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Abstract:

A test of components and a global test of the CMS alignment system was performed at the 14 hall of the

ISR tunnel at CERN along Summer 2000. Positions are reconstructed and compared to survey

measurements. The obtained results from the measurements of the Link System are presented here.

Prestaciones del Sistema de Relacion tras la Primera Evaluacion Global
del Sistema de Alineamiento de CMS

Arce, P.; Calvo, E.; Figueroa, C.F.; Rodrigo, T.; Vila, I.; Virto, A.L.
Instituto de Fisica de Cantabria. CSIC-University of Cantabria * (Santander, Spain)

Barcaia, J.M.; Fernandez, M.G.; Ferrando, A.; Josa, M.I.; Molinero, A.; Oiler, J.C.
CIEMAT** (Madrid, Spain)

57 pp. 34 fig. 12refs.

Resumen:

Durante el verano de 2000 se han realizado pruebas de componentes y una primera evaluacion global del

Sistema de Alineamiento de CMS en el area 14 del tunel de los ISR en el CERN. Las posiciones de los

elementos son reconstruidas y comparadas con medidas topograficas de precision. Los resultados obte-

nidos referentes al Sistema de Relacion se presentan en este trabajo
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1 Introduction
The CMS [1] muon alignment system [2] is organised 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] to relate Muon and Tracker alignment systems.

An experimental study of the system as a whole is essential. Due to the large scale,
complexity and cost of the full system this experimental study has to be limited to a minimum
arrangement that contains all the relevant elements. The full scale laboratory is a simplified
version of one half of a CMS r-z plane containing all the relevant 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 precision of the whole system will be obtained by comparison of the data provided by the
system itself with direct survey measurements. For this reason a precise and redundant survey
network built around the set-up is necessary.

At the 14 hall, in the ISR tunnel, a set of concrete blocks allows the survey measurements of
many points used as reference for the tests of the link, barrel and endcaps alignment systems.
The CMS-(|) direction has been set vertically, allowing the most precise measurements by
optical levelling. A layout of such net of points is given in Fig. 1. A photograph of the site,
giving an idea of the scale, is given in Fig. 2. The disposition of the network represents a
complete layout of one half of a O CMS alignment plane. The installation of the laboratory
started in spring 2000 and it was fully operational at the beginning of summer 2000.

During the months of May, June, August and September three working periods were
organised as will be detailed in this Note. During these three periods, reports on installation,
survey measurements, calibration of components, partial measurements for each sub-system
and global measurements for complete muon alignment system of CMS have been done.

One partial and temporary test of the set-up was installed during the spring 1999 for the Link
system [4]. In this set-up just one laser source prototype creating two laser beams sent light to
several position sensors; a light protecting tube and temperature sensors were also installed.
The aim of this preliminary test was to evaluate the environmental conditions in the hall, the
stability of the light paths under various conditions and the resolution in ang;ular
measurements.

In the present Note we present the results from the Link system. We will describe the
experimental set-up, the DAS and the software package for reconstruction in Section 2. A
description of the different working periods, and the results from the reconstruction, are given
in Section 3. We draw in Section 4 some conclusions.

2 The experimental set-up
The experimental set-up of the Link System block is composed by the survey network and the
instrumentation of the Link system itself. This instrumentation is composed [5] by 2D
position sensors, laser sources, periscopes, distance measurement elements (tubes and
proximity detectors), laser level prototype, tiltmeters, temperature sensors and DAS.

From the two arms in Fig. 1, representing the symmetric -Z/+Z sides of one half of a $
alignment plane, only the left side (-Z) is almost fully instrumented. A large plate is used as
mock up of the MAB, ME/1/2 chambers and the Tracker points are mimic with 2D position
sensors sitting on concrete blocks. The full path is instrumented with distance measurements.
Only the ME/1/1 transfer plate, connecting the ME/1/1 chamber ring is missing.



At +Z not all the mirror-image points are instrumented and in this case the 2D ALMY [6]
position sensors fake the length of a MAB. No distance measurements are used.

