the 

greater is the convergence of the results. This can be optimised, and GUM 

supplement 1 (BIPM, 2008) has suggested a formula (Eq.(2-14)) for selecting an 

optimum number of iterations with relation to the confidence interval probability 

p, where 0 ≤ 𝑝 ≤ 1. 

For example, if coverage probability of 95 % is required then p=0.95 and M must 

be higher than 200,000 iterations. Once the simulation is already complete, the 

standard uncertainty is commented as the standard deviation of the final 

generated combined uncertainty PDF. The coverage interval is then determined 

as the shortest 100 % coverage interval of the combined uncertainty PDF (BIPM, 

2008; Couto, Damasceno and Oliveira, 2013). The intrinsic requirement for such 

high number of simulation iteration makes the MC method, although accurate, 

highly computationally expensive. This can be limiting in situations where the 

measurement model is complex and thus computational intensive. However 

adaptive, sampling procedures (as Latin Hypercube Sampling (LHS) (Iman and 

Conover, 1980; Florian, 1992; Manteufel, 2000), Central Composite (Box and 

Wilson, 1992), Full Factorial (Fisher, 1992) and other techniques used in 

response surface methodology (Khuri and Mukhopadhyay, 2010; Myers, 

Montgomery and Anderson-Cook, 2011)) can be applied in order to study the 

optimum convergence number of trials to an accurate measurement model output 

PDF. In this way, the required sample size can be significantly reduced.  

𝑀 >
104

1 − 𝑝
 

 

 

(2-14) 
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Adaptive sampling schemes can efficiently distribute samples across input model 

parameters PDF ‘design space’. In this way, an output probability density function 

with probabilistic significance can be propagated with a minimum number of 

model iterations/samples. One of the most optimal schemes suggested for the 

case is the LHS technique (Iman and Conover, 1980; Florian, 1992; Manteufel, 

2000) Figure 18. 

This sampling algorithm is particularly effective for the larger amount of input 

variables. It forces equal distribution of samples among parameters space 

represented by each parameter PDF, done in a way that none of the samples 

would overlay within the available design space. A visual example of such 

sampling distribution for two parameters can be seen Figure 18.  Studies have 

shown (Manteufel, 2000) that if MC requires 𝑥 iterations for minimum error in 

predicting a confidence interval, then LHS requires √𝑋 iteration (see Eq.(2-15)).  

 Where p is the desired coverage interval probability. Thus meaningful results at 

one σ expansion interval can be achieved with several hundred sampling 

iterations. 

𝑋𝐿𝐻𝐶𝑠𝑎𝑚𝑝𝑙𝑒𝑠 >  √𝑋𝑀𝐶𝑠𝑎𝑚𝑝𝑙𝑒𝑠 > √104 1

1−𝑝
  

(2-15) 

Figure 18: Illustration of Latin Hypercube Sampling Technique distribution of 

samples for a case with two variables and eight samples (Youssef et al., 2013) 
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2.1.2 Metrological traceability of uncertainty statements 

   The second main attribute to uncertainty statements beside accurate error 

sources propagation is its traceability to international standards. By metrological 

traceability is meant “property of a measurement result whereby the result can be 

related to a reference through a documented unbroken chain of calibrations, each 

contributing to the measurement uncertainty” (JCGM, 2012). By calibration is 

meant where the metrology method and instrumentation are validated against 

more accurate reference being a measurement tool or an artefact acting as a 

standard with documented and known uncertainty. Once a relationship is 

established from the metrological tool or procedure to the reference standard, the 

results can be used to define its accuracy and thus its uncertainty. Lower the 

uncertainty of the reference standard of measurement unit, the higher, the 

capability of calibration of the metrology system studied. The standards of lowest 

uncertainties available are the international definitions of the units of 

measurements. Those are realised and held within the “International Bureau of 

Weights and Measures or Bureau International des Poids et Measures” BIPM 

(BIPM, 2017). This is the intergovernmental organisation which has the mission 

of holding and distributing around the national metrology laboratories the most 

accurate definition of the SI units of weights and measures. In order of true 

traceability to be achieved, each measurement should possess a calibration 

certificate linked by an unbroken chain of measurements to the ultimate definition 
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of the unit at BIPM. Such calibration chain can be seen as an illustrated example 

for the unit of a meter in Figure 19. 

As shown in Figure 19 the lowest uncertainty is given by the international 

standards realisation. For distance dimensions, for example, this is the SI unit of 

meter held by BIPM (BIPM, 2006). In there the most accurate experimental 

knowledge of the unit is defined as a function of the fundamental physical 

constant of the speed of light 𝒄𝒐 and the second s “the length of the path travelled 

by light in vacuum during a time interval of 1/299792458 of a second” (BIPM, 

2006). Where a second is further defined as “The second is the duration of 9 192 

631 770 periods of the radiation corresponding to the transition between the two 

hyperfine levels of the ground state of the caesium 133 atom” (BIPM, 2006). From 

there the knowledge of the meter is distributed to the national metrology institutes 

among the countries such as National Physics Laboratory (NPL) (‘National 

Physical Laboratory’, 2017) in the UK or Physikalisch-Technische Bundesanstalt 

(PTB) Germany (‘Physikalisch-Technische Bundesanstalt’, 2017). This can be 

done by practical experimental realisation of the units within the national 

laboratories. Those realisations are accepted s so called “primary standards”. 

They are used as calibration reference for calibrating more practical and 

Figure 19: Schematic representation of uncertainty and the chain of references 

linked to the source – the international standards as defined by BIPM  
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transferable to other Calibration laboratories so called “secondary standards”. 

This is done via high precision comparators and making appropriate corrections 

for the non-ideal methods and conditions. A meter secondary standard for 

example can be defined by calibrating the length of extremely dimensionally 

stable artefact. At this stage, this secondary standards artefacts are distributed 

as reference master artefacts among calibration laboratories with increased 

uncertainty with respect to the SI unit definition at the BIPM. As final step in the 

calibration chain, the secondary standards can be used for the calibration of so 

called working standards – gauge blocs and other type of artefacts such master 

parts that can be distributed among industry and other testing laboratories. Those 

have as well higher uncertainty with respect to the “secondary standards”. An 

example for such unbroken chain achieving traceability can be seen as outlined 

for CMM in (Trenk, Franke and Schwenke, 2004). In there a primary standard is 

calibrated via stabilised lasers of up to uncertainty of 0.3 µm. From there 

secondary CMM calibration standards such as ball plate are calibrated and 

distributed to laboratories with high precision calibration CMMs with increased 

uncertainty of the calibrations close to 1 µm. The high accuracy CMM’s in their 

hand can be used to calibrate ‘master parts’ or artefacts that are further used in 

industry for the determination of the quality inspection on site CMM’s and 

machine tools. This increases the uncertainty even further from 4 µm to + 30 µm 

depending on task, conditions and system studied at hand. The ability to perform 

accurate metrology is directly linked to the successful establishment of such 

traceability chain. Thus knowing the exact uncertainty of one’s measurements 

with respect to the ultimate definition of the SI unit standards. 

2.2 Error budgets, coordinate measurements and accelerator 

alignment uncertainties 

2.2.1 Error budgeting for precision machines 

In precision engineering literature, ‘error budgeting’ is described as a 

deterministic process that helps to understand and evaluate machine 

performance. It can be accepted as a specific application of errors and 

uncertainties analysis as applied to precision machine system design. Error 
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budgeting can be a useful analysis tool to predict of the total expected error of 

the machine system at the design stage. It gives a deeper understanding of how 

the various subsystems influence the final function of the machine, It can also be 

used iteratively during and after the design stage as an optimisation tool 

(Thompson and D.C., 1988; Slocum, 1992; Thompson and Fix, 1995; Homann 

and Thornton, 1998; Walter and M, 2002; Dornfeld and Lee, 2008; Schöck et al., 

2013; Thompson, Youden and Hampshire, 2013). For a targeted total-error of the 

system, the error budget estimation can be used to study and set individual sub-

system error limits. Such study can estimate which subsystems are most 

influential toward the total error budget and thus most important for detail 

estimation, compensation and minimisation. The error budget evaluation final aim 

is to understand how trade-offs can be made between the various subsystems, 

to help decide in which area to concentrate the system analysis and design effort 

to meet the final target most economically (Thompson and Fix, 1995). This same 

core methodology can be seen applied in state of the art works done in different 

fields of science and engineering such as astrometry science (Nelson and 

Sanders, 2008; Schöck et al., 2013, 2014), ultra-precision machine tools 

(Slocum, 1992; Thompson and Fix, 1995; Homann and Thornton, 1998; Walter 

and M, 2002; Dornfeld and Lee, 2008) and metrology (Thompson and D.C., 1988; 

Thompson, Youden and Hampshire, 2013). The error budgeting method can be 

seen as a specific application of the GUM standard adopted as a tool for precision 

systems design. The general methodology is set by first stating and 

understanding what the final function of the system should be and what is the 

targeted final specification for this function. For example for machine tools this 

would be the location accuracy of the end-effector in Cartesian X, Y and Z. Once 

this is well-defined, all possible error contributors have to be identified, classified 

and evaluated appropriately according to the system architecture investigated. 

This can be done by sorting uncertainties in sub-error or categories budgets as 

shown in Figure 20.  
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The classification helps divide the complex system studied into smaller sub error 

classes which could help the designers to understand the nature of the error 

sources and their impact on the final desired function. Such classification would 

be specific to the machine or metrology system studied. Once the measurand 

and subsystems/class and error sources are defined and evaluated next step 

would be to select propagation and summation rules. Propagation rules would 

depend on the nature of the system/machine studied and its required function. 

For example, for a machine tool or CMM, the propagation rule would be the 

kinematic equations (homogeneous matrix transformations) that transfer 

machine degrees of freedom errors to end effector Cartesian X, Y and Z location 

error (Siciliano et al., 2010). 

Figure 20: Example of error budgeting top down architecture for sorting of the 

uncertainties 
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Finally, the errors of the subsystems are summed to the total error by a 

summation rule chosen by the designers. A good example of that architecture 

can be seen work Figure 21 (Thompson, Youden and Hampshire, 2013).  

In this paper, the error budgeting as applied to the design of a specialized 

precision tactile measuring machine evaluating the geometrical shape of ultra-

precision manufactured components for X-Ray Telescope Mandrel(Thompson, 

Youden and Hampshire, 2013). The metrology system aim was to determine the 

mirror sub-assemblies shape. The quality of the measurement was determined 

by the accuracy of the system end effector measuring location in X, and Y 

Cartesian coordinates with respect to its base. Various error sources such as 

positioning accuracy, straightness and Abbe offsets, thermal errors were included 

as contributors to the Y, and X associated errors as a function of stated 

manufacturers of used components specifications. 

 In this example as well as with (Thompson and D.C., 1988; Slocum, 1992; 

Thompson and Fix, 1995; Homann and Thornton, 1998; Walter and M, 2002; 

Dornfeld and Lee, 2008; Schöck et al., 2013; Thompson, Youden and Hampshire, 

2013), the final step of the method is the addition of the uncertainties. First, the 

propagation within the sub-budgets themselves was done and later on to the 

Figure 21: a) The measuring system, b) Measured component – sub assembly 

of IXO Mirror Assembly, c) Example of the assembly in which those precision 

modules fit (Thompson, Youden and Hampshire, 2013) 
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Total or combined expected error of the desired final function. In (Thompson, 

Youden and Hampshire, 2013) errors are propagated via (as referred in the 

paper): ‘RMS sum’. This was defined equivalently to (
𝟏

√𝟑
)

(∑ 𝑬𝒊
𝟐)

𝟏/𝟐

𝟐
 which the RMS 

is multiplied by a distribution correction factor for uniform or square distribution =  

(
𝟏

√𝟑
) . Here the authors have deviated from the standard and by using RMS 

instead of RSS (root sum of the squares) for estimation of the uncorrelated 

uncertainties. With this propagation expression, they were determining a typical 

error for their sample set and not following the propagation rules of uncertainties 

as defined by GUM. As discussed later by D.C. Thompson (Thompson and Fix, 

1995; Thompson, Youden and Hampshire, 2013) one of the greatest difficulties 

in their work and in error budgeting for predicting the absolute system 

performance was the lack of following mathematically sound and proven 

combinatorial rule for propagation/summation of the individual errors. They 

further discussed that the propagation method used is fundamental to the validity 

and accuracy of the total error prediction related with the system final function. If 

the direct arithmetical sum is done of the Peak to Valley (P-V) expected errors, 

then it would be too pessimistic: 913 nm predicted versus the 417 nm maximum 

error measured (Thompson and Fix, 1995). By P-V is referred to the amplitude 

given by the largest possible unknown variation of input parameter quantifying its 

possible error. It is highly unlikely that all the maximum of the errors would occur 

and correlate positively at the same time. If RSS or Root of the Sum of the 

Squares rule is used (this is a simplified version of the GUM Gaussian shaped 

uncorrelated uncertainties propagation equation) the result could be too 

optimistic in believing that the errors would be entirely uncorrelated and their 

distribution would be a Gaussian one 105 nm predicted versus 417 nm measured 

(Thompson and Fix, 1995). In the same work a rule named after it’s author 

‘Hocken’s rule’ was applied as compromise by taking the mean between P-V and 

RSS as the predicted uncertainty. Using ‘Hocken’s rule’ a remarkably good 

correlation between the predicted uncertainties and the real machine data is 

seen, having predicted 509 nm versus the measured 417 nm. However, the 

author’s comment that they are not convinced in its case to case robustness. In 



 

37 

the same paper a greater, care for assigning distributions to the various 

uncertainties is taken. This was done by correcting the P-V value of the errors 

anticipated by multiplying it by correction factor related to designer chosen 

distribution (similar to GUM Type B) analysis. This care of mathematical 

soundness in their analysis can be one of the factors that led to their successful 

use of the ‘error budget’ method. As a validation they have, used artefact 

manufactured and calibrated by a 3rd party using interferometry technology. It 

proved that the system performance was better than the specification given for 

their tactile system to measure. 

   Examining state-of-the-art work (summarised in analysis table drafted in 

Appendix A.1) it can be concluded that the error budgets are a helpful tool for 

precision system designers. It helps for system performance evaluation and 

optimisation. However, they were not considered as an absolute tool for system 

final function uncertainty qualification. The reason for this, as suggested by the 

authors, is the lack of common and mathematically sound error propagation 

method and rules applied. One of the biggest and most challenging error 

contributors identified commonly for all precision systems were the thermal 

errors. Compensation and estimation techniques can be seen applied, however 

up to the unknown and often not satisfactory results. Those types of errors are 

still not completely understood and present one of the greatest issues to precision 

systems performance.  

2.2.2 Uncertainty in coordinate measurement machines 

ISO Acceptance and re-verification tests 

Series of standards were designed under the name of ISO 10360 for 

acceptance and re-verification of CMM systems by metrology laboratories and 

manufacturers Table 2.  
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Table 2: ISO 10360 series standards (September 2017) 

A CMM system can be checked against a reference, to validate if it is within 

working specification. This is done by comparing calibrated to low uncertainty 

high precision artefacts against measurements by the CMM system. For 

classical kinematic type CMM systems the Cartesian bridge type kinematics, 

this is done by evaluating the system sensor head (contact or non-contact) 

probing errors and of the complete system length measurement errors. For 

the probe measurement errors qualification, a 25 evenly distributed point 

measurements of a high precision reference sphere of known shape are 

performed. The biggest deviations between the sphere calibration (for shape 

and radius) and measurements are used as a qualification of the probe system 

error. For CMM length measurement qualification a set of material standards 

of known sizes (step gauge or gauge block artefacts) are measured again by 

the CMM system. The difference between the calibration certificate for each 

of the distance and the CMM studied is calculated and plotted as a function of 

length. Finally, a CMM system is passed or failed depends if it meets a set of 

Standard Name 

ISO 10360-1:2000 Vocabulary 

ISO 10360-2:2009 CMMs used for measuring linear dimensions 

ISO 10360-3:2000 CMMs with the axis of a rotary table as the fourth axis ISO 

ISO 10360-4:2000 CMMs used in scanning measuring mode 

ISO 10360-5:2010 CMMs using single and multiple stylus contacting probing systems 

ISO 10360-6:2001 Estimation of errors in computing Gaussian associated features 

ISO 10360-7:2011 CMMs with imaging probing systems 

ISO 10360-8:2013 CMMs with optical distance sensors 

ISO 10360-9:2013 CMMs with multiple probing systems 

ISO 10360-10:2016  Laser trackers for measuring point-to-point distances 

ISO/WD 10360-11 Computed tomography 
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the manufacturer criterion: The Maximum Permissible Error (MPE). This is the 

maximum allowed error which if measured above (following ISO 10360 

procedures) qualify a system as uncelebrated. This can be a fixed number. A 

number function of length or combination of both: Figure 22 

Where A is a positive constant and supplied by the manufacturer [µm]; K is a 

dimensionless positive constant supplied by the manufacturer; L is the measured 

size [mm], and B is the maximum permissible error, as stated by the 

manufacturer[µm]. 

ISO standards aim is to unify to a common base similar versions of national 

standards. Viable national standard alternatives that are still widely used are the 

USA (ASME B89.4 series) and Germany (VDI 2617). 

However, ISO 10360 does not provide the means of quantifying the CMM 

systems uncertainty. As discussed in (Gestel, 2011), ISO 10360 and the MPE 

qualifications are often misused as the expected uncertainty of a CMM.  

Interpretation of uncertainties  

ISO 14253-1 (ISO, 2013b) standard provides the tools with which a decision 

on acceptance or rejection of a geometrical component can be made on a 

given tolerances. In this standard, the measurement uncertainty of the CMM 

is taken into account and can affect the conformance and nonconformance 

with specification tolerance zones (Figure 23). 

Figure 22: CMM maximum permissible error of indication (Flack, 2011): a) for fixed 

value; b) as function of length; c) mixture 
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If the measurement uncertainty is placed at the end of the specification zone 

limits, it would affect the conformance and nonconformance ranges. If 

measured results with its actual uncertainty added lies within the new 

corrected conformance range, it is accepted as within specification. If it lies 

within the new non-conformance range, then it is out of specification. If 

however, it lies within the uncertainty range, no decision can be made using 

(ISO, 2013b). Thus according to the standard, the correct knowledge of the 

uncertainty range, (i.e. the uncertainty of the measurement system) is critical 

for making the correct decision of conformance or non-conformance. In this 

standard, as a general recommendation, the ratio between the Specification 

zone and the Uncertainty range is recommended as 1/10.  

ISO 14253-2 (ISO 14253-2, 2011) concentrates on the evaluation of the 

uncertainties in measurement and acts as a practical interpretation of the 

GUM standard. An iterative method for dealing and quantifying the 

uncertainties in measurement defined as “the Procedure for Uncertainty 

Management” (PUMA) (Figure 24). 

Figure 23: Conformance range and measurement uncertainty’s (Gestel, 2011) 
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As with the GUM and error budgets, the measurand is first defined followed 

by the complete evaluation of all error contributors to the measurement 

process. Those are later propagated through the measurement model, and a 

statement of uncertainty is given at the end. However, in PUMA, a strategy of 

cost efficiency about the debt of the analysis is taken. In the first step, 

uncertainties from various error sources are overestimated and taken in their 

worst possible case. This procedure aims to achieve accurate enough 

uncertainty statement for making a conformance/non-conformance decision 

with a minimum investment of resources in studying the CMM system 

uncertainties.  If the evaluated uncertainty is not satisfactory, i.e. still large 

regarding the specification zone studied, further uncertainty budgeting is 

performed, defining more accurate the uncertainty contributors and making 

the measurement model more accurate.  

However, no accurate validation of the predicted uncertainty is made against 

traceable to the unit of meter reference. The measurement model can be 

inaccurate and omit important error sources that are not well-understood. 

Thus an uncertainty predicted by the method can be small concerning the 

specification zone but inaccurate. This can lead to wrong acceptance of 

measurement that is in fact non-conforming. If most accurate and valid 

Figure 24: Uncertainty evaluation simplified process diagram according to PUMA 

method (ISO 14253-2, 2011) 
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statement of uncertainty is needed, the so-called ‘task specific uncertainty’ 

has to be evaluated. 

Task-specific uncertainty via probabilistic modelling of the CMM  

      The “task-specific uncertainty”, as defined in the field of coordinate 

measurement, is a complete uncertainty statement that takes into account all the 

uncertainty sources associated with all the details of the measurement process 

(Wilhelm, Hocken and Schwenke, 2001). Such statements can be produced by 

several methods: expert judgement, sensitivity analysis, analysis by substitution 

via calibrated objects, measurement history and computer simulation. A good 

intercomparison of those methods is presented In (Summerhays et al., 2004; 

Gestel, 2011). 

 

Expert judgement method relies on the availability of a highly experienced and 

skilled metrologist with really good knowledge of the GUM standard and the CMM 

system used. His long-term experience with the system being analysed and his 

critical judgement are applied to provide a task-specific statement of uncertainty. 

This method relies on the skills and intellectual honesty of a metrologist and is 

usually applied to situations where there is no existing standard reference, and it 

is not possible to apply any other method.  

 

Sensitivity analysis method is a purely mathematical method defined at GUM 

(JCGM, 2008b) that relies on the existence of measurement model. In this 

method, all uncertainty contributors’ magnitudes are evaluated. Then the impact 

of each error contributor and its correlation to the measurement output is 

mathematically evaluated. It is directly applicable only if accurate analytical model 

of the measurement exist. 

 

 Analysis by substitution method (ISO, 2011a) is a purely experimental method. 

It relies on the existence of calibrated master artefact that geometrically 

represents perfectly the measurand. Such artefact should be calibrated to 

significantly lower uncertainty than the system used to qualify. By comparing the 

calibration results and the CMM system measurements both bias and variance 
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(if numerous measurements are performed) can be evaluated. Thus the task-

specific uncertainty evaluated. Due to the need of the creation of such artefact 

and its accurate calibration, this method is expensive, complex, time-consuming 

and not flexible to any changes in the measurand shape. 

 

Measurement history method relies on the analysis of continuously repeated 

measurements over time of the measurand. It relies that large enough number of 

samples would reduce significantly the variance of the measurement process by 

the use of the mean of the samples. However, this method does not perform any 

comparison to a known standard or reference of the ‘true’ value. Thus it stays 

‘blind’ for any possible bias errors. 

Computer simulation (ISO/TS and ISO, 2008) method is based on the availability 

of computer model of both the measuring machine, measurand and the 

measurement strategy. This approach follows directly GUM Supplement 1 (BIPM, 

2008). By this, all possible error sources need to be identified and then virtually 

propagated by Monte Carlo method through the measurement, CMM and 

measurand models. If the models are complete and accurate both bias and 

variance can be evaluated as an accurate representation of the measurement 

uncertainty. This is the most flexible powerful and economic method of all as 

argued by (Phillips et al., 2003; Summerhays et al., 2004; METROSAGE, 2009; 

Gestel, 2011). The accuracy of this method would be directly linked to the 

completeness and accurate representation and validation of the CMM, 

measurand and procedure models. This technique can be seen applied to 

different types of CMMs: Cartesian (Summerhays et al., 2004; Trenk, Franke and 

Schwenke, 2004), Serial kinematics (Ostrowska, Gąska and Sładek, 2014), laser 

trackers (Huo, Maropoulos and Cheng, 2010). The basis of its successful 

validation is the availability of more accurate reference standard (ISO/TS and 

ISO, 2008). For laser trackers used for large distances (10 m – 100 m) 

measurements, this can be a significant challenge and limitation.  
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A CMM model consist of a 3D kinematic description of the structure errors 

degrees of freedom done via homogeneous transformation matrices as shown in 

(Okafor and Ertekin, 2000). Those are the 21 parametric errors for Cartesian 

bridge type architecture machine as explained in (J . Soon et al., 1992; Schwenke 

et al., 2008). They consist of 18 rigid body errors (6 DoF errors x 3 axes of the 

Cartesian machine) and three errors of perpendicularity between each axis. 

These errors are for a fixed non-articulating touch probe (Figure 25).  

If an articulating touch probe is used, additional homogeneous matrix model that 

adds the additional DoF to the error propagation is required. Each machine has 

a unique set of such errors which are a function of the quality of its design, 

manufacturing techniques applied, materials used and several other operational 

factors. Their combined effect is defined as the uncertainty contributor due to the 

CMM hardware. External effects as measurement targets form errors, thermal 

effects or sampling strategy have to be as well considered within such model.  

Figure 25: Diagram of the 21 parametric errors on Cartesian CMM (Habib, 2016) 
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The model of the measurand consists of a representation of the possible shape 

errors and geometrical stability. The size of such error contributors can be 

determined either by Type A or Type B uncertainty analysis 2.1. This is important 

as shape error can significantly contribute to the task-specific measurement 

uncertainty. If an object is assumed to be circular, but its actual shape deviates, 

then large measurement errors could occur depending on the sample size and 

location. For example, if only three samples are taken on an object, its diameter 

can largely deviate from the original shape and two different radii estimated based 

on the two extreme measurement possibilities (Phillips et al., 1998; 

Weckenmann, Knauer and Kunzmann, 1998; Ramesh, Mannan and Poo, 2000) 

(as shown in Figure 26).  

Dimensional stability is seen more challenging to predict. Application of simple 

linear thermal drift corrections are seen as the most frequently applied correction 

in state of the art (Phillips et al., 1997). This is a challenging topic developed in 

detail at the following sub-chapter of the literature review. 

Several commercial and research software exist for task-specific uncertainty 

evaluation of Cartesian CMM. The two most notable pioneering works on which 

state-of-the-art, is based, are the Virtual CMM initially developed at PTB 

(Germany) (Trenk, Franke and Schwenke, 2004), and Simulation by Constraints 

initially developed at NIST (USA) (Phillips et al., 1997). The main difference in the 

two approaches is the way in which the various error contributors (Geometrical 

CMM errors, Form errors, Extrinsic factors) Probability Density Functions are 

Figure 26: Measurand form error influence on measurement result (Summerhays 

et al., 2004) 

R1 R2 
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estimated. For example, the Virtual CMM method relies on full and detailed 

parametric study of the various errors named Full Parametric Space (FPS). This 

can be performed using several techniques by substitution of known geometry of 

calibrated artefacts, laser interferometry and triangulation, or even statistical 

history error database creation (Trapet and Wäldele, 1991; Schwenke et al., 

2008). This, however, involves complex, expert knowledge demanding 

procedures and specialised equipment available at national institutes and 

Metrology R&D centres rather than commercial metrology laboratories. However, 

the method of Simulation By Constraints (SBC) takes a different approach. It uses 

already available information of the machine performance in the form of the 

standard tests machine qualifications such as ISO 10360 series (Table 2) where: 

MPEE, MPEml, MPEms, MPEmf (ISO draft/FDIS, 2010). That quantification of 

the machines are used to backwards map possible state space for the 21 rigid 

bodies parametric errors. Visual example for the possible error states area for 2 

of the 21 errors can be seen in Figure 27.  

Following the method of inverse kinematics analysis (Kucuk and Bingul, 2006), 

the mathematically possible input parameters states that can combine to the 

output PDF can be mathematically evaluated and described by (PDFs)s. To 

perform this methodology, a reference knowledge of the possible end effector 

location error states is required. This can be found from standard evaluation tests 

such as the one defined by ISO 10360 (Table 2) series where errors between 

calibrated value and CMM are measured. The solution of such kinematics 

Figure 27: Schematic of 2-dimensional state space of possible CMM error map 

(Phillips et al., 1997) 



 

47 

problem is not linear, and there are a large amount of possible kinematic error 

states that can combine to the measured errors. Thus the SBC method would 

create large input parameter error states (PDFs) in comparison to the FPS and 

the true error state of a CMM Figure 27. Thus models calibrated by this method 

would be expected to overestimate the modelled uncertainty. The SBC method 

has the advantage of being able to map possible error states of a CMM model 

requiring only a standardly available calibration data (i.e. ISO 10360 tests) for any 

metrology laboratory and machine. Validation of this method for the application 

of alignment measurements can provide a tool for efficient and accurate 

estimation of the uncertainties. This will be further studied in chapter 6.1. 

