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1. INTRODUCTION

    The CMS [1] alignment system [2] is organized in three blocks: the internal alignment of
Barrel and Endcap muon chambers, the internal alignment of the Tracker detector [3] and the
Link system [2], that relates Muon and Tracker alignment systems.

    An experimental test to validate the conceptual design of the system as a whole is essential.
Due to the large scale, complexity and cost of the full system the experimental study has to be
limited to a minimum arrangement containing all the relevant elements. The tested layout is a
simplified real scale version of one half of a CMS R-Z plane containing all the main elements for
the position monitoring: a tracker zone, a half of one active plane of the Barrel system, two
Endcap lines and the connection between them and the Link lines.

    The performance of the whole system will be studied by comparison of the data recorded by
the system against direct survey measurements. For this purpose a precise and redundant survey
network was built around the set-up. In this paper we report on results from the Link System. A
full report about the test can be found in ref. [4].

    The document is organised as follows. A brief description of the Link System is given in
Section 2. The experimental set-up is presented in Section 3, while a description of the used
instrumentation and the previous to run calibrations are given in Section 4. Section 5 refers to the
used Data Acquisition System and the reconstruction software. The results  of the global
alignment run and the extraction of the Link System performance are given in Section 6.
Summary and Conclusions are drawn in Section 7.

2. THE CMS LINK ALIGNMENT SYSTEM

    The Link System defines a common CMS co-ordinate system, using reference laser beams for
the monitoring of the relative spatial positions of Tracker and Muon spectrometers elements.

    The system consists in 3 Φ planes, 60º apart, matching the 12-fold segmentation of the Barrel
Muon spectrometer. Fig. 1 sketches one of the Φ planes (R-Z plane), where the laser reference
beams and the link reference points are shown.
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Fig. 1 Sketch of one of the Φ alignment planes.

    A given Φ plane, consists of four independent subsystems (A, B, C and D in Fig. 1) that relate
pairs of local rigid structures in the Muon and Tracker (CT in Fig. 1) systems. The 4 sub-systems
are related among themselves through constraints given by the internal alignment of the Tracker
(at the inner part of the system) and the Barrel standalone alignment (at the outer boundary).

   The rigid structures, attached to the Barrel yokes, are called MABs (Modules for the
Alignment of the Barrel). They are the reference structures for the alignment of the muon
spectrometer (Barrel and Endcaps). The Link System also monitors directly the muon endcap
chambers (ME1/1 and ME1/2 disks of chambers), linking them to the corresponding MAB via an
optomechanical transfer plate.

    A distributed network of radiation resistant optoelectronic position sensors, placed around the
muon spectrometer and the tracker outer volumes, are connected by laser lines. Electrolytic
tiltmeters, proximity sensors and optical devices, allowing to build up the light path, complete
the measuring network of the link system. Due to the design constraints (4 tesla magnetic field,
up to 5 kGy/year radiation environment, tight space and very high position resolution over long
distances) state-of-the-art metrology techniques have been chosen to cope with the challenging
scenario.

3. THE EXPERIMENTAL SETUP

A B

CD

Rigid
mechanical

Laser

Optical

Laser diode
TV-

2D transparent
Light



    A set of concrete blocks, covering an area of about 20x17 m2, was installed at the I4 hall of the
ISR tunnel, at CERN, to allow the survey measurements of many points used as reference for the
tests of the link, barrel and endcaps alignment systems.

    The layout of such net of points, for the Link System, is given in Fig. 2. The disposition of the
network represents one half of a Φ CMS alignment plane. The experimental set-up was placed
horizontally (Φ = 0 in the CMS reference system), allowing the most precise measurements by
optical levelling.

Fig. 2 Layout of the experimental set-up.

    The network is composed of 10 system reference points (shaded boxes in Fig. 2). Beside that,
eleven auxiliary points (empty boxes in Fig. 2) are used for the calibration of some of the
optomechanical elements. Point TK0 in Fig. 2 is defined as the network origin and it is at a
height of 1.50 m with respect to the ground level.