2.1 The co-ordinates system
The link optical bench (see Fig. 2), was equipped with CERN standard reference sockets and
retro-reflective photogrammetric targets. The calibration of this network was performed with
standard precise survey and photogrammetric methods.

All the 2D position sensors are placed in CERN standard reference sockets except the two
sensors placed in the MAB structure. The co-ordinates of these points are given with respect
to the centre of a Taylor-Hobson sphere. The sensors in the MAB (sensors 2 and 4 in Fig. 3a,
see also Fig. 3b) are mounted in a reference frame and are equipped with four survey photo-
reflective targets placed in the frame corners. The same type of targets is used for the distance
measurements between laser box-periscope and laser box-MAB.

The co-ordinates of the points in the system are obtained using four different types of survey
targets (see Fig. 4):

1. Taylor spheres,

2. spherical targets on standard reference sockets,

3. coded targets to speed up the calculation in the MAB,

4. retro-reflective targets to equip the sensors placed in the MAB and the plates used for the
distances measurements.

Several rounds of survey and photogrammetric measurements have been done during the test
period with the aim of evaluating the stability of the network and to test some components
calibrations. The different measurements obtained for the points and the retro-targets can be
found in ref. [7]. ,

In the geometry of the network we tried to reproduce, as much as possible, the geometry of a
plane in the real detector. A schematic layout of the survey points is shown in Fig.5.

The network is composed (see Fig. 5) of 10 system points named, ME2, ME1, TKP1, TKP2,
TKN2, TKN1, MABH1, MABH2, MABIland MABI2. Extra points named, TKO, FIP1, FIP2,
FIR1, FIR2, DM1, DM2, PRO,FIP1, FIP2 and FIIP1 are used for the calibration of the laser
box and periscopes. TKO is the origin and its elevation has been fixed at 1.50 m.

The r.m.s errors, at the 66.6 % C.L., obtained for the three co-ordinates of the survey points
measured by standard survey methods, are in the range of (10 - 50) îm. For the
photogrammetric measurements of the points of the MAB sensors the precision is in the range
of (20 - 50) (im. The stability of the network points between May-September was of about
100 \xm.

2.2 Instrumentation

2.2.1 Laser source
The laser box is a unit composed of an optical part (laser diode, rhomboid prisms and beam
splitter cube) and a mechanical part (the repositioning platforms). In the experimental set-up
there are two prototypes placed in the positions named FI and FII (see Fig. 5).

The prototype placed in FI is a complete prototype that from one laser generates three beams,
one in the direction of the Tracker and two others, parallel among them, in the directions of
the Barrel Muon Chambers and the ME/1/2 End Cap muon chamber. It is composed of two



optical components: a beam splitter plate and a modified rhomboid prism.

The second prototype at point FII (see Fig.5) has just a splitter plate. For this reason the
prototype placed in FII just sends two beams: one for the Tracker and the second for the
Barrel Muon Chambers.

A third laser source included in the laser level prototype [8] housed in the MAB sends one
beam that hits the two ALMY sensors placed in the MAB structure.

The working wavelength of the three lasers is 780 nm and the nominal power (before the
single mode optical fibres) varies between (10 - 20) mW. 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.

The angle between tracker and muon beams is about 95°. The precise value of this angle is, by
construction, unknown (within the large tolerances of fabrication) and it is previously
calibrated. The laser sources consist of pigtailed laser diodes coupled to mono-mode fibres
with final connectors type FC/PC. The original beams from the fibres were coupled to
collimators, in order to get collimated beams all along the working distances. In this way. the
quality and the uniformity of the beam is similar in every point illuminated by the same
source.

A summary of the size spot for all the beams, obtained in different points of the set-up, is
shown in Table 1.

In this table it is indicated the laser beam , the point in which the laser spot size is evaluated,
the waist of the two intensity profiles and the distance between the point and the
corresponding laser source (from 1.6 mm up to ~ 6 m). The quality of the laser spot is
discussed in paragraph 2.2.2.