2.2.3 Uncertainty estimations in accelerator fiducialisation 

   In state of the art literature about accelerator alignment (Pagano et al., 1984; 

Farkhondeh et al., 1991; Fischer et al., 1992; Zangrando and Walker, 1993; 

Chida, Ohnishi and Matsui, 1995; Trbojevic et al., 1998; Turner and CAS-CERN 

Accelerator School, 1998; Egawa et al., 1998; Vasserman, 2000; Dupont, 

Missiaen and Winkes, 2004; Temnyjh, 2005; Temnykh, 2005; Wolf, 2005; Wolf 

et al., 2005; Di Marco, 2005; Loulergue, 2005; Pérez et al., 2005; Bottura et al., 

2006; Zachary Wolf et al., 2007), the most important process is knowing the 

electromagnetic axis location (of the active components) with respect to the 

physical references used for their alignment. The process referred as 

‘fiducialisation’. This process follows two separate steps (Figure 5, page 8): 

1) Measurement or definition of the magnetic axis with a sensor, i.e. (Colloidal 

Cell, Harmonic Coils, Stretched Wire, Pulsed Wire, Vibrating Wire, Hall plates). 

2) Measurement of the location of the magnetic sensor in the spatial frame of 

reference created by the fiducial targets mounted on the assembly. 
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A summary and comparison of stated accelerator alignment measurement 

uncertainties of different state-of-the-art methods were reported by the TE  

department of CERN (Bottura et al., 2006). Their study found measurement 

performance statements in the ranges of 13 µm to 60 µm for 1.13 m to 4 m sized 

assemblies. This included the combined errors of both geometrical survey and 

magnetic measurement. In general, the measurement performances reported 

were found to be used in a ‘loose’ sense in a similar way to error budgets as the 

best case scenario achieved not as uncertainties. No ISO or GUM standards 

were followed. Based on the reviewed literature, a common practice, in building 

the uncertainty budget, was to use the Maximum Permissible Error (MPE) for 

length measurement from CMM manufacturers as a quantification of the 

geometrical survey uncertainty, this practice can lead to wrong assumptions for 

the task-specific uncertainty (Gestel, 2011). For projects studied in (Bottura et al., 

2006), this was considered as an adequate assumption of their measurements 

as their targeted alignment budgets were in the range of 100 µm – 1000 µm for 

meter sized magnet assemblies. In Figure 28, one can see a summary of quoted 

alignment measurement uncertainty is a function of the magnets length as 

Figure 28: Magnet lengths VS state alignment performance as presented in 

(Bottura et al., 2006) 

SASE 

LCLS 
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studied in (Bottura et al., 2006). The lowest alignment uncertainties for meter 

sized objects was stated for LEP (Pagano et al., 1984) and RHIC (Trbojevic et 

al., 1996)  accelerator magnets alignment and were in the range of 35 µm to 55 

µm. Detail summary in the form of a table of the study can be seen in A.6. Those 

uncertainties were not evaluated according to GUM and used MPE as a 

qualification of the coordinate metrology.  

   Moreover, a general disregard of the thermal error influence quantifications can 

be seen. Exemption can be seen in one of the latest state-of-the-art work 

performed for smaller magnets (0.64 m) done for  Spring – 8 machine at Japan 

Synchrotron Radiation Research Institute (JASRI), (Fukami et al., 2016; Zhang, 

Mitsuda and Kajimoto, 2016). Authors observed a high amount of correlation 

(0.89 correlation coefficient) between actual magnet temperature and location of 

the magnetic axis and thus the important influence of thermal drift axis alignment. 

They reported magnetic axis drift of about 2 µm per 1°C of magnet thermal drift, 

however, did not follow GUM standards and did not provide a statement of 

alignment measurement uncertainty including or with corrections for the thermal 

effects. In their discussion, a suggestion for minimisations of the thermal axis drift 

(at laboratory only) was made by controlling the magnet and environment 

temperature below 0.1°C of absolute thermal stability. No discussion of how 

thermal drift effects would influence actual in tunnel alignment was made. 

  In the alignment of permanent magnet undulators at Linac Coherent Light 

Source (LCLS) at SLAC, USA  (Zachary Wolf et al., 2007) and (Ruland et al., 

1999) a significantly low for the size (nearly 4 m) alignment measurement errors 

were reported (13 µm to 17 µm). In their work statements of repeatability and 

measured error were only quoted without any absolute and traceable to 

international standards uncertainty evaluation following (GUM methods). Thus 

being impossible to trust such statements as real uncertainty evaluations. Those 

were performed as bespoke measurements on a limited number of small-scale 

components. It is interesting to observe that their repeatability (error 

measurement) results were significantly lower than the one achieved at lower 

sized magnets. One reason for this results might be the fact that they were 

aligning permanent magnets with no internal heat sources at thermally stable 
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laboratory environment. Thus having minimum thermal effects during alignment 

measurements. No corrections for possible thermal drifts during machine 

operation were added to their alignment budgets. 

   In the work done for the Brazilian Synchrotron Light Laboratory – LNLS (Leãoa 

et al., 2016), CMM alignment measurements errors of both contact and non-

contact probe heads were evaluated using a calibrated artefact. The alignment 

measurement uncertainty target for the 1.8 m assembly was 40 µm. A 0.9 m long 

invar alloy beam was machined and calibrated to an uncertainty of 2 µm. The 

length measurement errors calibration vs measured were evaluated combining 

non-contact and tactile sensors. Single length measurement errors between the 

artefact calibration and various metrology equipment were found within the MPE 

stated by the manufacturers. The authors discussed the importance on achieving 

traceability to a common reference standard and the current lack of stated 

traceable results in the state-of-the-art. They claimed achieving traceability by 

trusting the MPE calibration certificate of the one of the high accuracy CMMs 

used for calibration of their artefact. However, no estimation of the full ‘task 

specific uncertainty’ was seen performed. The uncertainty propagation due to 

measurement datum’s, thermal effects, targets form error and others were not 

evaluated and included. The fixed size and shape of the artefact restricted the 

study to assemblies having fiducial targets of the same shape and dimensions. 

Later in his PhD thesis work (Leãoa, 2017) proposed alignment quantification 

parameter called Profile Alignment Parameter for Particle Accelerators (PAPPA). 

This parameter aimed to apply existing ISO standard (ISO/TS-17450-2) for the 

quantification of alignment performance. This parameter defined the alignment 

quality as a tolerance zone created by two fitted to measurements lines. One by 

the highest two measurements and one by the lowest two measurements in 

sample envelope of magnets axis location. The tolerance zone was further 

increased by considering uncertainties of the measured samples. This 

qualification of alignment performance however again did not follow GUM 

standard and did not describe the alignment measurement process as a model 

thus propagating its variances and biases to a task-specific alignment 

measurement uncertainty. Thus it could provide misleading results either 
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overestimating or underestimating the task-specific measurement uncertainty. 

The proposed alignment quality parameter performance was not validated via 

traceable to the meter reference.  

2.3 Thermal effects compensation and associated uncertainty  

   Dimensions are inherently linked to the temperature at which they are stated. 

The measured result used at different thermal state, than the one obtained 

inherently have an error proportional to the expansion or contraction of the 

materials used in the assembly and of its mechanical design (California et al., 

1965), (California et al., 1965; ISO/TR, 2003; Bryan and Doiron, 2011). The 

dimensional drift of the alignment targets of interest can be defined as Nominal 

Expansion (𝑁𝐸). The doubt in knowledge of 𝑁𝐸 or any arithmetic compensation 

applied for its correction in alignment metrology can be defined as 𝑈𝑁𝐸. Nominal 

Expansion of solids and assemblies can be generalised In the following steps as 

discussed in (Bryan, 1967; Weck et al., 1995; Ramesh, Mannan and Poo, 2000; 

J.W. Li, W.J. Zhang. G.S. Yang S.D. Tu, 2008) Figure 29. 

Heat Transfer between the body/bodies and environment (including internal heat 

sources) causes changes in the thermal field of the measurand. The change in 

the thermal field/state is related to internal material stresses that cause 

dimensional deformation among the body/bodies of the measurand. Any change 

from the heat transfer state present during metrology will create changes in the 

thermal field of the measurand thus causing it to drift away from its nominal 

dimensions. These thermal and thus dimensional changes from nominal 

conditions can be classified in three general ways: Uniform temperature changes 

other than one at metrology; Static temperature gradients deviating from 

metrology temperatures and Dynamic thermal variation/gradients (Bryan and 

Doiron, 2011).   

Figure 29: Relationship between heat transfer and deformation/Nominal 

Expansion 
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Change in thermal conditions via heat transfer (Convection, Conduction, 

Radiation) during alignment after metrology would cause a change in the thermal 

state/field of the assembly Eq.(2-16): 

Change in the thermal field would cause internal strain and thus expansion in the 

various components of the assembly constrained in a way dictated by the 

mechanical assembly design. The combined effect of all assembly components 

nominal expansions (𝑁𝐸𝑖)  (as guided by the assembly mechanical constraints) 

would define the final drift of the metrology frame. The metrology frame drift can 

be defined as the drift of a alignment feature (fiducial) 𝐵𝑖 with respect to zero 

reference datum 𝐴𝑖. In the case of magnets 𝐴𝑖 can be the magnetic axis and 𝐵𝑖 

can represents an alignment fiducial mounted on the assembly.  Any drift of the 

location of 𝐴𝑖 with respect to 𝐵𝑖 would be due to the combined function of all 

assembly components dimensional drift defined as  𝑁𝐸𝐴−𝐵𝑖
 – (Nominal Expansion 

of 𝐴𝑖 with respect to 𝐵𝑖) Eq.(2-17): 

𝑁𝐸𝐴𝑖−𝐵𝑖
=  ∑ 𝑁𝐸𝑖

𝑛

𝑖=1

= ∑ 𝑓 (
𝛥𝐿𝑖

𝐿𝑖
)

𝑛

𝑖=1

= ∑ 𝑓(𝛼𝐿𝑖
∗ 𝛥𝑇𝑓𝑖𝑒𝑙𝑑𝑖

)

𝑛

𝑖=1

 
(2-17) 

Thus to understand and quantify the process the change In thermal conditions 

via heat transferΔQstate, materials expansion coefficients 𝛼𝐿̅̅ ̅
𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖

 and 

nominal expansion 𝑁𝐸𝐴−𝐵 of metrology frame have to be evaluated (ISO/TR, 

2003).   

ISO/TR 16015 (ISO/TR, 2003) discusses the importance of monitoring the 

thermal effects on measurand pieces and the importance of evaluation of any 

such systematic error and the assessment of the associated uncertainty. In this 

report, however, emphasis on measurand as single components and not complex 

assembly having internal thermal gradients is taken. The work addresses the 

combined use of experimental drift evaluation and thermal measurement used to 

quantify the effects of thermal drifts and some basic mathematical compensation 

of direct measurements, and it does not discuss models, and ways of predicting 

𝑇𝑓𝑖𝑒𝑙𝑑 = 𝑓(𝛥𝑄𝑠𝑡𝑎𝑡𝑒)  = 𝑓(𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛, 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛, 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛)  

 

(2-16) 
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the dimensional drift effects as a function of the change of thermal loads post 

metrology and during alignment procedures.    

Prediction for Nominal Expansion (NE) can be done via three different families of 

models: Analytical, Numerical or Empirical (based on experimental data).  

2.3.1 Analytical prediction of Nominal Expansion 

Most simple analytical model for NE is the Linear Scaling Law (LSL) that is widely 

used in metrology for simple corrections on single unconstraint piece/element 

measurement:  

𝑁𝐸𝑥 𝑜𝑟 𝑦 𝑜𝑟 𝑧 = 𝐿𝑆𝐿 =  [ 𝛼 ∗ 𝐿 ∗ 𝛥𝑇]𝑥 𝑜𝑟 𝑦 𝑜𝑟 𝑧 ± 𝑈𝐿𝐶𝐿  (2-18) 

Where 

𝛼 = average Coefficient of Thermal Expansion CTE for particular temperature 

interval.  

𝐿 = Length of measurand metrology loop in the coordinate direction measured. 

𝛥𝑇 = Temperature deviation from measurement/reference temperature and 

𝑈𝐿𝐶𝐿 = The uncertainty of LSL prediction (directly proportional to the uncertainty 

of knowing (𝛼, 𝐿, 𝛥𝑇)). 

This law Eq.(2-18), however, assumes that the thermal expansion is a linear 

phenomenon. Such approximation could be made with a minimum error for a 

single unconstrained component studied at various thermal steady state. 

However, this assumption can break for complex constrained assemblies where 

thermal deformation due to induced thermal gradients could be highly nonlinear.  

State of the art review of analytical models applied for machine tool thermal error 

compensation was studied by (J.W. Li, W.J. Zhang. G.S. Yang S.D. Tu, 2008). 

The review showed that a major challenge in this approach was the accurate 

physical and mathematical description of both heat transfer and deformation 

phenomena. Because of the high complexity of structures such as the machine 

tools, models are rarely created for a complete assembly. Models reviewed were 
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highly bespoke and applied to more simple structures and components part of 

the assemblies. From the literature reviewed no detail uncertainty studies 

according to the international GUM standard (JCGM, 2008a) have been 

performed. Analytical approach to modelling is seen as not viable for modelling 

complex assemblies and thermal loading conditions. 

2.3.2 Empirical prediction of Nominal Expansion 

Empirical models for steady state thermal drift rely on the assumption that 

discrete thermal measurements on the assembly components can be 

representative for the local for the assembly thermal field and thus can be 

mathematically linked to the thermal drift of other points of interest (J.W. Li, W.J. 

Zhang. G.S. Yang S.D. Tu, 2008) Eq.(2-19). 

𝑁𝐸𝑥 𝑜𝑟 𝑦 𝑜𝑟 𝑧 = 𝑓(𝛥𝑇̅̅̅̅ )  (2-19) 

Thus the mathematical relationship between the inputs (measured temperature 

at various locations on the assembly) and the outputs (the dimensional drift) can 

be performed by several methods such as Polynomial Regression Analysis (Fan, 

Yang and Yang, 2013), Artificial Neural Networks (Fines and Agah, 2008), Kriging 

(Zhang, Zhu and Liew, 2014) and more. State-of-the-art works summarised in 

(J.W. Li, W.J. Zhang. G.S. Yang S.D. Tu, 2008) showed that application of such 

models for machine tools claim achieved reduction of the thermal errors ( the 

difference between the presumed by the author's true form of the object and the 

one measured) to 75-95 %. Most accurate models were experimentally proven to 

predict CNC machine tool drift with minimal errors of up to 3 µm (Ramesh et al., 

2003). Although there are promising results seen in state of the art, two gaps of 

knowledge should be outlined.  

First, no uncertainty analysis of the error prediction models was seen to be 

performed following international standards such as GUM (JCGM, 2008a), 

second empirical models were only valid for a particular assembly and conditions 

for which lengthy complex and time-consuming experiments were performed. 

This is an inherited drawback of the empirical modelling which does not provide 
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any knowledge to machine designers for any different than the experimentally 

studied assemblies or unknown/unpredicted thermal conditions.  

A famous historical case underlying this drawback was the Challenger space 

shuttle disaster caused by an O-ring component failure (Rogers et al., 1986). As 

found by the presidential commission, the unique thermal conditions of cold 

weather (lowest recorded ambient temperature minus 5 °C previous lowest of 12 

°C) have caused the unpredicted failure of the O-ring component. No test was 

performed to establish effects of such low temperature as it was unexpected to 

occur during a lunch day in the warm USA state of Florida. Calibration tests were 

not performed with temperatures below 4 °C thus no exact knowledge for o-ring 

behaviour was available for this conditions. 

2.3.3 Finite Element Method prediction of Nominal Expansion 

When direct analytical or empirical models are not available or economically and 

time-wise viable for application, numerical modelling methods based on analytical 

equations such as the Finite Element Method (FEM) can be applied. For thermo-

mechanical modelling, those require a CAD design of the assembly, knowledge 

of the materials characteristics as well as initial and boundary conditions. As 

studied in (J.W. Li, W.J. Zhang. G.S. Yang S.D. Tu, 2008), FEM can be 

successfully applied as a general prediction and sensitivity tool by engineers but 

rarely achieving minimum error between experimental result and model 

prediction lower than 15 % (J.W. Li, W.J. Zhang. G.S. Yang S.D. Tu, 2008). No 

complete analysis of the sources of FEM models uncertainty or errors was 

performed based on GUM (JCGM, 2008a) standard. Some recent advances in 

the application of FEM for thermal drift prediction can be seen in the so-called 

“Hybrid-Approach” (Ross-Pinnock, Yang and Maropoulos, 2015; Ross-Pinnock 

and Bingru Yang Glen Mullineux, 2016). Using this approach, an integration of 

real-time measurements and Finite Element Analysis (FEA) modelling are 

integrated. Thermal measurements on set location across the assembly were 

used as the input boundary conditions. Geometrical measurements on discrete 

locations on the assembly during the thermal drift were made, and the FEM 

calculated deformation shape of the assembly was corrected to match more 
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closely the measured discrete locations. Results showed that the smallest errors 

between FEM predictions and metrology measurements for deformations were in 

the order of 20 µm for total deformations of around 200 µm to 300 µm. 

One of the main advantages of the ‘hybrid’ approach is its flexibility to more 

complex assemblies and application to unknown recorded changes in the 

environment. However, in those works, no uncertainty analysis of the FEA model 

was performed but discussed as missing point and future work. 

It is a general practice to use FEA modelling as an initial design tool and not for 

accurate prediction. Research teams in NIST have underlined the importance of 

providing uncertainty statements of any deterministic FEA models predictions. 

Further (Fong et al., 2006; Fong, Filliben and Heckert, 2008), it is suggested that 

uncertainty of FEM can be evaluated following an international standard such as 

GUM, GUM – Supplement 1 and NIST. SOP No. 29 (BIPM, 2008; JCGM, 2008a; 

NIST, 2014). Deterministic FEA models use mean values (taken from literature 

or experiments) for input. Thus the final FEM model result output is a single value.  

In Probabilistic FEM the control parameters are not accepted as single values 

rather as Probability Density Functions (PDF). The uncertainty in model control 

parameters is represented by a PDF describing it. Monte Carlo or other optimised 

sampling techniques (such as Latin HyperCube (Iman and Conover, 1980)) can 

be applied to propagate the Input parameters PDF in the form of virtual 

experiments an output PDF Figure 30. 
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The mean of the output distribution is accepted as the most likely output result 

and its standard deviation as quantification of the prediction uncertainty. The 

authors show a significant difference of up to 74 % between deterministic FEM 

models results and probabilistic. They claim that, in critical applications for 

accuracy, deterministic models can be unsafe and challenged in court as they 

provide a common overestimation to the prediction (mostly applicable in fatigue 

and failure analysis) and no proven statement of uncertainty. However, in those 

works, experimental proof for the accuracy of prediction was missing. Although 

the approach was demonstrated as feasible and useful, all the studies were 

performed for simplified models not related to thermal drift, i.e. such as cantilever 

beam natural frequency or beam fatigue predictions and validated only against 

their analytical solutions used as a reference. 

Another relevant study that compared FEM modelling prediction accuracies and 

experimental results, was performed for the Herschel-Space Observatory 

assembly and alignment (Fransen, Doyle and Catanzaro, 2011). The alignment 

distance between two of the main mirrors of the telescope had to be compensated 

due to the thermal gradients between the assembly/alignment temperature on 

earth and actual operational temperature in space. This study was initiated after 

a large discrepancy between predicted and measured telescope focal distances 

was found at final tests in the cryogenic test facility. The main goal of the 

Figure 30: Difference between Probabilistic and Deterministic FEM schematic 
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alignment team was to predict and compensate any thermal drift of the focal 

length of the telescope. Their maximum allowed discrepancy was up to ± 3mm 

deviation of the focal length calibration for more than  230 K difference between 

calibration and real operation in space. FEM models predicted final focus drift of 

the assembly of about minus 1.7 mm while experimental results gave the value 

of minus 11.7 mm. The large spread in CTE parameter of material properties 

taken was found causing this large discrepancy. A mean value of the materials 

CTE used measured by several laboratories, was selected without assessing the 

possible bias caused by the uncertainties of those measurements. Probabilistic 

FEM studies proved a high correlation between the prediction result and the bias 

caused by the uncertainties of the CTE measurements performed by different 

laboratories. A similar conclusion was reached by Doiron in NIST (Doiron, 2001, 

2006). CTE is very dependent on the details of the makeup of the material and 

the uncertainty of the measurement performed for its statement. Real material 

samples CTE can vary by more than 10 % (Doiron, 2001, 2006) with respect to 

the reference data given in material textbooks.  The importance of considering 

models control parameters uncertainties and the possible bias that can be caused 

if a model of a system is accepted deterministic. 
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2.3.4 FEM Meta modelling (response surfaces) 

Probabilistic FEM has emerged as a powerful tool for sensitivity analysis. 

However, one significant disadvantage is its high computational costs. Hundreds 

of iterations of complex FEM models are required to achieve statistically 

meaningful results. This limits the application of the method in optimisation 

studies and real-time modelling applications. To answer those gaps, the method 

of FEM meta-modelling and response surfaces is emerging as demonstrated in 

(Most and Will, 2008). The approach is to use the discrete sample points of the 

solution state space done by the Probabilistic FEM and to best fit 

multidimensional surfaces represented by analytical equations. An empirical 

model based on virtual samples is created as shown in Figure 31. 

With this approach, the computationally heavy Probabilistic FEM is represented 

by simple analytical field function. This can allow powerful optimisation and real-

time modelling. A disadvantage of this modelling technique is the missing 

statement of uncertainty. As it is a model based on a model, it is presumed that 

it would be less accurate than the Probabilistic FEM. However, no critical 

evaluation of its uncertainty with respect to real system responses following GUM 

has been reported. In the work of (Most and Will, 2008), an optimisation technique 

‘Meta Model of Optimal prognosis’ for an optimisation of the response surface fit 

Figure 31: Example of three dimensional response surface fitted to Probabilistic 

FEM responses data as shown in (Most and Dynardo GmbH, 2010) 
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to represent better reality was proposed. However, again with a missing 

statement of traceable uncertainty. 

The availability of a method to provide a traceable and accurate statements of 

the uncertainty of this powerful modelling technique can significantly increase its 

use and capabilities.  

2.3.5 Modal thermal analysis 

   Thermal modelling technique uses modal analysis to define thermal ‘modal’ 

shapes of an assembly or component model. It can be seen emerging in the field 

of machine tool thermal control and deformation (Matsuo et al., 1986; Weck et 

al., 1995; Bueno, R.; Arzamendi, J; Almandoz, 1997; Morishima et al., 2015). 

Step function temperatures changes and consequent drift responses are 

measured. Those can be explained by a model based on exponential functions 

with different time constants or by solving numerical FEM model in modal form 

for thermal deformations instead of the natural frequency of dynamic analysis. 

Thus temperature field distributions can be decomposed into “thermal modes” in 

a similar way as vibrations modes are studied in the structural modal analysis. A 

visual analogy of the two can be seen in Figure 32 on next page (Bueno, R.; 

Arzamendi, J; Almandoz, 1997). 
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As with dynamic analysis, in thermal modal analysis displacement can be 

described by the combination of several dominant modes. For machine tools, 

such dominant modes would be unique to the structure of the system studied. 

Based on those conclusions, performing thermal modal analysis can be used to 

evaluate an optimal number of thermal sensors and their mounting location. The 

number of thermal sensors should be equal to the number of modes of high 

importance. Their locations should be positioned in such a way to detect their 

response with the highest sensitivity. With this information input and output, 

responses can be mapped using classical numerical or empirical techniques to 

optimum performance.  

However, promising this methodology is, its performance on thermal error 

compensation also has not been observed evaluated according to international 

uncertainty standards (GUM, GUM – Supplement 1 and NIST. SOP No. 29) with 

statements of uncertainties associated with the prediction made. 

Figure 32: Analogy between dynamic and thermal modal analysis as seen in 

(Bueno, R.; Arzamendi, J; Almandoz, 1997) 
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2.4 General conclusions  

The literature review performed has found several gaps of knowledge. Those can 

be considered as limiting factors in achieving alignment of large assemblies with 

traceable uncertainty statements in the micrometric range and will be addressed 

in the PhD thesis.  

1) No work was found to estimate the task-specific uncertainty of alignment 

measurements at required by CLIC magnets (12 µm, 1 σ) for up to 2 m 

assemblies subject to thermal loads variations electromagnets. For 1 m to 2 

m sized magnets, alignment performance was observed varying between 35 

µm to 55 µm for electromagnets and 13 µm to 17 µm for permanent magnets 

in thermally controlled environment. None of the alignment error budgets 

reviewed can be accepted as traceable task-specific uncertainty.   

 

2) No work was found to fully apply state-of-the-art uncertainty budgeting and 

evaluation methods such as GUM, GUM Supplement 1 (BIPM, 2008; JCGM, 

2008a)  in the domain of large scale and high precision systems alignment 

and integration. There is some misuse of metrology equipment qualification 

tests results (i.e. ISO-10360-2) as uncertainty quantification of CMMs 

measurements in error budgets for alignment (Bottura et al., 2006). The task-

specific uncertainty of alignment metrology including the dimensional stability 

of the measurand during alignment measurements was not observed in 

literature. In general no practice of estimating and including the ‘Test 

uncertainty” (Salsbury, Corporation and Boulevard, 2003) has been observed. 

Commonly no expansion intervals (k) - 2.1 (Bottura et al., 2006) ,as expected 

for uncertainty statements, can be seen quoted in the reviewed literature. 

 

3) No validated method for correcting thermal errors with the ability to provide an 

accurate and traceable statement of uncertainty for the thermal errors 

compensations made (Bottura et al., 2006; Fong et al., 2006; Fransen, Doyle 

and Catanzaro, 2011; Ross-Pinnock, Yang and Maropoulos, 2015; Ross-

Pinnock and Bingru Yang Glen Mullineux, 2016). No methodology of providing 

valid uncertainty statements for empirical models that have been proven as 
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most accurate in literature. Work done for the light controlled factories project 

(Ross-Pinnock, Yang and Maropoulos, 2015) has shown how online thermal 

measurements can be mixed with FEM for compensation thermal drift. 

However a lack of uncertainty evaluation of the FEM modelling has been 

observed although discussed as possible future line of research. Work 

performed for Herschel-Space observatory (Fransen, Doyle and Catanzaro, 

2011) and at NIST for virtual FEM Metrology (Fong et al., 2006) have shown 

the potential of Probabilistic FEM on the evaluation of uncertainty sources. 

However, the approach has not been observed applied and validated for real 

assemblies drift prediction with associated uncertainty. 
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3 AIM AND OBJECTIVES 

3.1 Aim 

The aim of this PhD is to define, study and validate an uncertainty budgeting 

methodology capable of accurately determining a specific alignment 

measurement uncertainty in the micrometric region for large meter range sized 

objects. Studying the literature, gaps of knowledge and work on the PACMAN 

project has lead to the following Hypothesis:  

Specific alignment measurements uncertainty can be evaluated by a mixture of 

reference measurements traceable to the unit of meter and probabilistic error 

propagation of modelling techniques applied for both metrology and thermal 

compensation models. 

