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Abstract

The Compact Linear Collider (CLIC) is a study of a 3 TeV linear electron—positron (e*e™)
accelerator and is a successor candidate for CERN’s Large Hadron Collider. The CLIC
luminosity target is 5.9 x 10** cm~2s~!, which causes unprecedented pre-alignment
requirements of its main linear accelerator (main linac). Along the 50 km long tunnel, the main
components of any 200 m long section have to be positioned within 10 um from a straight
reference line. The pre-alignment challenge has been studied at CERN since the 1990s, and the
main technical challenges have been solved. This article summarizes the positioning strategy
and presents it to an audience outside the particle accelerator community. The methods can be
of interest especially in the field of large-scale metrology. The positioning strategy consists of
several steps or subsystems. The development of a straight reference line over tens of kilometers

allows absolute positioning of accelerator components, while a process called fiducialization
defines component reference axes with regard to alignment targets. Emphasis is on a support
pre-alignment network that acts as a link between the straight reference line and fiducialization.
The subsystems and remaining challenges in their development are presented. The chosen
strategy’s potential is demonstrated experimentally by building a short test setup.
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1. Introduction

CERN [1] is an international physics laboratory, situated on
the border between France and Switzerland near the city of
Geneva. The Compact Linear Collider (CLIC) study is an
international collaboration led by CERN [2]. In its final form,
CLIC will be a 50km long linear electron—positron (e*e™)
collider. It is proposed as a successor candidate for the cur-
rent flagship accelerator, the Large Hadron Collider (LHC).
Hadron colliders like the LHC are optimized for exploring
new energy levels, whereas e*e™ accelerators produce cleaner
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collisions, making them better for studying the details of cer-
tain energy ranges. The CLIC conceptual design report [3],
proving the overall feasibility of CLIC, was released in 2012.
Since then, the study has been more detailed, concentrating on
the implementation, cost and production issues of the different
technologies involved.

CLIC is proposed to be built in three stages in order to
distribute the costs over time. The building process of each
stage takes several years, so it is also beneficial to be able
to do physics research at lower energies between the building
cycles. CLIC will provide e *e™ collisions with center-of-mass
energies of 380 GeV, 1.5TeV and 3 TeV with configurations
that are housed in 12.1, 29.6 and 50.7 km long main tunnels
respectively [4]. Figure 1 shows the scale of the stages on a
map [5].

An update to the European Strategy for Particle Physics
was published in June 2020 [6]. It declares that a technical and
financial feasibility study for a next-generation hadron collider

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Figure 1. The three stages of CLIC at its potential location near
CERN [5]. Reproduced from [5]. CC BY 4.0.

is a priority in preparation for the long-term. This means that
the 1.5 and 3TeV CLIC options are no longer considered.
However, the strategy update recommends a so-called Higgs
factory as the highest priority to follow the LHC. The 380 GeV
CLIC is a strong candidate for this. This article puts emphasis
on the 3 TeV CLIC. Some of the tolerances presented below
could be relaxed by a factor of two if it is certain that only the
380 GeV CLIC is built [7]. Otherwise, the technical require-
ments, especially on pre-alignment and positioning, are also
valid for the 380 GeV CLIC.

Figure 2 shows the CLIC 3 TeV layout overview. This art-
icle concentrates on the et and e~ main linear accelerators
(linacs), which accelerate the e™ and e~ beams respectively
and deliver them to the beam delivery systems (BDSs), which
do the final preparations for collisions at the interaction point
Ip).

CLIC is based on a two-beam acceleration scheme in which
the radio frequency (RF) power that is used to accelerate the
particle beam is extracted from a low-energy but high-intensity
drive beam (DB). The acceleration itself is done by RF accel-
erating structures (ASs), which are situated on the main beam
(MB). The power is extracted from the DB by power extraction
and transfer units and transferred to the MB by waveguides.
Both beams also have quadrupole magnets, called MBQ and
DBQ, which focus the beams. Each MBQ is equipped with a
beam position monitor (BPM), which measures the transversal
position of the beam passing through the MBQ.

The 380 GeV CLIC could also be built without DB. The
RF power would in this case be generated by RF amplifiers
called klystrons. This is a more traditional approach in particle
accelerators. Regardless of the powering option, the MB and
its associated pre-alignment requirements (presented below)
are the same [4, 5].

1.1. Luminosity

In a particle accelerator like CLIC, two beams of particles
travel close to the speed of light in opposite directions and col-
lide in the middle. An important parameter of an accelerator

is the luminosity £, which means the number of collisions per
area per unit of time. The smaller the transverse size of the
beam o, the higher the luminosity. Furthermore, the beam size
is proportional to the beam emittance €, which is a measure of
the average particle coordinate spread. In the 3 TeV CLIC, the
target £ = 5.9 x 103 cm~2s~! [5]. This causes a high charge
density, which leads to strong beam—beam effects, resulting in
emission of radiation called beamstrahlung [8] and production
of background particles. These harmful parameters are kept
acceptable by using flat beams, which are significantly larger
in the horizontal than in the vertical direction [9]. o, =40 nm,
oy=1nm, ¢, =660 nm and £, =20 nm [3].

One of the key challenges of CLIC is the preservation of
low emittance when the beams travel through the accelerator
complex. If the beam trajectory is not straight, beam particles
with different energies will take slightly different paths, lead-
ing to an increase in the beam emittance. The trajectory is
monitored by the BPMs, so their misalignment with respect
to the beam has the highest impact on emittance growth, fol-
lowed by ASs misalignment [7]. Beam-based alignment cor-
rects these static imperfections, but it can only work as fore-
seen if all the main linac components are mechanically pre-
aligned accurately [3].