In order to provide the laser boxes with the basic movements, they were mounted on two
moving platforms with four degrees of freedom (1 translation and 3 rotations). These
platforms are controlled by a PC.

2.2.2 Position Sensors
The 2D position sensors used in the set-up were semitransparent amorphous silicon sensors
(ALMYs). Prior to the tests, we have characterised the response of the sensors and we have
"fiducialized" all the ALMY sensors. The fiducialization consists in adjusting the sensor to a
very precise mechanical frame that fits perfectly well into the socket, taking the place where
the Hobson-Taylor sphere is (see Fig. 6).

The centre of the sensor is determined with 1 |̂ m accuracy using microscope measurements.
Due to the mechanical mounting precision, the centres of the 21) sensors are known with
respect to the overall network reference system within (20 - 30) jxm. Fig. 6 shows the
mechanical arrangement of one of the fiducialized sensors placed on its reference socket in
the case of the sensors out of the MAB structure.

Due to the geometry of the ALMY electrodes [6], the information obtained for the incoming
beam are two orthogonal intensity profiles. Vertical strips reproduce the projection of the
beam spot along X while horizontal strips do the same along Y. The signal of the 128 strips is
extracted, multiplexed, converted to voltage and transferred to the .ADC of a microcontroller.

Typical signals obtained in ADC counts for the X and Y intensity profiles of the laser spots
during the measurements of various ALMY sensors are shown in Figs. 7 a) to f).

Figs. 7 a) to f) correspond, respectively, to the sensors placed in positions: TKP1 (FI), ME2



(FI), MABI-1 (LL), MABH-2 (FII), TKN2 (FI) and MABI-1 (FI) in Fig. 5. The laser source
that illuminates each of the points is the one given in brackets.

It can be seen that the signal/noise ratio is good in most of the sensors but for the farthest ones
with respect to the laser origin. The signal of the sensor placed in the external points of the
tracker (TKN2 and TKP2) present spots with intensities of about 70 ADC counts and a non
good quality spot shape, mainly for the Y profile.

During the September run we observed a period of high noise in the electronic chain together
with lower laser intensity. Therefore the ratio signal/noise was particularly bad for the sensor
located at MABI2. This problem is important since it influences the reconstruction procedure
as it will be seen later.

In addition, and for several sensors, we have observed the existence of damaged strips. The
signals of these strips have a null value, saturation or a peak value. An example is shown in
Fig 7 c), where one peak can be seen at the beginning of the signal for the Y intensity profile.
All theses damaged strips were identified and eliminated from the data by a software off-line
and hence the fits of the laser spots are not affected.

In the set-up and along several laser beams there are two ALMY sensors placed in line. In our
data, when using two sensors placed in line, geometrical beam deflections are present. A
measurement of the deflection angle that the first sensor produces in the second was done
before installation. This operation is called the calibration of an ALMY. So, before the tests
we have calibrated and obtained a deflection matrix for each couple of sensors present in the
set-up using the real distances between the two sensors forming the couple.

The calibrations are done in the following way: the signal of the beam in the second sensor,
when the first sensor is removed from the light path, is recorded. Then, it is placed back and
scanned with the laser beam. The light profile collected in the second sensor will account for
the beam deflection due to the presence of the first sensor. These deflection (calibration)
matrixes are introduced in the reconstruction software.

2.2.3 Periscopes and associated tiltmeters
The role of the periscopes is to allow the reference laser beams of the link system, coming
from the light sources, to reach the central tracker at any value of the radius.

At the ISR we have tested two different periscope prototypes, one, called CIDA was
constructed in that Institute [9], the second, called "mechanical" was constructed in our
laboratory with existing components. One of the aims of the test was the calibration of both
periscope prototypes. The calibration of a periscope consists in finding the angles formed by
the incoming beam and the two outgoing ones for a given orientation of the periscope. We
were also investigating the relation between the periscope orientation and the calibration
angles.

The CIDA prototype is formed by two elements, a splitter and a mirror, placed on top of a
very rigid glass bar were both elements are glued. Two views of the design are shown in Fig.
8. A photograph is given in Fig. 9.