3.2 Objectives 

In order to study the proposed hypothesis two major objectives with related task 

were defined: 

(1) To evaluate and validate the task specific measurement uncertainty (Utask 

specific MEASURE – Eq.(4-3)) for defining the location of magnetic axis 

in the coordinate reference frame of CLIC, T1 type magnet assembly 

measured at a laboratory thermal conditions. 

 

(2) To evaluate and validate a methodology that can accurately predict (with 

valid uncertainty statement  𝑈𝑁𝐸𝑚𝑜𝑑𝑒𝑙 - Eq.(4-4) in the micrometre region) a 

drift of the assembly metrology frame due to non-uniform steady state 

thermal gradients.  Achieve this by following a mixture of reference thermal 

and drift measurements and probabilistic modelling for the CLIC T1. To 

validate methodology with respect to international uncertainty evaluation 

standards (GUM, Supplement 1 and  ISO 15530-4 (BIPM, 2008; ISO/TS 

and ISO, 2008)). 
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4 METHODOLOGY 

In this chapter, methodology followed in the PhD thesis is presented. First, in 4.1, 

the methodology for evaluation of alignment uncertainty is generalised as 

function two major contributors: task-specific measurements uncertainty and 

thermal drift compensations. In 4.2 and 4.3  the sub methodologies applied for 

the evaluation of the two major contributors are detailed. 

4.1 Alignment measurement uncertainty 

The lowest uncertainty of dimensional measurements is achieved at the 

temperature at which the standard of the unit meter is defined (20 °C) (Ted 

Doiron, 2007). However, if dimensions are required to be stated at another 

temperature, then CMM’s can be calibrated to do so via reference artefacts 

traceable to the meter standard (Trapet and Wäldele, 1991; Trapet, 2010, 2012). 

Measurements performed at a stable temperature different than 20 °C would 

have an inherent increase in uncertainty. This would be due to the increased 

dimensional uncertainty of the artefact used for the CMM’s scales calibration with 

respect to the meter standard. Traceable reference artefacts are calibrated at 20 

°C in the National Institutes. At any different temperature, their dimension can 

drift from the calibrated one, thus influence the artefact calibration uncertainty 

(Doiron, 2001, 2006; ISO, 2009). This can be minimised via thermally stable 

artefacts (extremely low CTE coefficient and low uncertainty of its knowledge - 

manufactured by materials such as Zerodur® (SCHOTT AG, 2017) or Carbon-

Fibre) thus having a minimal increase of measurement uncertainty (Trapet and 

Wäldele, 1991; Trapet, 2010, 2012). It is up to the metrologist to decide (based 

on cost/accuracy targets) at what stable temperature/environment conditions 

their CMM would be calibrated, and alignment measurements would be 

performed. 

For large-scale projects such as CLIC, CMMs can be of bespoke design or with 

unique calibration for measuring at the particular environment and thermal 

conditions close to the operational one. This strategy relies on the stability of the 

thermal state of the CMM and the measurand. Any drift in the thermal state of the 
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CMM or the measurand would cause a dimensional error of the measurement 

proportional to the differential expansion between the assembly being measured 

and the CMM (California et al., 1965). Any drift of the thermal state of the 

assembly posterior to the measurements and during alignment procedures would 

cause drift in the measurement results proportional to the nominal expansion of 

the measurand itself. Thus to know the uncertainty traceable to the meter (2.1.2), 

all error sources including the thermal drifts have to be monitored both during 

metrology and posteriorly during alignment procedures of the large assemblies. 

In the current methodology it is accepted that the alignment assemblies are 

thermally stabilised during the period of precision alignment without experiencing 

any dynamic thermal variation/gradients. This assumption is made as first the 

active alignment procedures as related to CLIC would take a short period relative 

(minutes) to the large thermal constant of the assemblies (hours due to their high 

thermal inertia function of their large size and mass). Second, it is accepted that 

the accelerator machine would be already tuned to its optimal operational 

conditions - temperature when alignment procedures are initiated. Thus, only 

static temperature gradients deviating from measurement temperature are to be 

considered for the measurement corrections. 

The alignment uncertainty strategy was split in two phases (Figure 33 – top and 

bottom). First to perform alignment measurements in a laboratory at a set stable 

temperature conditions Figure 33 - top. 
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The alignment measurements task-specific uncertainty (𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸) 

was then evaluated in accordance to international standard GUM, Supplement 1 

(BIPM, 2008). This was done by a mixture of reference thermal, dimensional 

measurements and probabilistic modelling software, at the environment of the 

metrology laboratory. They were used to estimate, variance and bias estimates 

of the measurements which combined defined (𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸). Bias was 

defined as the difference between the probabilistic measurement model (PDF) 

mean and the conventional truth value set by the calibrated known artefacts 

dimensions, shape and location. The variance was defined as the one σ result of 

the probabilistic Monte Carlo models of the CMM measurements Figure 34. 

Following metrology, the thermal assembly state was varied to match the 

expected thermal gradients during alignment procedures. 

Figure 33: Alignment measurement uncertainty evaluation general methodology 
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Models using the measured thermal loads as input were applied to correct the 

alignment measurements bottom part of Figure 33. The uncertainty of the 

corrections (𝑈𝑁𝐸 𝑚𝑜𝑑𝑒𝑙) was evaluated in accordance to international standard 

GUM, Supplement 1 (BIPM, 2008). This was done by the use of probabilistic 

versions of the thermal compensation models establishing their variance. 

Reference measurements between the model's prediction and real assemblies 

measured deformation provided the bias of the thermal compensation models. 

Thus the real behaviour of an assembly deformation was taken as reference 

artefact of the truth Figure 34. 

Key in both main steps of the method was to obtain traceability through the known 

standard representation of the truth Figure 34. The final alignment measurement 

uncertainty was quoted as the uncorrelated sum of the metrology task-specific 

uncertainty and the uncertainty of the thermal drift corrections applied Eq.(4-1). 

They were later estimated following the same methodology as a function of both 

Figure 34: Bias and Variance estimated by a mixture of probabilistic modelling and 

comparison to a known reference represented by an artefact 
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evaluated Variance (by probabilistic modelling) and Bias by reference 

measurements. 

 𝑈𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑚𝑒𝑡𝑟𝑜𝑙𝑜𝑔𝑦 = √ 𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸
2+ 𝑈𝑁𝐸𝑚𝑜𝑑𝑒𝑙.

2 

and 

 (4-1) 

 

 

 𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸;  𝑈𝑁𝐸𝑚𝑜𝑑𝑒𝑙. = 𝑓(𝐵𝑖𝑎𝑠, 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒)  (4-2) 

In the two subchapters 4.2, 4.3, the methodology for the evaluation of 

 𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸 and 𝑈𝑁𝐸 𝑚𝑜𝑑𝑒𝑙 is explained in detail. 

4.2 Uncertainty of task-specific alignment measurements 

   Three principal error sources categories affect the alignment measurement 

uncertainties for the magnet assemblies. They are the uncertainties of the 

Magnetic Measurement System ( 𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡), the CMM ( 𝑈𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐) 

uncertainties and the Magnet Assembly ( 𝑈𝑎𝑠𝑠.  𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦) dimensional stability during 

measurement Figure 35. They were evaluated as uncorrelated and giving the 

final task specific measurement uncertainty ( 𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸) as shown in 

Eq.(4-3). 

 𝑈𝑡𝑎𝑠𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑀𝐸𝐴𝑆𝑈𝑅𝐸 = √ 𝑈𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐
2 +  𝑈𝑎𝑠𝑠.  𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦

2 +  𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡
2 

 (4-3) 

The Magnetic Measurement System uncertainty was given by the magnetic 

measurement metrologist expert of the team. There is no existing international 

standard for the definition of the magnetic axis. Thus it relied on the expert 

judgement of the magnetic measurement expert that qualified the uncertainty 

performance of the system.   
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 7The CMM task-specific uncertainty of the fiducials was evaluated by the 

application of probabilistic CMM modelling software. The first step was to perform 

standard tests such as the one suggested in ISO 10360 series. By those standard 

Figure 35:  Working method of evaluating task specific alignment measurement 

uncertainty for a large magnet assembly 
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series, measurements of the CMM against the calibration of reference artefacts 

such as reference spheres and step, gauges were used. In this way, the 

repeatability, the form error of the probe heads, the maximum permissible errors, 

location and of the CMM’s used was quantified. Using this data, a software based 

on the Simulation By Constraints (SBC) method was calibrated to model the CMM 

task-specific location measurement uncertainty. This model was validated 

against traceable to the meter (2.1.2) standard dimensionally stable tetrahedron 

artefact Figure 36 (Trapet, 2015a).  

The artefact was calibrated by a metrology institute and part of an international 

inter-laboratory uncertainty study (Trapet, 2015a). By comparing the uncertainty 

regions predicted by the model and the real 3D location errors measured by the 

CMM, the uncertainty model was successfully validated (see - 6.1.1) following 

(ISO/TS and ISO, 2008) suggested rule described in 5.2.3. If validation was not 

successful, then the CMM model had to be revised for any misrepresented 

systematic errors. 

Magnet assembly dimensional stability was evaluated with the use of 

dimensional and thermal measurements. Thermal drift of the assembly was 

continuously monitored during the alignment measurement made. Main sources 

Figure 36: Traceable tetrahedron Carbon-Fibre artefact (Trapet, 2015a)  
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of error were the internal heat sources caused by ohmic heating of the resistive 

magnet coils. Reference targets were mounted stably on the CMM granite. Their 

location was measured with respect to the fiducials targets part the assembly. 

Initially at the start of the alignment measurements with the magnet being 

switched off. Then the magnet was switched on the minimal power required for 

magnetic measurement for this magnet (4 A), and the alignment measurements 

were performed. At the end of the alignment measurements, the location of the 

reference targets was measured again. The maximum 3D distance drift between 

the stable mounted on the CMM granite reference targets and the assembly 

fiducials was used to quantify the magnet assembly stability. Detail of the 

procedures applied can be seen in chapter 5.2.2. 

This sub methodology fulfilled objective one (see 3.2) by following a set of defined 

tasks: 

a. Apply a probabilistic uncertainty modelling for the CMM coordinate 

measurements applicable for large industrial scale environment. 

 

i. Calibrate Simulation By Constraints based CMM uncertainty 

model following ISO 10360-(2,5,7-9) 2.2.2 standard tests 

and validate its uncertainty prediction with the use of 

reference measurements of traceable calibrated artefacts 

following ISO 15530-4 (ISO/TS and ISO, 2008) standard. 

 

ii. Use the validated model to evaluate CLIC T1 assembly 

alignment measurements uncertainty 

 

iii. Extrapolate the model to assess the measurement 

uncertainty of the biggest CLIC T4 modules measured with 

CMM large enough to accommodate them. 

 

b. Evaluate the thermal effects due to the low-powered magnet part of 

T1 assembly studied in the PACMAN project and to extrapolate 

results for T4 assembly family.  
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4.3 Thermal drift compensation and associated uncertainty 

   Thermal drift compensation and related uncertainty were studied on both a 

single aluminium component and a more complex magnet assembly as shown in 

Figure 37 and method diagram in Figure 38. 

They were considered as two representatives of possible alignment measurands. 

The single component is a more simple case of one object, one material. The 

Magnet assembly as a more complex case of multiple assembled and 

constrained objects. They were considered representative due to several 

features. First, their dimensions were chosen to be close to CLIC magnets 

metrology loop sizes being aligned and of the same material. Second, the magnet 

assembly had the sufficient multiple components complexity but of simplified 

geometry, allowing the proof of principle with minimised complexity and 

computational costs.  Both were initially stabilised at the thermal state expected 

during metrology (See Figure 38). Joints behaviour was simplified in ANSYS. It 

was represented as rigid welded body instead of bolted joints. This was done 

after observing from trail simulations that such assumption would have minimal 

impact on the thermal drift. Any effect of this assumption on the final capability of 

the models to predict thermal drift is expected to be captured by validation tests 

as a bias error. This in consequence would be incorporated in the uncertainty 

budget as later explained. Following such hypothesis it was key to design 

verification experiments in such way that it would capture the effect of any 

discrepancy of the model (due to simplifications) with respect to reality. 

Figure 37: Representative measurands studies. Left: Single component (beam 

part of magnet assembly). Right:  Magnet assembly.  
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Figure 38: Visual diagram summarising working method for evaluation of thermal 

drift and associated uncertainty after fiducialisation 
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At this thermal state (A) the spatial location of the measurement targets (fiducials) 

and the thermal loads were measured. Following, a change in the thermal state 

of the measurands was introduced by a change in the thermal loads. The 

measurands were then stabilised at new thermal state (B). The difference in 

temperatures of the measurands between state (A) and (B) were at a maximum 

of  10°C to 15°C.  

Once the measurands were stabilised at the new thermal state (B), both the 

spatial location of the fiducial targets and the new thermal loads were measured. 

The drift in the location of the targets and the drift in the thermal loads between 

(A) and (B) was estimated with quantification of the uncertainties of both (𝑈𝑙𝑜𝑐 - 

for the drift measurement and 𝑈𝑡𝑙 – for the thermal loads drift measurement). Prior 

to the experiments, samples of the materials of the measurands were studied. 

Samples were taken from the exact material slab from which the single 

component and the components part of the magnet assemblies were machined. 

From those samples, the Coefficient of Thermal Expansion was estimated via 

dilatometry with an evaluated uncertainty of it is estimation (𝑈𝑐𝑡𝑒).  

Following this experimental series, the change in targets location and change in 

thermal loads was used for the creation of Empirical Models (EM). The change 

of the thermal states and the evaluated CTE coefficients were used for the 

creation of FEM models. Probabilistic versions of both the EM and the FEM 

models were created. The Probability Density Functions (PDFs) quantifying the 

uncertainties in the evaluated input parameters were used as probabilistic models 

input (𝑈𝑙𝑜𝑐, 𝑈𝑡𝑙 and 𝑈𝑐𝑡𝑒). The output of the Probabilistic models was PDFs 

quantifying the most likely change in targets location. The mean of PDF was used 

as the most likely expected value. The PDFs one σ defined a Variance of the 

model as a function of the input parameter uncertainties.  

The next step was to quantify the Bias of a model prediction. The real measured 

change in target location from the experiments was subtracted from the predicted 

mean value of the probabilistic models. The result was the bias or error difference 

between the actual measurand behaviour and the predicted one. The final 
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predicted modelling uncertainty was taken as a sum of the Bias, Variance and 

uncertainty of the drift measurements. 

The final step was to validate those predicted uncertainties. This was done by 

comparing a predicted targets drift with measured by independent means drift as 

suggested in (ISO/TS and ISO, 2008). The drift measured by independent means 

was found to lay within the predicted uncertainty region. If however, this would 

not have been the case then the Probabilistic models and calibration 

measurements would have had to be further studied and revised for unknown 

and unaccounted errors. 

Finally, the uncertainty of the prediction model was quoted as a function of the 

evaluated Bias and the modelled Variance Eq.(4-4). Detail of this procedure can 

be seen in chapter 5.2. 

 𝑈𝑁𝐸𝑚𝑜𝑑𝑒𝑙 = 𝑓(𝐵𝑖𝑎𝑠 +  𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒)  (4-4) 

As a summary, according to this methodology, the alignment uncertainty was 

considered as the uncorrelated sum of the fiducialisation task-specific uncertainty 

and of the uncertainty related to the thermal drift compensation models applied 

following it. It is claimed that the probabilistic version of the measurement model 

or the thermal error compensation can be used for the evaluation of their 

variances. This can be combined with experimental evaluation of the probabilistic 

models bias errors.  Further in the thesis in chapters 2.4 and 6 this methodology 

is tested by validating the predicted uncertainty regions to known references by 

independent measurement means (ISO/TS and ISO, 2008).  

This sub methodology applied fullfiled objective two (3.2) by following a set of 

defined tasks: 

a. Create empirical models of the magnetic axis, and reference fiducials 

drift. 

iv. Evaluate/calibrate the most relevant parameters for the 

empirical models of assembly.  
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v. Assess and study the uncertainty of the empirical models via 

the Monte Carlo method and reference measurements of 

bias as a function of different measurement and setup/ 

conditions errors/uncertainties. 

 

vi. Validate empirical models and their uncertainty prediction 

against validation measurements traceable to the meter 

international standard ISO 15530-4 (ISO/TS and ISO, 2008). 

 

b. Create a Probabilistic FEM model for prediction of the fiducial target 

drift at various expected thermal conditions. 

 

vii. Evaluate/calibrate the relevant input parameters and errors 

of the FEM prediction. 

 

viii. Assess and study the uncertainty of the FEM models via 

probabilistic methods and reference measurements of bias 

as a function of different input parameters 

errors/uncertainties. 

 

ix. Validate the probabilistic FEM prediction and its uncertainty 

statement against in a traceable to the meter manner. To do 

this by applying international metrology standard ISO 15530-

4 (ISO/TS and ISO, 2008) in the field of FEM analysis. 
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5 EXPERIMENTAL EQUIPMENT AND PROCEDURES 

   In this chapter, the experimental equipment used is described in detail. The 

details on the procedures applied for the modelling and experiments performed 

are explained. 

5.1 EXPERIMENTAL EQUIPMENT 

5.1.1 CLIC T1 module 

   The CLIC T1 magnet module is representative of the shortest CLIC Main Beam 

Quadruple (MBQ) series (CLIC (Collaboration), 2012; Vorozhtsov and Modena, 

2012) 0.42 m being the active length of focusing magnet yokes. Currently, at 

CERN, it is the only manufactured prototype of a complete CLIC magnet 

assembly module (Figure 39). 

It consists of an integrated resistive Quadruple magnet, a Nano-positioning 

system and an Alignment Wire Positioning System (WPS) ‘arms’. The Alignment 

WPS arms are aluminium structures that interface the MBQ magnet with the 

Figure 39: CLIC T1 Module Left: Side view. Right: Front view 
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global reference system, which is a stretched carbon fibre wire (CLIC 

(Collaboration), 2012; Durand et al., 2012; Mainaud Durand et al., 2014; ‘Wire 

Position Sensor’, 2017). At each end of the alignment WPS arms, there is a 

capacitive non-contact sensor mounted on three spheres kinematic bed 

(Mainaud Durand and T.Touze, 2006; ‘Wire Position Sensor’, 2017). The system 

is further described in detail at 5.1.8.  

The alignment metrology for each quadrupole consists of knowing the location of 

the MBQ magnetic axis in the spatial reference frame created by the WPS 

kinematic spheres Figure 40. 

The measurements task was defined in Geometric Product Specification (GPS) 

(ISO, 2011b, 2017) language as location tolerance. Uncertainty of each fiducial 

location was defined as a sphere tolerance zone. This tolerance zone was 

evaluated with respect to Dimensional Frame of Reference (DFR) defined by 

another three spheres, each used s location datum in 3D space. The uncertainty 

of a thin (100 µm) cylinder representing the magnetic measurement reference 

wire was defined as a cylindrical tolerance zone to the same three sphere DFR 

used for fiducial location uncertainty estimation.  

Figure 40: MBQ T1 assembly alignment metrology GPS task 
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CLIC T1 assembly CAD and GPS task were used as input to CMM uncertainty 

modelling software (see 5.1.11). The physical assembly itself was used in series 

of CMM measurements campaigns within Leitz Infinity CMM (see 5.1.7). CMM 

and thermal measurements were used for the determination of the assembly 

thermal stability, and PACMAN integrated system repeatability Figure 41 . 

Where S1 – S21 represent relative locations of spheres and thermal sensors (S1, S4 

mounted on the granite; S9,S11 mounted on the alignment aluminium bridge component 

part of the assembly; S20,S21 mounted on the top of the steel magnet). In there, S1 to 

S4 spheres are mounted on the granite; S9 to S11 are mounted on the alignment 

aluminium bridge part of the assembly; S20 to S21 are mounted on the top of the steel 

magnet. Thermal sensors (including air front measurement sensors and assembly 

surface temperature) were mounted next to the installed fiducials. 

5.1.1.1 CLIC T1 alignment measurement procedure 

A full set of CMM alignment measurements on the assembly took a complete 

work day. After the initial measurement, the weekend was used to allow the 

system to stabilise. During the second measurement day, the magnet was 

switched on (6.1.2, Figure 85 - green line). A minimum required current (for axis 

measurement) of four amperes was selected by the magnet expert (D.Caiazza). 

No water cooling was provided to the magnet as water cooling is required only at 

Figure 41: CLIC T1 magnet assembly integrated within CMM 

S21 
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high amperage operational rates (∿ 120 Amperes) due to Joule heating effect in 

the resistive coils. The second reason for not providing passive water cooling was 

that it could create a thermal gradient (between the coolant in the coils and the 

ambient air temperature) and act as a concentrated heat source within the 

assembly.  

5.1.2 Tetrahedron artefact 

   The CMM Simulation By Constraints (SBC) uncertainty prediction model was 

validated against a calibrated artefact, as part of an international metrology inter-

laboratory study (Trapet, 2015a). This study was supported by Entidad Nacional 

de Acreditación ENAC (Trapet, 2015a) and involved 19 metrology laboratories 

worldwide including CERN metrology laboratory. A traceable and dimensional 

stable tetrahedron artefact with calibration certificate was circulated among the 

international laboratories.  This artefact has arms of 0.5 m length, made of carbon 

fibre with a CTE of 1 µm/m/K. Fiducial spheres are made to shape tolerance 

equivalent to grade 5 according to ISO-3290 sphericity precision with 0.127 µm 

maximum roundness error. The artefact calibration uncertainty of the distances 

was quoted as 0.7 µm at 2σ. A complete artefact survey was performed and 

Figure 42: Carbon fibre tetrahedron artefact used for CMM uncertainty model 

validation (Trapet, 2017) 
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repeated three times using a Leitz Infinity CMM within the CERN Metrology 

laboratory. The exact measurement procedure can be seen detailed in (Trapet, 

2015b). 

5.1.3 Magnet assembly 

   CLIC T1 assembly was considered too complex and thus computationally 

expensive for the task of validating the methodology for thermal drift 

compensation prediction uncertainties. It consisted of numerous aluminium and 

steel components with complex interfaces. This could cause the presence of 

additional control variables (such as numerous interface heat transfer 

coefficients) and parameters that would not contribute to the process 

understanding and method validation. A simplified magnet assembly was 

designed, machined and assembled with the purpose of studying the thermal drift 

and the accuracy of compensation methodologies with a minimum amount of 

uncontrolled error sources. The assembly consisted of the original quadrupole 

magnet sub assembly with the addition of two aluminium alignment arms Figure 

43.  

Figure 43: Magnet assembly components Left: front view. Right: side view 
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The aluminium alignment arms part of the simplified magnet assembly (Figure 

43) purpose was to mimic the function of the complex multi-component alignment 

arms present at CLIC T1 assembly. The aluminium arms were designed and used 

as the alignment link between the magnet and the tunnel alignment reference 

being a carbon fibre stretched wire (Mainaud Durand and T.Touze, 2006). The 

interface to the stretched wire (global reference system)was established by a 

kinematically assembled Wire Positioning System non-contact sensor (5.1.8) at 

the end of the alignment beam. The alignment arms were designed to bolt directly 

to the available on the magnet threads and with length equal to the total metrology 

loop (being the distance path of rigid bodies from the WPS sensor to the magnetic 

axis (Figure 39) present on CLIC T1. The magnet sub-assembly together with 

the alignment arms and their WPS sensors were mounted via Granite mount cube 

(6 high precision sides, 150 mm long (Microplan-gorup, 2017; Microplan-group, 

2017))  to the Granite mount base of the CMM (Figure 43) .  

The magnet assembly was studied both inside CERN accelerator tunnel 

laboratory (Figure 44, a)) and inside several different CMM systems (5.1.7) at 

CERN Metrology laboratory (Figure 44, b)). Thermal Load Sensors (TLS) were 

installed among and around the magnet assembly. Three sensors were installed 

on each of the assembly sub-components faces – side, top bottom. They 

consisted of local to installation point surface, thermal air probes and heat-flux 

sensor 5.1.5. TLS were installed as well on the granite mount cube, granite mount 

base and water thermal control system Inlet and outlet 5.1.6. As an alternative to 

the CMM measurement, a WPS system with stretched carbon fibre wire as a 

reference was integrated within the CMM. It was used as an alternative 

independent system that can measure the thermal drift in the micron level 

uncertainty as detailed in 5.1.8. Reference precision spheres fiducials were  
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permanently glued to the surface of the quadruple magnet, alignment arms, 

Figure 44: a) Experimental setup for creating mapping model of WPS bridges 

drift inside accelerator tunnel laboratory b) Experimental setup validating 

WPS bridge thermal drift for simple magnet assembly in Zeiss Prismo CMM 

5.1.7 at CERN Metrology laboratory 5.1.3 
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granite cube and granite mount base. Each sphere was measured and her centre 

defined by the CMM used for the drift evaluation. The spheres used were 6 mm 

diameter stainless steel ball bearings of Class 3 (ISO-3290) with a maximum out 

of roundness error of 1 µm. They were permanently glued compressing them 

toward the metal face with a thin layer of Araldite® epoxy glue with CTE of 

0.09µm/mm/K (Huntsman, 2007).  

Following the initial location measurements, the thermal loads on the assembly 

were varied via a combination of water chiller thermal control system 5.1.6 and 

air fan as shown in Figure 44. The temperature of the assembly was stabilised 

at various thermal gradients close to 10°C above and below the state at which 

the initial alignment measurements were taken. The new deformed location of the 

alignment arms and assembly was measured via WPS system within the tunnel 

laboratory and with the CMM and WPS systems within the metrology laboratory. 

The data from the tunnel experiment was used for the creation of Empirical  

(5.2.5), PFEM (5.2.6) and Meta-model based on PFEM (5.2.7). The experiments 

were then repeated within the metrology laboratory and models predictions were 

gain validated against the WPS and the independent CMM measurements. 

5.1.4 Single component test bench 

   The thermal drift test performed for the magnet assembly in 5.1.3 were 

repeated for a ‘single component’. This component was one of the disassembled 

alignment aluminium arms. This was done with the purpose of simplifying further 

the problem by reducing the possible variables and influencing factors due to the 

complexity of studying an assembly instead of single component. This set of 

experiment campaigns were done to see how results of modelling single 

component would vary in precision concerning the more complex magnet 

assembly.  
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The aluminium alignment arm was glued permanently with a thin layer of 

Araldite® epoxy (Huntsman, 2007) for the Granite mount cube. Resistive heaters 

were permanently glued to the inner mounting faces of the component by 

deposing thin drops of Araldite® at the four corners of each heater. High thermal 

conductivity silicon paste (Electrolube, 2013) was distributed among the heater 

faces to ensure minimal thermal gradient between the heater temperature and 

the aluminium component face temperature. Thermal Load Sensors (TLS) were 

installed on all component surface directions (Top, Front, Back, Bottom), resistive 

heaters, Granite cube bottom and Granite CMM base (see Figure 45).  

 

 

Figure 45: Single component test bench 
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5.1.5 Thermal loads measurements 

   Three types of thermal load measuring sensors were used: temperature, heat-

flux and infra-red radiation camera measurements. In this subchapter, the 

sensors types, their calibration and uncertainty qualifications can be seen. In 

5.2.4 one can further see the procedures and philosophy applied during the 

thermal load's measurement experiments. 

5.1.5.1 Temperature measurements 

Temperature sensors used for measurement and application material can be 

seen in Figure 46.  

