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Abstract: The future LHC experiment, ATLAS [1], features a muon spectrometer in which
the alignment system must control the spatial position of the muon chambers with an
accuracy of 30um and 200urad in a range of displacements of +5mm and +5mrad. The
alignment system described in this paper, called praxial, fulfils these requirements. The
paper reviews the relative and absolute calibration procedures and the production of the
1005 praxial sensors needed in ATLAS.
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1) Alignment requirements for the ATLAS muon spectrometer

ATLAS is an LHC (Large Hadron Collider) experiment, located at CERN (European
Laboratory for Particle Physics). One part of this experiment, the muon spectrometer, is
devoted to muon detection. The muon momentum measurement in the ATLAS spectrometer
aims at a precision of the order of 10% for muons of momentum 1 TeV. It proceeds with a
sagitta measurement using triplets of precision Monitored Drift Tube chambers separated
on average by 5 meters. The accuracy needed for the precision chamber alignment is such that
the alignment contribution to the final sagitta measurement error must stay below the intrinsic
chamber measurement error of 50um. The goal is to control the spatial position of all muon
chambers with a spatial accuracy of 30pm and 200prad for a range of displacements of +5mm
and +5mrad. This challenging accuracy is required in order not to degrade the reconstruction
of the muon momentum mainly above 100 GeV/c.

Fig. 1 [2] shows a 3D view of the barrel part of the ATLAS spectrometer and Fig. 2
shows a MDT chambers.
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Fig. 1: This drawing shows the barrel part of the ATLAS experiment surrounded by the muon spectrometer
{only a few Monitored Drift Tube chambers (MDT) are drawn). The muon spectrometer is made of eight
magnet coils, each ~20m long and ~5m wide, assembled in a toroidal configuration. Charged particles
trajectories, in particular muons, are bent and detected by Monitored Drift Tube chambers (see Fig. 2). A
simulated event: H—2°2"-s¢"¢' 110" is superimposed to the detector.

Fig. 2: This drawing shows a Monitored Drift Tube chamber (MDT). A MDT is made of 100 1o 300
individual drift tubes, cach 3mm in diameter, and assembled in two times three layers separated by a
mechanical support, The sizes of MDTs vary from 1.5x2m’ to 2.5x5m’.



2} 'The Praxial sensor

Most of the alignment devices are based on an optical system called Rasnik [3]
working with a square coded mask® seen through a lens by a (CMOS) camera. Such an
alignment device provides the relative transverse position of the mask, as seen by the
camera, with an accuracy of ~lpm. The camera angular orientation with respect to the
mask axis can be reconstructed with an accuracy of 100urad. Finally, the image
magnification is determined by the mask pitch as recorded by the camera, relative to the
(known) original mask pitch. The accuracy on this parameter, called magnification, is
10* to a few 10°. A Rasnik system is thus able to measure four parameters: two
transverse coordinates, a rotation and a magnification.

Optical sensors based on this principle and assembled in ad-hoc layouts are used
to reconstruct the absolute positions of ATLAS chambers. In particular, the praxial
sensor (see Fig. 3 and 4), one of the key elements of the alignment system which aims at
the measurement of the relative position of two adjacent chambers, works with two
crossed Rasniks, where the optical components of each system sit on two elements each
on two neighbouring MDT chambers: the camera and the lens on one element and the
corresponding mask on the other element (and vice versa for the second optical system,
see Fig. 4).

There are four praxial elements per chamber, one at each corner except for
chambers at the detector edges where there are only two praxial elements.
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Fig. 3: The praxial sensor is made of two different elements and uses two crossed Rasnik at their “lower”
fevel. The upper part of the sensor corresponds to the axial alignment which is used to unite a complete layer
of MIDYT chambers (not describe in this paper). One of these two elements is on a chamber and the other one
is on the neighbouring chamber. Each element is positioned on the MDT chamber through an alignment
platform,

* The mask is a chessboard like drawing with 170um pitch,
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Fig. 4: Drawing of the praxial sensor. One clearly sees on this top view the two crossed Rasnik. During the
calibration procedure, the element on the left, called “fixed”, is the reference whereas the element on the
right, called “mobile”, is positioned at different known positions thanks to the six stages of the test bench
(see text for the calibration procedure). The distance between the camera and the lens is ~70mm.