    All reference points were equipped with CERN standard reference sockets and retro-reflective
photogrammetric targets. Several series of survey and photogrammetric measurements were
done during the test periods with the aim of evaluating the stability of the network and to test
some component calibrations. The different measurements obtained for the points and the retro-
targets can be found in ref. [5].
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    The r.m.s errors, at the 68 % C.L., obtained for the three co-ordinates of the survey points
measured by standard survey methods, are in the range 10-50 µm. For the photogrammetry
measurements survey errors are in the range 20-50 µm. The stability of the network along 5
months was of about 100 µm.

    The experimental set-up of the Link System is composed by the survey network and the
instrumentation of the Link system itself. From the two arms in Fig. 2, representing the
symmetric +Z/-Z sides of one half of a Φ alignment plane, the left side (+Z) is almost fully
instrumented. A large honeycomb aluminum plate is used as a mock up of the MAB structure.

    Reference points in the ME1/2 chambers and in the Tracker volume are mimicked with 2D
position sensors sitting on concrete blocks. Semitransparent amorphous silicon detectors, ALMY
[6,7], are used as 2D position photo-sensors. ALMYs are semi-transparent two dimensional
position strip sensors, allowing to calculate the position of a suitable laser signal. They consist on
a multilayer structure built on top of a glass sheet. The stack is formed by a continuous layer of
amorphous silicon in between a double layer of perpendicular Indium Tin Oxide strips
electrodes.

    The full optical path is instrumented with distance measuring devices. The ME1 transfer plate,
connecting the ME1/1 chamber with the corresponding MAB, is not implemented in this test.

    At -Z side, only the most relevant mirror-image points are instrumented. Two ALMY sensors
fake the length of a MAB. No distance measurement devices are implemented.

4. INSTRUMENTATION

    The Link system set-up contains two Laser Boxes, one Laser Level, ten 2-D position sensors,
two long distance measurement tubes, four proximity sensors, two periscopes, four tiltmeters,
and twelve temperature sensors. Most of these elements need to be calibrated prior to a full
alignment system run.

    Elements employed in this global test were the currently existing prototypes of the different
components. Laser Boxes and periscopes are first approach prototypes. The Laser Level is
almost in its final shape.

    Concerning 2D position sensors, ALMYs are considered, among other commercial photo-
sensors, as possible candidates for the final implementation of the system. But, if they are finally
used, they will have a larger active surface (30x30 mm2) than the ones used in this set-up (20x20
mm2), to insure a correct functionality of the system with and without magnetic field. An active
area in the 30x30 mm2 guarantees that the light beams emerging from the Laser Boxes do not
miss the position detecting sensors. Laser Boxes in the final CMS Link Alignment System will
be housed in carbon fiber rings attached to the end-cap iron yokes.

    Among the various tested tiltmeters, the model 756 from AGI (see 4.3) is the currently
selected one.



4.1 Laser Box and light sources

    A Laser Box is a unit composed of a laser source and a mini optical bench. In the experimental
set-up there are two prototypes placed in the positions named FI and FII (see Fig. 2).

    The light sources consist of pigtailed laser diodes coupled to mono-mode fibers. The fibers
were coupled to collimators, in order to get collimated beams along the working distances. This
optics improves the quality and the uniformity of the laser beam propagation, illuminating every
point with a similar spot. The full angle divergence of the various laser beams were measured.
They lie in the (0.3 - 0.5) mrad range.

    The working wavelength of the lasers is 780 nm. Each laser source is equipped with
mechanical choppers to stop the light, allowing a sequential illumination of the sensors placed in
the two arms of the system during the data taking. In the final implementation of the system,
pulsed lasers will be used, to avoid the instabilities produced by the mechanical choppers
operation.

    Four sets of data, corresponding to a total of 20 hours along the various test periods, showed a
laser pointing stability (laser drift and mechanics of the optics together) better than 6 µrad and 8
µrad for the laser sources FI and FII, respectively.