The normal to the splitter forms 42.5° with respect to the longitudinal axis of the glass bar,
while the normal to the mirrored face of the mirror forms 45° with respect to that axis. In this
way, when an incoming beam light comes to the splitter with an angle of 42.5° with respect
to its normal, it will be partially transmitted and partially reflected following a trajectory
parallel to the glass bar. This first reflected beam will arrive to the mirror with an angle of 45°
with respect to the normal to the mirrored surface and will be reflected again forming an angle
of 5° with respect to the primary incoming beam.



This prototype was coupled mechanically to a two-dimensional AOSI [8] tilt sensor (see Fig.
10) and was placed on the left half plane of the ISR set-up. A 2D tiltmeter consists in a set of
two ID sensors arranged orthogonal one with respect to the other on a common base.

The mechanical prototype is also made of a splitter and a mirror, but in this case the two
elements are mechanically fixed to one for each shoots wich are in turn fixed to an iron plate
(se Fig. 11). Splitter and mirror are oriented as in the CIDA prototype, but there is no
constraint on rigidity. In the mechanical periscope there are two ID AOSI tiltmeters.

We associate tiltmeters to the periscopes because the projections of the angle between the
reflected light and the Z axis are not invariant under rotations around Z [5] and therefore a
correction may be needed.

The periscopes are not referenced to the survey network but the CIDA one is equipped with a
placket target in which a Heidenhan proximity sensor touches. This placket is equipped with
four retro-reflective targets for the distance measurement between periscope and the FI laser
source, see Fig. 12, as it will be explained in section 2.2.6.

2.2.4 Laser Level
In the MAB structure (see Fig. 13) we have installed the laser level prototype described in ref.
[8]. This prototype is composed of a laser and a ID AGI tiltmeter. The laser level prototype
illuminates the two ALMY sensors, placed in positions MABI1 y MABI2 of the MAB
structure, by the glass substrate side.

The prototype is not referenced with respect to the survey network. Details of the prototype
and the previous calibration in Santander Laboratory can be found in ref. [8]. Typical signals
of this tiltmeter and results from stability measurements are shown in next section.

2.2.5 Tiltmeters
Several tiltmeters are used in the set-up. There is one ID tiltmeter in the Laser level prototype
(named AGI1) and other control ID tiltmeter placed in a concrete block next to the MAB
structure (name AGE). Both tiltmeters are from Applied Geomechanics Incorporated.

One 2D tiltmeter from AOSI is placed in the CIDA periscope prototype (the ID sensors
inside the 2D AOSI clinometer were named EZA and EZB) and two ID AOSI tiltmeters are
placed in the base of the mechanical periscope (named EZ1 and EZ2).

Several previous calibrations of all these tiltmeters were made at the Santander Laboratory
and reported in ref. [8].

Typical signals for these tiltmeters, during stability measurement in the first working period,
are shown in Fig. 14. They correspond to 10 hours of measurements. The stability of the
tiltmeters is very good, about 2.2 (irad, 4.4 (jrad, 8.3 urad, 10.8 fxrad, < 1 \irad and 19.4 jxrad
for AGI1, AGI2, EZ1, EZ2, EZA and EZB, respectively

Even if tiltmeters are sensitive to temperature variations, the temperature in the ISR hall is in
general very constant. In 16 over 17 stability measurements done, the temperature varied in
less than 0.5 °C. The summary of the variation of the output signals (already converted into
angular units) from the six one-dimensional tiltmeters over a total of 183.2 hours (16
independent measurements taken during the working period of June) is displayed in Table 2.
The two units from AGI, that offer the best resolutions among the 6 sensors used, show a
perfect stability at the ISR hall (< 6 \irad).

During measurement number 17, that lasted 20 hours, the variation of the temperature was 1
°C. We have investigated the correlation between the output signal and the temperature and
found that 1 °C represent changes in the few per thousand in the output voltage and are



neglected.