Figure 46: a) T-junction for magnet coils water IN/OUT flow temperature 

sensors; b) Water flow thermometers Krone®  (KROHNE Group, 2017a, 2017b) ; 

c) PT-1000 temperature sensors (Farnell, 2017; RS components, 2017) ;c) NTC-

10K thermistors (Digi Key Electronics, 2017); d) PT-100 and NTC-10K thermistors 

surface grounding (Laird technologies, 2003; Electrolube, 2013) 
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The same figure a) and b) shows water flow thermometer by Krone®  (KROHNE 

Group, 2017a, 2017b) that were installed in a hydraulic T-junction as part of the 

IN/OUT magnet cooling water flow.  Description of the water chiller thermal 

control of the magnet can be seen in 5.1.6. In Figure 46 – c), e) one can see the 

two types of thermal sensors used for the measurement of components surface 

temperature – Platinum Resistance Thermometers (PRT) (National Physical 

Laboratory, 2010; Farnell, 2017; RS components, 2017) and Negative 

Temperature Coefficient (NTC) thermistors (Ametherm Circuit Protection 

Thermistors, 2017; Digi Key Electronics, 2017). Those two types of thermal 

sensors based on different technologies were used to capture any possible bias 

error in measurements based on the measurement method. Those two type of 

thermal sensorial types were chosen as proven as most sensitive (0.3 % to 0.4 

% 𝐾−1 for RTD and NTC – with calibration), accurate ( ±0.01 K to ±0.2 K for PRT 

and ±0.005 °K for NTC - with calibration) and common in the field of precision 

engineering (Moffat, 1988; Childs, Greenwood and Long, 2000) and thermal 

measurement. The thermal sensors were covered by a layer of high thermal 

conductivity (2.0 W/m.K) silicon paste (Electrolube, 2013) which is frequently 

used in the microprocessor industry In Figure 46 – d). This was done to ensure 

best thermal contact and minimum difference between the surface measured, 

and sensor used temperature. Heat shield aluminium foil with integrated adhesive 

(Laird technologies, 2003) was used to glue the thermal probes to the surfaces 

studied. This type of adhesive tape was used to make sure minimum influence 

(radiation, convection) from external heat sources to the thermal probeThe 

thermal probes were interfaced to Data Acquisition system (DAQ) Figure 47, a) 

via digital Multiplexer Figure 47, b)  controlled via calibrated software Figure 47, 

c)    
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Once received from the manufacturer, all the used sensors were tested in series 

of experimental campaigns within CERN metrology laboratory which has 20°C ± 

0.5 °C stability over 24 hour period. This was done to evaluate their measurement 

performance as bought from the manufacturer without additional calibration. The 

various surface and air temperature probes were mounted on and next to large 

thermal soaked steel piece (High thermal inertia). Continuous temperature 

measurements were performed over several nights Figure 49. In Figure 48 the 

results over 8-hour measurement camping for PRT and NTC sensors are shown. 

There is an obvious systematic shift between the two types of sensors. 

Figure 47: a) Data acquisition system Agilent (Keysight (formerly Agilent’s Electronic 

Measurement), 2017b) with b) multiplexer cards (Keysight (formerly Agilent’s 

Electronic Measurement), 2017a) used for thermal sensors measurements via 

Agilent ‘Bench View’ software – c) (Keysight, 2017) 
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Figure 49: Different thermal sensors performance variation tested overnight 

in CERN metrology laboratory 

Figure 48: Variation of temperature measurements of the same object and air by 

different NTC and PT-1000 sensors before calibration at NPL 
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In Figure 50 one can see the measured error between PRT and NTC factory 

calibrated sensors shown in a frequency plot. Mean error is 0.61°C with a 

standard deviation around the mean error of 0.008 °C.  

Following this initial campaign, all the thermal sensors and DAQ system were 

sent to the National Physics Laboratory (NPL), UK. There first, an initial 

calibration of the probe was performed with respect to the triple point of water 

reference as defined in International temperature scale standard of 1990 (ITS-

90) (BIPM, 1997, 2015) (see – Appendix 9.2A.7). Consequently, a complete 

temperature system uncertainty analysis was performed at NPL to estimate the 

total system temperature measurement uncertainty with respect to (ITS-90) 

calibrated equipment (see – Appendix 9.2A.8).  The largest bias errors of the 

calibrated sensors with the Agilent DAQ was used as the side of a square shape 

uncertainty for the determination of the thermal measurement uncertainty in the 

later studies Table 3 on next page. 

Figure 50: Histogram of difference between NTC and PT-100 sensors 

measurements of air before calibration at NPL 
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Table 3: NPL Uncertainty quantification after calibration for NTC and PRT sensors 

used 

 

Following the calibration at NPL, the correction factors were added to all thermal 

measurements Figure 51. 

DAQ + Sensor Type Uncertainty (1 σ – Square shape) 

[°C] 

PRT 0.031; a = 0.054  

NTC 0.027; a = 0.047  

Figure 51: Variation of temperature measurements of the same object and air by 

different NTC and PT-1000 sensors after calibration at NPL 
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5.1.5.2 Heat-flux measurements 

Heat flux measurements were performed in combination with thermal 

measurements for the help of determining heat flow and thus convection 

coefficients through surfaces. The procedure is explained further in 5.2.4. The 

heat flux sensors used was based on integrated circuit technology can be seen 

best described in (Thery and Raucoules, 2006) Figure 52. 

They use two arrays of thermocouples: One measuring heat flux entering the 

sensor from one surface and one measuring the exit heat flux at the opposite 

surface. The difference is the heat flux passing through the sensor. It is claimed 

(Thery and Raucoules, 2006) that such arrangement eliminates temperature 

dependency of the sensor to detect heat flux. The voltage output produced is 

directly proportional to the heat flux, is linear, and passes exactly through zero. 

Voltage polarity determines heat flux direction. The calibration procedure gives 

the slope and offset of each sensor voltage to heat-flux linear transfer function.  

The sensors were purchased from external supplier (Thery and Raucoules, 2006) 

which claimed ‘accuracy concerning confidential internal test procedures’ to ± 3 

%. ISO Standards and methods for the calibration and uncertainty sensors of 

such type of sensors do exist (Tsai et al., 2004; ISO, 2010) however no 

confirmation or certificate was received from the manufacturer. The heat-flux 

sensors were not sent to a national institute for traceable uncertainty statement 

and calibration. Their uncertainty analysis was based on a combination of the 

quoted performance from the manufacturer and internal tests at CERN metrology 

Figure 52: Thin integrated circuit heat flux sensor (Thery and Raucoules, 2006). 
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laboratory. Test of the sensor to sensor measurement variance was performed 

similar to the one done for the thermal probes. The heat flux sensors were all 

thermally insulated from each other and positioned in a stack within a closed box 

with a precision calibrated thermal sensor at CERN thermally controlled 

laboratory 20°C ± 0.5 °C. 

Thermal isolation and the enclosure of a sealed cardboard box were used to 

stabilise the air current and the influence of radiative and convective external heat 

inputs. All sensors were expected to experiencing minimal and similar to each 

other heat flux at these conditions if calibrated by the manufacturer. In Figure 53 

seven hours of test data of both heat-flux sensors and a thermal probe available 

within the text box.  

It was expected that in such damped and isolated environment the measured 

heat-flux would be minimal, with a remaining signal function to the electronics 

White Noise signature. The measured within the test box temperature (In Figure 

53) can be seen following the room thermal controller sinusoidal behaviour. The 

heat-flux sensors as expected can be seen uninfluenced by the air temperature 

Figure 53: Heat-Flux and temperature readings for overnight measurements at 

test box inside CERN metrology laboratory 
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variation (due to the thermal isolation applied). All sensors stabilise to similar 

steady-state noise signature close to zero. The noise signature was used as a 

quantification of the sensors uncertainty as for the area 2a of square distribution 

Table 4. 

Table 4: Uncertainty of heat-flux sensors 

The heat flux sensors were later installed on each of the components studied. 

One sensor was mounted in the middle of each component surface face Figure 

54.                                                                                                                                                                   

Each sensor was installed with the use of a thin layer of thermally conductive 

paste (Electrolube, 2013). The opposite side was left to air exposure. Next, to 

each heat flux sensor, there was precision surface temperature probe and 

precision air measurement thermal probe installed.  The combination of heat flux 

DAQ + Heat Flux sensor Uncertainty (1 σ – Square shape) 

[
𝑤

𝑚2
] 

Thin integrated circuit design (Thery 

and Raucoules, 2006) 

0.59; a = 1.025 

Figure 54: Heat flux sensor installation 
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and thermal sensors was used to evaluate the convection coefficients for each of 

the assembly faces. Further procedure details can be seen in 5.2.4. 

5.1.5.3 Thermal radiation measurements 

Thermal heat radiation was included in the FEM models as a possible heat load. 

Thus it was important to ensure correct emissivity coefficients were used for the 

materials studied. For this purpose, literature was reviewed, and simple 

experiment were performed. Thermal camera (FLIR, 2013) was used to make an 

experimental estimate (FLIR, 2015; Keysight, 2015) of the emissivity of the 

assembly aluminium and steel components. Black marker (Scotch® black Vinyl 

electrical tape Ɛ = 0.96 (Scotch, 2017)) of known emissivity and temperature 

sensors underneath was used to calibrate the emissivity of the infrared camera 

Figure 55.  

Figure 55: Dark marker emissivity evaluation experiment  (Tsai et al., 2004; ISO, 

2010; FLIR, 2015) 
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The emissivity of the infrared camera was manually corrected until the shown 

temperature of the shining material surface matched the known temperature (of 

the black marker with thermal probe underneath). The measured values matched 

results seen in emissivity tables for the materials. Uncertainty was set as the 

range of the largest and smallest emissivity recorded, and it can be seen in Table 

5. 

Table 5: Mean emissivity coefficient and associated uncertainty estimated 

 

Material 
Mean Emissivity 

coefficient Ɛ 

Uncertainty (1 σ – 

Square shape) 

Steel AFNOR XC 10 

(Magnet Yoke) 
0.275 0.078; a = 0.135 

Aluminium 6082 

(WPS alignment 

arms) 

0.172 0.070; a = 0.122 
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5.1.6 Thermal loads control  

   Both the single component and magnet assembly campaigns required thermal 

controls for setting steady state thermal states with internal gradients different 

than 20°C. The MBQ magnet has hollow magnet coils which are available for 

water cooling during operation (Vorozhtsov and Modena, 2012). Thermal 

gradients within magnet assemblies arise due to the differential heat load of the 

magnet coils (caused by the water flow temperature inside them), mounting link 

to the base (acting as a heat bridge) and surrounding environment convection. 

Controlling the water flow temperature within magnet coils and forcing convection 

coefficients to rise with surrounding air reproduces extreme case thermal load 

changes. Those will be experienced if alignment metrology is performed at room 

20 °C temperature and used for alignment at nominal operational CLIC tunnel 

Figure 56: a) Resistive heater (HP05 (Farnell, 2017)) for single component 

experiments; b) Power Supply for heaters (PL303 QMD-P (TTi, 2017a, 2017b)); c) 

Electric fan; d) Water chiller (ATC 3K (ATC, 2017a, 2017b)); e) K3 chiller installed 

in separate room in CMM laboratory 
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conditions (CLIC CDR, page 675 (CLIC (Collaboration), 2012)). For the ‘magnet 

assembly’, this was done via ATC K3 water chiller thermal unit system (ATC, 

2017a, 2017b) and air fan Figure 56 c),d),e). The ATC K3 unit had 3.2 kW of 

cooling capacity and capability of varying outlet temperature between + 4 °C up 

to + 35 °C with the stability of ± 0.1 °C (ATC, 2017a). In this campaign the water 

control unit was positioned in the separate isolated room thus not influencing the 

air environment within the CMM laboratory Figure 56, e). The air temperature 

was controlled by the metrology air conditioning unit with a set desired 

temperature of 20 °C. The unit has a specification of controlling the outlet air 

temperature to ± 0.5°C.   For the ‘single component’ Figure 45, main thermal load 

change was due to heat conduction loads set at the mounting faces used for MBQ 

interface and forced air convection. This was done via resistive thermal heaters 

powered by Power Supply Unit (PSU) unit Figure 56 a),b). They were bonded 

via small of Araldite® (Huntsman, 2007) epoxy by the heater four corners (Figure 

56 a)) to the single component mounts faces. High conductivity heat transfer 

silicon paste (Electrolube, 2013) was used to equalise the heater surface 

temperature to its mounting base surface temperature.  
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5.1.7 CMM systems 

   Two CMM systems were used for the results obtained in this thesis: Leitz 

INFINITY and Zeiss PRISMO Figure 57; their standard test performance can 

be seen in Table 7. 

The Leitz INFINITY was used for the alignment measurement of CLIC T1 module 

and further for its thermal drift evaluations. It was also used for the measurements 

of the tetrahedron artefact (see 5.1.2), and thus the CMM Uncertainty model was 

validated on it. The Zeiss PRISMO CMM was used for the thermal drift studies of 

the Simple Component 5.1.4 and Magnet Assembly 5.1.3.  

First, the uncertainty of defining the location of the furthest fiducial in the 

assembly Dimensional Reference Frame (DRF) was studied. Then, the final 

alignment measurement uncertainty of the magnetic axis, which included 

magnetic measurement, non-contact measurement of the wire and tactile 

measurement of the sphere fiducials, was carried out. A commercially available 

software PUNDITCMM™ (METROSAGE, 2009), which implements the 

Simulation By Constraints (SBC) method, was calibrated from measurements 

Figure 57: CMMs used in studies: a) Leitz INFINITY(HexagonAB, 2017); b) Zeiss 

PRISMO (Carl Zeiss AG, 2017) 
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and used (Phillips et al., 1997; Summerhays et al., 2004) as detailed procedures 

subchapter in 5.2.1. The evaluated shape errors of the targets measured 

(spheres and stretched wire) is summarised in Table 6. 

Table 6: Evaluated shape errors of measurement targets for determination of 𝐔𝐬𝐡 

contributor to the task specific uncertainty 

 

Best Measured  

[µm] 

Worst Measured  

[µm] 

Sphericity  

[µm] 

Fiducials used (PACMAN experiment) N/A N/A 1 

100 µm diameter CuBe stretched wire 1.76 2.93 N/A 

 

The data concerning the Leitz Infinity CMM (HexagonAB, 2017) was evaluated 

from the verification standard tests performed by the manufacturer on site during 

the yearly checks. The ISO test were performed with Zerodour artefact with CTE 

=0.1 µm/m/K ± 0.05 µm/m/K. Thus for the Class 1 room environment the 𝑈𝑡𝑢 was 

estimated to be less than 0.02 µm.  

The data for the Zeiss PRISMO CMM  was taken from the manufacturers’ 

evaluated performance of their Zeiss PRISMO ULTRA 16/30/10 (capable of 

taking up to 3 meter long objects in its measurement volume) (Carl Zeiss AG, 

2017). It is expected that on-site measurements after calibrations can show better 

results than those quoted by the manufacturer. This is the case as the one quoted 

by the manufacturer usually refers to worst-case scenario based on their 

experiments of multiple CMM systems. The performance of a particular CMM can 

be better (due to the better controlled environment or lower to the machine 

geometrical errors). Thus the used data for the Zeiss PRISMO can be considered 

as conservative. The non-contact measurement probe head was estimated 

internally at CERN’s metrology lab. Its repeatability measurement was performed 

by measuring the wire surface in two small areas and fitting a circle on these 

results. It was used as a repeatability measurement of the non-contact sensor, 

equivalent to MPEml results of the tactile sensors. The MPS/MPE is the 

maximum offset error between measurement of the centre of a sphere with non-
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contact and tactile sensors defined as 𝐿Dia.nx25::MPS in ISO 10360 – 9 (ISO, 

2013a). 

Table 7: CMM and probe heads used for uncertainty study based on ISO 10360-5 

and ISO 10360-9 qualification and specification(room environment - Class 1 +/- 0.1) 

  
Leitz 

Infinity 
Zeiss 

PRISMO 

MPEE [µm] 0.3+L/1000 1.9+L/400 

MPEml [µm] 0.62 1.7 

MPEms [µm] 0.13 1.1 

MPEmf [µm] 1.02 2.3 

Non-Contact wire  
probe head repeatability on cylinder location [µm] 

0.7 0.7 

Non-Contact wire  
probe head 

MPS/ MPE [µm] 
3 3 

Largest distance  
sphere to sphere [m] 

0.63 2.1 

Stylus length [m] 0.08 0.08 

Where: 

MPEE = Maximum Permissible Size Error; MPEml = Largest range of centre coordinates 

for the 5 25-point spheres fit; MPEms = Deviation of the 125-point sphere fit diameter 

from calibrated diameter; MPEmf = Range of residuals of the 125-point sphere fit; MPS/ 

MPE = maximum permissible multiple probing system location errors for 5 25 point 

sphere fit 
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5.1.8 Wire positioning system  

The Wire Positioning System (WPS) sensor was developed for CERN alignment 

applications. It is 2 D capacitive based precision sensor (Figure 58, Left). 

Figure 58 Left: the WPS capacitive sensor, Right: Kinematic base on which it can 

be precisely mounted (PERRIER, 2015). 

Figure 59: WPS system setup as used for stretched wires drift and location 

measurement 
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 It is assembled around thin steadily stretched carbon fibre wire. The capacitor 

sensors produce a voltage proportional to the exact distance in X and Y. The 

system can be seen as best described in:(Herty, 2004; CLIC (Collaboration), 

2012; Durand et al., 2012; PERRIER, 2015; ‘Wire Position Sensor’, 2017). 

This system was installed on the magnet assembly as seen in Figure 59 and it 

was used to measure the drift of the single component arm (assembled to the 

magnet) with respect to stable stretched wire reference. To ensure that the 

reference is stable, further WPS sensors were mounted directly on the Granite 

base to monitor the stretched wire stability during measurement. The mounting 

bases were manufactured by carbon fibre towers (for maximum thermal stability) 

with aluminium kinematic clamps as seen in Figure 58-right.  

The WPS sensors were as well installed on higher towers to monitor the location 

of a stretched wire magnetic measurement system used for the definition of the 

magnetic axis 5.1.9. The WPS sensors uncertainty is estimated in-house as the 

uncorrelated sum of  𝑈𝑊𝑃𝑆, 𝑈𝑤𝑖𝑟𝑒 Eq.(5-1).  

Where 𝑈𝑊𝑃𝑆 is the uncertainty of the WPS sensor traceable calibration performed 

at CERN Figure 60. The 𝑈𝑤𝑖𝑟𝑒 is the uncertainty due to the wires (magnetic 

measurement and reference stretched wire) stability’s used as reference for the 

drift experiments. 𝑈𝑤𝑖𝑟𝑒  was evaluated experimentally by separate drift 

experiments Figure 61, Figure 62 where the largest measured drift of the wires 

location was used as the 2a of square shaped uncertainty. 

The stability of the WPS systems used for the wire drift determination was as well 

estimated using the measured CTE coefficients (of Aluminium and Carbon fibre) 

for the supporting towers and added to the  

𝑈𝑤𝑖𝑟𝑒 (Table 8) as the uncorrelated uncertainty of the reference wire dimensional 

drift 𝑈𝑤𝑖𝑟𝑒 𝑑𝑟𝑖𝑓𝑡 and the Carbon fibre WPS supports dimensional stability used for 

the evaluation 𝑈𝑡𝑜𝑤𝑒𝑟𝑠 Eq.(5-2) on next page. 

𝑈𝑊𝑃𝑆𝑠𝑦𝑠 = √𝑈𝑊𝑃𝑆
2+𝑈𝑤𝑖𝑟𝑒

2  
(5-1) 
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Table 8: Uncertainties of WPS system 

 

𝑈𝑊𝑃𝑆 

(function 

of 1σ 

residuals) 

𝑈𝑤𝑖𝑟𝑒  

(magnetic 

axis wire) 

See Figure 62 

𝑈𝑤𝑖𝑟𝑒 

(alignment 

reference 

wire) 

See Figure 61 

𝑈𝑊𝑃𝑆𝑠𝑦𝑠 

(magnetic 

axis wire) 

(See Eq.5-1) 

𝑈𝑊𝑃𝑆𝑠𝑦𝑠 

(alignment 

reference 

wire) 

(See Eq.5-1) 

Uncertainty 

[µm] 1 σ – 

Square shape 

0.29 0.64; a=1.1 1.15; a=2 0.70; a=1.21 1.18; a=2.04 

 

 

𝑈𝑤𝑖𝑟𝑒 = √𝑈𝑡𝑜𝑤𝑒𝑟𝑠
2+𝑈𝑤𝑖𝑟𝑒 𝑑𝑟𝑖𝑓𝑡

2  
(5-2) 

Figure 60: Residuals of WPS sensor at calibration 
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Figure 61: Stability of alignment in tunnel reference stretched wire and carbon 

fibre towers at magnetic measurement laboratory (ISR8 – CERN) 

Figure 62: Stability of magnetic measurement axis defying stretched wire and 

carbon fibre towers at magnetic measurement laboratory (ISR8 – CERN)  
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5.1.9 Magnetic measurement system  

A magnetic measurement system (Arpaia et al., 2015; Caiazza, 2015) developed 

as part of US collaboration for the test of the LHC quadrupoles and dipoles 

magnets. It was Designed and built at Fermilab (Fermilab, 2017) by Joe DiMarco 

(DiMarco, Krzywinski and Fermilab MTF, 1996; DiMarco et al., 2000). The system 

was re-designed to utilise the vibrating wire method (Petrone, 2013; Arpaia et al., 

2015; Severino and Caiazza, 2017) by a PACMAN team member D.Caiazza. 

Following those two methods, the system best fits thin conductive wire with the 

to the magnetic axis of a magnet with the help of high-precision linear stages 

Figure 63. 

The setup shown in Figure 63 was used to evaluate the drift of the magnetic axis 

as a function of the magnet assembly thermal condition. Thermal conditions were 

varied by creating steady state thermal loads by controlling the coils temperature 

via water chiller. The comanded variations of the coil temperatures for a two 

extremes can be seen in (Figure 64).  

Figure 63: Magnetic Measurement system used for magnet drift monitoring 
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The magnet assembly was left to establish a full thermal steady state with respect 

to the coils at each new set temperature with a time constant for the assembly for 

each gradient ≈ 4.5 hours. At each steady state, the magnetic measurement 

system was used to best fit the thin stretched wire to the magnet axis. The X, Y 

coordinates were recorded with the WPS system. The uncertainty of the Magnetic 

measurement system according to the two methods was studied by D. Caiazza. 

There is currently no SI unit standard or reference for a magnetic axis. The 

traceability and uncertainty analysis is currently done only by the experts 

developing and studying the system performance. It is a function of the magnet 

type, length, power, gradient and many more factors. The studies performed for 

the PACMAN project provided comparative results for both methods as 

summarised in (Arpaia et al., 2015) and shown below in Table 9.  

Figure 64: Coils thermal loading infra-red: a) Low temperature loading; b) High 

temperature loading; c) Coils thermal readings for 1 day warm-cold cycles 

c 
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Table 9: Uncertainty of stretched wire system for axis best fit according to 

measurement method applied (Arpaia et al., 2015) 

The stretched wire method is based on Lorentz law of electromagnetic induction. 

Series of movements of the wire are performed through the magnetic field 

measuring the induced current. The magnetic null is defined as the location at 

which the induced current is minimum or null. The vibrating wire method works 

on a different principle. AC currents of specific amplitude are put through the wire. 

The AC and the magnetic field interact causing the wire to vibrate. The AC 

currents and the wire are calibrated at their resonant frequency and the vibration 

of the wire measured via high accuracy optical sensors. The magnetic axis is 

defined as the location where the stretched wire vibration is minimum or null. 

5.1.10 CTE coefficients evaluation 

   All Coefficients of Thermal Expansions (CTEs) of the materials part of the 

assemblies and alignment apparatus were experimentally studied. This was the 

case as accurate knowledge of CTE parameters are fundamental for the accurate 

predictions of the FEM for thermal deformation. As seen in (Doiron, 2001, 2006) 

text book tabled references for CTE coefficients can have large uncertainties from 

Studies on 1 meter stretched wire length for 

CLIC T1 Magnet  

Vibrating 

wire 

method 

Stretched wire 

method 

Uncertainty [µm] 1 σ – Gaussian X=2.2; Y=3 X=62.2; Y=64.7 

Figure 65: CTE samples SAE 400 and SAE 300 Stainless Steel grades (Doiron, 2006; 

John Bringas, 2016)  
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the actual performance of real materials. As shown in Figure 65, CTE coefficients 

even of different steel grades can vary by 50% and even among same steel 

grades; they can vary up to 5 ppm.  

Thus for precision application is critical to measure the exact used material CTE 

with known uncertainty of this calibration measurement.  

Probes from the same material slabs used for the machine of the magnet steel 

yoke and the alignment aluminium arms were cut via Electrical Discharge 

Machining (EDM) process. The numerous samples (three samples per material) 

were measured three times per sample with high precision dilatometer available 

at CERN materials laboratory (Netzsch, 2017) Figure 66.  

 

The same process was used for cutting samples from the Carbon Fibre material 

used for the WPS support sensors. The specification of the instrument can be 

seen summarised in Table 10.  

Figure 66: Top - Material samples EDM cut for CTE measurement at Bottom -

Dilatometer DIL 402 E (Netzsch, 2017) 
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Table 10: Dilatometry Specification 

The experimental campaign gave measurements of the Secant CTE (Nayfeh and 

Verdirame, 2017)  Figure 67. 

This is the average CTE for a specified thermal range (20°C to 50°C in the current 

studies). Such secant CTE was estimated for each sample three or more times 

for both cooling phases Figure 69 and heating Figure 68. 

 

 

 

 

 

 

Standard Atmosphere 
Temperat

ure  
program 

Correction 
measurement 

Expected Error [µm]  

ASTM E 228 
Inert gas: He 

Flow rate: 100 
ml/min 

Range of T: 
RT50 ° 

Heating 
rate: 

1.5 K/min 

Reference 
material: 
Graphite 
Length: 

24.995 mm 

4% (International Atomic 
Energy Agency., 2008; 

Perret, 2014) 

Figure 67: Graphic representation of secant CTE (𝜶𝒔𝒆𝒄) and instantaneous CTE 

(𝜶𝒊𝒏𝒔𝒕) (Nayfeh and Verdirame, 2017)   
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Figure 69: Comparison between three different samples of Aluminium batch A 

CTE (dashed line) evaluated in the cooling phase. 

Figure 68: Comparison between three different samples of Aluminium batch A CTE 

(dashed line) evaluated in the heating phase. 
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The uncertainty of the experimental evaluating of the CTE coefficient for the 

material used was evaluated as the uncorrelated sum from the previous 

estimation of the dilatometer accuracy as a % of the CTE measured 𝑈𝐶𝑇𝐸 𝑒𝑟𝑟𝑜𝑟 

and the experimental variance taken as a square shaped uncertainty between 

the lowest and highest CTE measured among all the samples studied for each 

material 𝑈𝐶𝑇𝐸 𝑒𝑟𝑟𝑜𝑟 - Eq.(5-3). Summary of the findings can be seen in Table 11. 