    In the Laser Box FI, the mini optical bench is composed of a beam splitter plate and a
modified rhomboid prism (a right angle prism glued to a rhomboid prism). From one laser
source, the optics generates three light beams, one in the direction of the Tracker and two others,
parallel to each other, in the direction of the Barrel Muon Chambers. A primary beam is used for
the monitoring of the MAB structure and a secondary beam for the monitoring of ME1/2 and
ME1/1 rings of chambers.

    Calibration of Laser Box FI was done by reconstructing the three outgoing light rays with
pairs of ALMY sensors placed on the various light paths. Table 1 summarizes the results of the
calibration, showing all the parameters that define the unit. As it is seen in the table, the results
are well within the required precision: the experimental uncertainties in the reconstruction
(column 5) are well inside the requested design uncertainties (column 4).

    The second prototype, at point FII in Fig. 2, has just a beam splitter. It sends two beams, the
first one to the Tracker and the second one to the fake MAB on the -Z side. The basic parameters
were measured as for FI, showing a similar performance.

4.2 Position sensors

    As it was mentioned before, ALMY 2D position sensors were used for light position
reconstruction. Due to the geometry of the ALMY electrodes, information about the incoming
beam is obtained in the form of two orthogonal intensity profiles. The vertical/horizontal (64/64)
strips reproduce the projection of the beam spot along the X/Y co-ordinates. The strip width is



300 µm and the strip pitch is 312 µm. The signal of the 128 strips is extracted, multiplexed,
converted to voltage and transferred to the ADC of a microcontroller. The spatial resolution is
better than 5 µm in both co-ordinates.

Table 1 Design specifications of the Laser Box FI and results from calibration measurements.

Nominal Measured Design tolerance (±) Experimental
uncertainty in the
reconstruction (±)

Splitter deviation out
of the plane

0o (900 ± 4.2) µrad 25 µrad 11.9 µrad

Splitter deviation in
the plane

95o 95º + (2421.4 ± 4.7)
µrad

50 µrad 22.1 µrad

Rhomboid shift out of
the plane

0 (778.7 ± 70.1) µm 100 µm 92.1 µm

Rhomboid shift in the
plane

4.5 cm (45164.0 ± 57.2) µm 200 µm 186 µm

Parallelism out of the
plane

0 (69.7 ± 18.5) µrad 65 µrad 27.2 µrad

Parallelism in the
plane

0 (151.4 ± 13.6) µrad 130 µrad 63.0 µrad

4.3 Tilt meters

    Tilt sensors [8,9] measure angular positions and rotational movements of the elements to
which they are attached.

    Five units were used in the experimental set-up. Two 1D sensors from AGI (Applied
Geomechanics Incorporated) belong to the 756-Series Mid-range Miniature Tilt Sensors. The
remaining three units come from AOSI (Advanced Orientation Systems, Inc.): one of them is a
1D EZ TILT 3000-NULL model sensor and the other one is a 2D EZPLM tiltmeter, which is in
fact a couple of 1D units orthogonally arranged on a common base.

    All used sensors are electrolytic. Their operation is based on the fundamental principle that an
enclosed bubble, suspended in a liquid, will always orient itself perpendicular to the gravity
vector. The bubble is contained in a liquid-filled case, with three electrodes. When an AC
voltage is applied across the two excitation electrodes the AC output measured at the central
pick-up electrode changes as a function of the tilt angle. The output voltage variation is
proportional to the tilt.

    Table 2 summarizes the performance of the five used units. The measured precisions are given
in column 2 of the table. Results from long term (183.2 hours) stability measurements are given
in column 3 in the same table.

4.4 Laser Level

    A Laser Level (LL) consists of a laser source and a 1D AGI tiltmeter rigidly coupled to it. The
laser illuminates two ALMY sensors placed at the MAB structure (see Fig. 2). As in the case of
the Laser Boxes, the light source used here consists of a pigtailed 780 nm laser diode coupled to



a mono-mode fibre. The direction of the beam is opposite, and not coincident with the one
coming from the Laser Box illuminating the same 2D sensors. The tiltmeter performs local
absolute angular measurements and the laser allows to extend these measurements to the whole
MAB structure.