The focal length of the lens in a praxial Rasnik is typically 50mm, the coded
mask pitch is 170 um for a total area of 20x20mm2; the camera area is ~3.5><4.5mm2,
each pixel of the camera is 12 by 12 pm [3]. Due to the local particularity in the layout of
the ATLAS experiment, the distance between two neighbouring chambers and thus
between the two praxial elements, varies from about 20mm to 400mm. This means that
the magnification parameter of a given doublet goes from 1/1.3 (for 20mm) to 1/7.3 (for
400mm).

At a given position, the two Rasniks of the praxial system give two times four
outputs. We shall see that after a calibration procedure as described below, the six
degrees of freedom of one element with respect to the other neighbour are completely
constrained by these eight measurements. The requirements for the praxial sensor
resolution in ATLAS is given in Table 1. The X axis corresponds to the MDT wire axis
and the Y axis is perpendicular to the chamber plane.

Translation Rotation
(um) (micro-radian)
X 100 100
Y 10 500
Z 10 500

Table 1: The praxial resolution needed for each local MDT chamber axis (see text).



3) Calibration of the Praxial sensor

To calibrate the praxial sensor doublets with the required resolution (see Table 1),
we have developed and built a calibration set-up and the corresponding software working
on the following principle:

i) one of the two praxial elements is moved about one hundred times in all
directions (three rotation axis and three translation direction) with respect to the other
fixed one,

ii) each relative displacement is measured by eight mechanical precision probes
(<2 pm),

iii) data from both Rasniks are recorded for each displacement,

iv) using the eight Rasnik measurements at each position and all known relative
displacements from the mechanical probe measurement a global fit is performed which
provides a calibration matrix 4 to be used for determining the absolute position D (three
rotation and three translation components) of one praxial element with respect to the
other through the relation:

D= AxR+d

where R is the column vector of Rasnik measurements (8 lines, 4 per Rasnik
system); d is a column vector of 6 elements describing the offset of the two reference

frames of the praxial elements; 4 is the calibration matrix (8 times 6).

Figure 4 and 5 show the calibration set-up in particular the micrometric stages
used to move one of the praxial elements and the mechanical probes.

Screen for image control

PC used for the control
of the set-up and for the
calculation of the
calibration constants

Movable stage set-up

Fig. 4: The praxial sensor calibration bench: on the left of the picture are the 6D micrometric stages (Ax,
Ay, Az, 6x, Oy, 6z) used 1o move one praxial element with respect to the other. The mechanical probes
used to accurately measure the displacements are located below the aluminium plate. On the right of the
picture we see the PC used to control the set-up and to caleulate the calibration constants,



The simulation has shown that we need to do several tens of movements (~50) in
order to obtain the required accuracy on the 48 elements of the calibration matrix. These
movements should be in the +3mm and #3mrad range, where the system remains linear
[4]. Even with such a reduced range during the movement phase, the calibration is valid
in the +5mm and +5mrad range. The same simulation has also shown that the dimensions
of the mobile support (see Fig. 5) have to be known with a 5um accuracy in order to
caleulate with precision the relative movement of the mobile praxial element.

Mobile support with some of its
(round) flat reference surfaces. These
surfaces are in contact with the
mechanical probes.

s,

Six stage elements: three for rotations
and three for translations.

Fig. 5: Three pictures showing different parts of the praxial calibration bench. Left micrometric and
micro-radian stages: three for translations and three for rotations. The axis of movement of each stage is
shown on the picture. Top right: the mobile support attached to the last stage, the one used for Ox
movements. This mobile support mimics the platform attached to a MDT chamber. On this mobile
platform, some reference (round) plates are shown (flatness ~lpum, 30mm in diameter), with which
mechanical probes are in contact. Bottom right expended view {without the mobile platform) of the
mechanical probes. Eight are used for redundancies. The dimensions of the mobile support are known with
+5um precision which makes it possible to accurately calculate the support movements thanks to the

probes,



The offset d is determined by using a special common mechanical support called
zeroprax (see Fig. 6) where the two praxial elements are placed at a fixed relative
position known with a #5um accuracy (controlled with a Coordinate Measurement
Machine, CMM).

Fig. 6: This picture shows the mechanical reference support (~150mm by ~300mm), called “zeroprax”,
used for defining a common absolute frame for two praxial elements. The 3D mechanical precision of this
support is £5um. In this picture only one praxial element is in position (the remote one).

A software program has been written in order to control the calibration set-up
(including zeroprax measurement): edit stickers for the praxial elements numbering,
check all steps of the calibration, control temperature probes during the calibration,
calculate calibration parameters, record parameters in the data-base, etc... [5].

