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Abstract 
A complete solution was proposed for the pre-alignment 

of the CLIC main linac in 2012 for the Conceptual Design 
Report. Two recent studies provide new perspectives for 
such a pre-alignment. First, in a study on Particle Acceler-
ator Components Metrology and Alignment to the Nano-
metre scale (PACMAN), new solutions to fiducialise and 
align different types of components within a micrometric 
accuracy on the same support were proposed and validated, 
using a stretched wire. Second, 5 degrees of freedom ad-
justment platform with plug-in motors showed a very ac-
curate and efficient way of remotely adjusting components. 
By combining both, we propose a new strategy for the in-
stallation and alignment of the CLIC main linac, object of 
this paper. 

INTRODUCTION 
In 2012, we proposed in the Conceptual Design Report 

of the CLIC collider [1] a general strategy for the pre-align-
ment based on two assumptions. Considering the high 
number of components to be aligned, e.g. more than 4000 
Main Beam Quadrupoles (MB Quad), 160 000 Accelerat-
ing structures (AS) and 40 000 Drive Beam Quadrupoles 
(DBQ), we proposed to pre-align several components on 
the same support. This allows simplifying the process of 
alignment later in the tunnel: we will just align the support 
itself and no longer the components on it, the support being 
equipped with alignment sensors and being supported by 
actuators to perform active pre-alignment [2]. The second 
assumption relies on high tolerance of manufacturing of 
the support and of the outer surface of the components to 
align the components on their supports [3]. It appeared that 
mechanical tolerances were difficult to be fulfilled (in par-
ticular the ones concerning the AS assemblies) and were 
very costly. Then, some question marks were raised con-
cerning the stability of such a micrometric pre-alignment 
after transport on surface and underground. 

Two recent developments, combined together, can solve 
the issues raised and provide new perspectives. First, we 
developed methods to determine the reference axes of ac-
celerator components using a stretched wire, and to meas-
ure the position of the wire w.r.t. external targets by porta-
ble methods of measurements with micrometric uncer-
tainty of measurement. Secondly, we designed a compact 
platform to perform micrometric adjustments according to 
5 Degrees of Freedom (DoF). The first part of the paper 
will resume the results achieved on both developments and 
we will then present the new strategy for the main linac 
installation and alignment. 

PACMAN PROJECT AND ASSOCIATED 
RESULTS 

Introduction to the PACMAN Project 
PACMAN is an acronym for a study on Particle Accel-

erator Components’ Metrology and Alignment to the Na-
nometre scale [4]. The project took place from September 
2013 to August 2017. It was an EU-funded Initial Training 
Network where 10 students were working towards a PhD 
thesis on new solutions for the alignment of CLIC compo-
nents, in microwaves, magnetic measurements, metrology, 
large-scale metrology, high precision manufacturing, nano-
positioning. The main objective of the project was to vali-
date all the new methods developed on a common test 
bench (namely the PACMAN bench, Fig. 1) consisting of 
a real MB Quad, a BPM and AS in the environment of a 3D 
Coordinate Measuring Machine (CMM), with an uncer-
tainty of measurement (MPEE, ISO 10360-2) of 0.3 µm + 
1 ppm [5]. 

 
Figure 1: PACMAN bench. 

Main Results Achieved 
Introduction: among the significant results achieved 

[6], we demonstrated that the reference axis of the main 
CLIC components could be determined within a micromet-
ric repeatability and an accuracy below 10 µm, using 
a common CuBe stretched wire (98% Copper, 2% Beryl-
lium 0.1 mm diameter wire).  

Measurement of the reference axis of AS:  a new 
non-destructive technique has been proposed to determine 
the electro-magnetic center of AS cells, based on a wire 
stretched inside the AS. The wire disturbs the originally ex-
cited Electro-Magnetic (EM) field in one cell and the per-
turbation is minimum when the wire is at the center.  The 
EM center was measured with a resolution of 1 µm and 
a repeatability below 5 µm (after change of wire) in a 
CLIC TD24 AS [7]. We can extend such a method to all 
cells, by increasing the number of Vector Network Ana-
lyzer ports to measure the centres of cells simultaneously. 
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In that case, the wire would materialize the average EM 
centre of the structure [7]. 