    The calibration of the Laser Level consists in finding the relation between the angle
determined by the laser beam reconstruction on the two photo-sensors and the angle measured by
the tiltmeter. This relation can be known better than 2 µrad [9].

Table 2 Measured precision and stability of the tiltmeter sensors

Tiltmeter Precision (µrad) Long term stability (µrad)

AGI1 11.1 ± 1.5 2.6 ± 2.2

AGI2 17.5 ± 2.4 3.5 ± 2.2

EZ1 92.6 ± 9.3 13.3 ± 8.3

EZ2 338.0 ± 12.9 17.2 ± 10.8

EZA 100.1 ± 8.1 14.0 ± 11.6

EZB 91.8 ± 2.9 20.3 ± 9.7

4.5 Distance measurements

    The left arm of the experimental set-up in Fig. 2, was equipped with distance measuring
devices. The Z and X co-ordinates of the reference points are measured in the direction along the
beam paths.

    The Z distance measurement from the Laser Box and the periscope (entrance to the Tracker
volume) is done by means of an aluminum tube, 3.6 m long, and two Heidenhain [10], 0.5 µm
resolution contact proximity sensors attached to each tube end. Two targets, surfaces for contact
measurement, are placed at the laser source and in the periscope, respectively.

    For the X measurement between the Laser Box and the MAB structure, a carbon fiber tube,
3.2 m long, is used. Non-contact OMRON [11] photoelectric proximity sensors (20 µm
precision) are placed at each of the two ends of the tube. Screens placed in the laser source and in
the MAB, serve as distance targets.

    All targets are equipped with photogrammetric retro-reflective elements placed in the four
corners and referred to the survey network with the already mentioned 20-50 µm precision.

4.6 Temperature sensors

    Twelve temperature sensors are distributed in various places in the set up (sensors, sockets,
tubes, laser sources and MAB) in order to control the thermal effect in the mechanics. The
sensors are Platinum 100 Ω at 0oC Resistance Temperature Detectors (Pt-100 RTD), class B



tolerance (± 0.12% at 0oC) from MINCO. Measurement range is from 0oC to 100oC with a
resolution of 0.1oC. They are insensitive to magnetic field and radiation.

4.7 Periscopes
    The role of the periscopes is to steer the reference laser beams of the system, coming from the
light sources, and make them reach the central tracker at a given value of the radius.

    We have tested two different types of periscopes named P1 and P2. P1 (P2) was installed at
the left (right) arm of the experimental set-up (see Fig. 2).

    P1 periscope consists of a splitter and a mirror, placed on top of a very rigid fused silica glass
bar. In that way, the prototype performs as a single rigid body. The splitter and the mirror glued
on top of it are made of standard BK7. Given the working conditions (almost constant
temperature) at the ISR hall, the unit is fully stable: the interdistance and the relative positions of
mirror and splitter can not change along the tests.

    Notice that for CMS, the final prototype has to be radiation resistant in addition of being stable
under temperature gradients. Periscopes will be constructed following a similar design to the one
of the modified rhomboid prism in Laser Box FI. The material will be optical grade fused silica
(Synthetic Quartz), that has a very low expansion coefficient and it is proven to be radiation
resistant (unchanged transmittance and reflectance properties) up to a total absorbed dose of 150
kGy [12].

    In the P1 periscope, the normal to the splitter forms 42.5º with respect to the longitudinal axis
of the glass bar, and the normal to the mirrored face of the mirror forms 45º with respect to that
axis. In this way, a light beam falling on the splitter with an angle of  42.5º with respect to its
normal, will be partially transmitted and partially reflected following a trajectory parallel to the
glass bar. The reflected beam hits the mirror with an angle of 45º with respect to the normal to
the mirrored surface and will be reflected again forming an angle of 5º with respect to the
primary incoming beam.

    We have calibrated this unit by reconstructing the angles of the outgoing light beams with
respect to the incoming beam and with respect to the orientation of the periscope. The results are
given in Table 3. The errors on the parameters include the stability of the unit. The
measurements show experimental uncertainties well inside the required specifications.