Table 11: Evaluated CTE (secant) coefficients for materials part of assembly and 

associated variance, errors and total uncertainty 

 

 

 

𝑈𝐶𝑇𝐸𝑡𝑜𝑡𝑎𝑙 = √𝑈𝐶𝑇𝐸 𝑒𝑟𝑟𝑜𝑟
2+𝑈𝐶𝑇𝐸 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

2  
(5-3) 

  

Aluminium  
EN AW-

6082  
batch A 

Aluminium  
EN AW-

6082  
batch B 

Steel 
AFNOR 
XC10  

Carbon 
fibre rod 

 90° to fibre 
direction 

  

Average CTE (Secant) 

[µm/m/°C]  

taken for 20 - 50 [°C]  

24.2 23.7 12.8 3.25 

Experimental variance 

𝑈𝐶𝑇𝐸 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 
 (3 material samples x 

 3 measurement 
repetitions on each)  

[µm/m/°C] 

0.65 0.8 0.44 0.67 

4% Error  [µm] ; 
 calibration 

𝑈𝐶𝑇𝐸 𝑒𝑟𝑟𝑜𝑟  

[µm/m/°C] 1 σ – Square  

0.56 
 

0.55 
 

0.29 
 

0.07 
 

Uncertainty total  

𝑈𝐶𝑇𝐸𝑡𝑜𝑡𝑎𝑙  

[µm/m/°C] 1 σ – Square 

U=0.86; 
a=1.49 

U=0.97; 
a=1.68 

U=0.53; 
a=0.92 

U=0.67; 
a=1.17 
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5.1.11 Pundit CMM software 

PUNDITCMM™ (Phillips et al., 2003; Summerhays et al., 2004; METROSAGE, 

2009)  is a commercial CMM Uncertainty modelling software developed as a 

spinoff on NIST research based on the Simulation By Constraints (SBC) Monte 

Carlo method. The software was calibrated and used as a tool for the uncertainty 

Figure 70: User Interface illustrations (Summerhays et al., 2004)  
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prediction of the CMM used for alignment measurements. User interface 

illustrations can be seen in Figure 70. 

The software was used as a variance estimation tool together with additional 

uncertainty estimation procedures as detailed further in 5.2.1, 5.2.2, 5.2.3. 

5.1.12 Dynardo Opti-Slang software  

   Opti-Slang is a statistical and optimisation software property of the German-

based company Dynardo (Most and Dynardo GmbH, 2010) which specialised in 

Probabilistic and Stochastic modelling and analysis (Most and Dynardo GmbH, 

2010). This software can be interfaced with a large variety of solvers and use 

them to perform statistical Monte-Carlo like analysis, meta-modelling and 

optimisation studies (Figure 71). It has a specialised interface for ANSYS in 

which any FEM model can be used as a solver for the statistical studies. The 

software was calibrated and used for the performance of Probabilistic FEM 

detailed in 5.2.6, 5.2.7. 

 

 

 

Figure 71: ANSYS Opti-Slang plug in and stand-alone software user interface 

examples 
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5.2 PROCEDURES 

In the following sub-chapter specifics on the various modelling and experimental 

procedures are detailed. Part of the modelling sub-procedures were integral part 

of the commercial software’s (5.1.11, 5.1.12) and other were developed 

specifically as part of this PhD thesis work. This is clarified at each occasion. 

5.2.1 CMM measurement uncertainty modelling procedure 

    

The CMM measurement uncertainty was modelled as a function of three general 

factors. The first is the difference (variance and bias combined) between the 

“Virtual CMM measurement” probabilistic model and the “Real CMM 

measurement”. This was done by experimentally calibrating a  PUNDITCMM 

(see 5.1.11) software  (see Figure 72). 

The other two uncertainty contributors propagated were the Test uncertainty of 

the standard (artefacts) used to calibrate the virtual CMM model and the 

Measured targets drift/stability. Those were evaluated by vendor supplier 

laboratories or measured experimentally at CERN as explained later in the sub-

chapter.  

The ‘Virtual CMM measurement’ probabilistic model used (5.1.11), was a 

function of the CMM hardware errors (which include the 21 geometrical error 

Figure 72: Monte Carlo model for CMM measurement specific uncertainty 

propagation 
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parameters for Cartesian type CMM (J . Soon et al., 1992; Schwenke et al., 2008) 

and the repeatability of the sampling probe head)  and Measured targets shape 

errors. Both CMM hardware errors and Measured targets shape errors were 

defined in the model as Probability Density Functions (PDFs) calibrated by the 

Simulation By Constraitns (SBC) method. Those were propagated trough the 

virtual CMM model to define a PDF for the possible location of each sample 

coordinate of the measurement plan. s 

5.2.1.1 Virtual CMM model calibration 

 

The ‘Virtual CMM measurement’ calibration required experimental evaluation 

for the CMM hardware errors and Measured targets shape errors. The CMM 

hardware errors were mapped using Simulation By Constrains (SBC) method. 

Following this method, ISO 10360 standard measured parameters for the CMM 

volumetric performance (MPE), and the touch probe characteristics (MPEml, 

MPEms, MPEmf Table 7) were used to calibrate the model control parameters. 

This was done by PUNDITCMM via optimisation state space search using the 

machine kinematics and touch probe model as propagation function. In this way, 

the possible error sources for CMM hardware geometric errors and probe head 

repeatability (see Figure 73) Probability Density Functions (PDFs) were mapped. 

Once those determined, the ‘Virtual CMM measurement’ was calibrated for 

forward uncertainties propagation (see Figure 72, Figure 73). 

Figure 73: Using standard tests results in order to map CMM and probe head 

errors using the Kinematic models of the CMM system and probe head. SBC 

method 



 

118 

Measured targets shape errors (Figure 72) The uncertainty value of the 

fiducials shape was estimated as the maximum form error estimated by the 

manufacturer and documented in their calibration certificates. This value was 

used as the side 𝑎𝑠 of square shaped uncertainty quantifying the uncertainty due 

Measured targets shape errors - 𝑈𝑠ℎ Eq.(5-4). 

5.2.1.2 Test uncertainty of standard evaluation 

 

Test uncertainty of standard (artefact) (see Figure 72)  was evaluated as the 

uncorrelated sum of several uncertainty contributors Eq.(5-5) following 

suggestions defined in (ISO/TS, 2006; ISO, 2013b). 

Where, 𝑈(𝑎𝑟𝑡.𝑐𝑎𝑙𝑖𝑏.) was the estimated uncertainties due to the sole calibration of 

the artefacts (tetrahedron (5.1.2) or precision reference sphere for probe head 

qualification) used for system qualification;  𝑈(𝑎𝑟𝑡. 𝛼) was the unawareness of 

the exact thermal expansion coefficient of the artefacts used; 𝑈(𝑎𝑟𝑡. 𝑇) was the 

uncertainty in the artefact temperature during the tests performance and 

𝑈(𝑎𝑟𝑡. 𝐹𝑖𝑥) was the uncertainty caused by the stability of the fixture and 

orientation of the artefact. 

5.2.1.3 Propagation of the CMM uncertainties  

 

Once the error sources were calibrated, the CMM virtual model (PUNDITCMM) 

was used to sample intterativly (Monte Carlo method) from the PDFs of the CMM 

Hardware and Measured targets shape errors. In this way they were 

propagated trough the CMM software fitting algorithum according to the GPS task 

(see Figure 40, chapter 5.1.1) defined for the alignment measurments procedure. 

The real measured point coordinates are propagated through the same GPS task 

and fitting algorithm and from them random virtual measurements from the 

𝑈𝑠ℎ =
𝑎𝑠

√3
 

 (5-4) 

𝑈𝑡𝑢 = √𝑈2(𝑎𝑟𝑡. 𝑐𝑎𝑙𝑖𝑏. ) + 𝑈2(𝑎𝑟𝑡. 𝛼) + 𝑈2(𝑎𝑟𝑡. 𝑇)+𝑈2(𝑎𝑟𝑡. 𝐹𝑖𝑥)   (5-5) 
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software are iteratively subtracted (Monte Carlo Method) (see Figure 72). The 

output is PDF (Figure 74). 

The PDF one σ standard deviation represents the CMM system measurement 

variance (S) due to its CMM Hardware and Measured targets shape errors 

uncertainties (defined as PDFs). The error between the output PDF mean value 

(of the virtual CMM) and the real measured by the CMM system value would be 

its bias (B) due to the Virtual CMM model imperfect representation of the real 

world CMM system and measurement procedure Figure 74. The Virtual CMM 

model variance (S), bias (𝐁) and test uncertainty Utu were used as quantification 

for the CMM specific uncertainty Eq.(5-6) as following recommendations of 

(NIST, 2014).  

where k is the expansion coefficient for the significance level σ (i.e. 1σ, 2σ or 3σ). 

 

In measurements where multisensorial CMM’s measurements were used 

(measuring several features with one type of probe and several with other, i.e. 

tactile, non-contact in the same reference frame) two sets of parameter errors 

were calibrated (one for each particular sensor). Thus sampling points 

uncertainty was propagated according to the type of sensors/measurement head 

used. Measurement offset for measuring the same feature (O)  between different 

probes exist due to the nature of their working method of how they “see/sample” 

a measurand (Morse and Bhamidi, 2003; Bhamidi and Morse, 2004). This offset 

𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =  𝑺 ∗ 𝒌 + 𝑩 + 𝑼𝒕𝒖  (5-6) 

Figure 74: Variance and Bias of Virtual CMM model 
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was evaluated experimentally as the 𝐿Dia.nx25::MPS in ISO 10360 – 9 (maximum 

permissible multiple probing system location error for 5x25 point sphere fit) (ISO, 

2013a). The experimental result was added as fully correlated additional bias to 

the  𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 uncertainty budget Eq.(5-7). The 𝐿Dia.nx25::MPS evaluation is 

function not only of the offset (O) between two different working principle common 

bridge probes but also includes errors due the CMM geometry. Thus addition of 

(O) as fully correlated bias to the other uncertainty contributors would provide 

small overestimation of the total uncertainty. This assumption was accepted to 

be correct, following guidance of ISO PUMA method (ISO, 2011c), where such 

statement is correct as long as 𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 <  𝑼𝒕𝒂𝒓𝒈𝒆𝒕𝒆𝒅 . If this was not the case and 

𝐿Dia.nx25::MPS contributed to a significant amount of 𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐, a more thorough 

investigation for the exact value of (O)  would have been performed and added 

to 𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 Eq.(5-7). 

5.2.2 Measured targets drift during metrology evaluation 

procedure 

Metrologist should quantify the measured targets stability/drift in space during the 

measurement procedure. One of the most influential factors in metrology and 

precision engineering are the thermal effects (California et al., 1965; Bryan, 1967; 

Weck et al., 1995; Doiron, 2001; Bryan and Doiron, 2011). Those could create a 

dimensional drift in both the CMM machine and the measurand with a peak when 

biases are in opposite phases (California et al., 1965; Trapet, 2010). As modern 

high-end CMM have integrated thermal error compensation and thermally stable 

reference scales, the stability of the measurand can be accepted as a main 

influencing factor (Trapet, 2010; Bryan and Doiron, 2011; Gestel, 2011).  

In this work the CMMs (5.1.7) were be used as a comparators by evaluating the 

location of assembly fiducials with respect to stable reference during different 

time periods. Measurement were done initially with thermal sources ‘off’  with 

assembly thermally ‘soaked’ to at 20 °C  reference temperature Figure 75, a). 

𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =  𝑺 ∗ 𝒌 + 𝑩 + 𝑼𝒕𝒖 + 𝑶  (5-7) 
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Following thermal sources were switched on and at their peak influence fiducials 

were measured again with respect to the stable reference targets on the grainite 

base Figure 75, b). 

Measured coordinates of fiducials were found dependent on the coordinate 

reference frame assumed/set by metrologies. Different CMM operators and 

measurement strategies produced varying results for the coordinates locations. 

Thus it was found that direct, coordinate comparison of fiducials in time could 

hold false information. As an alternative direct comparison of fixed distances 

(between reference fiducials and the assembly fiducials) was used. The 3D 

distance of a rigid body is independent of the coordinate frame assumed and 

must stay constant as long as the body dimensions are constant. Thus any 

measured 3D distance drift between the references Granite targets and the 

assembly was used as quantification for the drift in space of the assembly Figure 

75. The uncertainty due to any thermally or other induced drift to the alignment 

measurements was defined as a square shape uncertainty Eq.(5-8) with square 

half side 𝑎𝑡equal to the maximum evaluated 3D drift (between granite reference 

and assembly targets) Eq.(5-9); 

 

 

Figure 75: Change in distance between reference target mounted on granite and 

drifting one mounted on thermally drifting assembly 
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and 

5.2.3 CMM measurement uncertainty model validation procedure 

The final stage was to validate the task specific measurement uncertainty 

predictions. A calibrated dimensionally stable artefact (5.1.2), with targets 

(fiducials) of similar shape/size to the one used on the assembly and distributed 

at similar distances, was measured Figure 76, b). The maximum 3D location 

errors calculated between the calibration certificate of the artefact and the 

measurements by the studied CMM were compared. If the measured location 

errors are within the modelled uncertainty of the CMM then the method is 

validated successfully Figure 76, a) this was checked as suggested by Eq.(5-10) 

on next page as defined in (ISO/TS and ISO, 2008). 

 

𝑈𝑒𝑥 =  
𝑎𝑡

√3
 

 (5-8) 

𝑎𝑡 = max
𝑛=𝑟−𝑖

(𝐷𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑙𝑦 𝑠𝑜𝑎𝑘𝑒𝑑 𝟐𝟎°𝐂 −  𝐷𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑟𝑖𝑓𝑡 𝑓𝑟𝑜𝑚 20°𝐶 )  (5-9) 

Figure 76: Left a): Combining uncertainty regions. Right b): Carbon-Fibre 

tetrahedron artefact (5.1.2) with ceramic sphere ends used for validation 

0.5 m 
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In Eq.(5-10) 𝒚 was the measurement result, 𝒚𝒄𝒂𝒍 was the artefact calibrated 

value, 𝑼𝒄𝒂𝒍 was the expanded uncertainty of the calibrated artefact and 

𝑈𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 was the modelled expanded task specific uncertainty for the CMM 

measurements. 

5.2.4 Change in thermal loads evaluation 

If alignment measurements need to be carried out within an accelerator tunnel 

under real thermal operational conditions of the machine (i.e. full magnet power 

of ∿ 120 Amperes +, water cooling, air ventilation), accurate corrections to the 

systematic offsets will need to be applied. Systematic offsets are expected in the 

order of hundreds of µm, due to large thermal gradients between alignment 

measurements and operational conditions (i.e. gradients of +20 oC). These 

effects were studied by using the following procedures: 

The change of the thermal field within the assembly components was quantified 

either by direct measurement or by modelling or by both. Critical for the evaluation 

process were valid statements of uncertainty. A thermal 3D field within solid 

components part of the assembly might not be possible to be evaluated by direct 

measurements. However, change in the thermal field within components 

assemblies is dictated by the change in heat transfer state conditions 

(Conduction, Convection, and Radiation). Thus an alternative approach was 

devised by which the thermal state of the assembly was quantified by mixture of 

heat loads measurements and modelling applying the equations of heat transfer. 

Simplified schematic of the assumed heat transfer analysis mechanism of the 

solid assemblies can be seen in Figure 77 and the approach applied can be 

summarised in the following manner: 

 

|𝑦 − 𝑦𝑐𝑎𝑙|

√𝑈𝑐𝑎𝑙
2 + 𝑼𝑐𝑚𝑚 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

2

≤ 1 
 (5-10) 
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There would be 𝑎)𝑖 number of components that would in total experience positive 

change of increase of heat loads/Inputs (𝛥𝑄𝑖𝑛𝑖
) and thus surface area 

temperature (𝛥𝑇𝑓𝑎𝑐𝑒 𝑖𝑛𝑖
). There would be 𝑏)𝑖 number of components that would 

experience a general decrease of heat flow (𝛥𝑄𝑜𝑢𝑡𝑖
) and thus surface 

temperature (𝛥𝑇𝑓𝑎𝑐𝑒 𝑜𝑢𝑡𝑖
).  There would be 𝑐)𝑖 number of inter-component 

interfaces for which there will be internal heat transfer (𝛥𝑄𝑡𝑟𝑎𝑛𝑠𝑖
) and thus internal 

assembly faces change in temperature (𝛥𝑇𝑓𝑎𝑐𝑒 𝑡𝑟𝑎𝑛𝑠𝑖
) variation Figure 77. If all 

boundary changes (internal and external) of heat transfer are measured or 

calculated (with a statement of uncertainty), the knowledge can be used to 

calculate the change in the assembly components thermal field. This in 

consequence can be used to calculate any change in internal stresses and thus 

dimensions of the assembly as function of the current mechanical constraints. A 

thermo-mechanical model available can be used to propagate the system input 

control parameters (𝛥𝑇𝑖, 𝛥𝑄𝑖) and associated uncertainty to the output prediction 

variance as further detailed in 5.2.5, 5.2.6 and 5.2.7 chapters.  

In the current work assembly boundary surfaces which were practically 

accessible and were considered equipotential across the surface were measured 

Figure 77: Thermal loads boundary and internal conditions of assembly 
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with high precision thermal probes providing a set of boundary surfaces 

temperatures Eq.(5-11). 

Where 𝑈𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 was the estimated uncertainty of the surface area of interest 

temperature. 

Temperature changes of assembly boundary or internal faces that could not be 

measured directly with thermal sensors were estimated with the help of heat 

transfer equations for Conduction, Convection and Radiation based on measured 

heat loads.   

For example: Heat flow 𝑄𝑖through a specific assembly component area 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑖 

is direct function of heat-flux. Heat-flux is defined as the heat flow per unit area 

(𝐻𝐹𝑖[
𝑊

𝑚2]) and is dependent on the temperature gradient (∆𝑇𝑖[𝐾] = 𝑇ℎ𝑖𝑔ℎ − 𝑇𝑙𝑜𝑤 

between heat source higher temperature  𝑇ℎ𝑖𝑔ℎ and heat sink with lower 

temperature 𝑇𝑙𝑜𝑤) times the heat transfer coefficient (𝐻𝑇𝐶𝑖 [
𝑊

𝑚2𝐾
]) Eq.(5-12). 

∆𝑄𝑖 = 𝐻𝐹𝑖 ∗ 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑖 where, 

 

𝐻𝐹𝑖 = 𝐻𝑇𝐶𝑖 ∗ ∆𝑇𝑖 

  

(5-12)  

𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖
± 𝑈𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

     (5-11) 
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Thus Heat-Flux was measured directly for each surface area via heat flux 

sensors. Such sensors produce a voltage signal proportional to the heat flux 

flowing through it Figure 78, Eq.(5-13).  

𝐻𝐹𝑖 = 𝑉ℎ𝑓𝑖
∗ 𝑐𝑖   

(5-13) 

Where (𝒄𝒊) were the calibration coefficients for each heat flux probe used 

provided by their manufacturer. The uncertainty associated with a heat-flux 

measurement was evaluated and shown in Table 4 in chapter 5.1.5. 

If a heat flux sensor covers completely an area of interest, it can be used to 

quantify the complete ∆𝑄𝑖 through the surface Figure 79, a).  

Any such area heat flux sensor should be able to measure the heat flux as two-

dimensional field thus knowing the exact heat flux at each location of the 

component face/wall. Knowing any existing heat flux gradients on surface areas 

Figure 78: Heat Flux sensor simplified diagram 

𝑉ℎ𝑓 

Figure 79: a) Thin Heat-Flux sensor covering completely the area of interest b) 

Thin Heat-Flux sensor measuring heat flux through a local area  
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can be an important factor for the accurate calculation of the internal to the 

structure thermal fields and thus accurate prediction of the structure 

deformations. Available hardware on the marked did not had such capabilities 

thus an alternative approach was devised. 

A thin heat flux sensors of smaller area were used to estimate expected for the 

surfaces heat transfer coefficients 𝐻𝑇𝐶𝑖 Figure 79, b). It was assumed to be a 

function of the local 𝐻𝐹𝑖 (measured by the Heat Flux sensor) and the thermal 

gradient between the thermally loaded surface and thermally loading source  ∆𝑇𝑖 

Eq.(5-14). This approach was assumed valid as the local measured heat flux 

(𝐻𝐹𝑖̂) for the sensor area ( 𝐴𝐻𝐹 𝑠𝑒𝑛𝑠𝑜𝑟) was estimated equipotential to the total heat 

flux 𝐻𝐹𝑖 of the studied surface (𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖) Figure 79, b). Thus the heat transfer 

coefficients estimated via the local heat flux sensor( 𝐻𝑇𝐶𝑖 ̂ ) were assumed similar 

across the complete surface 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑖 of interest: 𝐻𝑇𝐶𝑖̂ ≈  𝐻𝑇𝐶𝑖. 

𝐻𝑇𝐶𝑖̂ =  
𝐻𝐹𝑖

∆𝑇𝑖
𝑤ℎ𝑒𝑟𝑒, 

𝑈𝐻𝑇𝐶𝑖̂
= 𝐹(𝑈𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

, 𝑈𝐻𝐹̂) 

  

(5-14) 

Additional heat loads such as radiative were experimentally estimated as shown 

in 5.1.5. Internal heat transfer was calculated via FEM based on classic laws of 

heat transfer. Internal conduction heat transfer coefficients for the bolted metal to 

metal contact joints were taken from state of the art studied (Thompson, 2007; 

Hasselström, 2012). The values used in the modelling was the mean of the full 

experimental range findings (dependent on bolted joints pressure) 20 000 [
𝑊

𝑚2𝐾
] 

to 200 000 [
𝑊

𝑚2𝐾
] for contact pressures of 7 [Mpa] to 25 [Mpa]. The full 

experimental range from literature was accepted as square shaped uncertainty 

with 𝑎𝑡=90 000 [
𝑊

𝑚2𝐾
].  

𝑈ℎ𝑐 =  
𝑎𝑡

√3
 

 (5-15) 



 

128 

5.2.5 Probabilistic empirical modelling 

From the evaluated change in thermal conditions (∆𝑇𝑓𝑎𝑐𝑒𝑖 𝑎𝑛𝑑 ∆𝑄𝑖) and 

metrology frame nominal expansion 𝑁𝐸𝐴−𝐵𝑖
, a direct empirical model linking the 

cause and effect was created and it’s uncertainty evaluated. The model was used 

as “digital twin” (as suggested in Glaessgen and Stargel, 2012; Schluse and 

Rossmann, 2016) of the assembly representing its nominal expansion behaviour 

at various alignment temperatures and thus its results used for thermal error 

corrections. This was done following a three step procedure. First: Selection of 

control parameters; Second: Fitting the empirical model and Third: Uncertainty 

evaluation of fitted model. Once this model was created, real time measured 

thermal loads during alignment were used as input to the model which provided 

expected compensation value - 𝑁𝐸𝐴−𝐵𝑖
̂  (for the metrology) associated with 

uncertainty statement 𝑈𝑈𝑁𝐸𝐴−𝐵𝑖

̂ . This work was performed with MATLAB and 

Dynardo software the statistical analysis tools 5.1.12. 

5.2.5.1 Selection of control parameters 

   As demonstrated in (Most and Will, 2008) the prediction quality of the empirical 

model may be optimal when parameters of ‘high influence’ to the model output 

are used. Having more parameters with lower influence toward the model output 

could include unnecessary noise within the model. Thus once thermal loads and 

structure responses are measured, the most significant or correlated to the 

structure response thermal loads have to be defined for the empirical model 

creation. 

This was done by evaluating the correlation coefficient of each separate Thermal 

Load (𝑇𝐿𝑖 = 𝑇𝑓𝑎𝑐𝑒𝑖 𝑜𝑟 ∆𝑄𝑖) with respect to the measured nominal expansion 

𝑁𝐸𝐴−𝐵𝑖
of the feature of interest. This was the standardized covariance between 

the 𝑁𝐸𝐴−𝐵𝑖
and 𝑇𝐿𝑖 as shown in Eq.(5-17) where the nominal expansion is 

accepted to be a function of the evaluated thermal loads Eq.(5-16) 
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𝑁𝐸𝐴−𝐵𝑖
= 𝑓(𝑇𝐿1, 𝑇𝐿2, , … 𝑇𝐿𝑛)  (5-16) 

and 

𝜌(𝑇𝐿𝑖, 𝑁𝐸𝐴−𝐵𝑖
 ) =   

𝑐𝑜𝑣(𝑇𝐿𝑖, 𝑁𝐸𝐴−𝐵𝑖
)

𝜎(𝑇𝐿𝑖) 𝜎(𝑁𝐸𝐴−𝐵𝑖
)  

 
(5-17) 

Where 𝒄𝒐𝒗 is the covariance and 𝝈 is the variance. Thus  𝜌(𝑇𝐿𝑖, 𝑁𝐸𝐴−𝐵𝑖
 ) was 

estimated from the given measurement sampling sets as follows: 

𝜌(𝑇𝐿𝑖, 𝑁𝐸𝐴−𝐵𝑖
 )  ≈  

1

𝑁 − 1

∑ (𝑁
𝑖=1 𝑇𝐿𝑖 −  µ𝑇𝑓𝑎𝑐𝑒𝑖

)(𝑇𝐿𝑖 − µ𝑁𝐸𝐴−𝐵𝑖
 )

𝜎𝑠( 𝑇𝐿𝑖) 𝜎𝑠(𝑁𝐸𝐴−𝐵𝑖
) 

 ∈ {1; −1}  

 

(5-18) 

Where µ and 𝝈𝒔  are the mean and standard deviation. A correlation coefficient 

𝜌(𝑇𝐿𝑖, 𝑁𝐸𝐴−𝐵𝑖
 ) closer to 1 or – 1 will reflex higher positive or negative correlation 

between the thermal and drift measurements and a higher amount of influence to 

the model output. With this quantification, it was decided which of the evaluated 

thermal loads on the studied assemblies are best for use in the empirical 

regression model for the thermal drift prediction.  At this stage, engineering 

judgment was applied and it was concluded if the sensors are mounted at the 

optimum places-components and if which represent best the thermal loads that 

cause the studied thermal drift. 

5.2.5.2 Fitting the empirical model 

Once the most representative thermal loads have been identified, they were fitted 

into a model representing the drift. This was done via a commonly used 

approximation method the polynomial regression. This method accepts that any 

response can be approximated by a polynomial basis function of linear or 

quadratic order with or without coupling terms. Thus the model output 𝑁𝐸𝑖 (Drift 

at fiducial) for a given set 𝑇𝐿𝑖  was formulated as the sum of the approximated 

value 𝑁𝐸̂𝑖 and error term 𝜀𝑖 
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𝑁𝐸𝐴−𝐵𝑖
(𝑇𝐿𝑖) = 𝑁𝐸𝐴−𝐵𝑖

̂ (𝑇𝐿𝑖) +  𝜀𝑖 =  𝑃𝑇(𝑇𝐿𝑖)𝛽 +  𝜀𝑖 (5-19) 

Where 𝑃𝑇(𝑇𝐿𝑖) is the polynomial basis, 

𝑃𝑇(𝑇𝐿𝑖) = [1 𝑇𝐿1𝑇𝐿2 𝑇𝐿3 … 𝑇𝐿1
2𝑇𝐿2

2 𝑇𝐿3
2 … 𝑇𝐿1𝑇𝐿2  𝑇𝐿1𝑇𝐿3 … 𝑇𝐿2𝑇𝐿3 … ] (5-20) 

And 𝛽 is a vector containing the unknown regression coefficients. These 

coefficients were estimated from the measured sample set of 𝑁𝐸𝐴−𝐵𝑖
(drifts) 

and 𝑇𝐿𝑖 (thermal loads). By using matrix notation, the resulting vector of 

estimated regression coefficient was as defined in Eq.(5-21): 

𝛽
̂

= (𝑃𝑇𝑃)−1𝑃𝑇 𝑁𝐸𝐴−𝐵𝑖
 

(5-21) 

Where 𝑃 is the matrix containing the polynomial of the basis for the evaluated 

thermal samples/measurements 𝑇𝐿𝑖 and 𝑁𝐸𝐴−𝐵𝑖
 is a vector of the 

measured/evaluated experimentally drifts.  