12. Pre-alignment

The pre-alignment error budget is defined as shown in figure 3.
The reference axes of all individual components of a certain
type have to be located, in an absolute reference frame, within
a certain radius from a straight reference line along sliding
windows of 200 m (any 200 m long section of the main linac).
The radius is 14 um for the electrical zeros of BPMs and the
electro-magnetic axes of the ASs, 17 um for the magnetic axes
of the MBQs and 20 um for the magnetic axes of the DBQs.
The positioning requirement is even more demanding — 10 um
—in the BDS, which consists of the last 2.75 km on both sides
of the IP (see figure 2) [4].

The pre-alignment requirements that stem from the CLIC
luminosity target are unprecedented in particle accelerators.
For example, in the LHC, the fiducials (see section 2.3)
of dipole magnets and other components are mechanically
aligned to within 0.1 mm. During technical stops, with inter-
vals of several months, traditional surveying instruments are
used to verify the alignment. The accelerator components are
installed on manually adjustable jacks, which are used to pos-
ition the components according to the survey.

An important part of alignment, especially for a linear
accelerator, is the creation of a straight reference line. SLAC
has been a pioneer in the field. The final focus test beam
had strict requirements over 300 m —absolute alignment of
100 pm in radial and 30 pm in vertical. After the initial align-
ment, on-line monitoring was done with a relative alignment
tolerance of 15 um in radial and 5 pum in vertical [10].

There are many x-ray free-electron laser (XFEL) projects
around the world. SwissFEL at the Paul Scherrer Institute
(PSI) in Switzerland is aligned within 50 um in short range
and relative [11]. The European XFEL, coordinated by DESY
in Germany, has an alignment goal of 0.3 mm over 150 m and


https://creativecommons.org/licenses/by/4.0/

Meas. Sci. Technol. 32 (2021) 115015

J Kemppinen et al

540 klystrons
20 MW, 148 ps

drive beam accelerabur
M GeV, 1.0 GHz.

Dnve Beam

25km
delay loop b

(or)
Tom o Commn

e~ main linac, 12 GHz, 72/100 M\/m, 21 km

S
2

ﬁ- .....
2.75 km 2.75km

X 540 klystrons
circumferences | | | 20 MW, 148 ps
delay loop 73m -

CR1293m drive beam accelerator
CR2439m | 24GeV, 1.0GHz.
25km

-1 delay loop

@

i_/\

TA )

ﬁecelerator 25 sectors of 878 m

e* main linac

50 km
combiner ring
turnaround
damping ring
predamping ring
bunch compressor
beam delivery system
interaction point
dump

e~ injector
2.86 GeV

booster linac
2.86to 9 GeV

Main Beam

e* injector

427 m[|389m 2.86 GeV

Figure 2. Overview of the layout of the CLIC 3 TeV configuration [5]. Reproduced from [5]. CC BY 4.0.

Vertical axls

g ~_Longitudinal axis |
Z Z,+100

Figure 3. CLIC pre-alignment requirement. All reference axes of a
certain component type have to be located within a defined radius
(e.g. BPM electrical zeros 14 um) from a straight reference line on
any 200 m window [3]. Reproduced from [3]. CC BY 3.0.

for the connection between monochromators and undulators
0.5 mm over 1000 m [12].

Modern synchrotron light sources have their compon-
ents aligned in tens of micrometers relative to each other.
For example, 60 um for the Extremely Brilliant Source
at the European Synchrotron Radiation Facility (ESRF) in
France [13] and 25 pum for the SPring-8-II in Japan [14].
A good summary of the alignment requirements for particle
accelerators can be found in [15].

The above mentioned projects do not have the same require-
ment level as CLIC pre-alignment. This is especially true since
CLIC alignment tolerances are set in absolute terms in the
200 m sliding windows.

When making the leap from the 0.1 mm level to the
10 pm level, the whole positioning strategy changes. Seis-
mic ground movements, cultural noise, human and industrial
activity, as well as temperature variations, become so signi-
ficant that components need to be frequently readjusted [16].
They remain aligned for hours or days instead of months or

years. Stopping CLIC daily for personnel access is not feas-
ible. Instead, alignment has to be monitored continuously and
corrected when needed, remotely and automatically.

In order to limit the number of items to align, many of the
main components are mounted on 2 m long common supports
called girders before they are installed in the tunnel. Even so,
there will be 40000 items to monitor and position. It is thus
clear that cost is an important design parameter.

CLIC pre-alignment has been studied at CERN since the
1990s. The main technical challenges have been solved, and
many articles and conference papers have been published on
the topic. This article summarizes the positioning strategy and
presents it to an audience outside the particle accelerator com-
munity. The methods can be of interest, especially in the field
of large-scale metrology.

The positioning strategy consists of several steps. To
enable an absolute frame of reference, the CERN coordin-
ate system (CCS; already defined) is brought to the tun-
nel. Through an intermediary step, a straight reference line
for the length of the whole main linac is created based on
stretched wires. Component reference axes are defined in a
local coordinate system (CS) by a measurement process called
fiducialization. The local CSs are accurately transformed to
the general reference (materialized by stretched wires) by
a support pre-alignment network (SPN). The main compon-
ents are positioned with respect to the SPN by positioning
systems.

Wire position sensors (WPSs) and their calibration pro-
cess are introduced in section 2.1. Sections 2.2-2.4 present
the above-mentioned steps of positioning strategy. Sections 3
and 4 are dedicated to the main topic of the article — SPN.
Section 3 presents formulas to calculate the position of a com-
ponent in the general CS. This has not been published before.
The effectiveness of the chosen strategy is demonstrated in
section 4, which presents a short test setup that was built at
CERN, and the results obtained from it.
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2. Positioning strategy

The CLIC pre-alignment error budget has been defined in an
absolute reference frame. This means that a well-defined and
precise CLIC CS needs to be defined. The CCS needs to be
combined with a geodetic reference frame. In addition, a geo-
detic model, built based on astro-zenithal, GPS and gravimet-
ric measurements, is needed. CLIC will have shafts linking
the tunnel to the surface every 2.5 km. Geodetic pillars will
be installed near the shafts on the surface, and they will be
determined in the surface model. The model is then transferred
from the pillars to the tunnel via the shafts with an uncertainty
of measurement of =1 mm using a combination of mechan-
ical and optical measurements. Between the shafts in the tun-
nel, an underground geodetic network that consists of points
in the floor every 50 m is determined with relative uncertainty
of £0.1 mm [17, 18].

