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Abstract

The CLIC! project has imposed pre-alignment tole-
rances on the transversal and vertical positions of the
components of 10 um along a 200 m sliding window.
This specification has led to the concept of overlapping
stretched wires being used as pre-alignment references
and as the basis of a metrological reference network. In
order to demonstrate the feasibility of this concept, the
problem has been broken down in terms of the man-
agement of coordinate systems. This requires the sys-
tematic use of absolute calibrated sensors and CMM?
measured supports. In addition, a more reliable model
of stretched wires has been developed. This paper des-
cribes the simulated and experimental results from the
140 m TT13 setup.

INTRODUCTION

Before the implementation of the beam based feed-
back, the components of the CLIC main linac must
be pre-aligned according to 3¢ tolerances on their
transversal and vertical positions of 10 um along a
200 m sliding window [1].

A pre-alignment strategy has been defined, from the
geodetic measurement on the surface to the final po-
sitioning in the tunnel [4]. The metrological reference
network (MRN) is designed to provide the parameters
of the stretched wires modelings, according to which
the CLIC components will be pre-aligned. Because
of the tight error budget along 200 m, the MRN can
be considered as the cornerstone of the pre-alignment
strategy.

This paper is going to present the conceptual design
of the MRN. It has been split in three main steps: the
sensors calibration, the metrology of the supports and
the modelings of the sensors measurement references.
As this system is now fully determined, it was possible
to compute relevant Monte-Carlo simulations.

COORDINATE SYSTEMS
INVOLVED IN THE MRN

The overlapping stretched wires is the main concept
of the solution proposed by the CERN survey team
for the pre-alignment feasibility [2]. But in order to
fully determine this principle, it required the analysis
of the metrological chain ensuring the overlap. This
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part is going to describe it, as an introduction for the
experimental and simulated results.

Principle of the MRN

The solution proposed by the previous R & D of
the CERN survey team to fulfill the requirements con-
sists of overlapping alignment references with redun-
dancy [4] (see the figure 1). This principle is the basis
of the MRN. In order to pre-align the CLIC compo-
nents, the MRN defines the alignment references in a
general coordinate system [4]. The geometrical link-
age from the references to the components beam axis
is ensured by the combination of the SPN* [4] and of
the fiducialization [4].
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Figure 1: Principle of the overlapping references

Several measurement systems could be applied to
the overlapping principle. However the R & D pre-
sented in this document are focused on the stretched
wires measured by WPS® sensors, provided by the
manufacturer Fogale Nanotech. In order to strengthen
the determinism in the MRN, hydrostatic surfaces —
measured by Fogale Nanotech HLS® sensors — and
tiltmeters are added.

The starting point of the MRN feasibility studies
was the metrological definition of the overlapping
wires. Those references are measured by independent
sensors that positions and orientations must be known
according to each other. The problem remains the
same by including in the system the measurements of
the HLS and of the tiltmeters.

Metrological plate concept

This statement has led to the concept of metrologi-
cal plate on which the sensors are fixed. If one consi-
ders the plate as an undeformable object, the relative
positions and orientations of the sensors, according to
each other, are constant. By a high accuracy machi-
ning or a high precision calibration of the plate, the
knowledge of those relative positions and orientations
just depends on the absolute calibrations of the sensors
and their possible drifts.
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A design of such plates has been made in 2006 for
a pre-alignment facility in the TT1. It has been up-
dated many times. The last version, installed in 2009,
includes three balls isostatic interfaces for the WPS
and tiltmeters centerings [6]. The plates are made of
invar” and have been measured in the CERN metro-
logical laboratory by a 6 wm uncertainty CMM (20).
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Figure 2: The metrological reference network

Hence, the MRN is composed by calibrated metro-
logical plates on which tiltmeters, WPS and HLS sen-
sors are fixed (see the figure 2). The overlapping
stretched wires and the hydrostatic surfaces are ob-
served by sensors fixed to different metrological plates.

Metrological chain

Let us consider W as a point of a stretched wire
measured by a WPS sensor. If the zero and the mea-
surement axis of the sensor have been defined with
respect to a three balls interface, W is known in the
balls system (see the figure 3). The CMM provides
the coordinates of all the balls in the plate system. By
usual vectorial operations, one can build the interfaces
coordinate systems and deduce their transformations
to the plate system. W is defined with respect to the
metrological plate. How this point can be expressed in
the general coordinate system 7
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Figure 3: Metrological chain of the MRN

First of all, the CLIC longitudinal alignment speci-
fications are less critical, so it is not necessary to dis-
pose of high precision values for the longitudional po-
sition, the pitch and the yaw of the plates in the gen-
eral coordinate system. According to the TT1 simula-
tions, those parameters can be deduced from the usual

"Invar (FeNi36) is a nickel steel alloy. Its coefficient of ther-
mal expansion is 1.2 ppm - K1

alignment method with 0.2 mm and 1 mrad standard-
deviations for, respectively the longitudinal and both
of the rotations [7].