5.2.5.3 Estimation of empirical model uncertainty 

The uncertainty of any empirical model prediction was assumed to be related to 

the extrinsic uncertainty of the measurements used for its creation 𝑈𝑁𝐸𝐴−𝐵𝑖
, 𝑈𝑇𝐿𝑖

 

and the bias (difference) between a known value/validation measurement 

(𝑁𝐸𝐴−𝐵𝑖
) and the model prediction(𝑁𝐸𝐴−𝐵𝑖

̂ ) The complete process can be seen 

visually represented in Figure 80. Thus the prediction uncertainty of the empirical 

model was quoted as function of the empia rical model variance directly summed 

to its uncorrected bias Eq.(5-22). This concept was first defined as the ‘SUMU 

method’ for summation of uncorrected bias by (Phillips, Eberhardt and Parry, 

1997) and now for first time applied in the field of uncertainty propagation for 

empirical models.   

𝑈𝑁𝐸𝐴−𝐵𝑖(𝑇𝐿𝑖)̂ = 𝑓(𝑃𝑇(𝑇𝐿𝑖)𝛽, 𝜀𝑖) = 𝑓(𝑃𝑇(𝑇𝐿𝑖)𝛽) + 𝜀𝑖 (5-22) 

Where 𝜀𝑖 can be re-defined as the bias between the true value and predicted one 

the model created. The true value can be determined with indipendent high 

precision reference measurment. As the measurement used to define the drift 
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would have a related uncertainty 𝑈𝑁𝐸𝐴−𝐵𝑖
. Thus the bias error was estimated with 

respect to the worst possible case (𝑁𝐸𝐴−𝐵𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

). The bias was defined as 

in Eq.(5-23). 

εi = (𝑁𝐸𝐴−𝐵𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

) − 𝑁𝐸𝐴−𝐵𝑖
̂  (5-23) 

To evaluate the uncertainty of an Empirical model the uncertainty of 𝑃𝑇(𝑇𝐿𝑖) and 

𝛽 where evaluated as functia on of the measurement uncertainties used for their 

definition: 

𝑈𝑃𝑇(𝑇𝐿𝑖) = 𝑓(𝑈𝑇𝐿𝑖
) and  𝑈𝛽 = 𝑓(𝑈𝑇𝐿𝑖

, 𝑈𝑁𝐸𝐴−𝐵𝑖
) (5-24) 

The measurement uncertainties used for the empirical model creations were 

propagated by applying the Monte Carlo method. By this 𝑈𝑇𝐿𝑖
, 𝑈𝑁𝐸𝐴−𝐵𝑖

 were 

represented by probability density functions of the evaluated experimentally 

uncertainties. From those, random sampling was performed and the sampled 

values were propagated through the complete regression model for the 

evaluation of  𝑃𝑇(𝑇𝐿𝑖), 𝛽 iteratively. Thus each output prediction of the regression 

model for nominal expansion was defined by output PDF with mean - 𝜇{𝑁𝐸𝐴−𝐵𝑖
̂ }𝑷𝑫𝑭

 

representing the most likely value and a variance- 𝑆{𝑁𝐸𝐴−𝐵𝑖
̂ }𝑷𝑫𝑭

 represented by the 

1 sigma standard deviation of the prediction. The  nominal drift prediction 

Figure 80: Flowchart expressing the uncertainty of empirical model prediction as sum 

of its prediction variance and bias flowchart 
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variance (scaled by the expansion coefficient 𝑘 for 1,2 or 3 σ) summed with the 

measured during model validation bias εi provided the statement of uncertainty 

for the Empirical model for this particular assembly and thermal load ranges 

Eq.(5-25).  

5.2.6 Probabilistic FEM 

In this chapter the procedure designed for evaluation of FEM predictions (𝑁𝐸𝐴−𝐵𝑖
̂ ) 

uncertainty (𝑈𝑁𝐸𝐴−𝐵𝑖
̂ ) is defined and detailed. The approach mixes Probabilistic 

FEM and reference measurements that combined quantify the prediction 

uncertainty (𝑈𝑁𝐸𝐴−𝐵𝑖
̂ ). The approach is more flexible than the Empirical modelling 

one as once validated it can be used to predict nominal expansion with 

associated uncertainty for condition ranges outside the one performed 

experimentally. The input parameter for the models were evaluated against 

reference standards (well-known and stable calibrated piece of length for the 

expansion coefficient for example) with estimated and traceable statement of 

uncertainty. The bias of the FEM prediction was estimated against real drift 

experiment high precision measurement being itself the best standard of the 

phenomena of interest. A visual summary of the method can be seen in Figure 

81.  

𝑈𝑁𝐸𝐴−𝐵𝑖
̂ = (𝑘 ∗ 𝑆{𝑁𝐸𝐴−𝐵𝑖

̂ }𝑷𝑫𝑭
) + εi (5-25) 

Figure 81: Uncertainty propagation of a FEM model as sum of its prediction 

variance and bias flowchart 
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The initial step was the creation of thermo-mechanical FEM model. The model 

was created in ANSYS FEM software using the 3D manufacturing drawings of 

the components. Mechanical constraints were set exact as the one for the real 

assembly. The boundary conditions – thermal loads (𝑇𝐿𝑖), material expansion 

coefficients (𝛼𝐿𝑖 𝑖
), internal and external for the assembly heat transfer coefficients 

(𝐻𝑇𝐶𝑖̂) were set to the one measured during alignments. Next step was to 

parametrise the FEM model and to link ANSYS and Dynardo statistical software 

(5.1.12) thus enabling probabilistic FEM modelling. In this way the input 

parameters were defined by PDFs from which iteratively was sampled applying 

Latin Hyper Cube smart sampling technique (Figure 81, as techniques applied 

explained in 2.1.1, 2.3.3). Only a few hundred (~ 250) FEM model iterations were 

required for achieving a probabilistically significant result for the {𝑁𝐸𝐴−𝐵𝑖
̂ }𝑷𝑫𝑭 

(2.1.1).  High Performance Cluster (HPC) cluster computing was used performing 

the iterations in parallel on separate cores, processors and servers as suggested 

by (Microconsult Engineering GmbH and Mai, 2010). Thus samples were 

propagated through the FEM model acting as a ‘virtual experiment’ thus applying 

design of experiment methodology for FEM as suggested in the work of (Fong, 

Filliben and Heckert, 2008) and (Borror, Montgomery and Myers, 2002). The 

output from the numerous iterative FEM simulations (‘virtual experiments’) 

formed an PDF with associated mean (𝜇{𝑁𝐸𝐴−𝐵𝑖
̂ }𝑷𝑫𝑭

) and variance (𝑆{𝑁𝐸𝐴−𝐵𝑖
̂ }𝑷𝑫𝑭

). 

The mean of the output PDF was accepted as the most likely nominal expansion 

according to the model. Following this the bias of the Probabilistic FEM model 

was estimated by comparing it to traceable to the meter calibration measurement 

(with uncertainty 𝑈𝑁𝐸𝐴−𝐵𝑖
). This acting as the standard of best knowledge for the 

real Nominal Expansion. The bias error was estimated with respect to the worst 

possible case which is direct sum of the Nominal Expansion measured and its 

measurment uncertainty (𝑁𝐸𝐴−𝐵𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

) Eq.(5-26). 

εFEM = (𝑁𝐸𝐴−𝐵𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

) − 𝑁𝐸𝐴−𝐵𝑖
̂  (5-26) 
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The final prediction uncertainty of the Probabilistic FEM was evaluated following 

the ‘SUMU method’ for summation of uncorrected bias (as suggested by Phillips, 

Eberhardt and Parry, 1997)  Eq.(5-27), and Figure 81. 

With the current procedure predictions with associated uncertainty can be 

performed however in non-real-time. Even a highly optimised High Performance 

Computing (HPC) system might fail to provide near-real time computing for the 

several hundred FEM iteration of a computationally intensive model. Thus if near 

or real-time compensation results with uncertainty statements (based on 

Probabilistic FEM) are required additional sub modelling procedure (meta-

modelling) should be performed in advance. This procedure is detailed in next 

chapter (5.2.7). 

5.2.7 Probabilistic FEM meta-models 

The concept behind meta-modelling is to use the FEM instead the real assembly 

as transfer function for propagation of input parameters (thermal conditions) to 

output responses (Nominal Expansions). Thus the measured thermal loads (𝑇𝐿𝑖) 

and the output results (𝑁𝐸̂𝑖) of the Probabilistic FEM were used to create 

analytical ‘meta-model’ (2.3.4) applying regression analysis. This provided a 

linear equation that can link measured (𝑇𝐿𝑖) and provide predicted by the meta-

model Nominal-Expansion (𝑁𝐸̂̂𝑖 ). The uncertainty of the meta-model was 

propagated following the same procedure (5.2.5.3) designed for the empirical 

models uncertainty analysis. Thus the meta-model uncertainty was devised to be 

a function of the thermal loads measurements uncertainty’s (𝑈𝑇𝐿𝑖
) and the PFEM 

model prediction uncertainty (𝑈𝑁𝐸̂𝑖 ) as shown in Figure 82.  Those were 

propagated via the Monte-Carlo method thought the regression analysis 

procedure in the same way as for the empirical measurement models (5.2.5.3). 

The output of the probabilistic propagation being an output PDF of the meta-

model with associated mean (𝜇
𝑎𝑛 {𝑁𝐸𝐴−𝐵𝑖

̂̂ }𝑷𝑫𝑭
) and variance (𝑆

{𝑁𝐸𝐴−𝐵𝑖
̂̂ }𝑷𝑫𝑭

). The 

mean of the PDF prediction of the meta model was then validated against 

𝑈𝑁𝐸𝐴−𝐵𝑖
̂ = (𝑘 ∗ 𝑆{𝑁𝐸𝐴−𝐵𝑖

̂ }𝑷𝑫𝑭
) + εfem (5-27) 
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calibration prediction made by the PFEM (with uncertainty 𝑈𝑁𝐸𝐴−𝐵𝑖
̂  5.2.6). This 

was used as a virtual standard defining the best knowledge of the assembly 

expansion. The bias error was estimated with respect to the worst possible case 

which is the direct sum of the validation PFEM prediction and it’s evaluated 

uncertaity (𝑁𝐸𝐴−𝐵
̂

𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

̂ ), Eq.(5-28). 

The final prediction uncertainty of the meta-model was finally estimated as 

function of its propagated variance (𝑆
{𝑁𝐸𝐴−𝐵𝑖

̂̂ }𝑷𝑫𝑭
) and evaluated bias (εmeta model) 

Eq.(5-29) and Figure 82.  

εmeta model = max
𝑁𝐸

[(𝑁𝐸𝐴−𝐵
̂

𝑖
+ 𝑈𝑁𝐸𝐴−𝐵𝑖

̂ ) − 𝑁𝐸𝐴−𝐵𝑖
̂̂ ] 

 

(5-28) 

𝑈
𝑁𝐸𝐴−𝐵𝑖

̂̂ = 𝑆
{𝑁𝐸𝐴−𝐵𝑖

̂̂ }𝑷𝑫𝑭
 + εmeta model (5-29) 

 

Figure 82: Uncertainty propagation of a Meta-Model being a sum of its prediction 

variance and the validated bias flowchart 
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5.2.8 Thermal drift uncertainty models validation procedure  

   The final step for Empirical, FEM and meta models was validation of their 

predictions and statements of uncertainty against traceable to the meter standard 

measurement references. This was done following suggestions from (ISO/TS and 

ISO, 2008). The final check was performed by comparison of the overlap of the 

uncertainty intervals of the validation measurement 𝑼𝒗𝒂𝒍 and the uncertainty 

predicted by the models 𝑼𝑚𝑜𝑑𝑒𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 as shown in Eq.(5-30) 

 

Where 𝑌𝑚𝑜𝑑𝑒𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is the prediction of a model (PFEM, empirical or meta-

model). 𝑌𝑣𝑎𝑙 is high precision reference measurment of the drift (via CMM or 

stretched wire measurment system). By this equation If the result is less than 1, 

it can be considered that the validation measurement was within the predicted 

uncertainty region and thus the uncertainty region of the model is being predicted 

correctly Figure 83. 

If the ISO test Eq.(5-30) is not passed, then the method fails to predict accurately 

the uncertainty region.  

𝑌𝑚𝑜𝑑𝑒𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑌𝑣𝑎𝑙

√𝑈𝑣𝑎𝑙2 + 𝑈𝑚𝑜𝑑𝑒𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑2
≤  1 Y or N? 

(5-30) 

 

𝒚𝒗𝒂𝒍  

𝒚 

±𝑼𝑚𝑜𝑑𝑒𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 

±𝑼𝒗𝒂𝒍 

Figure 83: Combining Uncertainty regions of the model applied and of the 

validation measurement 
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6 RESULTS 

  In 6.1 the task-specific uncertainties for the alignment measurements performed 

for CLIC magnet assemblies are reported. In there the method proposed for 

alignment measurements uncertainties in 4.2 is applied via a mixture of CMM 

uncertainty modelling and reference drift measurements. This was done following 

procedures documented in 5.2.1 and 5.2.2. A visual diagram showing references 

to the input parameters for the analysis and the output uncertainty results can be 

seen in Appendix (A.2). In 6.2, the evaluated uncertainties for thermal drift 

prediction via empirical, FEM and meta-modelling are reported. This was done 

applying the method proposed in 4.3 by applying a mixture of probabilistic 

modelling and precise and traceable reference measurements. This was done 

following procedures defined in 5.2.5, 5.2.6 and 5.2.7. A visual diagrams showing 

references to the input parameters for the analysis and the output uncertainty 

results can be seen in Appendix (A.3, A.4, A.5) 

6.1 Task-specific uncertainty for CLIC CMM measurements 

First, the CMM uncertainty model validation results are reported in 6.1.1. 

Following are the results for applying the validated model in mixture with 

reference measurements for prediction of CLIC T1 assembly series alignment 

measurements uncertainties 6.1.2 and CLIC T4 6.1.3. The discussion of this 

section results can be seen in chapter 7.2. 
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6.1.1 Validation of CMM simulation by constraints uncertainty 

model 

   The CMM uncertainty prediction model was validated against the traceable 

tetrahedron artefact described in 5.2.3. Results (see Figure 84) show that the 

maximum measured error (Er max) was within the prediction of the CMM 

uncertainty model (Figure 84).  

The Er max value has the artefact calibration test uncertainty as an error band 

shown in the same figure. The calculated validation ratio as described in 5.2.3 is 

lower than 1 being equal to 0.18 (dimensionless), thus passing the validation test 

Eq.(5-10) for this particular CMM and measurement task. 

6.1.2 Alignment measurements uncertainty prediction of 0.6 m T1 

assembly 

6.1.2.1 Assembly thermal drift 

The alignment set up of the PACMAN T1 magnet assembly prototype (as shown 

in Figure 41, 5.1.1.) temperature and fiducials location in 3D were monitored 

continuously within CERN metrology laboratory with Leitz CMM system (5.1.7). 

Figure 84: Comparison of measured errors versus the predicted by model 

uncertainty and MPEE of Leitz Infinity CMM for 0.5 m 
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Each experiment cycle took several days. Results for the temperature and 

associated dimensional drift can be seen in Figure 85 and Figure 86. 

Figure 85: Thermal variation of air, magnet, and alignment arm part of the 

assembly T1  

Figure 86: Spheres normalised to the metre 3D drift for various locations on the 

assembly  
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Where the dimensional drift in Figure 86 is evaluated following procedure defined 

in 5.2.2 performed during each of the measurement days. All drift results in the 

figure are normalised to microns per metre. As seen in (Figure 86) the drift 

between the granite base, aluminium arms and the granite magnet has a 

maximum value of 2.55 µm/m. This value was used for the estimation of the 

thermal drift (environment) uncertainty, accepted as the side of a uniform 

uncertainty distribution 𝑎𝑡 = 2.55 µm/m * 0.63 m = 1.6 µm thus from Eq.(5-8), 
 
Uex

 

= 
𝑎𝑡

√3
 = 0.92 µm/m This was added as an uncorrelated uncertainty to the task 

specific uncertainty budget further shown in Figure 89. 

6.1.2.2 CMM model uncertainty prediction  

In Figure 87 the calculated MPE of the Leitz Infinity machine, for the furthest 

measured distance on the T1 assembly (0.95 µm), is compared to the modelled 

tactile measurement uncertainties of a fiducial sphere location with respect to a 

three-sphere dimensional reference frame. 

The effect of fiducial grade (shape form error), on the tactile measurement 

uncertainties, was studied in more detail and is shown in Figure 88. The same 

model from the previous study was ran for fiducials with varying form 

errors/specification. Results are highlighted in Figure 88. 

Figure 87: MPEE of Leitz Infinity for the furthest distance on the assembly VS 

alignment measurements uncertainty of sphere in three sphere reference datum 
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It was observed that uncertainty significantly increases as a function of fiducials 

spheres shape quality. For example, using the highest commercially available 

grade spheres (ISO-3290) with 0.13 µm form error can lower the alignment 

measurement uncertainty by 0.5 µm to a total of 3.36 µm. However, using 

spheres of poorer quality (5 µm), sphericity can rise by 3.87 µm to a total of       

7.23 µm (Figure 88). 

As a final study, the task-specific alignment uncertainty of defining the location of 

the magnetic axis in the three-sphere assembly datum c was studied (blue 6.91 

µm @ 1σ). This was compared to the MPEE (black pattern furthest right in the 

 same figure) and all other major uncertainty contributors. 

 

Figure 88: Variation of alignment uncertainty as a function of fiducials form errors 

Figure 89: Final alignment uncertainty of magnetic axis alignment measurements 

using the three spheres datum of CLIC T1 assembly and respective quadratic 

contributors 
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6.1.3 Alignment measurements uncertainty prediction of 2 m T4 

assembly 

 

   An SBC stochastic model was calibrated using the ISO 10360-5 data of a Zeiss 

PRISMO CMM (5.1.7) capable of holding an assembly up to 3m Table 7. The 

MPEE of this machine for the furthest distance on the assembly and the modelled 

tactile measurement location uncertainty of a sphere defined in another three 

spheres dimensional reference frame can be seen compared in Figure 90. 

The location uncertainty of the sphere (4.10 µm) is lower than the MPEE given 

by the manufacturer. The predicted task-specific alignment measurement 

uncertainty is shown in Figure 91. 

Figure 90: MPEE of Zeiss PRISMO CMM for the furthest distance on the assembly 

VS predicted by model alignment measurements uncertainty of sphere in three 

sphere datum 

Figure 91: Final alignment uncertainty of magnetic axis of CLIC T4 assembly and 

respective quadratic contributors 
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6.1.4 CLIC alignment uncertainty budget left over 

    

The remaining uncertainty budget from CLIC alignment target of 12 µm can be 

seen in Figure 92, calculated as the uncorrelated remaining quadratic 

contributors. 

The leftover from the targeted tolerance (Figure 92) was accepted as targeted 

uncertainty budget for systematic thermal drift error compensation applied. This 

was the thermal drift due to variance in assemblies operational thermal conditions 

from one at metrology (results shown in 6.2). 

 

 

 

 

 

 

Figure 92: Uncertainty tolerance left over for any additional uncorrelated error 

sources from targeted alignment uncertainty 
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6.2 Uncertainty of magnet assembly alignment due to variable 

thermal conditions 

   Thermal deformations cause drift in the location of both the magnet axis and 

the alignment WPS arms used to find the tunnel reference. In this chapter results 

of compensation models for both are shown. First, the uncertainties of 

compensating the magnet axis drift using empirical method are outlined (6.2.1). 

Following the uncertainties of the WPS, arms drift by the use of Empirical (6.2.1), 

Probabilistic FEM (6.2.1) and Meta-model based on Probabilistic FEM (6.2.1) 

results are shown. The discussion of this section results can be further seen in 

chapter 7.2. 

6.2.1 Uncertainty for empirical model correction of magnet axis 

thermal drift 

   In several experimental campaigns, the drift of the magnetic axis as a function 

of the changes in the assembly temperatures was studied. An example of 

magnetic measurement wire location and assembly temperatures can be seen 

for a single such measurement cycle in Figure 93.  In the same figure a) one can 

see the data from the WPS system used to measure the location of the magnetic 

axis stretched wire sensor. In Figure 93, b) one can see a summary of various 

thermal sensors readings for the same period. “Sense” in the same figure is a 

reference for sensor. The two noisy signatures (Figure 93, b)) are the 

temperature of the water flowing in and out of the circuit, commanded by the 

water chiller (noisy signature) control system. Following are the temperature 

readings from various locations on the magnet surface, support structures, and 

air sensors around the assembly.  
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Figure 93: Single thermal cycle: a) Magnetic axis location; b) Temperatures 

recorded  
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Linear correlation analysis between the various thermal probes and the 

measured drift in Y and Z was performed to evaluate the most representative for 

the behaviour responses Figure 94 and Figure 95. 

 

Figure 94: Thermal sensors data VS Magnet axis drift in Z direction – correlation 

coefficients (via Opti Slang software 5.1.12) 

 

Figure 95: Thermal sensors data VS Magnet axis drift in Y direction – correlation 

coefficients (via Opti Slang software 5.1.12) 
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In Figure 96 a spread of temperature readings for sensors distributed across the 

magnet yokes. The spread of the temperature readings contributed to the 

uncertainty (Eq.(6 2)) in the definition of a mean magnet temperature (mean of 

magnet yoke readings as shown in Figure 96) which was used for the magnet 

axis empirical models definition as described in 7.2.1. 

In Figure 97 one can see the measured magnet axis location as a function of the 

mean magnet temperature.  

  

 

 

Figure 96: Magnet temperature readings from various sensors and associated    

Mean Magnet Temperature 
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Figure 97: Axis location VS temperature: a) “front” magnet measurements; b) 

“Behind” magnet measurements 
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The mean magnet temperature and magnetic axis measurement variances are 

required for the empirical model prediction variance estimation. Those were 

calculated as shown in Eq.(6-1), and  Eq.(6-2). 

Where 𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡 is the uncertainty on the magnetic measurement 

system for vibrating wire method as defined in 5.1.9 and 𝑈𝑊𝑃𝑆𝑠𝑦𝑠is the uncertainty 

of the wire positioning system as defined in 5.1.8. 

Where 𝑈𝑡𝑒𝑚𝑝 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 is the uncertainty of the temperature measurement for RTS 

sensor as is defined in 5.2.4, and 𝑈𝑡𝑒𝑚𝑝 𝑠𝑝𝑟𝑒𝑎𝑑 is the uncertainty in knowing the 

complete thermal state of the magnet using a mean value defined as a square 

shaped uncertainty (see Figure 96).  Thus the two inputs propagated trough an 

empirical Monte Carlo study (following procedure outlined in 5.2.5, Figure 80 for 

the magnet axis drift can be seen in Table 12 

Table 12: Monte Carlo uncertainty input parameters for compensation law 

𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑎𝑥𝑖𝑠 𝑑𝑟𝑖𝑓𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 @ 1σ [µm]; 

Square shape 

𝑈𝑚𝑒𝑎𝑛 𝑚𝑎𝑔𝑛𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 @ 1σ [°C]; 

Square shape 

3.08; a=5.33 0.32 a=0.64 

 

Following the procedure in 5.2.5,  regression analysis was applied to obtain 

equations representing the drift in Y1 Eq.(6-3)  and Z1 Eq.(6-4). 

𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑎𝑥𝑖𝑠 𝑑𝑟𝑖𝑓𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 =  √𝑈𝑊𝑃𝑆𝑠𝑦𝑠
2 + 𝑈𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡

2  
(6-1) 

 

𝑈𝑚𝑒𝑎𝑛 𝑚𝑎𝑔𝑛𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =  √𝑈𝑡𝑒𝑚𝑝 𝑚𝑒𝑎𝑠𝑢𝑟𝑒
2 + 𝑈𝑡𝑒𝑚𝑝 𝑠𝑝𝑟𝑒𝑎𝑑

2  
(6-2) 

 

𝑍1̂ = b1 − a1 ∗ (Mean Magnet Temperature) (6-3) 
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Where b1 = 3.71626 and a1 = 0.180655 

Where b2 = -41.2232 and a2 = 1.84305 

A Monte Carlo model of the regression analysis was first ran 5.2.5 to estimate the 

variances of the empirical model coefficients (𝑆𝑎1, 𝑆𝑏1, 𝑆𝑎2, 𝑆𝑏2). Coefficients 

PDFs can be seen In Figure 98. Their associated variances in Table 13. 

 

𝑌1̂ = b2 − a2 ∗ (Mean Magnet Temperature) (6-4) 

Figure 98: Monte Carlo samplings defining PDFs for a1,b1; a2,b2 parameters of  

𝒁𝟏̂, 𝒀𝟏̂ empirical models for Z1, and Y1 drift (MATLAB) 
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Table 13: Magnet axis empirical drift model coefficients variance as function of 

measurement uncertainties 

𝑆𝑎1 (1 σ) 𝑆𝑏1 (1 σ) 𝑆𝑎2 (1 σ) 𝑆𝑏2 (1 σ) 

4.66 e-15 3.05 4.99e-16 3.05 

 

The evaluated parameter variances and measurement uncertainties were used 

further in the Monte Carlo model to define a PDFs and variances for 𝑍1̂ and 𝑌1̂ 

as seen below in Figure 99 and in Table 14 on next page. 

Figure 99: PDFs of Z1 and X1 drift prediction of magnetic axis for 35 °C operating 

temperature (alignment measurement at 22.4°C) 
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Table 14: Variances of magnetic axis drift empirical models function of 

measurement uncertainties 

𝑆𝑍1̂ (1 σ) [µm] 𝑆𝑌1̂ (1 σ) [µm] 

3.08 1.51 

The bias error of the model was evaluated as defined in chapter 5.2.5,  Eq.(5-23) 

as a function of the error between the model prediction and the measurement 

combined with the one σ of the measurement uncertainty (Figure 100 and values 

summarized in Table 15). 

Figure 100: Bias errors between empirical models and measurements for Z1 and 

Y1 
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Table 15: Bias error 𝛆 between model and prediction (including measurement 

uncertainty) and error between measurement and prediction ∆ (𝐙𝟏 − 𝐙𝟏̂) 

∆ (Z1 − Y1̂) [µm] ∆ (Y1 − Y1̂) [µm] εY1 [µm] εZ1 [µm] 

1.92 2.93 5.48 6.49 

Finally, the uncertainty of the empirical model at one σ (being a function of the 

evaluated model variance and bias (Eq.(5-25))) can be seen shown as tolerance 

band (U(Y1) 1sigma and U(Z1) 1sigma) bellow at Figure 101. A summary of the 

measurement uncertainties, bias, variance and predicted model uncertainty at 

one σ can be seen in Table 16.  

 

Figure 101: Magnet axis drift prediction, associated prediction uncertainty and 

measurement samples 
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Table 16: Total uncertainty of magnetic axis empirical prediction model in Z1 

direction as function of measurement uncertainties 

Measurement uncertainties 1σ [µm]; 

Square shape 

Empirical model prediction 

U 

𝑚𝑎𝑔𝑛𝑒𝑡 𝑎𝑥𝑖𝑠 𝑑𝑟𝑖𝑓𝑡  

U 

𝑚𝑒𝑎𝑛 𝑚𝑎𝑔𝑛𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝑆𝑍1̂(1σ) 

[µm] 

εZ1 

[µm] 

a) 

𝑈𝑍1̂ (1 σ) 

[µm]  

b) 

𝑈𝑍1̂ (1 σ) 

[µm]  

3.56;  

a=6.17 

0.182;  

a=0.32 

3.08 6.49 9.57 7.18 

Where the uncertainty was calculated via two different methods: (a) the SUMU 

method (summing the variance and bias arithmetically) as both defined in 

(Phillips, Eberhardt and Parry, 1997) and b) the RSSU method (considering the 

bias and variance as uncorrelated entities summed by the Route Sum of the 

Squares law). Only Z1 direction results are shown as most representative for the 

largest uncertainty at one σ for the empirical model.  
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6.2.2 Uncertainty for empirical model corrections of WPS arms 

thermal drift 

Thermal data from single calibration cycle from CERN tunnel laboratory (see 

chapter 5.1.3,  Figure 44 a)) can be seen in Figure 102, b). In the same figure, 

Figure 102: Single thermal cycle at accelerator tunnel: a) WPS bridges location 

drift; b) Temperatures recorded 
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a) one can see the continuous reading of the WPS sensors mounted at the end 

of each the alignment arm (Figure 44).  