2.1. Wire position sensor

Before presenting the next step in the positioning strategy,
an important instrument needs to be introduced. The WPS,
shown in figure 4(a), is a capacitive sensor manufactured by
Fogale Nanotech. It measures the vertical and lateral offsets
of a stretched wire that goes through it. Measurement range
is 10 mm x 10 mm and precision in relative measurements
1 um [19].

The WPS is used to measure the positions of bodies it is
installed on. It is mounted on the body through Kelvin kin-
ematic couplings, shown in figure 4(b). Three ceramic spheres
of 8 mm diameter and ISO 3290 grade 40 (1 pm spherical form
tolerance) are glued to the metrological plate. The WPS has
an interface with a conical cup, a V-groove and a flat surface.
Even though the conical cup is in line contact with the ceramic
sphere and the coupling is thus over constrained, the repeatab-
ility of the coupling is below 1 um. The coordinate vectors uy,
uy, and u; of figure 4(b) can be calculated based on the sphere
coordinates. To complete the coupling CS, its origin is placed
at the WPS theoretical zero [17].

The CLIC positioning strategy is based on a WPS that
is accurately calibrated in absolute. The kinematic coupling
plays a crucial role in the process. It links the sensor voltages
to the CS where the ceramic spheres are defined. Two-phased
calibrations are needed. In the first phase, the WPS is calib-
rated relative to a linearity bench. Afterward, the sensor read-
ings are linked to the coupling in an absolute calibration bench.

A linearity calibration bench for the WPS was developed
at CERN. The bench has a lateral and a vertical displacement
table stacked (XY-guide). Both have a displacement resolu-
tion of 10 nm over a distance of 75 mm. A kinematic coup-
ling for the WPS is installed on the XY-guide. When a WPS
is being calibrated, it is mounted on the coupling, and a wire
is stretched through it. The XY-guide displacements needed to
be verified when the bench was built. An interferometer would
have been the best instrument for this in terms of resolution
and precision. However, it is precise in one direction, whereas
it is important for us to measure the sphere positions in 3D.
In this way, the misalignment between the XY-guide stages is

(b)

Figure 4. (a) Capacitive wire position sensor (WPS). (b) Kinematic
coupling positions the WPS accurately on the metrological plate.

taken into account in the calibration. Therefore, a Leitz Infin-
ity coordinate measuring machine (CMM) with a maximum
permissible error (MPE) for length measurement (MPEE) of
0.3 um + 1 ppm was chosen. In the same measurement pro-
cess, a coordinate system was created for the linearity bench.

The lateral and vertical WPS electrodes have 0-10 V
voltage outputs. The outputs are 5 V when the wire goes
through the sensor center. After the WPS is mounted on the
bench and the wire is stretched through it, the XY-guide is
used to search the position where the WPS output is 5 V. After
this, 127 pre-defined displacements are made. From this data,
a polynomial of degree 36 is fitted for both offsets. The poly-
nomials transform V to mm.

It has been shown that the WPS positions along u;, as well
as around u; and uy, need to be defined within 1 mm and
1°, respectively [20]. These, as well as the rotation around u;
(within 500 prad), are extracted directly from CMM measure-
ments of the kinematic coupling. The remaining two degrees
of freedom (DOF) — translations along u; and #; — need to
be calibrated accurately [17].

The linearity table gives the relative calibration. An abso-
lute calibration bench was also developed at CERN, and is
presented in figure 5. The principle is illustrated on the right.
The calibration bench has a CS RO. There are four kinematic
couplings, R1-R4, which have been defined accurately in RO
using the Leitz Infinity CMM. The photo on the left shows
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Figure 5. WPS absolute calibration bench, which links the sensor centre to the ceramic spheres of the kinematic coupling (R-sensor

WPS) [17]. Reproduced with permission from [17].

how the kinematic couplings have materialized. After the wire
position has been measured by the WPS mounted on one
kinematic coupling, the WPS is moved to another coupling
without touching the wire in between. By comparing the wire
position measurements from the four different couplings, the
sensor readings in mm can be linked to the CS of the ceramic
spheres (R-sensor WPS) [17, 19]. The combined absolute cal-
ibration has an accuracy better than 5 m. This value also takes
into account the uncertainty of the shape of the wire [19, 21].
The WPS location is changed by hand, which is a delicate
operation. Calibrating one WPS takes a long time. In CLIC,
there would be tens of thousands of sensors. This means that
the process would have to be automated.

The wire could be made of any material that conducts elec-
tricity. Other properties, like how much tension can be applied
to the wire, and what its mass is, finally decide the suitable
wire for each case. For example, Carbon PEEK and Carbon
KEVLAR have been used in CLIC studies. WPS calibration
is valid only when the WPS uses wire from the same batch as
the wire used in the calibration.

2.2. Metrological reference network

This article follows a convention where the coordinate axes of
the CLIC CS R-general are defined in the following way. Z is
the direction of the beam, Y is the vertical (positive pointing
upward) and X is the vector fulfilling a cartesian CS. A, B and
C are rotations around X, Y and Z, respectively.

Ruland has proposed to classify alignment systems based
on their main feature — the straight line reference (SLR). The
classification is between an optical and a mechanical straight
line, as well as gravity [22]. The CLIC metrological refer-
ence network (MRN) creates straight reference lines along the
whole main linac. A combination of a mechanical straight line
(stretched wires) and a gravity reference (hydrostatic network)
was chosen.