Then, each plate is supporting one tiltmeter from
which the roll can be deduced. This step will be de-
scribed in the last part of this paper.

Finally, each wire and each hydrostatic surface are
measured in several points corresponding to different
metrological plates. In other words, a relationship can
be written between the points W in the plates system,
the transformations from the plates to the general co-
ordinate system and the modeling of the wire. The
same can be done considering the hydrostatic surfaces.
Those relationships allow a least square adjustment
from which the transversal and the vertical positions of
the plates, as much as the parameters of the stretched
wire and the hydrostatic surfaces, are deduced.

SENSORS AND PLATES
CALIBRATIONS

In this part, the developments made to clarify the
two first steps of the metrological chain are going to
be presented. The main effort has been done on a new
interface for the WPS and their calibration bench.

Metrology of the plates

The CMM provides the coordinates, in the plate sys-
tem, of the centers of 1%” and 3%” diameter survey re-
flectors, as well as those of the 8 mm diameter ceramic
balls constituting the isostatic WPS and tiltmeters in-
terfaces. The zeros of the HLS are measured according
to the 3%” diameter survey reflectors that can fit on
their tops. The position of the WPS zeros is measured
with respect to the three balls interfaces. The plate
CMM measurement deals with the second step of the
metrological chain (see the figure 3) which consists of
the definition of the sensors interfaces according to the
plate system.

Figure 4: WPS 3 balls interface (distances in mm)

Let us consider the case of the three balls non-
redundant isostatic interface of the WPS (see the fi-



gure 4). The ball P gives the position of the sensor.
It is locking its position. Because it is free along an
axis, the L ball is locking the pitch and yaw. As S
is in contact against a surface, it fixes the last degree
of freedom of the system, the roll. The interface co-
ordinate system is built with respect to the kinematic
effects of each point [7].

The interface coordinate system is defined by an ori-
gin O and an orthonormal basis (s, @y, 42) (see the
figure 4). The vertical axis u_y> is orthogonal with the
plan of the three balls. The longitudinal axis @} is

given by the balls locked in position and axis.

T = [O]plate
R = [Bm ] 1)
= R.(a:) x Ry (ay) X Ry (az)

The 3D transformation from the interface to the
plate coordinate system is given by a translation and a
rotation matrices 7" and R which are directly obtained
by the vectorial operations [7] (see the relationship 1).
Then the rotation matrix is the product of three ele-
mentary rotations o, o, and o, around, respectively,
the longitudinal, transversal and vertical axis.

HLS offset calibration

The HLS sensor provides the distance from its elec-
trical zero to the hydrostatic surface. In order to be
able to apply this measurement, the HLS electrical
zero must be defined with respect to the plate. The
calibration sketched on the figure 5 gives the distance
from the electrical zero to the center of a Taylor sphere
on the top of the HLS [5].
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Figure 5: Calibration of the HLS offset

e=(D+H)-(1—cosp) (2)

The measurement axis of the HLS sensor is assumed
to be the same as the vertical direction of the plate
coordinate system. The assembly of the HLS makes
the distance H (see the figure 5) equal to 123 mm
+ 50 um. Considering a HLS reading of 10 mm (the

longest it can achieve), a 0.3° non-verticality angle (3
will induce an error € of 2 um on the vertical distance
from the Taylor center to the water surface (see the
equation 2). Such an angle can be easily avoided by
a control of the plate’s orientation during installation
with a reasonably accurate levelling system. This def-
inition of the measurement axis of the HLS can be
considered as efficient enough.

The seven HLS installed in the TT1 have been cali-
brated. As the gauge has been checked in the CERN
metrological laboratory [7], those calibrations have
been simulated by the Monte-Carlo method, assum-
ing a Gaussian behavior with a 1 pm standard devi-
ation on the HLS measurements [7]. According to a
x? Pierson’s test, all the seven simulated offsets have
a 0.9 pm standard deviation Gaussian distribution [7].
But it is not yet possible to claim the accuracy of the
HLS sensors is 0.9 um. Further tests have to be done.

WPS offset calibration

The WPS sensor provides the transversal and verti-
cal positions of the wire with respect to its electrical
zero. The sensors readings can be considered as the
position of a point of a wire in a coordinate system
which has to be defined according to the three balls
system. The interface coordinate system is built in or-
der to have the six degrees of freedom close to zero.
The pitch and the yaw can be neglected if both of
them are smaller than 1° [5]. The longitudinal position
is assumed to be zero. There are still two remaining
translations — the transversal and vertical —and one
rotation — the roll.