Correlation analysis performed for the various groups of thermal sensors  (Figure 

102, b)) during model mapping stage (Figure 44) is shown in Figure 103. 

Drift in Y and Z as a function of mean magnet temperature and mean WPS 

bridges temperature as shown in Figure 104.  

 

 

  

 

 

 

 

 

Figure 103: Average of several thermal sensors data VS WPS bridges drift in Y 

direction – correlation coefficients (via Opti Slang software 5.1.12)  
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Figure 104: WPS bridges location VS temperature: a) Mean Magnet ; b) Mean WPS 
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The input for the Monte Carlo method 𝑈𝑊𝑃𝑆𝑠𝑦𝑠, 𝑈𝑇𝑒𝑚𝑝 𝑀𝑎𝑔𝑛𝑒𝑡 𝑠𝑒𝑛𝑠𝑒  and 

𝑈𝑇𝑒𝑚𝑝 𝑊𝑃𝑆 𝑠𝑒𝑛𝑠𝑒 uncertainties and the uncertainty of the CMM used later for 

traceable validation are summarised below in Table 17 

Table 17: Uncertainties of drift and temperature measurements 

Regression analysis was applied, and polynomial equations for the drift in X and 

Z evaluated. Monte Carlo method was applied to propagate the variances of the 

polynomial equation parameters and their prediction as summarised in Table 18. 

The PDF of the empirical model's predictions in Z and Y can be seen in Figure 

105 a) and b). 

Table 18: Empirical model of WPS bridge coefficients their variance and expected 

output variances for mean Magnet Temperature of 27.9 [°C] 

For Y For Z 

Parameter Mean value 
Variance S 

1σ 
Parameter 

Mean 

Value 

Variance S 

1σ 

a 1 6.40 1.15e-14 a 2 0.23 4.72e-16 

b 1 -146.00 3.00 b 2 -5.66 2.02 

Y F(a1,b1,T) 3.69 Z F(a2,b2,T) 2.04 

 

𝑈𝐶𝑀𝑀_𝑍𝑒𝑖𝑠𝑠 

@ 1σ [µm]; 

Gaussian 

𝑈𝑊𝑃𝑆𝑠𝑦𝑠 

@ 1σ [µm]; 

Square shape 

𝑈𝑇𝑒𝑚𝑝 𝑀𝑎𝑔𝑛𝑒𝑡 𝑠𝑒𝑛𝑠𝑒  

@ 1σ [°C]; 

Square shape 

𝑈𝑇𝑒𝑚𝑝 𝑊𝑃𝑆 𝑠𝑒𝑛𝑠𝑒  

@ 1σ [°C]; 

Square shape 

2.05 1.18; a=2.04 0.26;a=0.445 0.43;a=0.74 
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The bias error of the empirical models based on the date in ISR 8 tunnel was 

estimated with respect to readings made by WPS system within the Zeiss Prismo 

CMM at CERN metrology laboratory. Bias again being the sum of the model error 

(mode to WPS reading) and of the measurement uncertainty (𝑈𝑊𝑃𝑆𝑑𝑟𝑖𝑓𝑡) Figure 

106. 

 

Figure 105: PDFs of Z1 and X1 drift prediction of magnetic axis for 35 °C operating 

temperature (alignment measurement at 27.9 [°C] 
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The largest bias errors for Z and Y models are summarised below in Table 19. 

Table 19: Bias error 𝛆  between model and prediction including measurement 

uncertainty 

εY [µm] εZ [µm] 

5.07 7.89 

 

Finally, the empirical models and their associated uncertainties (as one sigma 

tolerance around the model – dotted line) function of the model's variance and 

bias are in summarised in Table 20 and Figure 107.  

Figure 106: Bias errors between empirical models and WPS measurements for Z 

and Y performed both at tunnel laboratory 
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Table 20: WPS arms empirical model of drift uncertainty and validation 

Direction 

𝑆(1σ) 

[µm] 

𝜀 

[µm] 

a) 

𝑈 (1 σ) 

[µm]  

b) 

𝑈 (1 σ) 

[µm]  

ISO test 

w.r.t.(CMM) 

5.2.8 

𝑌̂ 3.69 5.07 8.76 6.27 0.32 

𝑍̂ 2.04 7.89 9.93 8.14 0.58 

In Figure 107 the interpolation of the CMM validation measurement next to the 

WPS validation measurements with respect to the model, and it’s one σ 

uncertainty region is represented.  

 

Figure 107: WPS arms drift prediction, associated prediction uncertainty and 

measurement samples  
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6.2.3 Uncertainty of FEM and FEM-based Metamodels for WPS 

arms drift  

Bellow in Table 21 a summary of the FEM models control parameters and their 

uncertainties can be seen for (“single component” 5.1.4) and magnet assembly 

(5.1.3). Single FEM visual results for the single component and magnet assembly 

thermal fields and related deformation can be seen outlined in Figure 108 and. 

Figure 109. 

Table 21: Models Input parameters and their associated uncertainty 

Input 

Parameter 

Class 

Mean Values ranges 

for class 

𝑼𝒏𝒄𝒆𝒓𝒕𝒂𝒊𝒏𝒕𝒚 1 σ PDF 

shape 

CTE 

coefficients 

of materials 

[µm/M/°C] 

From 6.9 (Granite base) 

to 24.2 (Aluminium 

WPS arm) 

From 1.05 (Granite) to 0.44 

(Steel of MBQ magnet) 

Square 

shape 

Convection 

coefficients 

hc 

(forced 

convection) 

[W/m^2/K] 

10.67 (furthest away 

from air flow facing wall 

on WPS arms) to 

35.33 (closest to air 

flow facing directly face 

of WPS arms) 

From 0.65 to 2.11 

(calibration certificate 

accuracy = 6% of Heat – 

Flux sensors reading value) 

Square 

shape 

Emissivity 

coefficients 

ε 

0.172 (Aluminium WPS 

arms) to 0.275 (Steel of 

Magnet) 

0.0078 to 0.07 

(experimentally) 

Square 

shape 

Thermal 

loads  

[°C] 

21.23 (Granite Base); 

33.16 (Magnet inner 

faces at coils) 

0.031 (direct measurement 

at granite base) to 1.62 

(extrapolation between 

magnet outer faces and coils 

measured temperatures) 

Square 

shape and 

Triangular 

biased 
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Figure 108: Single Iteration FEM Single component results visualisation: a) 

Thermal field; b) Total structural deformation 
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Table 22: Single-Component Probabilistic FEM results  

Single Component (WPS arm only) FEM 

DoF 
Variance S 1σ 

[µm] 

Bias  

 [µm] 

Uncertainty  

𝑈𝑁𝐸𝑠𝑖𝑛𝑔𝑙𝑒̂  1σ 

[µm] 

ISO Test < 1 = 

PASS 

(Validation of 

Uncertainty 

prediction) 

Y (Left) 1.10 10.16 11.17 0.35 

Z (Left) 1.48 7.38 8.86 0.31 

Y (Right) 1.10 6.16 7.26 0.27 

Z (Right) 1.48 6.10 7.58 0.26 

 

Table 23: Magnet Assembly Probabilistic FEM results  

Magnet Assembly FEM 

DoF 

 

Variance S 1σ 

[µm] 

Bias 

[µm] 

Error (w.r.t 

CMM validation 

reading) 

[µm] 

Uncertainty  

𝑈𝑁𝐸𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦̂  1σ 

[µm] 

ISO Test < 1 

= PASS 

 

Y (back) 6.29 3.36 3.47 9.65 0.18 

Z (back) 1.12 1.22 3.8 2.34 0.62 

Y (front) 6.29 4.84 3.46 11.13 0.15 

Z (front) 1.12 10.16 11.04 11.28 0.48 

 



 

165 

 

 

 

 

Figure 109: Single Iteration FEM Simple Assembly results visualisation: a) 

Thermal field; b) Total structural deformation 
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Analytical metamodels based on FEM prediction was created and it’s uncertainty 

studied following the procedure suggested in 5.2.7. Results can be seen 

summarised bellow in Table 24 

Table 24: Magnet Assembly Meta model analysis results 

 

 

 

 

 

 

 

 

 

 

 

 

 

Magnet Assembly Meta Model FEM 

Drift direction 

Variance S 

1σ 

[µm] 

Bias 

[µm] 

Uncertainty 

𝑼
𝑵𝑬𝒂𝒔𝒔𝒆𝒎𝒃𝒍𝒚̂̂ 1σ 

Validatio

n Test < 

1 = 

PASS 

 

Y (back) 0.7 11.54 12.24 0.42 
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7 DISCUSSION 

In the first section (7.1) a discussion of the CMM alignment measurements 

uncertainty’s results (6.1) is made. In the second section (7.2) the results of from 

thermal drift models prediction uncertainty (6.2) are discussed. In (7.2) a general 

analysis of the results meaning and findings with respect to the hypothesis (3), 

aim and objectives of the thesis are given. 

7.1 CMM alignment measurement uncertainties 

7.1.1 Validation of probabilistic CMM measurement uncertainty 

model 

   The validation experiment performed for the CMM uncertainty model (5.2.1) 

based on SBC calibration method (2.2.2, 5.2.1.1) has shown results (see 6.1.1, 

Figure 84) that prove the capability of the model predicting the measurement 

errors for the CMM studied (Leitz Infinity - 5.1.7). The results confirm for the 

applied case the previous successful validation of the method as seen in (Phillips 

et al., 2003; Zhang, 2013). In previously published validations (Phillips et al., 

2003; Zhang, 2013) the SBC calibration method for CMM probabilistic modelling 

tended to overestimate between 1.3 and 5 times the uncertainty. The ratio 

depended on the type/shape of feature/fiducial measured and the type of GPS 

(ISO, 2011b) task selected. This overestimation is due to the nature of the method 

that uses ambiguous information from the standard verification tests (5.2.1.1) 

used for the errors mapping. The ambiguity of the tests lead to a larger possible 

state space of errors than the actual one associated with the particular CMM 

studied. In the current case, a tight ratio between the predicted uncertainty and 

the measured error was observed (Figure 84). This behaviour can be explained 

with the physical similarity of the tetrahedron spheres, magnet fiducials (high 

precision spheres) with the standard verification tests used for the ISO 

qualification and calibration of the model (high precision spheres).  The CMM 

model, as validated, was employed to study the expected task specific 

measurement uncertainty of both smallest and largest assemblies of CLIC T1 

(7.1.2) and T4 (7.1.3) respectively. 
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7.1.2 CLIC T1 alignment measurements uncertainties 

   The experimental study for the T1 module alignment measurement uncertainty 

was performed with Leitz Infinity CMM system (5.1.7) within CERN metrology 

laboratory as shown in (Figure 41). First, the CMM measurements were taken 

with no power input into the system as a reference day (Friday) with thermal 

signature as shown for such thermal cycle in Figure 85. Following days’ magnet 

was switched on and thermal, CMM and magnetic measurements were 

performed and repeated overall several day cycles. Example of such cycle can 

be seen in (Figure 85). As expected, due to the switching (on) the magnet to 

minimum current (Figure 85 – green line, Friday), an internal small concentrated 

heat source was created. This caused, the magnet temperature to start rising 

during Monday (Figure 85 - orange) from 20.2 °C to 20.45 °C peak on 

Wednesday. The aluminium arms thermal field was slightly influenced (seen 

drifting toward the magnet temperature) by this source as well as seen from the 

thermal sensor reading on the same figure. However, their temperature followed 

more closely the peak-to-peak air conditioning bias due to aluminium’s lower 

thermal inertia. The peak drift was recorded between Friday and Monday 

measurement results as shown in Figure 86 being at maximum of 2.77 µm/m for 

the magnet top. Friday to Wednesday results showed a reduction of relative 3D 

distance drift between the measurement and reference targets of maximum drift 

of 1.66 µm/m for the magnet top. This is believed to be due to the room AC system 

managing actively compensating for the additional heat source (the switched 

magnet) by that day. The aluminium alignment arms reduced their dimensional 

expansion from 1.34 µm/m to -0.15 µm/m (contraction) for Friday to Wednesday 

too. This is believed to be due to the lower thermal inertia of the aluminium 

component and further distance from the concentrated heat source (magnet 

coils). Magnet targets, closest to the heat source (magnet coils), had the highest 

recorded drift (Figure 86). These results further contributed to the task-specific 

uncertainty estimation.  

This study was performed for the calibration data of Leitz Infinity CMM (Table 7) 

measuring available and mounted spheres on T1 assembly with shape tolerance 

of 1 µm (Table 6). This study only accounts for the CMM geometric machine 
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errors, contact probe heads repeatability and features form errors. It is important 

to note that this particular study does neither include the magnetic measurement 

nor the thermal errors nor the non-contact sensor repeatability and offset error 

contributors. Those are later shown in Figure 89. Thus the result showed that the 

modelled CMM tactile uncertainty being one of several contributors for the task-

specific uncertainty for a sphere location is significantly larger than the MPEE 

given by the manufacturer. Being 3.81 µm at 2 sigma VS the MPEE = 0.95 µm 

for the Leitz infinity for the maximum point to point distance on the T1 assembly 

– 0.63 m. The results in Figure 87 are represented in 2σ (95%) coverage interval, 

as suggested as standard in (BSI ISO/TS, 2013). This is believed to be due to 

the MPEE qualification given by the manufacturer is based on a single specific 

test rather than complete task specific uncertainty propagation. The MPEE does 

not include all the possible errors due to the multiple measurements required for 

the Dimensional Frame of Reference and defining the location of a fiducial within 

it.  

The CMM uncertainty model for the Leitz Infinity was ran for fiducials with varying 

form errors/specification as a separate study. Results are highlighted in Figure 

88. It was observed that uncertainty significantly increases as a function of 

fiducials spheres shape quality. For example, using the highest commercially 

available grade spheres (ISO-3290) with 0.13 µm form error can lower the CMM 

measurement uncertainty by 0.5 µm to a total of 3.36 µm. However, using 

spheres of poorer quality (5 µm), CMM uncertainty can rise by 3.87 µm to a total 

of 7.23 µm (Figure 88). In all cases the CMM modelled uncertainty was seen 

significantly higher than the MPEE reported by the manufacturer. 

The task-specific alignment measurement uncertainty for T1 assembly was 

reported as the sum of all correlated and uncorrelated sources as shown in blue, 

Figure 89 - 6.91 µm @ 1σ). The uncorrelated error sources were the magnetic 

measurement, the thermal drift wire measurement and the datum measurement. 

The offset between tactile and non-contact sensor was conservatively accepted 

as a bias value equal to the worst value of the MPS/MPE tests (3 µm Table 7, 

Orange in Figure 89). Wire measurement standard uncertainty was modelled 
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(1.34 µm grey in Figure 89) using the same CMM model based on SBC as with 

the spheres. However, the SBC calibration was done for the non-contact sensor, 

mounted and tested on Leitz CMM with measured repeatability of finding the 

centre of cylinder = 0.7 µm (Table 7). The datum reference uncertainty was 

estimated as the location tactile measurement uncertainty of a sphere part of a 

three-sphere defined datum for the same CMM and tactile probe studied in 

Figure 87. The thermal drift uncertainty was the one estimated experimentally for 

the assembly (Figure 86). The magnetic measurement uncertainty was found by 

the magnetic measurement expert studies and quoted in (Mainaud Durand et al., 

2017). Results are given in 1σ in relation to the targeted alignment uncertainty 

defined as well in 1 σ and can be seen in Figure 89. 

From this study, it can be deduced that the MPEE given by the manufacturer not 

a correct reference for alignment measurement uncertainty. In the current 

experiments it was shown that it underestimates the assembly alignment 

measurement uncertainty by a factor of nearly 15, if task-specific uncertainty is 

presented as expanded to k=2 or 2σ (13.81 µm). 

7.1.3 CLIC T4 alignment measurements uncertainties 

The results for the CMM uncertainty for T4 assembly were, as expected, higher 

du the larger assembly size and lower performance CMM used (Zeiss Prizmo 

instead of Leitz infinity) than the T1 results but not by a large amount as shown 

in Figure 90. The MPEE, in this case, covered the sphere alignment uncertainty. 

From this, It can be concluded that the CMM measurement uncertainty is not 

directly proportional to the assembly size as the MPEE. On this occasion, the, 

MPEE could, however, cover the tactile location measurement uncertainty in 

contrast to the case with T1 assembly. In this case, the MPEE overestimates the 

CMM uncertainty. It is important to note that the CMM uncertainty was modelled 

without the inclusion of all other uncertainty contributors including the thermal drift 

errors.  

The T4 full-length assembly module prototype is not yet produced and the non-

contact sensor used has never been integrated with the Zeiss machine before. 

Thus two assumptions were made for the further part of the alignment task-
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specific uncertainty analysis: Firstly, the tactile to non-contact offset was 

assumed to be the same as the one measured on the Leitz Infinity (3 µm at 1 σ). 

Secondly, the thermal effects for the T4 assembly were considered linearly 

increasing with size from the one measured for T1 due to the longer size of the 

assembly. This was accepted viable due to the exact similarity of the two 

assemblies different only in their length dimension Figure 7. Both assumptions 

can be validated by future work once the T4 assembly is available for 

experimentation.  

The spread of the various uncertainty contributors and the grand summation to 

the task-specific alignment uncertainties can be seen in Figure 91. The main 

variation of T4 assembly results with respect to the T1 is related to the expected 

increased thermal drift (3.1 µm extrapolated from the 2.55 µm/m experimental 

results for T1). Tactile location measurement uncertainty has a minimal variation 

from 1.91 µm Figure 89 for T1 to 2.05 µm for T4 Figure 91. In this study, the 

MPE covered the 1σ of each of the separate uncertainty contributors. However, 

it failed again to cover the complete task specific alignment uncertainty of 15.92 

µm @ 2σ with a factor of three.  

7.1.1 Summary of CMM alignment measurement uncertainty’s 

The CMM probabilistic modelling implemented via calibrated by SBC method 

PUNDITCMM™ software was successfully validated via traceable artefact. The 

measured errors of the Leitz Infinity CMM fitted closely with the predicted by the 

model uncertainty. This is believed to be due to the similarity of the reference 

spheres used for the calibration of the model and the studied artefact and fiducials 

on the magnet. The method combined with reference thermal drift measurements 

was applied for the estimation of the T1 and T4 alignment measurement 

uncertainty. Important findings were the confirmation that the MPEE of CMM 

system cannot be considered as an accurate input for the alignment uncertainty 

budgets. A complete task-specific uncertainty evaluation is required. Critical for 

lowering the alignment uncertainty was the use of high-quality sphere fiducials 

and the minimisation of any thermal drift effects during metrology. The task-

specific alignment measurement uncertainty was found to be within the 12 µm @ 
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1σ targeted for CLIC budget and provided figures for a left-over of the consumed 

budget of 8.89 µm and 9.80 µm at 1σ for T1 and T4 type modules. This was 

calculated as the uncorrelated leftover (square root of the of the subtraction of 

the squares) with respect to the targeted uncertainty. 

7.2 Thermal compensation models uncertainty 

In the analysis and the discussion to follow a hypothesis is made on the 

importance of studying thermal drift mainly in Y and Z coordinates. This is 

accepted due to several reasons. First alignment specification and uncertainty 

envelope is described as a cylinder tolerance zone around the magnetic axis. The 

magnetic axis itself is defined by measurements in Y and Z. The X (along the 

beam) degree of freedom does not have an effect on the tolerance zone set for 

alignment. Any instabilities along the path of the beam are a challenge for the 

later so-called active part of alignment. In their readings from Beam Positioning 

Monitors Sensors are used together with actuators and complex control system 

to minimise any beam disturbances. Thus concentration mainly on Y and Z 

degree of freedom is taken in the following studies and discussion. 

Another important assumption is the optimised used of meshing. Superelements 

strategy was adopted in order to optimise number and size of elements with 

respect to complexity and computational burden. Finer mesh was used around 

assembly contacts while bigger elements were used within the continuation of 

larger components and their internal structures.  

7.2.1 Magnet axis drift compensation uncertainty 

As seen in Figure 93, a) and b) the magnetic axis drifts dominantly in vertical Z 

direction with minimal drift in Y as a function of the assembly temperature 

variations. This is believed to be due to the general expansion or contraction of 

the magnet assembly being constrained only vertically for this experimental 

setup. Further, in the analysis performed (Figure 94, Figure 95) It can be seen 

that drift in both Y and Z are mostly correlated to the thermal variation of the 

magnet yokes steel body part of the assembly. This is expected, as the magnetic 

axis location is dictated by the location and shape of the magnet assembly yokes. 
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Thus any change in the thermal field would cause a change in the yokes 

dimensions that affect the magnetic axis location. From this correlation analysis, 

it can be concluded that the drift of the magnetic axis can be best represented as 

a function of a temperature measured on the steel magnet part of the assembly. 

As the magnetic axis location is the sum of the total thermal state of the magnet, 

then an assumption was made that it would be best to define the axis drift as a 

function of a mean magnet temperature measured by multiple probes distributed 

around the steel magnet and its yokes. This being the average temperature form 

the distributed sensors around the magnet yokes. Example of such temperature 

distribution can be seen in Figure 96 where the uncertainty on the mean is taken 

as square uncertainty which 2a is equal to the total range for the thermal 

readings. Further, in Figure 97 the relationship between magnet axis drift 

measured at the front and back in X and Y can be seen as relationship to the 

mean magnet temperature. In there again clearly linear relationship between the 

magnet axis vertical drift and the mean magnet temperature can be observed. 

The experimental data was used to fit linear empirical model for the magnet axis 

drift for Z and Y (as shown by Eq.(6-3) and Eq.(6-4)). Following the procedure 

proposed in 5.2.5.3, the empirical model bias and variance were estimated. The 

Monte Carlo modelling showed a larger variance (see Table 13) in the b1 and b2 

equation parameters responsible for the linear model intercept. Propagating the 

coefficients variance and measured mean magnet temperature uncertainty 

through the model provided estimates for the empirical model prediction variance 

as shown in Table 15 is between 3.08 µm for Z and 1.51 µm for Y which is less 

than the uncertainty in a single magnet axis measurement 3.56 µm at 1 σ. The 

empirical model was best fitted using multiple experimental measurements thus 

relying on more correlated information for its definition with respect to a single 

measurement. According to GUM (JCGM, 2008b) if all systematic errors are 

compensated a model uncertainty can be represented by Bayesian theorem and 

thus probabilistic propagation of its parameters. Thus a model uncertainty would 

be a function of its control parameters variance. This shows that if a model can 

represent perfect or near perfect the real behaviour of a measurand it is 

uncertainty can be lower than the uncertainty of the single measurements used 
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for its creation. This behaviour is one of the foundations for the Simultaneous 

Localisation and Mapping (SLAM) algorithms widely applied in the field of robotics 

and automation (Durrant-Whyte and Bailey, 2006). In the current case, however, 

the model is not a perfect representation of reality and bias errors were measured 

as shown in Figure 100 and Table 15. The bias of the current model is 

significantly larger from both the measurements uncertainties and the model 

variances (5.48 µm for Y1 model bias to 6.49 µm for Z1 model bias). This bias is 

due to the imperfect representation of the linear model to the real behaviour of 

the magnet axis drift. 

As seen in Figure 101, the one σ predicted uncertainty being a function of the 

measured bias and modelled variance covered the entire measures sample set 

with their associated uncertainties. No alternative and more accurate method 

than the vibrating wire (5.1.9) to cross check the results is currently known. No 

international standard of magnetic axis does exist. However, the magnetic axis is 

defined as the location of the lowest magnetic field strength in a focusing magnet. 

Magnetic field strength, however, is defined as a function of two other SI units 

H=[Amper/Meter]. Currently, in the magnetic measurement of focusing magnets 

axis, no traceability chain has been established to national institute and SI unit 

standard. Thus it is not possible to ultimately validate the uncertainty of the 

magnetic axis measurement systems. The uncertainty region is based and 

trusted to the available for the accelerator laboratory magnet metrology expert’s 

evaluation and intellectual honesty. This can be a limiting factor in further 

validating the magnetic measurement systems uncertainties. Thus a creation of 

traceable, portable and stable magnetic axis standard for the purpose is 

recommended. Such has standards have previously been created for inter-

comparison and study of the national institute's magnetic measurements 

uncertainties (Garrett and Pissanetzky, 1971; Weyand et al., 2001). Dialog and 

common research program between accelerator institutes and national 

laboratories for the creation and validation of such magnet field transferable 

artefact is suggested as possible future work. 
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7.2.1 Uncertainty for empirical model correction of WPS arms 

thermal drift 

In parallel to magnetic axis measurements in the accelerator tunnel laboratory, 

thermal drift of WPS alignment arms, part of the magnet assembly (5.1.3), was 

mapped with the WPS alignment system (5.1.8). The results for temperature and 

WPS sensors reading for component location from a single thermal cycle can be 

seen in Figure 102. The drift the WPS alignment arms was observed 

predominantly in the Y direction (main direction of arms expansion). Drift in the Z 

direction was as well present due to structural deformation from magnet assembly 

constraints which was later validated from the FEM modelling results (6.2.3).  

The same experiment was repeated within the body of Leitz Infinity CMM (5.1.7) 

at CERN metrology laboratory for validation. In there, however, the thermal loads 

were variated away from the one during the mapping process (in the accelerator 

laboratory) by introducing forced convection with an air fan. This caused larger 

thermal gradient between the temperature forced by the hydraulic control system 

of the magnet coils and the temperature of the WPS arms as shown in Figure 

110. 

Figure 110: Thermal gradients between water control system and assembly 

components due to forced air convection via fan (CERN metrology laboratory). 
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This was done in order to simulate expected variance in actual alignment 

conditions with respect to metrology conditions. Correlation analysis between the 

various thermal probes and drift measurements was performed. The analysis 

reviewed strongest correlation between the water input temperature and Z and Y 

deformation. This was however disregarded as useful sensorial data for any 

model due to the nature of the chiller controller system behaviour. The mean 

water temperature has a large sinusoidal variance (as seen in Figure 102, b)) 

thus having a large error on the mean from an instantaneous reading. Additional 

to that water temperature although highly correlated to the X and Y drift does not 

poses any information on the any external thermal loads such as the one imposed 

by convection. Next and with really close to correlation for Z direction was the 

mean WPS temperature and for Y the mean magnet temperature Figure 103.  

Both were used to define the drift in Y and Z as shown in Figure 104.  

The uncertainties of the WPS alignment measurement system and thermal 

measurements were propagated (following 5.2.5.3) through the regression 

analysis and thus empirical models best fitting the data. This provided variance 

in the order of 3.69 µm @ 1σ for Y and 2.04 µm @ 1σ for Z.  Bias was evaluated 

with respect to the WPS measurements performed at the CMM being between 

5.07 µm for Y and 7.89 µm for Z. The final prediction uncertainty of the model 

was estimated between 6.27 µm and 8.76 µm in Y direction and 8.14 µm and 

9.93 µm in Z depending on which summation rule was used (Table 20). The 

prediction uncertainty can be seen plotted in Figure 107 as tolerance bad around 

the empirical model prediction. In the same figure the validation measurements 

made by the CMM can be observe plotted with their evaluated 1 sigma 

uncertainty. Both WPS and CMM measurements methods can be seen producing 

results with uncertainties within the 1 sigma predicted uncertainty interval for the 

empirical model. Final ISO validation tests were performed according to 5.2.8  

with results shown in Table 20. The test was successfully passed (<1) proving 

the validity of the predicted model uncertainty region by an independent 

experiment and measurement system.  
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Thus the uncertainty prediction methodology suggested in 5.2.5.3 was 

successfully validated. 