    The P2 periscope is also made of a splitter and a mirror, oriented as in P1. The optics is
mechanically fixed to an iron bar screwed on an aluminum plate support, but the unit can not be
considered a rigid body, nor a periscope prototype for CMS. P2 was calibrated following the
same procedure as for P1.

    Both periscopes were mechanically coupled to AOSI tilt sensors, to be able to correct for
rotations around the Z axis to which the projections of the angle between the reflected light and
the Z axis are not invariant [9].

    The periscopes are not referred by themselves to the survey network, but P1 is equipped with a
target plate in which a Heidenhain proximity sensor touches. This plate is equipped with four
retro-reflective targets for the distance measurement between periscope and the FI laser source.



Table 3 Design specifications of P1 periscope (see text) and results from calibration
measurements

Nominal Measured Design tolerance (±) Experimental
uncertainty in the
reconstruction (±)

Reflected beam
out of the plane ∼ 0

(295±9.2) µrad 25 µrad 22.0 µrad

Reflected beam
in the plane

87266.5 µrad (87235.0±11.8) µrad 50 µrad 20.4 µrad

Transmitted beam
out of the plane

∼ 0 (29.3±9.8) µrad 2 mrad 24.6 µrad

Transmitted beam
in the plane

∼ 0 (21.1±5.3) µrad 2 mrad 21.2 µrad

Shift of the
transmitted beam out

of the plane

∼ 0 (47.1±12.0) µm 100 µm 64.8 µm

Shift of the
transmitted beam in

the plane

∼ 5.7 mm (5.80±0.02) µm 200 µm 42.9 µm

5. THE DATA ACQUISITION SYSTEM AND THE RECONSTRUCTION SOFTWARE

     Signals from position sensors, proximity sensors, tiltmeters and temperature sensors are
digitalized by electronic boxes. RS-485 communication protocol is used. A conversion from RS-
485 to RS-232, necessary to establish the communication with the serial port of a PC, has been
done through ADAM-4520 modules.

    There are two buses, one RS-485 at 57600 baud and a second one at 19200 baud. Several
ADAM-4017 and ADAM-4060 modules connected to the first bus treat the signals of the analog
sensors and control the choppers. The signals from the ALMY sensors are connected to the
second bus through two ADAM-4521 modules.

    Several software modules written in LabView control the instrumentation and the data
acquisition. They allow the automatic control of the Laser Boxes and the visualisation of the
ALMY signals at the PC monitor.

    In order to avoid two laser beam spots hitting over the same sensor (MAB and Tracker zones),
each acquisition data cycle is composed by three consecutive sequences in which the mechanical
chopper of one source is open and the rest remain closed. In each sequence the module takes data
from all the sensors. A total of 36 measurements were stored at each cycle. The time needed to
make a complete measurement of all the system is about 1.2 min.

    A general object oriented C++ software was developed for the simulation and reconstruction
of the CMS optical alignment system. The package, called COCOA (CMS Object Oriented Code



for Optical Alignment [13]), allows the reconstruction of the position and angular orientation of
objects in the optical system, as well as the determination of the internal optical parameters. The
program also handles the propagation and the calculation of uncertainties.

    Calculations in COCOA are based on a non linear least squares fit. The derivatives of the
positions and angles with respect to the measurements are obtained by a numerical method,
which simulates the propagation of the light rays through the system elements. Distance and tilt
measurements are also treated.

    The software package is currently used for the design, calibration and test of the optical
alignment system of CMS.

6. RESULTS FROM THE GLOBAL TEST

    The aim of the test was to study the performance of the whole system (Barrel, End-cap and
Link systems) in reconstructing absolute space positions. The validation of the results is based on
the comparison of the data recorded by the system with direct survey measurements. In the case
of the Link System, and for the +Z arm of the experimental set-up, the goal was to compare the
positions determined by survey of the MAB structure, and of  the set-up points representing the
positions of the ME1/2 chamber, with the values obtained by the reconstruction procedure.

    For the -Z arm of the experimental set-up, the comparison only refers to the position of the
fake MAB.