Figure 6: WPS offset calibration bench

A calibration bench has been designed to measure
the transversal and the vertical offsets of the WPS
sensor. The references used for the calibration are the
coordinates of the balls which have been measured in
Germany on a 0.6 um standard deviation CMM [7].
The sensor measures one single constant point of a
wire on four different known interfaces (see the fig-
ure 6). The transversal and the vertical offsets of the
sensor can be computed from the observations. Monte-



Carlo simulations have also been made on seventeen
calibrated sensors. The standard deviation of both of
those parameters are respectively 1.7 um in transver-
sal and 0.9 pm in vertical [7].

The calibration required thirty-six centerings per
sensor, on side and upside-down interfaces [7]. A value
of the repeatability of all the sensors has been deduced
(see the table 1). The mean repeatabilities are, respec-
tively, 1.1 um in transversal and 0.7 pm in vertical [7].

Table 1: Repeatability of the WPS

Repeatability Transversal Vertical
Minimum 0.6 pm 0.5 pm
Mean 1.1 pm 0.7 pm
Median 1.0 pm 0.7 pm
Maximum 1.8 pm 1.0 pm
STD 0.4 pm 0.1 pm

Unfortunately, the bench is unable to provide an ac-
curate values of the WPS roll. The residuals of the ca-
libration are submitted to this parameter. The biggest
ones were, depending of the sensor, between 25 pm and
47 um. This problem will be solved as soon as a line-
arity calibration bench, that is adapted to the three
balls interface, is ready at CERN. In other words, the
accuracy of the WPS has actually been improved to
the detriment of its precision.

RESULTS OF THE TT1 FACILITY

The TT1 facility design is close to the MRN princi-
ple. It has to provides the parameters of the stretched
wires, in order to use them in the next CLIC pre-
alignment steps to position the components.

X T f(2)
Y | =T+k-Rx |y | =] g2 (3)
A z Z

This principle can be written in one equation (see
the equation 3). On one hand, there are the coordi-
nates of wires and hydrostatic network in the general
system. On the other hand, there are the coordinates
of the same points in the plate system. The relation-
ship between those two systems is given by an un-
known transformation and the modelings of the wires
and hydrostatic network.

Tiltmeters and vertical deflection

Let us introduce 5 as the vector of the vertical direc-
tion in one point with a norm equal to 1. A double-axis
tiltmeter provides the angles 6, and 6, as describe on
the figure 7. The coordinates of the vertical vector can
be deduced in the tiltmeter system from its measure-
ments (see the equation 4).

F

Figure 7: Definition of the tiltmeters angles
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This is a general definition for the measurements of
tiltmeters with respect to the vertical direction and
the sensors coordinate systems. Most of the time, this
relationship can be simplified and linearized. In order
to deduce the roll of the metrological plate from it,
on one hand this system must be known according to
the plate metrology. On the other hand an equation
will be obtained including the coordinates of the ver-
tical direction in the general coordinate system, that
is to say the value of the vertical deflection (see the
equation 5).

w- tanf,

3 =R - tan 6 5
Mcuc e w jny ®)

In the equation 5, the unknown parameter is the
roll a, of the plate (see the equation 1). It is included
in the rotation matrix R. The rotation matrices r
and p belong respectively to the transformation from
the tiltmeter three balls interface to the plate system,
and from the tiltmeter axis to its interface. They are
provided respectively by the CMM measurements and
by the tiltmeter calibration.

If tiltmeters are used to deduce the roll of an object
in a general coordinate system, it is necessary to solve
the equation 5. Hence, it is necessary to know the
vertical deflection and to use double-axis tiltmeters.
Otherwise it is impossible to obtain the p matrix by
any calibration process.

Hydrostatic surface modeling

The knowledge of the geoid is not only required for
the tiltmeters but also for the hydrostatic network,



measured by HLS sensors. The water directly follows
the equipotential surface of gravity which is varying in
time due to the tides effects [8].

Let us introduce an hydrostatic network, whom cen-
ter is C'(X¢, Yo, Ze), in a Cartesian coordinate sys-
tem. The angle between the vertical axis of the coor-
dinate system and the normal direction of the geoid
in C is By (see the figure 8). Because of the tides,
the water surface oscillates in time around C by an
angle AS (t). If one can consider the geoid along the
hydrostatic network as a sphere whom radius is ¢, the
equation 6 can be written.
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Figure 8: Modeling of an hydrostatic network

B =Bo+ AB(t)
AN =7—-7¢ (6)

Y =Ye —ccos B+ 1/ — (AZ + csin B)°

In 6, Z and Y respectively the longitudinal and
vertical positions of one point of the hydrostatic net-
work. The longitudinal informations Z¢o and Z are
provided by the survey usual measurements of the fa-
cility. Ag (t) can be obtained by tides prediction or by
geophysics high resolution tiltmeters [8]. ¢ and Sy are
given by the geoid modeling. The single undetermined
parameter of the hydrostatic network is the height of
the center Y¢.