Measurement of the reference axis of a 15 GHz BPM: 
in that case we use the same perturbation method as for the 
AS. The interference on the dipole eigen-mode excited by 
the wire is at its minimum when the wire is at the electrical 
centre of BPM. We demonstrated a resolution below 12 nm 
and a sub-micrometric repeatability [5][8]. 

Measurement of the reference axis of a MB Quad: 
the wire, stretched through the quadrupole, is fed with a 
sinusoidal current signal and starts to oscillate inside the 
magnet. The amplitude of displacement of the wire is at its 
minimum when the wire is located at the magnetic axis. 
Different corrections then have to be applied (sag of the 
wire, background fields, etc.) and for a given intensity of 
the magnet, the position of the magnetic axis is known 
within a sub-micrometric repeatability [5]. 

Determination of the position of the wire w.r.t. exter-
nal targets, once the wire is located at the reference axis 
of the components. We demonstrated that portable means: 
Frequency Scanning Interferometry (FSI) (absolute dis-
tance measurements) [9] or micro-triangulation (angle 
measurements) could perform such a fiducialisation pro-
cess. First tests carried out on the PACMAN bench showed 
that for targets located on the MB Quad measured by both 
CMM and FSI from 10 stations, the coordinates of points 
agreed within 2 µm [5]. The position of the wire was meas-
ured using the alignment targets located on the stretching 
device. We stretch the wire by a pre-tensioning system us-
ing a stepper motor. Each wire extremity lays in between 
two ceramic spheres with a known diameter. The determi-
nation of the wire w.r.t. the alignment targets was measured 
within 4 µm. 

 
Figure 2: PACMAN bench and micro-triangulation.  

The same targets on the MB Quad were also measured 
by four stations of micro-triangulation and crosschecked 
by CMM measurements. Preliminary results showed an ac-
curacy always inferior to 20 µm, and an orientation of the 
wire within 40 µm/m. The stations configuration was not 
favourable at all (Fig. 2): as all the targets were located on 
top of the quadrupole, the tripods needed to be at a height 
of 2.3 m. For a delta of temperature of 0.4 K, this had an 
impact of 21 µm over cycles of 1.5 h [5]. 

FIVE DEGREE OF FREEDOM PLAT-
FORM 

The Initial Requirements and Results 
We decided to develop such an adjustment tool, after 

having spent more than 1 day aligning 2 DB quadrupoles 
on the same girder, within 20 µm, using shims [10]. The 
main constraint for the design of the platform was that we 
had hardly any space to integrate it: less than 2 cm between 
the girder and the component [11]. We laid the emphasis 
on the access to the platform (all the adjustment knobs are 
located on the same accessible side), on an intuitive kine-
matics (the displacement on one axis has nearly no impact 
on the other axes), allowing micrometric adjustments over 
a range of at least ±1 mm. 

The new platform integrates a fixed part linked to the 
girder and a movable part attached to the quadrupole. Two 
differential threads allow radial displacement of the quad-
rupole, while a combination of wedges and regulation 
screws allow three vertical displacements. In each case, 
flexural guides provide the backlash free and rigid regula-
tion along the DoF concerned and flexibility for the other 
ones.  

Towards a Plug-In Solution 
Tests carried out demonstrated that the initial require-

ments were fulfilled: we achieved a resolution lower than 
2 µm over ± 1 mm of stroke [12], and that the position of 
the platform is stable along time. First displacements were 
carried out by acting manually on the knobs. Considering 
the number of DB quadrupoles that will have to be aligned 
for a 3 TeV configuration of the CLIC accelerator, a spe-
cific plug-in solution has been developed. Using this solu-
tion, it takes less than 1 minute for an operator to plug tem-
porarily motors on the adjustment knobs and perform the 
requested adjustment. The dismounting of the whole as-
sembly is as easy as its installation. 