    Survey measurements, calibration parameters of each element in the system and recorded
measurements of all the sensors are fed in the reconstruction software, COCOA. As mentioned
before, COCOA makes a non linear least squares parameters fit. The fit is done starting from the
positions given by survey of the Tracker sensors and a first estimation of the position and
orientations provided by the MAB sensors and those of the ME1/2 muon chamber.

    With this input, the program determines, for the +Z arm, all the unknown positions and
orientations of the MAB and ME1/2 chamber (with exception of rotations around X, to which the
set-up is insensitive). For the -Z arm, since no distance measurements elements exist, we cannot
fit the X position of the corresponding fake MAB.

    Figs. 3 a), b) and c) show the difference between the reconstruction and the survey
measurements, for the Y and X co-ordinates of the MAB center and for the Y co-ordinate of the
center of the ME1/2 chamber, respectively. Fig. 3 d) shows the difference in orientation around
the Z axis of the ME1/2 chamber.

    Fig. 3 is shown as illustrative example. The full set of results, concerning spatial and angular
reconstruction referred to the survey measurements, are given in Table 4. The average difference
between the reconstructed value and survey data are given in column 2. Contents of column 3
correspond to the systematic errors affecting the measurements. They are obtained, within
COCOA, by propagation of the errors in the survey positions and in the calibration of the
components. Last column shows the statistical dispersion of the measurements, which accounts
for the quality of the data recorded with the used set-up.



    Results on the systematic errors are close to the CMS precision requirements. Due to the fact
that the magnetic field in CMS is predominant along the Z axis, these requirements are stronger
for what is called the Y direction in the present experimental set-up (Φ, in CMS co-ordinates).
This direction coincides with the one of the tracks curvature. The required precision is about 150
µm for the Y co-ordinate of the centers of the MAB and of the ME1/2 chamber and about 20-30
µrad for their orientation around the Z axis. For the remaining co-ordinates and orientations the
required precisions are two times larger (~300 µm and ~50 µrad).

    The statistical dispersions are, for most of the measurements, much smaller than the
systematic errors, what keeps their quadratic sum within the required precision. The only
exception to this is the Y co-ordinate of the center of the MAB. The main error source in this
measurement is the observed instability of the Laser Box due to the use of mechanical choppers
to control the illumination sequence. As already mentioned, this instability will be avoided in the
final design of this element by using pulsed lasers.

Fig. 1 Difference between reconstructed points and survey measurements for: A)Y co-ordinate of



the MAB centre, B) X co-ordinate of the MAB centre, C) Y co-ordinate of the ME centre, D)
ME orientation around Z.

Table 4 Results (see text) from the global test
<Difference> Systematic Error Statistical

Dispersion
MAB centre X - 12 µm ± 141 µm ±   46 µm
MAB centre Y 194 µm ± 177 µm ± 245 µm
MAB centre Z 114 µm ± 246 µm ±   67 µm
MAB angle Y - 4 µrad ±   40 µrad ± 17 µrad
MAB angle Z - 8 µrad ± 16 µrad ± 40 µrad

Fake MAB centre Y 121 µm ± 205 µm ± 77 µm
ME1/2 centre Y 152 µm ± 161 µm ± 108 µm
ME1/2 centre Z 66 µm ± 159 µm ± 25 µm
ME1/2 angle Y     1 µrad ± 41 µrad ± 15 µrad
ME1/2 angle Z - 93 µrad ± 18 µrad ± 61 µrad

7. SUMMARY AND CONCLUSIONS

    We have presented the conceptual principle of the CMS Link Alignment System and the
details of the experimental set-up, installed at the I4 ISR hall, at CERN to validate the design.
The experimental set-up reproduces one half of a Φ CMS alignment plane with the final
dimensions and covers a surface of 20x17 m2.

    We have described the different instrumentation present in the system (including calibration
procedures and results), the DAS and the reconstruction software.

    The set-up includes a network of reference points that are accurately measured by levelling
and photogrammetry survey techniques. Link System measurements are compared with the
survey data.

    Results from this first global test performed with all the link elements running validates the
conceptual optomechanical design. Spatial and angular reconstruction precisions reached in the
present experimental set-up are already close to the CMS requirements.
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