Stretched wires

Two modelings are used for the stretched wires, for
both of the horizontal and vertical cases. Let us in-
troduce a wire stretched between two points O and L.
O (o, Yo, 20) is considered as the origin of the wire,
whereas L (zo + p, yo + 2, Zo + 1) is its end. When the
wire is projected on a horizontal plan, a straight line
is obtained.

In the vertical direction, the wire modeling is a cate-
nary equation that can be linearized by a second order
polynomial [3] (see the figure 9). A point M belongs
to the wire if it is in accordance with the equation 7.
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Figure 9: Vertical modeling of a stretched wire

This modeling is reliable if the forces involved in the
wire equilibrium are constant in space. The effect of
a gravity gradient has been previously studied. It has
been demonstrated it can be neglected [2]. However
the catenary modeling depends on the ratio between
the linear mass of the wire ¢ and its tension 7. It has
been shown that this ratio was linearly dependent with
the relative humidity [6].

If one can accurately model the effect of humidity on
the ratio & and measure the humidity gradient along
the setup, it should be possible to compute corrections
of the polynomial modeling of a stretched wire. Seven
humidity sensors have been installed along the TT1
facility. The value of this ratio can be obtained by
measuring the wire oscillation frequency ¢ [3] (see the
equation 8). This measurement can also provide the
value of the sag of the wire f. Improvement have to be
done to increase the frequency determination precision
— 2 mHz — but it is efficient enough to get the sag of
the 49 m TT1 wire with a 2.5 pm precision [7].

qg 8f 1

T g2 412¢2 (8)

The measurement of the wire oscillation frequency
has many advantages. It is possible to build a more re-
liable vertical modeling, to remove the sag from the un-
known parameters and to check in real time the state
of the wire. Indeed the value of the ratio Z points
out the state of the wire at a precise instant. If this
value is abnormally varying, one can expect the wire
to break.

Final adjustment

In summer 2009, the measurements of the TT1 fa-
cility have been studied during a 33 days period. The
precision of the stretched wires and of the hydrostatic
network after the final adjustment was 2 pm [6]. As
the calibration bench for the WPS offsets was not fi-
nished, it was not possible to compute the accuracy of
the facility.

All the WPS sensors have been calibrated in Novem-
ber 2009. Hence it was possible to get a value of the
TT1 accuracy (see the figure 10). The offsets had an
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Figure 10: Accuracy after the final adjustment

average value of 18 pm. Gross errors were detected
by a norm minimization (instead of a least square ad-
justment). It was due to unglued ceramic balls. The
plates calibrations were lost.

Since then, the TT1 facility did not provide better
results, even with an epoxy gluing of the balls, because
of the unknown rolls of each WPS and because no
high precision model of the TT1 vertical deflection is
available. The accuracy of the TT1 facility can only
be estimated by Monte-Carlo simulations.

The TT1 network has been modeled and simulated
by the Monte-Carlo method of distribution propaga-
tion by using “MatLab”. The network has been split
in ten steps, from the calibration benches CMM mea-
surements to the final positioning of a point from a
stretched wire [7]. Each step is simulated indepen-
dently. It provides the mean values and the covariance
matrix of the simulated parameters which are exported
for the next steps.
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Figure 11: Radius of the 140 m TT1 errors cylinder

The last step of the TT1 simulations consists of the
positioning of a point every meter per wire, accord-
ing to the equation 7. The covariance matrix of the
coordinates of those points permits to compute the er-
rors along the 140 m of the TT1. For each simulation,
the mean radius of the cylinder that contains all the
errors has been computed. Its distribution, consider-
ing a 1 um CMM uncertainty, is presented on the fig-
ure 11. The mathematical expectation of the radius,
computed from the empirical density of probability,
is 4.7 um. 97.5 % of the 1000 simulated radius are

smaller than 10 pm.

CONCLUSION

The experimental results of the TT1 facility are li-
mited by the WPS roll calibration, by the knowledge
of the vertical defection and by the CERN’s CMM
uncertainty (6 um at 20 today, 0.4 um MPE® in a few
months). However it was possible to simulate those re-
sults. Along 140 m, the positions of hundreds of points
are defined in a 10 um error cylinder, in 97.5 % of the
simulated cases. This result includes a wire overlap.
The ability of the MRN to provide pre-alignment ref-
erences within the specifications is close to be demon-
strated.

Indeed the principle of this network is defined and
perfectly determined. The algorithms are written. By
solving the limitations of the TT1 precision, it should
be possible to demonstrate the accordance between the
experimental and simulated results. Then, it will be
possible to extrapolate the entire CLIC pre-alignment
if plausible values of the tides effects and of the geoid
modelings are available. Both of those topics represent
huge challenges and further developments have to be
done [8].
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