Stretched wires are used because they can be mathematic-
ally modeled by a straight line in the horizontal plane and a
catenary curve in the vertical plane. It is not possible to stretch
a single wire over the whole main linac length. Therefore,

Alignment reference : Wire length =200 m

Metrological
plate

Overlap : 100 m

Figure 6. Metrological reference network schematic [21].
Reproduced from [21]. CC BY 4.0.

the MRN consists of two series of parallel wires that overlap.
Wires should be as long as possible to minimize error propaga-
tion. However, long wires take up a lot of space because the sag
(see section 3.2) grows with length. Taking both aspects into
account, the wire length choice in CLIC was 200 m and the
wires overlap by 100 m. Figure 6 illustrates the wire configur-
ation [21]. Wire overlapping limits the propagation of error.

A metrological plate, shown in figure 7, is located at each
wire extremity. The coordinates of the ceramic spheres of the
three WPS supports are measured a priori ina CMM in the ref-
erential frame of the metrological plates (R-plate). A 3D trans-
formation from R-sensor WPS to R-plate can be deduced from
the a priori data (the transformation equations of section 3.1
can be used). The MRN also contains intermediary plates
(see figure 6), which add redundancy [21].

The stretched wires will be defined in absolute and thus all
WPS measurements are also in absolute. Therefore, the wires
do not have to be parallel. The only limiting factor is the size
of the WPS opening (10 mm x 10 mm).

In order to have an accurate model of the wire catenary, the
vertical offset between at least three points of the wire should
be known. In order to improve this precision, a hydrostatic
network is added to the MRN. Hydrostatic leveling sensors
(HLSs), which measure the vertical offset with respect to a
hydraulic network, are installed on all metrological and inter-
mediary plates of figure 6 [21].

It would be very beneficial to have a hydrostatic network
over the whole length of CLIC. In principle, there would be no
error propagation, and MRN could be defined very accurately
in the vertical direction. The problem is that the water surface
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Figure 7. Metrological plate of the metrological reference
network [21]. Reproduced from [21]. CC BY 4.0.

along the network follows gravity equipotential, which is not
known accurately. Defining it has been studied for CLIC, but
additional studies would be needed [23].

The MRN has been confirmed to reach CLIC require-
ments in a 140 m long test setup, and it correlates well with
simulations [21]. Before building CLIC, a 200 m long test
setup would be needed in order to define final parameters
— for example, the number and distribution of intermediary
plates (see figure 6). In addition to the MRN presented above,
an optical SLR based on lasers has been studied. This pro-
ject, called LAMBDA, got promising results in a 35 m long
test setup. A 200 m long LAMBDA test setup should be
built together with an MRN one in order to make an inter-
comparison. This would not only decide which system to use
in CLIC, but would also give reliable data on both systems’
performance [25].

2.83. Fiducialization

Fiducialization is the measurement process where a compon-
ent’s reference axis is linked to external metrological targets,
called fiducials. In CLIC, the reference axes are the electrical
zeros of the BPMs, electro-magnetic axes of the ASs, and mag-
netic axes of the MBQs and DBQs. Ceramic spheres that are
attached to the outside of the component are used as fiducials.
Fiducialization is important because the reference axes cannot
usually be accessed after the accelerator has been installed,
while the alignment should be done with respect to the refer-
ence axis [26].

In a project called PACMAN, 10 PhD students developed
methods to accurately fiducialize the most important CLIC
main linac component types. The reference axes of all CLIC
main linac component types can be determined by stretching a
wire through the beam line of the component. Figure 8 shows
the Final PACMAN Alignment Bench (FPAB), where a wire
made of copper and beryllium (Cu 98%, Be 2%) is stretched

Alignment targets
' (fiducials)

/ MM

Seismic sensor

Stretched wire

Displacement stages

Prealignment
sensor interface

Figure 8. Schematic of the final PACMAN alignment bench
(FPAB) [24]. Reproduced from [24]. CC BY 4.0.

between precise displacement stages. The wire goes through a
combination of an MBQ and a BPM. The displacement stages
move the wire until the MBQ and BPM reference axes are
found.

PACMAN studied the reference axis definition of all com-
ponent types mentioned at the beginning of this section. To
study the AS, the conducting wire is used to perturb the first
dipole mode excited in the AS at 17 GHz using a network ana-
lyzer. The electro-magnetic zero is searched by moving the
wire to a position where the perturbation is minimized [27].
For BPM, the wire position has an impact on the electro-
magnetic field of the excited dipole mode of the cavity. This
interference of the dipole eigen-mode takes its minimum when
the wire is positioned on the BPM electrical zero axis [28].
The vibrating wire method was applied and further developed
to determine the MBQ magnetic axes [29].

FPAB is installed on a CMM, as shown in figure 8. The
wire is measured using a touchless probe and the fiducials
using a traditional probe. A new touchless probe that takes into
account the wire’s form error was developed [30]. All meas-
urement data are directly in the same CS, which limits uncer-
tainty. Accurate mobile measurement devices based on micro
triangulation [31] and frequency scanning interferometry [32]
were also developed so that fiducialization can be done outside
the laboratory [33].

In order to reach the pre-alignment requirements presented
in figure 1.2, the fiducialization uncertainty has to be below
12 pm. It was shown that the technologies developed during
the PACMAN project can reach this goal [34].

MBQs and their associated BPMs will be positioned separ-
ately in CLIC. Each MBQ is equipped with four WPS supports
(see figure 4(b)). Other types of components are installed on
common 2 m long girders. During the PACMAN project, a
method to position the components accurately on girders dur-
ing fiducialization was developed [18]. All girders are also
equipped with four WPS supports. The fiducialization process
defines the WPS positions of both MBQs and girders in their
CSs (R-girder).