2.2.6 Distance measurements
Only the left arm of the experimental set-up in Figs. 1 and 5, was equipped with distance
measurement elements (tubes and proximity sensors) as can be seen in Fig. 15 a), in which a
general view of the distance tubes is shown. Fig. 15 b) shows a detail of the proximity sensor
placed at the end of the aluminium tube and in contact with the Laser Box distance target.

The distance measurements refer to the measurement of the Z co-ordinate and the
measurement of the R co-ordinate, directions along the beam path.

For the Z measurement an aluminium tube is used. In their extremes there are two Heidenhan
contact proximity sensors (0.5 \xm resolution) and two plackets targets where the sensors
contact. These targets are placed in the laser source FI and in the CIDA periscope,
respectively, and they are equipped with photogrammetric retro-reflective targets placed in
the four corners.

For the R measurement a carbon fibre tube is used. Two non-contact OMRON photoelectric
proximity sensors are placed in the two extremes. Two screens placed in the laser source FI
and in the MAB, make the role of distance targets in this case. They are also equipped with
photogrammetric retro-reflective targets.

The calibration of the OMRON proximity sensors were done in Santander Laboratory. The
signal of the Heidenhan sensors is directly given in mm.

Typical stability signals taken along 2.8 hours measurement from one of the OMROM (in
mm) and from one of the Heidenhans (in mm), taking during the working period of
September, are shown in Figs. 16 a) and b), respectively.

To use correctly the distance measurements in the reconstruction there are three steps to
consider:

Measurement by photogrammetry of the distance between targets with the help of the retro-
reflective targets and several survey points between laser source FI and CIDA periscope. The
same for the distance between Laser source FI and MAB [7].

It is necessary to know the lengths of the tubes. In fact, what we need is to know the distance
between the two proximity sensors in each tube. This distance is calculated subtracting to the
distance between the two distance targets (behind the photogrammetric measurement) the
value of the two distances measured by the proximity sensors (x and x') in Fig. 17 a).

Finally we need to know the distance between the distance targets of the laser box and the
origin of the laser beam. To do this we have to reconstruct the centre of the laser beam using a
measurement of the system and to compare with the position of the targets done by
photogrammetry.

One evaluation of the repeatability in the sum of signals before and after removal of the
aluminium tube has been done. Assuming the length of the tube does not change during the
test, we have done 11 independent measurements (we dismount and mount again the tube and
the Heidenhans before each measurement) and take data of the x and x' lengths (see Fig. 17
a). The result of the 11 x+x1 data are shown in Fig. 17 b).

The mean value of the 11 points is 5650.3 \im and the precision is 40.7 jxm, well below the 80
jj,m requirement.

2.2.7 Temperature Sensors
Twelve temperature sensors, with a precision of 0.1 °C, 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. A typical signal of all these sensors taken during a global measurement in
the September working period is shown in Fig. 18.

2.2.8 Data Acquisition System

2.2.8.1 Hardware

The signals of the transparent position sensors, proximity sensors, tiltmeters and the
temperature sensors are digitalized by the electronics boxes. These boxes are communicated
via the RS-485 protocol. A conversion from RS-485 to RS-232 is necessary to establish the
communication with the serial port of a PC and has been done through ADAM-4520 modules.

There are two buses, one RS - 485 at 57600 baud and another, slower, at 19200 baud. Several
ADAM 4017 and 4060 modules are connected to the first bus. The modules treat the signals
of tiltmeters, proximity sensors, signals of control of the choppers and temperature sensors.
To the second bus, and through two ADAM -4521 modules, the signal of the ALMY sensors
are connected (see Fig. 19).

The movements of the laser sources are controlled by two board motor controllers (PI-C-
842.40) located in the PC.

2.2.8.2 Software for data acquisition and control
To control the instrumentation and the data acquisition a software module was written in
Lab View.

This module has several sub-modules, one is dedicated to the preparation of the measurement,
it allows the automatic control of the mechanical laser source, to visualise in the screen the
ALMY signals and to change the type of fit (gaussian or centroid) and also to control the
motorised platforms.