7.2.2 Uncertainty of FEM and FEM-based Metamodels for WPS 

arms “single component” drift 

FEM models for both the single WPS arm component (“single component” 5.1.4) 

and magnet assembly (5.1.3) were created. The FEM models were continually 

improved and their accuracy with respect to experimental measurements 

increased. This was done by first evaluating the most influential parameters to 

the final prediction parameters using Correlation and other statistical analysis 

performed in Opti Slang Software (5.1.12). Then, the model itself was corrected 

iteratively (thermal loads, physical constraints and other) until its bias errors were 

minimised optimally in the time available. The most influential parameters used 

as input for the models were experimentally derived with associated uncertainty 

defined by a PDF function with associated variance. Those can be seen 

summarised in Table 21. The calculated results for both thermal field and related 

structural deformation for the single component (5.1.4) and magnet assembly 

(5.1.3) are shown in Figure 107 and Figure 108. Those are the results of a single 

deterministic simulation performed. The same deterministic ANSYS model was 

used as a solver for probabilistic study as described in (5.2.6). In this study, 300 

samples (distributed efficiently via the application of Latin Hyper Cube technique 

2.1.1.) of the input parameters were propagated through the FEM models as 

solvers. This created PDFs are describing the variance of the FEM models as a 

function of the variance of the measured input parameters (Table 22 and Table 

23). The final bias of the FEM and their metamodels were evaluated by WPS 

measurements in CERN metrology laboratory for the magnet assembly and CMM 

for the single component. For the magnet assembly, and single component the 

CMM measurement with Zeiss Infinity CMM was used uncertainty model 

validation. A summary of the results including visual representation can be seen 

for both in Table 22, Figure 112 (single component) and Figure 109 (magnet 

assembly). In both figures, the mean of the PFEM and its predicted uncertainty ( 

a function of the variance and bias) can be seen compared to the validation 

measurements in the CMM laboratory.  
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Figure 112: Predicted vs measured during validation stage drift and associated 1 

sigma uncertainties visualisation for WPS arms as single component (5.1.4) 

Figure 111: Predicted vs measured drift and associated 1 sigma uncertainties 

visualisation for the magnet assembly (5.1.3) 
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All measurements for both single component and magnet assembly passed the 

validation test with a result <1 as shown in Table 22, (single component) and 

Table 23 (magnet assembly).   

Those results validated the suggested methodology 4.3, and procedure 5.2.6 

showing that it is possible to evaluate the exact prediction uncertainty of an FEM 

model.  

Using the statistical data available from the Probabilistic FEM, a Metamodel was 

created. The Metamodel represented a polynomial analytical best fit to the 

Probabilistic FEM samplings, regarding them as a form of ‘virtual measurements’ 

(5.2.7). The correlation analysis defined the output deformation best described 

by a mean magnet temperature measurement similar as with the empirical 

analysis.  

A probabilistic analysis (using MATLAB and Dynardo software 5.1.12) was 

performed on the Metamodel polynomial function thus establishing its variance 

as a function of the FEM prediction uncertainty and measured temperature. Due 

to the high number of samples (300 samples) the final variance of the metamodel 

function was estimated significantly lower (0.7 µm Table 24) than the input 

uncertainties (11.13 µm for FEM prediction of drift in Y direction Table 23). This 

lowering of the metamodel variance as a function of the increase of the number 

of samples again can be explained due to the same reasons as with the empirical 

models (chapter 7.2.1) founding its origins in the cross-correlation of the sample 

data (Durrant-Whyte and Bailey, 2006). This results showed that with the 

capability of numerous virtual FEM samples the variance of the metamodel used 

can be significantly decreased. 

The bias of the Metamodel was evaluated as the sum of the largest error between 

the Metamodel polynomial and the FEM samples combined with the one σ of the 

FEM uncertainty (determined by the previous analysis). The results together with 

the final predicted uncertainty for the Metamodel can be seen summarised in 

Table 24.  
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7.2.3 Summary of CMM alignment measurement uncertainty’s 

In the current chapter, the results of the uncertainty evaluation of three different 

types of thermal compensation models (Empirical, Probabilistic FEM and 

Metamodel based on Probabilistic FEM) following, the method suggested in 4.3 

were outlined. The model prediction uncertainty was defined as the direct sum of 

the model's variance evaluated by Probabilistic based model which parameters 

were calibrated by precision experiments and bias to reference value by a 

precision drift measurement combined with its one σ uncertainty. For both 

Empirical, PFEM and Meta-model, a validation experiment was performed within 

a traceable CMM system. Thus the drift was determined by a precision 

measurement system working on a principle independent to the one used for its 

calibration or bias error detection. All validation measurements with their 

uncertainties were captured successfully by the predicted for the model's 

uncertainty passing the validation ISO test 5.2.8 thus proving the hypothesis 

suggested in chapter 3.1. The combined uncorrelated uncertainty for 

compensating the magnetic axis and alignment arms was evaluated to be 

between 13.79 µm and 15.54 µm as shown in Figure 113 

 

 

 

 

 

 

 

It was shown that the current thermal compensation models could not reach the 

desired uncertainty target of 9.8 µm for the evaluated thermal conditions with 

Figure 113: Thermal compensation uncertainties for various approaches vs 

targeted drift uncertainty 
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current models calibrations. Either further reduction of systematic errors of 

models or change in thermal loads condition and variation would be required. 

7.3 Results contribution to knowledge 

   The results for CMM measurement (6.1) and thermal drift compensation 

uncertainties (6.2) have confirmed the suggested in 3.1 hypothesis. Notably that 

probabilistic modelling combined with traceable to the meter, high precision 

reference measurements can accurate predict measurement or compensation 

models uncertainty. Moreover, the results showed that accurate knowledge of 

alignment measurement uncertainties is critical in tight alignment and assembly 

budgets. 

The results for CMM measurements showed that it could be erroneous and 

misleading to use a metrology machine qualification such as the MPE for any 

high precision alignment uncertainty and error budgets. It is important to perform 

a full and specific uncertainty analysis of the system used as previously discussed 

in literature (Bottura et al., 2006; Leãoa, 2017). The probabilistic CMM uncertainty 

modelling calibrated by SBC method proved to be capable of evaluating the task-

specific uncertainty of a fully calibrated CMM. The validation was done with the 

help of traceable to national institute reference artefact. However, when 

performing measurements of an assembly where known and unknown bias errors 

exist (drift due to internal heat sources) such statistical model might not be 

entirely sufficient. Following the suggested hypothesis (3.1) in the current PhD 

thesis, the additional bias errors were estimated with the help of reference 

measurement of the 3D distance drift. In this way, both the CMM system variance 

the additional bias error was estimated in an absolute manner (traceable to the 

metre standard) and was specific for measurement case. The most important 

conclusion would be that, by the use of Probabilistic based CMM uncertainty 

model, the metrologist can know which error parameters are critical for their 

alignment measurement performance. In the case of magnet alignment with 

sphere fiducials, that was the precision of the sphere fiducials shape tolerance 

and the minimisation of the thermal drift during metrology.  
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The studies and application of the hypothesis on thermal drift validated the 

importance of addressing thermal error and drift problems in a detailed manner. 

Frequently missed in alignment measurement budget, a posteriori of 

measurements thermal drift can be critical for successful alignment. Previously 

uncompensated in accelerators alignment, the results showed that thermal 

effects could drift the magnetic axis location by dozens of µm and alignment 

features locations by as much as hundreds of µm and more. Thus for tight 

precision applications, not only accurate alignment metrology is important but 

precision compensation for the a posterior of metrology and during alignment 

thermal effects. Although thermal compensation by the use of models has been 

performed on many occasions in state of the art (Weck et al., 1995; Ramesh, 

Mannan and Poo, 2000; Ni and Wu, 2003; Schwenke et al., 2008; Morishima et 

al., 2015; Ross-Pinnock and Bingru Yang Glen Mullineux, 2016), no statements 

of uncertainty validated and traceable to the meter standard were found. In the 

current work the method (4.2) and procedures (5.2.5 to 5.2.8) proposed were 

applied. Thus the thermal compensation models were regarded as a form of 

virtual measurements and validated against traceable artefacts being the high 

precision measurements of the real drift. The input parameters for the various 

compensation models were evaluated themselves with valid uncertainty 

statements and propagated through the models. The evaluated variance by the 

probabilistic methods was combined with the measured models bias in predicting 

real drift of components and assemblies. An outline of the evaluated variances, 
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biases and uncertainty for the different thermal error compensation models can 

be seen below in Figure 114. 

It is important to outline that measured bias is a predominant component of the 

prediction models uncertainties due to the tight calibration evaluation of the input 

parameters uncertainties. Exception makes the PFEM model for Y direction of 

alignment bridge drift Figure 114. The larger bias errors can be explained by the 

not perfect representation of the models to reality. In this particular occasion 

modelling the drift in Z direction had large systematic bias error (Figure 111). For 

Empirical models, large bias errors can occur due to the difference between the 

thermal conditions at calibration and the one when the model is applied. The 

further thermal conditions operation drift from the one in the calibration of the 

model, the larger would be the bias error of such model. Alternative would be to 

use accurately calibrated FEM. Applying Probabilistic FEM, one can not only 

learn the variance of his predictions but as well locate via correlation based 

analysis which are the most influential parameters to the output variance. For 

example, uncertainty of 10 % in the CTE coefficients of the materials could have 

large impact on the uncertainty of drift prediction. Thus use of more precise 

measurements on the CTE of the materials can lower the variance of the FEM 

model prediction. 

Figure 114: Thermal error compensation models variance, bias and combined 

uncertainty 
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It is important to note that without actual physical reference measurements the 

bias error of a model cannot be determined and thus the true FEM prediction 

uncertainty. Performing calibration measurements however in a manner 

traceable to the meter can help calibrate a Probabilistic FEM and FEM Meta-

models to values close to the empirical one. This would mean that, if once a 

numerical model is calibrated with minimised and known bias errors it can be 

applied for any desired conditions with known uncertainty statement. Thus with 

minimum number of experimental measurements the designers can use it to 

predict and compensate deformation behaviour for a wide band of conditions that 

might not be economically viable to be tested and represented by empirical 

measures. To do this with a known and valid statement of uncertainty.  

Unique for this strategy would be the capability to perform number of ‘virtual 

experiments’ limited only by the computational power available to the researcher 

without the extensive experimental costs. This as previously discussed in 7.2.1 

and 7.2.2 can further lower the variance of the prediction models considerably 

with respect to the uncertainty of the measurements used for its calibration (as 

seen In the metamodel results in Figure 114).  

Additional property linked empirical and meta models fitted to measurements or 

virtual measurements (FEM) is the ‘variance bias trade-off error’ (Hero, Fessler 

and Usman, 1996; Friedman, 1997; Yu et al., 2006). The more complex function 

fitting closely to the data (with more parameters) is best fitted, the larger would 

be the prediction variance. The simpler a model is (two parameters polynomial), 

the less would be the variance error, but it would fit poorer to the data and thus 

having a larger bias. This property can be used to make decisions on how 

complex representative model should be with respect to the measured bias 

errors. For the Probabilistic FEM, the bias errors are largely a limit and would be 

a function mainly of how accurately are represented the physics, initial conditions, 

mechanical constraints represented by the model. Thus finding a way of virtually 

‘mimicking’ those is crucial. If all known and unknown biases errors are corrected, 

then the GUM scheme would hold completely (zero variance and bias of the 

mean), and the probabilistic model output variances would represent their 
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ultimate uncertainties (a function of their calibration measurements 

uncertainties). This, however, might not always be economically or technically 

possible. Thus it is critical and important as shown in the current work to evaluate 

and understand the bias errors of the models and include them in the uncertainty 

statement. 

In general, the research work showed that engineers should have a clear 

understanding and distinction between machine qualifications such as MPE, 

Error budgeting techniques and uncertainty budgeting techniques such as 

PUMA. Each serve a specific purpose. MPE as a specific inter-comparison tool. 

The error budget as designer optimisation tool and the uncertainty budget as final 

actual performance validation tool. At situations where the desired targeted 

performance is within the limit of the studied system uncertainty, the uncertainty 

budget can take the role of the error budget. In such cases, the suggested in the 

thesis methodology (which is following the philosophy of the PUMA method  (ISO, 

2011c)) can provide the engineer with trustworthy optimisation tool. It is important 

to underline the importance of applying probabilistic error propagation with 

respect to simplified error combinatorial rules applied at error budgets. 

Probabilistic error propagation would have the effects of input parameters cross-

correlations embedded in the final output. Such consideration for cross-

correlation in the final uncertainty prediction might be missed if simplified error 

budget is applied. Engineers however should always make sure that bias errors 

of their models are also adequately accounted for and distinguished from the 

variance of the studied model/system input parameters. This was proven possible 

following the suggested in the thesis methodology (chapter 4). 
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7.4 Results interpretation for CLIC 

   The results have shown that the combined alignment uncertainty of task-

specific CMM measurements and the thermal error compensation (for any large 

variation of thermal conditions of the assembly from metrology) is above the 

target of 12 µm (for fiducialisation measurements) at one σ (Figure 115). 

The largest contributor is due to the thermal error compensation for the variable 

thermal conditions. An interim proposition for future design team would be to 

evaluate the current assemblies designs and their metrology loops from thermo-

mechanical perspective. The shortening of the metrology frame (having the WPS 

and reference wire closer to the magnetic axis) and the use of materials of lower 

CTE or/and with more stable CTE over manufacturing badges would minimise 

the thermal effects significantly. Further, if an alignment strategy is adopted such 

that the measurements are performed at the same thermal load conditions as the 

one experienced during operation, the alignment measurements budget would 

be maintained, and CLIC alignment targets be achievable. This can be done if 

metrology equipment is designed and calibrated to perform at thermal 

Figure 115: CLIC Magnet axis alignment targeted budget (up to WPS reference 

sensors) VS Total estimated; Metrology; Drift compensation 
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laboratories recreating the expected conditions for each assembly. This would 

thus further minimise the thermal gradient between expected possible thermal 

variations and metrology. Further to that active thermal control could be applied 

to minimise any possible additional thermal fluctuations. Thus a detailed study on 

the economic and technical viability of such strategy can be conducted in future. 
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8 CONCLUSIONS  

   The work presented studied a general challenge in the field of high precision 

alignment of large objects - the accurate knowledge of alignment measurement 

uncertainties. Those are proven to be critical in situations where the alignment 

tolerance is at the limit of the metrology performance. The literature has shown a 

general lack of understanding of uncertainties and application of state of the art 

uncertainty analysis and propagation methods in this field of engineering. Cause 

for that was the rare occasions at which alignment measurement uncertainties 

are tightly matching the uncertainty of the metrology applied.  An additional 

challenge was the absence of uncertainty quantification for the compensation of 

systematic errors such as the thermal effects (one of the largest contributors to 

alignment and measurement uncertainty). In this PhD work motivated by the 

challenges in the CLIC project, a hypothesis and methodology were proposed as 

an answer. An accurate and traceable alignment metrology is possible by the 

mixture of application of GUM Supplement 1 method (Probabilistic modelling) for 

the evaluation of model variance and traceable measurements for the evaluation 

of model biases. The hypothesis and methodology were proven by answering the 

two set objectives as stated in 3.2. This was done experimental and modelling 

work is done for both metrology and thermal error compensation. 

The first objective was to accurately be able to state the task-specific CMM 

uncertainty of magnet axis alignment. This was achieved by predicting the 

uncertainty of alignment measurements of the T4 magnet assembly to 6.91 µm 

(1σ) and 7.96 µm (1σ). The method was validated by traceable tetrahedron 

artefact (5.1.2) on which measured errors with respect to calibration of 2.57 µm 

were successfully captured by modelled uncertainty of 3.67 µm (1 σ). 

The second objective was to prove that following the hypothesis thermal 

deformation and drift can be predicted with an accurate statement of uncertainty. 

This was achieved by applying the defined methods following the hypothesis to 

Empirical, FEM and Metamodels. The Empirical models proven as one with the 

lowest uncertainty for prediction of fiducials drift of maximum 8.7 µm (1 σ). This 

was validated with independent test by two separate metrology systems with ISO 
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test (5.2.8) bellow 1 (0.32 to 0.58). The methodology was successfully validated 

for the Probabilistic FEM with ISO test (5.2.8) bellow 1 (0.15 to 0.48) with 

uncertainties varying between 2.34 µm (1 σ) to 11.28 µm (1 σ). Finally, the 

methodology was validated on Metamodels based on the FEM with largest 

uncertainties in the range of  12.24 µm (1 σ).  with ISO test (5.2.8) bellow 1 (0.42). 

In general, this method and PhD work contribute to knowledge by: 

1. Correcting erroneous assumptions about the use of MPE qualifications of 

metrology equipment for propagation in error and uncertainty budges. 

Suggesting as an alternative a mixture of probabilistic CMM modelling 

calibrated by SBC method and reference drift measurements. 

2. Defining the methodology by which Empirical, Probabilistic FEM and 

Metamodels prediction uncertainty can be accurately (traceable to an SI 

unit) be evaluated predicted and studied. 

3. Proving that large thermally active assemblies of up to 2 meters can be 

aligned under 15 µm uncertainty at one σ at variable (from alignment) 

thermal conditions by dozens or more °C. This is done with statement 

trustworthy and traceable to an SI unit and via a method that can be 

applied to large-scale projects and manufacturing. 
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9 FUTURE WORK 

9.1 CLIC challenges 

Three alternatives can be suggested as part of CLIC future work. First to apply 

active metrology such as FSI or Micro Triangulation to compensate any drifts in 

real time. Similar techniques have been applied for the drift corrections at other 

large structures such as telescopes (Dale et al., 2014; Rakich et al., 2016) or 

accelerator detectors (Coe, 2001; Gibson et al., 2008) . This however might be 

cost challenging to be implemented on the large and industrial scale. Second 

would be to reduce the uncertainty of any thermal compensation models applied 

which is already close to the desired values. This can be done by investing in 

further work on compensating the model's bias and variance errors. Third 

possible solution could be a mixture of the first two. Example of such approach 

can be seen in aerospace industry (Ross-Pinnock, Yang and Maropoulos, 2015; 

Ross-Pinnock and Bingru Yang Glen Mullineux, 2016) where the FEM models 

bias is corrected by the use of point real-time measures of the real location of 

fiducials mounted on the real assemblies. It is important to note that any of those 

approaches would increase the complexity and price of CLIC project. Thus 

resources might be best spent in studying again the physics requirements and 

the consequent alignment tolerances. Any possible release of the tolerances 

negotiated with a physicist as clients could have a large impact on the price, 

complexity and thus feasibility of CLIC project. 

9.2 Further methodology validations and applications  

Future work can be suggested in applying the so far validated methodology on 

more complex assemblies. The time constraints did not allow the full 

development, calibration and testing of uncertainty models applied for alignment 

measurements and compensations on largest T4 type two-meter assembly.  

Once such large assembly prototype exists the predicted CMM alignment 

uncertainty results (6.1.3) can be verified. This can be done by the manufacture 

and calibration of two meters bespoke thermally stable artefact. Such artefact 

should be manufactured from carbon fibre or other low or zero CTE material. It 
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should have fiducials of the same shape and size and locations as the two meter 

T4 magnet assembly. The important addition would be the addition of two thin 

cylinders’ fiducials (representing the stretched wire) within the artefact volume of 

stable location and geometry. Such artefact should be made traceable and 

calibrated and verified by a national metrology institute to possess the lowest 

measurement uncertainty with traceability to the SI unit of meter.  

The uncertainty evaluation for the magnetic measurement system was out of the 

scope of the current thesis. However, a gap of knowledge in this field was found 

as well. Currently, the only way uncertainty statements for this metrology routine 

are only done via the “expert judgement” method (2.2.2, page 37). If further need 

in decrease and traceability of magnetic measurement uncertainty’s is required a 

working group with the national institute on the topic has to be established. Such 

group can research the possible ways to establish possible and practical for 

application magnetic axis artefacts and method by which traceability to SI units 

can be established among international laboratories. 

The methodology defined in this PhD thesis (4.3) can be further applied to more 

complex assembly such as the T1 or T4 type assemblies having more mechanical 

interfaces. It could be tested on more and various thermal conditions. During such 

campaign, further tests on techniques for direct measurement of thermal loads 

with various sensors can be made. The Heat flux sensors used in the thesis 

(5.1.5) were used were providing single heat flux value for a surface and no 

reading for heat flux field. Such knowledge is useful in the models as long as 

assumptions for heat-flux equipotential across measured surfaces holds. In a 

more complex situation with existent surface area gradients in heat flux strength 

a study and development of pixelated-heat flux sensors is suggested. Studies for 

development of such sensors in the state of art can be already seen in the are of 

robotic sensors development so-called “artificial skin” (Zhao and Zhu, 2017). If 

such sensors are proven accurate and, traceable (to the SI realisation of the unit 

meter) measurement and accurate model predictions of more complex cases of 

heat loadings can be established.  
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The methodology for traceable prediction of models (4.3)  (Empirical, FEM and 

Meta-models) uncertainty was validated in the current work with respect to 

thermo-mechanical drift prediction. However, the idea could be seen well 

applicable in other fields of engineering and science where having accurate 

uncertainty statement of the predictions is important. This could be directly seen 

as a need in industries such as the aerospace where uncertainty on predictions 

can have high legal and financial impact. A direct example is a trend in state of 

the art of having ‘’digital twins’’ (Schluse and Rossmann, 2016) models of critical 

systems (assemblies engines). In parallel to system exploitation, a digital 

representative model is kept and feed in real time with data from the conditions 

under which the critical systems (assembly’s engines) are subjected. Such 

models can be used to predict possible future behaviour (failure modes) or used 

as feedback to next-generation system design. Having an accurate uncertainty 

statements of such predictions could help engineers in the taking of critical 

decisions. Thus it is recommended for this methodology to be studied and 

validated further in the wide band of possible cases of applications. 
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A.1 Error Budgets literature review analysis summary 

Error Budget Case Final function to be verified System Degrees of Freedom Error sources top level split Total Error propagation rule Remarks

Error Budgeting in

 Precision Machine Design [B.W.Moren, 

R.M.Miler]

 The combined uncertainty for the machine centre 

 A detail spread on how geometrical errors

 (one of the top level contributors to the combined uncertainty - 

Carriage Position) 

in X,Y,Z of carrige position propagate to the X,Y,Z of the machine 

tool.

X, Y, Z of machine tool given by carriages DoF

Carriage Position( Sub budget a function of X,Y,Z 

carrige: Pitch, Yaw, Roll, Straightnes X,Y,Z  )

 Artefact Calibration, 

Orthogonality, 

Coolant temperature

Arithmetic Sum,  RSS as final Introductory paper to Error Budgeting

Error Budget as a Design Tool For Ultra-

Precision Diamond Turning Machines Mark 

Walter, Bruce Norlund, Robert Koning, Jeff 

Roblee, Preciteh, inc

 The combined uncertainty for the UPC machine centre X and Z movable axes with Z rotational DoF

Stability errors; Length Based errors; 

Time Based Errors; Other Errors

Each of this categories contains sub-error budgets 

containing numerous contributors. 

Type B Assumptions for the different types 

of errors were made on adding correction 

factor to the Maximum  error estimations.

The RSS rule is used for the Total 

Combined Uncertainty

Biggest sources of error were 

 the Length based and the Thermal based 

one. 

For the former one it was mentiond a 

routine error correction tecniques 

and compensation procedures could be used.

 The budget showed it was vital to concentrate 

effort

 in those domains.

COP Gage Error Budget & Comparison 

Between Predicted and Actual Accuracies 

for an Ultra-Precision CNC Measuring 

Machine

[D.C. Thompson]

Total Combined  Radial Figure Uncertainty Calculated as 

vector sum of X and Z components

X and Z movable axes

Probe Path associated Errors; Probe accuracy 

associated Errors; Measurment Provess 

associated Errors.

 Each of this categories contains sub-error budgets 

containing numerous contributors. 

Half’s of the most pessimistic (shear 

arithmetic sum of the worst case scenario) 

and most optimistic (the Rout Sum of the 

Squares - uncertainty combinatorial rule 

):"The Hocken's rule" 

Utotal = (Aritmetic Sum + RSS)/2

The paper shows remarkably good

 correlation between predicted and measured 

results.

Biggest contributor to the error budget was 

identified as Thermal related issues  among 

the various categories.

Developing Performance Estimates for 

High Precision Astrometry with TMT 

[Schock M. ; Do T. et all]

Total uncertainty with the 

asociated de-centring errors

 at various astrometric experiments evaluated in parametric 

form.

Investigating uncertainty from the source (star) to the 

end - the telescope oprics and reciver.

Complex measurement system made of other systems. 

The error budget degree of freedom are related to the 

type of astrometry being done (absolute or differential) 

and the type and number of experiment related 

measurement 'fiuducials' (N reference sources, N 

science objects). Separate Total uncertainty for each 

case.

Reference Source and Catalog errors,

 Atmospheric refraction correction errors,

 Other residual atmospheric effects,

 Opto-mechanical errors and Focal plane 

measurement errors

 Each of this categories contains sub-error budgets 

containing numerous contributors. All of the error 

contributors are described in parametric manner 

depending on the magnitude of their related 

uncertainty

As the total system error budget was 

presented

 in parametrised form, no discussion on 

specific 

error propagation roule was made.

The authors however mention that in future 

such table would be created.

The type of experiment: Absolute or 

Differential greatly influences the total 

asociated experiment uncertainty.

The bigger the number of celestial 

measurment 'fuducials' and refference 

sources, the better the error compensation and 

the less is the uncertainty

Error budgeting as applied to 

the design of the International X-Ray 

Observatory Mandrel Measuring Machine

D.C. Thompson et all

The total uncertainty of each of the critical 

shape paramers of the measured components - the 

observatory mandrels

The measurement machine DoF: X,Y,Z Translational 

and C (rotational degree of freedom) ;

 Y' and Y'' passive (translational DoF for the sensors)

Radius(Average radius, Radius Variation);

 Cone Angle(Average Cone Angle, Cone Angle 

Variation);

 Axial Sag(Average Sag, Sag Variation);

 Axial Figure(Low Frequency, Mid Frequency, 

High Frequency)

 Each of this categories contains sub-error budgets 

containing numerous contributors. The contributors 

errors are spread among the DoF of the machine

Type B Assumptions for the different types 

of errors were made

, on adding correction factor to the P-V 

error estimations.

For the estimation of the combined 

uncertainty  a Gaussian distribution is being 

accepted. The "Hocken's rule" applied

Utotal = (Aritmetic Sum + RSS)/2

The use of error budgeting and 

other precision engineering principles 

as a guide helped to meet the very stringent

 accuracy requirements.

RSS = sqrt(Σui^2) = 

Root Sum of the Squares = 

Combined Uncorrelated Uncertainty with gaussian or t Distribution



 

215 

A.2 Input-output schematic CMM uncertainty evaluation 
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A.3 Input-output schematic empirical modelling] 
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A.4 Input-output schematic Probabilistic FEM 
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A.5 Input-output analysis Meta-models 
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A.6 Accelerator alignment state of art errors as quoted in [8] 
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A.7 Thermal Probes calibration NPL Certificates 
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A.8  Thermal Probes with Agilent DAQ calibration NPL 

Certificates 
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