2.4. Positioning systems

The MRN (section 2.2) provides the straight reference line.
Fiducialization (section 2.3) gives component reference axes
and alignment sensors in R-girder. Two more systems are
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needed to complete CLIC active pre-alignment. The SPN links
fiducialization to the MRN and defines the necessary trans-
formations from the component reference axis to R-general.
The SPN is the article’s main topic, and it is presented in
section 3. It is not enough to know the girder and MBQ pos-
itions; they also need to be adjusted. They are thus equipped
with motorized positioning systems with micrometer redsolu-
tion in five DOF (translation along Z is not as important and
can be mechanically blocked).

It has been demonstrated that linear actuators can be used
to position the girders in the DB side [35]. All DB girders are
linked to one another, and each joint is equipped with two ver-
tical and a horizontal linear actuator. This snake-like config-
uration allows positioning of the girders in five DOF within
requirements.

The main beam is more challenging. Because of the mix
between girders and MBQs, the snake-like configuration is not
practical. It has been shown that a parallel kinematic configur-
ation of five eccentric cam shafts, called a cam mover, meets
the CLIC positioning precision requirements in 5 DOF [36].
However, blocking translation in Z while maintaining the pos-
itioning precision has not yet been demonstrated. For this
reason, and because of a new requirement to position the MB
girders also in Z-translation, a six-axis cam mover has been
proposed [18]. The MBQ positioning system has an additional
stiffness requirement [37], which has not yet been met simul-
taneously with the micrometer resolution requirement.

3. Support pre-alignment network

As mentioned in section 2.3, CLIC MB AS and all DB com-
ponents will be installed on 2 m long common girders. They
are fiducialized and adjusted iteratively so that they are well
aligned in the girder CS (R-girder). Contrary to other types
of components, MBQs are not installed on girders. Instead,
their positions will be adjusted and measured directly. Both
the girders and MBQs are equipped with four WPSsw each.
Thanks to the calibration and fiducialization processes that
were presented in section 2, the WPSs measure component
reference axis locations in girder or MBQ CS (R-girder).

The SPN acts as the link between fiducialization and the
MRN. From the SPN point of view, girders and MBQs can be
considered to be equivalent. As stated in section 2.4, girders
and MBQs will be equipped with either a five DOF position-
ing system where translation along the beam is mechanically
blocked or with a six DOF positioning system. The girder
and MBQ target positions will be calculated by a smoothing
algorithm that requires their current positions as inputs.

Figure 9 shows the configuration of stretched wires for
both the MB and the DB. The two inner wires form the MRN
(metrological plates, see figure 6) and part of the SPN. With
only the inner wires, MBQ and girder position parameters X,
Y, A and B can be measured in R-general. Adding the outer
wires and thus the number of WPSs per girder and MBQ
from two to four enables also accurate C parameter measure-
ment. It also brings redundancy (eight measurement points for
five unknown parameters). Approximate positions along the

DB side
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_= Metrological plate (MRN) - 3 knenr Achiintins

Figure 9. Main beam and drive beam sensor and girder
configuration [18]. Reproduced with permission from [18].

beam Z have to be measured during installation with other
methods.

The length of the wire as well as the design and distri-
bution of metrological and intermediary plates of the outer
wires have not yet been determined. The very first metrolo-
gical plate of CLIC will be fixed and house a WPS for all four
stretched wires. After that, the wires do not have to be per-
fectly parallel. In fact, it is enough that all wires pass through
all their designated WPS. Positions of all other metrological
and intermediary plates can be adjusted during their install-
ation and, if needed, afterward during a maintenance break.
The four stretched wires will be installed and defined before
the girders and MBQs are installed. This means that when the
WPSs are installed around the stretched wires, their positions
in R-general will be known.

In the short test setup, which is presented in section 4, there
are two metrological plates and one MBQ between them. Two
wires are stretched between the metrological plates, one on
each side of the MBQ. The goal is to simulate the SPN by
creating a similar measurement situation to any of the girders
or MBQ in figure 9.

The metrological plates of the test setup are considered to
be fixed. Metrological targets are attached to them. The targets
are measured in local (R-plate) and general (R-general) CS. In
section 3.1, the formulas of transformation through geometric
similarity are presented.

Sections 3.1-3.3 contain least-squares adjustment and error
propagation through the adjustment. These methods are fre-
quently used in topography, and the equations are derived e.g.
in [38].

3.1. Transformation to R-general

In this section, the transformation from R-girder or R-plate to
R-general is defined. The transformation parameters are col-
lected in vector x, which is calculated using the least squares:

x=[x Y Z A B C 7, (1)

where X, Y and Z are translation parameters and A, B and C
are rotations around the X, Y and Z-axes, respectively. 7 is the
scale factor. The observation equation of the transformation is:

gx)=M;=[X Y Z]' +7R.R,R.m; )

where m; is a target point j in R-plate and M; is the same point
in R-general. The rotation matrices around X, Y and Z (s means
sine and ¢ means cosine) are:



Meas. Sci. Technol. 32 (2021) 115015

J Kemppinen et al

1 0 0

R.,= (0 cA —sA|, 3
_O SA A |
[ ¢B sB]

R,=|0 1 0], “4)
|~ sB 0 CB_
[cC —sC 0]

R,= |sC cC O0]. ®))
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In every iteration, the m items of the m-by-1 parameter vec-
tor x are updated:

2D = x 0 4 3, (6)

The convergence criterion is that the L2 norm of the least-
squares result vector ¥ is below ¢ (equal to 1 nm in the study).
The least-squares solution is:

f=N"'C=(A"PA)"'A"Pb, (7

where N~ !C is called a system of normal equations, in which
N =A"PA is rectangular, symmetric, and generally positive
definite and reversible. The least-squares condition is:

ATPv =0, (8

A is the n-by-m Jacobian matrix of g(x¥)), n is the number of
observations, which is three times the number of target spheres
(X, Y and Z coordinates), and m is the number of parameters
to fit (Iength of x):

2a1(x) . dm()
Oxk Oxk,
A= : - o C))
Ogn (xk) ... O (xk)
Oxk Oxk,
P is an n-by-n weight matrix:
/o - 0
P=| | (10)
0 e 1/02

where o; is the a priori uncertainty of observation i. o; is cal-
culated on every iteration through a Monte Carlo simulation,
which is based on a coordinate transformation using the cur-
rent iteration x®) and the measurement uncertainties of the
CMM and the laser tracker:
v=Ax—Db, (11
which contains the deviations between the model and the
observations. b is called the measurement vector:

b=I1-g, (12)

where [ is the observation vector, containing the laser tracker
measurements M;. The vector g contains the metrology meas-
urements m; that have been transformed using equation (2)
with the current iteration x*) and the observation that corres-
ponds to the row:

g = gi(x"). (13)

3.2. Stretched wire model

Through the absolute calibration of the sensors, WPS voltages
can be converted to measurement points in the plate and com-
ponent CSs. The metrological plates (and intermediary plates)
are considered to be stationary, and the transformations from
their local coordinates to the general ones are defined above.
The other components (girders and MBQs), on the other hand,
can be positioned using positioning systems so their posi-
tions need to be defined and monitored continuously after the
installation using the WPS.

T, and T, are the X- and Y-translations of a component and
unknown. T, is less important, and it cannot be measured using
the WPS, so the Z coordinate is taken directly from the laser
tracker measurement data and considered known. 6,, ¢, and
0, are the component rotations around the coordinate axes and
also unknown. The rotation matrix R = R.R R, is calculated
using equations (3)—(5), replacing A, B and C with 6., 0, and
0, respectively.

The stretched wires in figure 9 link the metrological plates
to the components that can be positioned. Since the WPSs
measure points that are constrained by the wires, the mobile
components’ positions can be calculated by modeling the
wires and knowing the Z-positions of all WPS along the wires.
Since the transformations of the plates are known, the remain-
ing unknown parameters are the X- and Y-coordinates of the
first WPS of each wire, and the offsets of the X- and Y-
coordinates between the first and the last WPS of each wire,
AX and AY. The m= 13 unknown parameters are gathered
inx:

X ]
AX,
Y
AY,
X5
AX,
X = Yz
AY,

(14)

=N

=

The generalized least-squares method, presented through
equations (2)—(13), can be used again to solve x. The n-by-1
vector / contains the n =16 WPS observations (eight sensors
measuring X- and Y-offsets), transformed to R-general. The
remaining task is to find the observation equation g(x).
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The wires can be modeled as straight lines in the lateral and
catenary curves in the vertical direction. To model the caten-
ary, the wire sag is calculated [39]:

 gql?

f=7 (1)

where g is the gravitational acceleration, ¢ is the linear mass
of the wire, [ is the longitudinal distance of the wire ends,
and T is the tension applied to the wire. As mentioned in the
MRN section, the wire sag model accuracy can be improved by
adding a hydrostatic network. In the next section, the approach
is validated using a short test setup. The wire catenaries can
be modeled accurately without HLSs. Thus, for simplicity,
the hydrostatic network is omitted in this article. Its model-
ing principle can be found in [17]. The next step is to calculate
the wire sag at each WPS location:

_YAZ | h—4fAZ,

i , 16
2 ] (16)

where Z; is the distance between WPS j and the beginning of
the wire along Z, and & is the vertical offset between the two
ends of the wire.

The vector g has 16 items, like I. The observation equation
g(x) is not the same for each item of g this time. Each WPS
produces two items, based on the X and Y-measurements
respectively. If the WPS is located on a metrological plate:

(x) = X; +% AX; n 0
EX =1y, [ [AY; i
Since the metrological plates are at the extremities, f; =0.

If the WPS is located on a component, g(x) includes trans-
formation from the local CS to R-general:

a7

, X; AZj AX; 0 T,
gw) =R |vi| + =2 Ay |+ 5| - |1, (18)
Zi 0 0 T,

Both Z; and T, are taken from the laser tracker measure-
ment data and since they are known, only the two first lines of
g(x), corresponding to X- and Y-directions, are included in the
vector g.

The weight matrix P is calculated using equation (10) and
o; is the a priori uncertainty of observation i. All observa-
tions of I are made with the WPS sensors. They are considered
equally precise with each other and in both directions. o; is the
precision of the absolute calibration process, and it includes
the uncertainties of the CMM and the laser tracker.

3.3. Measurement accuracy

The next step is to calculate how the observational uncertain-
ties propagate to the parameters x that were calculated using
the least-squares method. The following formulas apply to
both the coordinate transformation and the wire model. In the
following, it is assumed that the observations are independent
(diagonal covariance matrix) and that the random errors have

centered normal distributions. The n-by-n a priori covariance
matrix of observations 33; is the inverse of the weight matrix P
(see equation (10)). The real covariance matrix of observations
is then:

2 =525, (19)

where s(% (in R) is called the variance factor of the unit weight.
One can estimate the exactness of the a priori uncertainties
from sg. If it is exactly 1, the a priori uncertainties are correct.
Below 1 means that they are pessimistic and above 1 means
that they are optimistic. The exact value of sé cannot be known,
but it can be estimated:

AT a—1Aa ~Tpa
S%:vEL]v:vPv7 20)
n—m  n—m
where
P=A%-b, @2y

is the n-by-1 vector of measurement residuals. X and b are
taken from the last iteration, when the least squares converge.
The assumption that the random errors have centered normal
distributions leads to an assumption that ¥ follows a normal
distribution. Then, $7P9 should have x? distribution of n — m
DOF. The goodness of the fit can be evaluated by testing
whether this is the case. A null hypothesis H that s3 =1 is
made. (n—m)53 should be close to 1 and found in the inter-
val [y1,7,] with a chosen probability . The border values
1 and 7, can be found in inverse x> table with probability
levels (1 — «)/2 and (1 + «)/2, respectively, as well as (n — m)
DOF. Depending on whether the x? test succeeded or not, the
n-by-n covariance matrix of the residuals is calculated using
equation (22) or (23) correspondingly:

¥, =52 (P~ —AN'AT) (22)

3, =P ' —AN"'AT. (23)
The diagonal variance terms of 33, denoted as éi, are used
to normalize the residuals:

. Vi

wi:ﬁ.