Five sub-modules are dedicated to the calibration tests. One can choose between calibration of
the laser box, periscope or distances options. In this case the system switch on the appropriate
laser and reads the sensors implicated in each calibration.

A general sub-module is used for the global and stability measurements. This module
achieves full measurement cycles enabling and disabling automatically the laser sources by
means of the control of the mechanical choppers of each laser source. Each acquisition cycle
is composed by three consecutive sequences in which the mechanical chopper of one source is
open and the rest remain closed. The sequence of the opening of source choppers is: FI, FII
and LL. In each sequence the module takes data from all the sensors.

Three different data acquisition modes are possible:

1) test (no data): the data is not saved in a file, one just look at the numbers and signals
appearing at the screen.

2) manual: the acquisition is done when the user activates a certain icon, this mode allows to
save the data in a file.

3) periodic: the data is taken in an automatic mode. The user must select the number of
measurements, the lapse time between measurements and also the file name in which the
data is stored.

The time necessary to make a complete measurement of all the system is about 1.2 min.

7



The data acquisition system generates five files with the following information:

The values of the position of the laser spot, amplitudes and widths of the signals and the
position of the motorised platforms.

The ADC counts corresponding to the 128 strips of each ALMY sensor for each
measurement.

- The values (in volts) of the different proximity sensors.

- The values (in volts) of the tiltmeters.

- The values (in °C) of the temperature sensors.

2.2.9 Software for reconstruction and analysis
A general object oriented C++ software to study systems through a geometrical
approximation has been developed for the simulation and reconstruction of the CMS optical
alignment system.

The prototype, called COCOA (CMS Object Oriented Code for Optical Alignment [10]),
allows users to reconstruct the position and angular orientations (as well as the internal optical
parameters) of objects in the optical system. The program also handles the propagation and
the determination of uncertainties.

Calculations in COCOA are based on a non linear least squared 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 testing of the optical
alignment system of CMS.

3 The working periods of the ISR test
This section outlines the different working periods of the ISR test in relation with the specific
Link Survey tasks and the global measurements comprising the Barrel, End Cap and Link
subsystems.

The tests started at the beginning of the spring 2000 and the set-up remained installed during
all the summer. The ISR test was divided in three working periods.

3.1 First period: (May-June 2000)
The first period includes the months of May and June 2000. By middle of May the installation
of the different components of the Link system started, including the Data Acquisition
System, laser sources, periscopes, tubes, proximity sensors, tiltmeters, temperature sensors
and three fiducialized 2D sensors.

In May a first calibration of the network including co-ordinates of the Link and Barrel points
plus distance measurements between Laser Source FI and CIDA periscope was done [7]. The
aim of this preliminary set-up was first to test the acquisition system, and second to calibrate
in-situ the Laser sources and Periscopes prototypes using this set-up, where, due to the scale
and large working distances, calibrations with the required precision were possible.



During this period the available set-up points were the indicated in Fig. 5, except the two
points MABI1 y MABI2. The Laser level prototype was not installed neither, due to the fact
that the MAB prototype was not yet in place.

3.1.1 Calibration of components
The prototypes calibrated with the help of the ISR network were the Laser Source FI, the
Laser Source FII, and the CIDA and "mechanical " periscopes. We summarise here the main
results.

a) Laser source FI:

Several calibrations of this prototype were done during the first period. A calibration consists
in taking data of 2D sensors and reconstruct in the space the lines created by the laser beams.
For one calibration, the data needed to reconstruct all the lines is named "cycle". In each cycle
we take a number of data in each point, this number is named "#meas". At the same time each
of the previous measurement corresponding to a 2D sensor is the average of several
("averages").

The calibration of the FI laser source consists in the reconstruction of three rays, that go,
respectively, to the MAB, tracker and ME1/2 chamber.

Due to an incorrect calculation in the set-up the simultaneous measurements of the lines going
to the MAB and ME/1/2 is not possible. The calibration was, therefore, divided in two steps:
first we measure the lines through the MAB and Tracker, using the: points FIP1, FIP2, FIR1,
FIR2 and then we measure the secondary radial line with the adequate extra points in the set-
up.