4) Stability of the set-up results

The good mechanical stability of the system during a calibration is very important. An
example of a stability period recorded during four hours is shown in Fig. 7. This stability is
better than 1um for translations and 10jrad for rotations. Small oscillating variations can be
seen for translations due to the air-conditioning system which has a working period of 20

minutes. The amplitude of these oscillations is well below 1jim and thus negligible.
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Fig. 7: This figure shows the good stability of the calibration set-up during a four hour period: below
Ipm in translation and below 10prad in rotation. Left (resp. right) column shows calculated
translations (resp. rotations). These translations and rotations are obtained from the mechanical probe
readout, where the first recorded event is taken as reference.

5) Calibration results

The final precision of the praxial optical sensors is summarized in Fig 8 [4]. The
absolute space position of one element with respect to the other is below 10um r.m.s. and
below 100prad r.m.s. for a range of displacements of £5mm and +5mrad.

If we wanted a praxial sensor to work in a larger range another strategy for the
calibration would have to be used [6]: one should fit the positions of each optical element
(mask, lens and camera). For this new calibration:

i) the lens is assumed to be described by one point (the optical centre),

i) the camera by one point and one angle (the pixel axis),

iii) the mask by one point and three angles (two describing the angular
position of the mask with respect to the camera-lens axis and one angle
for the mask rotation).

Unfortunately, this new strategy for the calibration (compared to the one
explained in the previous section) is more complicated since parameters describing the
optical components position are highly correlated. However, since the range of the
praxial optical sensor is already large enough for an ATLAS application, this strategy
has been partially studied but is not used in the final calibration bench. The consequence
is that as soon as two elements have been calibrated together to form a praxial sensor,
one should always use these two elements together. Thus, in case of a failure of one
praxial element, one should replace both elements.
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Fig. 8: Resolution obtained with the praxial sensor with thousands of random
positions after a calibration procedure was performed as explained in the text. The
r.m.s. is below 10um on translation and below 100prad for rotations.

6) Production of praxial sensors for ATLAS

For the ATLAS experiment we need to produce and calibrate 2010 elements i.e. 1005
praxial sensors. As already mentioned, due to particularities of the ATLAS layout, distances
between two neighbouring chambers can vary from 20mm to much more than 400mm. At
distances larger than 400mm, the opening angle of the two Rasnik lines is smaller and the
resolution on the distance measurement is degraded (the four measurements of each Rasnik
system become more correlated). We decided not to build a praxial sensor for larger distances
in ATLAS®. Table 2 summarizes the requirements for each distance.

In 2002 we have successfully tested six praxial sensors (12 elements) in real
conditions in a test beam experiment at CERN [7]. The other components of the ATLAS
alignment were also tested. The global relative resolution of the full system was below 20um
which satisfies the requirements [8].

Since the beginning of April 2003, all mechanical pieces and all optical elements
needed to produce the 2010 praxial elements are at Saclay (see Fig. 9). The production

? For situations where two neighbouring chambers are further away (than 400mm), the alignment of the
chambers is taken by other alignment sensors: projective and axial ones.



drawings of all ATLAS configurations are almost ready and the full production can start. The
complete calibration phase will take 17 months.

Praxial Distance in- Number
type between praxial of
elements (mm) | elements
Dl 18 1644
D2 34 96
3 52 96
D4 199 88
DS 245 16
D6 300 27
D7 388 48

Table 2: This table shows all working distances of the praxial sensors in the ATLAS experiment:
from 18 1o 388 mun. The total mumber of praxial elements is 2010, The last coluwmn indicates the
number of elements for each distance (two elements make up one praxial). The magnification varies
from Lover L7{D Do over 7.3 (D7)

Fig. 9 This picture shows most of the mechanical pieces needed to build a praxial sensor, To
ensure the quality of the assembly all elements are scrowed and glued on the mechanical support
{top left of this picture). The optical elements and their plastic covers are not shown, The
assembly of the 2010 praxial elements has started in April 2003, The calibration of all praxial
elements will take 17 months.



7) Conclusions

We have described in this paper the praxial optical alignment sensor and its use in the
ATLAS experiment. We have shown how it can be calibrated and we give the final resolution
which is of the order of £10um and +100prad for a range of £5mm and +5mrad.

Finally, for the ATLAS experiment we need to produce 2010 elements i.e. 1005
praxial sensors. As already mentioned, due to particularities of the ATLAS layout, the praxial
system is used for distances between two neighbouring chambers from 20mm to 400mm.
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