The normalized residuals can be validated by knowing that
they follow a Student’s 7 distribution with n — m DOF. A pos-
teriori variance—covariance matrices of the fitted parameters
x, depending on whether the ? test succeeded (equation (25))
or not (equation (26)):

(24)

2, =8N! (25)

3. =N (26)

Fitted parameter precisions are the square roots of the diag-

onal terms:
Wi =4/ Ex,',,»-

@n



Meas. Sci. Technol. 32 (2021) 115015

J Kemppinen et al

Alignment
target supports |

Figure 10. Test setup containing a prototype MBQ and the alignment sensors to measure its position accurately.
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Figure 11. CLIC main beam quadrupole pre-alignment test setup
schematic. The setup consists of two metrological plates (MPA and
MPB), an MBQ, two stretched wires and eight WPS sensors.

4. Experimental setup

A short experimental setup, shown in figure 10, was built at
CERN. It simulates the SPN that links the girder or MBQ
fiducialization to the MRN. The MBQ position in figure 10
is measured just like any girder or MBQ position in figure 9.
The goal was to demonstrate the CLIC positioning strategy’s
accuracy in short distance.

Figure 11 shows the same test setup configuration. It con-
sists of an MBQ and two metrological plates, A and B
(MPA and MPB hereafter). Two stretched wires and a total
of eight WPS sensors are installed in the setup. With such
short stretched wires, the catenaries can be modeled accurately
without a hydrostatic network. For convenience, the R-general
origin is located at the center of the MBQ on the beam line, and
it is not attached to the MBQ.

4.1. Measurements before installation

Before the test setup was installed, the ceramic spheres of all
WPS supports were measured in the local CS (R-girder and
R-plate). In order to perform the transformations presented
in section 3.1, additional magnetic metrology target supports
were attached to both plates. MBQ also has additional targets
for measurement of its location along Z. Some of the target
supports are visible in figure 10; 1.5 inch prisms or spheres
can be attached to the supports during measurements.

The plates MPA and MPB have five target supports each,
and MBQ has eight. The measurement of one of the points
on plate B was unsuccessful (statistical test), and it had to be
dropped. In addition, MPA and MPB have two WPS each, and

MBQ has four. WPS supports consist of three 8 mm ceramic
spheres; see section 2.1.

The MBQ points were measured using a Prismo Ultra
CMM before installation. Its MPE is 0.0012 mm + L/500 mm.
The MPA and MPB points were measured a priori with a
Leica AT401 laser tracker. Its MPE is 0.75'’ in angular and
0.008 mm =+ 1 ppm in distance. o; of the MBQ and plate point
observations are then estimated to be 0.002 and 0.010 mm,
respectively. These numbers stem from previous experience
with the instruments, and were verified after measurements
with statistical tests (see section 3.3).

The results are gathered in table 1. It contains only the 1.5
inch target measurements because they are used to determ-
ine the transformation from R-plate to R-general. The WPS
coordinates after transformation to R-general are published in
tables 3 and 4. The targets on the MBQ are used in the next
section to measure the MBQ position in Z.

4.2. Measurements after installation

After installation of the setup, the 1.5 inch targets were meas-
ured in a common CS using the Leica AT401 laser tracker.
The laser tracker was measuring the targets from three dif-
ferent positions, called stations, during the same afternoon.
The results were linked using a built-in feature called uni-
fied spatial metrology network (USMN) [40] of the software
SpatialAnalyzer® (SA) by Hexagon Metrology. The a pos-
teriori precisions of the measurement were 0.86’’ (horizontal
angle), 0.86"’ (vertical angle) and distance 0.007 mm. The res-
ults are gathered in table 2.

4.3. Transformations and analysis

Tables 1 and 2 list the positions of the same targets but in
different CS. They and formulas of section 3.1 were used to
define transformations from MPA and MPB local CS to R-
general as well as MBQ position in Z.

The a priori and laser tracker measurements were used to
calculate transformations using geometric similarity. These
transformations were used to calculate the WPS positions in
R-general. The maximum wire sag was then calculated with
equation (15), where g=9.81 ms~2,¢=2.35x 10~* kg m™!
(linear mass of the wire Carbon Peek), /=1.453 m and
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Table 1. Plate and MBQ target points in their local reference frames, measured with Prismo Ultra CMM (MBQ) and Leica AT401 laser

tracker.
x (mm) y (mm) z (mm) o (mm) oy (mm) o, (mm)
MBQ1 —154.213 —73.005 258.434 0.002 0.002 0.002
MBQ2 9.068 —72.221 257.546 0.002 0.002 0.002
MBQ3 180.18 —72.222 257.506 0.002 0.002 0.002
MBQ4 —157.942 —85.119 —249.976 0.002 0.002 0.002
MBQ5 89.138 —84.807 —244.83 0.002 0.002 0.002
MBQ6 216.26 —80.38 —224.976 0.002 0.002 0.002
MBQ7 0.694 143.516 128.313 0.002 0.002 0.002
MBQS8 4.803 142.861 —131.764 0.002 0.002 0.002
MPA1 —210.752 2.624 —132.513 0.010 0.010 0.010
MPA2 —119.416 2.607 16.273 0.010 0.010 0.010
MPA3 32.437 2.697 —63.035 0.010 0.010 0.010
MPA4 103.139 2.624 13.282 0.010 0.010 0.010
MPAS 215.408 2.604 —132.081 0.010 0.010 0.010
MPB1 —209.934 2.685 61.92 0.010 0.010 0.010
MPB2 —121.525 2.671 —88.618 0.010 0.010 0.010
MPB3 —17.607 2.644 —14.662 0.010 0.010 0.010
MPB4 122.679 2.687 —90.706 0.010 0.010 0.010
MPBS5 210.26 2.673 60.067 0.010 0.010 0.010
Table 2. Plate and MBQ target points in R-general, measured with a laser tracker.
x (mm) y (mm) z (mm) ox (mm) oy (mm) o, (mm)