 
Figure 3: plug-in motors. 

The position feedback (Fig. 3) can be given by different 
means: punctual measurements using a laser tracker to fol-
low the difference of position of different targets during the 
process of readjustment, permanent measurements using 
alignment sensors coupled to the quadrupole or plugged 
just before the adjustment process to monitor the displace-
ments carried out. 
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Figure 4: First alignment scenario. a) The support assembly with its misaligned components and the equipped marble 
with FSI. b) Adjustment of the components using plug-in motors and FSI measurements.

ALIGNMENT SCENARIOS PROPOSED 
To relax manufacturing tolerances on CLIC components 

and gain time and accuracy, we propose two scenarios of 
fiducialisation and alignment of components. In the first 
one, we fiducialise the components and then we adjust 
them at a micrometric accuracy, either in lab or in the tun-
nel, within a few minutes, in an automatized process, while 
for the second one, we perform at the same time the fidu-
cialisation and adjustment of the components on their sup-
port. 

In both cases, we insert a 5 DoF adjustment platform be-
low each component and its girder assembly. 

First scenario 
The first scenario consists of the following steps (Fig. 4): 
- Each component is fiducialised individually using 

methods and techniques developed in the PACMAN 
project, i.e. inserting a stretched wire inside the com-
ponents and measuring its position w.r.t. external tar-
gets, by either CMM or FSI measurements. In parallel, 
each girder assembly is fiducialised as well. 

- Each component is installed roughly (within a submil-
limetre accuracy) on the common girder assembly. 

- We transfer the girder assembly to an equipped marble 
with FSI and /or micro-triangulation systems. 

- We determine the position of the fiducials of the com-
ponents and girder assembly by FSI and/or micro-tri-
angulation systems. 

- We connect plug-in motors to all adjustable platforms. 
- We adjust the components at their nominal position on 

their girder assembly. The new position of their targets 
is measured in the girder referential frame. 

- The girder assembly is ready to be transferred and in-
stalled in the tunnel. 

Individual fiducialisation and alignment of components on 
girders are steps that can be fully automatized and per-
formed within a small duration of a few minutes. FSI and 
micro-triangulation are portable measurement systems: 
such an adjustment can be performed in either the assem-
bly premises or underground, after transport of the support 
assemblies. In that case, the alignment systems will have 
to be integrated in rigid and easily movable structures 
while plug-in motors will be directly installed on the plat-
forms between two sets of measurements. 

Second Scenario 
In the second scenario, the fiducialisation and adjust-

ment of the components on their girder assembly take place 
at the same time and location. We roughly pre-align the 
components on their girder assembly, and we equip them 
with alignment targets. We stretch a wire through the com-
ponents. We put the wire at its nominal position using dis-
placement stages. Then, for each component, we install 
plug-in motors on the platform adjustment knobs, and we 
displace the platform until the wire is located at the refer-
ence axis of the component. Once all the components are 
adjusted at their nominal w.r.t. the girder, the fiducialisa-
tion can take place. The girder assembly plus its compo-
nents are ready to be transferred in the tunnel.  

Such a method cannot be used directly in the tunnel as it 
is impossible to install a wire through the components at 
that stage, but the first scenario can be applied using the 
alignment targets on the components and on the girder. 

 
CONCLUSION 

With such an association of adjustment systems and very 
accurate and portable measurements, the manufacturing 
tolerances of the assembly supports and of the outer surface 
of the components can be considerably reduced. This cor-
responds to a gain of time and cost during the manufactur-
ing process. Such a combination allows also a very inter-
esting flexibility as the fiducialisation and pre-alignment of 
the components on their assembly support can take place 
in the industry premises, at CERN on surface, or under-
ground, once the components are in place, keeping the 
same accuracy. 

We propose the first scenario in the updated baseline of 
CLIC, e.g. fiducialisation of the components using tech-
niques developed in the PACMAN project, and alignment 
and adjustment of the components on their assembly using 
portable means and adjustment systems, either in the man-
ufacturer premises or underground in the tunnel after 
transport. 
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