MBQ1 —154.584 —73.099 257.955 0.005 0.005 0.004
MBQ2 8.72 —71.815 257.469 0.009 0.008 0.008
MBQ3 179.838 —71.293 257.867 0.008 0.008 0.008
MBQ4 —157.026 —83.316 —250.529 0.007 0.006 0.005
MBQ5 90.064 —82.275 —244.777 0.007 0.006 0.005
MBQ6 217.133 —77.541 —224.589 0.009 0.008 0.009
MBQ7 —0.006 144.379 129.008 0.005 0.005 0.004
MBQS8 4.749 144.719 —131.067 0.006 0.005 0.004
MPA1 —230.921 —207.214 —859.056 0.011 0.012 0.011
MPA2 —139.399 —207.328 —710.365 0.006 0.005 0.005
MPA3 12.368 —207.23 —789.829 0.007 0.006 0.006
MPA4 83.152 —207.345 —713.617 0.006 0.005 0.005
MPAS 195.281 —207.307 —859.111 0.008 0.006 0.006
MPB1 —230.001 —207.281 788.553 0.009 0.008 0.008
MPB2 —141.489 —207.528 638.085 0.006 0.006 0.005
MPB3 —37.614 —207.443 712.129 0.007 0.006 0.006
MPB4 102.756 —207.494 636.132 0.005 0.005 0.005
MPBS5 190.249 —207.278 786.964 0.008 0.007 0.007

Table 3. Wire 1 parameters.

x (mm) v (mm) z (mm) AZ; (mm) fi (mm)
WPS 5 244,220 —173.373 —762.056 0 0
WPS 1 244.023 —172.566 —249.633 512.423 —0.0036
WPS 2 243.604 —171.715 258.603 1020.661 —0.0033
WPS 7 243.455 —171.097 691.924 1453.982 0

T =150 N. This yields a sag of 4 um. The next step was to
calculate the wire sag at each WPS, f;, using equation (16). In
this setup, the wire ends are at the same heights (h=0). The
WPS coordinates, AZ; and f; of wires 1 and 2 (see figure 11),
are gathered in tables 3 and 4 respectively.

In the least-squares calculation of MBQ position, the uncer-
tainties of the CMM and the laser tracker are added to the pre-
cision of the WPS absolute calibration process. The combined
a priori ;= 0.005 mm for the WPS mounted on the MBQ
and o; = 0.010 mm for the WPS mounted on the metrological
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Table 4. Wire 2 parameters.

x (mm) y (mm) z (mm) AZ; (mm) fi (mm)
WPS 6 —283.410 —181.247 —761.447 0 0
WPS 4 —282.884 —180.797 —252.239 509.208 —0.0036
WPS 3 —282.557 —180.192 257.441 1018.888 —0.0033
WPS 8 —282.112 —179.722 691.596 1453.044 0

Table 5. MBQ position in R-general.

Value Precision (1 o)
Ty 0.082 mm 0.007 mm
T, 1.342 mm 0.006 mm
Oy 794.9"' 2.5"
0y —453.2" 2.5"
0, 595.1" 43"

plates. The MBQ position and associated precisions are listed
in table 5.

There are 13 unknown parameters and 16 WPS observa-
tions, resulting in three DOF. With a 0.95 confidence level,
§3 should be in the interval [0.07, 3.12]. In this case 53 = 1.85,
which means that the X2 test is passed. However, the amount of
DOF is low. Therefore, the precisions in table 5 are calculated
using equation (26). The maximum normalized WPS residual
is 0.005 mm on the MBQ and 0.009 mm on the metrological
plates.

The test setup shows that at short distances, the positioning
strategy can reach CLIC accuracy requirements. However, this
measurement did not take into account the uncertainty of fidu-
cialization. On the other hand, the metrological plates were not
measured in a CMM, and the MBQ points were not measured
with the most accurate CMM available at CERN. MBQ pos-
ition can be monitored continuously with approximately the
precisions indicated in table 5, except the direction along Z,
which is less important.

5. Conclusions

The CLIC luminosity target provides stringent requirements
for the pre-alignment of the main linac components. The ref-
erence axes of the main components of any 200 m long section
have to be within a radius of 14-20 um from a straight refer-
ence line. This article presents the strategy that was adopted to
meet the requirements.

An accurate reference line can be created based on stretched
wires and capacitive WPSs. With the results of the PACMAN
project, the components can be fiducialized and positioned on
their common support girders very accurately at the same time
as the WPS positions are measured in girder CS. Emphasis of
the article was on SPN, which links MRN and fiducialization.
The equations for calculating the girder (or MB quadrupole,
which is positioned independently) positions with respect to
the stretched wires were published. The remaining challenges
were mentioned in the presentations of different systems in
sections 2 and 3.

A short setup consisting of MBQ, two metrological plates,
two stretched wires and a total of eight WPSs was used as an
example. The MBQ position and orientation in five DOF were
calculated based on a priori data and WPS measurements. The
setup demonstrated that a component’s position can be mon-
itored according to CLIC pre-alignment requirements.
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