In Table 3 we summarise the calibrations of the FI prototype during the first working period.
We indicate the date of calibration, the used points, the number of cycles, number of
measurements per cycle and averages of the ALMY sensors. Table 4 summarises a typical
calibration set of data showing the achieved precision on the different parameters.

b) Laser source FII:

The calibration of the FII Laser source consists in the reconstruction of the two lasers beams
generated by this prototype: the ray going through the tracker and the ray going to the fake
MAB in the right arm of the set-up. These lines are reconstructed using the points MABII2,
FHP1, FIIR1, FIIR2. Two calibrations of this Laser source has been done. The achieved
accuracy resulted similar to the obtained for FI source.

c) CIDA Periscope:

The calibration of this periscope consisted in reconstructing the angles of the reflected and
transmitted beams with respect to the incoming beam and also in the evaluation of these
angles with respect to the orientation of the periscope. These two types of measurements are
named, in Table 5, calibrations (1-4) and scans (1-2), respectively.

A summary of the achieved precision on the different parameters is given in Table 6. The
errors on these parameters include the stability along all the measurements done during this
period.

d) Mechanical Periscope:

The calibration of the mechanical periscope consisted just in obtaining the angles formed by
the incoming with the outgoing beams. For this system four calibrations were done and are
summarised in Tables 7 and 8.



3.1.2 Distance measurements
As we said in section 2.2.6, one measurement of the repeatibility of distances by mounting
/dismounting of the aluminium tube has been done. Calibrations of distance measurement was
not possible along this period because of changes in the set-up.

3.2 Second period: (August 2000)
In this second working period the MAB structure was installed in its nominal position, the
setup at this moment was complete. Two ALMY sensors were placed in MABI1 y MABI2
(see Fig. 5) and the Laser Level prototype installed in the MAB structure.

After this period the Second calibration of the MAB with photogrammetry was done,
including the measurement of the MABI1 and MAB 12 co-ordinates [11].

3.2.1 Global measurements
In this period the first global measurements of the CMS alignment system were done,
participating jointly the subsystems Barrel, End-cap and Link in the data taking. Since the
DAQ was not common, the synchronisation of the data was done manually by fixing common
start-up of measurements.

All the elements in the set-up were static, no dynamic tests were foreseen. The aim of the test
was to compare the positions determined by survey of the MAB structure, and set-up points
representing the positions of ME/1/2 chambers and of a second MAB (fake MAB) at -Z
barrel zone end, with the values obtained in the reconstruction and hence determine the
performance of the system for absolute position measurements.

For the Link system a global measurement consists in a cycle in which the laser sources FI,
FII and LL illuminate the sensors alternatively as described in Section 2.2.8.

The points of the set-up used for the global data taking were MABI1, MAB 12, ME1, ME2,
TKP1, TKP2, TKN1, TKN2, MABH1 and MABII2 (Fig. 5). In each cycle we recorded the
date, and the signals of the ALMY, proximity, tiltmeters and temperature sensors.

Three days of global measurements, each of them divided in two measurement periods, were
organised. Some parameters of the measurements are summarised in Table 9.

Due to changes in the set-up from June to August, and the lack of photogrammetric re-
measurements of the distance targets, we were not able to use the information from the
proximity sensors during this period. Therefore, the data we report below, concentrates on
measurement and reconstruction of the Y co-ordinate and the angle around Z-axis of the
MABs and the ME/1/2 chamber. The Y co-ordinate can be fitted independently of the
information from distance measurements (Z among the Laserbox-TK and X among Laserbox-
MAB), and the Laser level measures the angle around Z.

Fig. 20 shows, for the whole August period, the response (in (irad) of the AGI1 tiltmeter of
the laser level unit, housed in the MAB. We observed a stable behaviour. The small
dispersion in the data, with respect to June data (see Table 2), was probably due to
manipulations in the MAB structure, mainly, at the beginning of the data taking. The laser
level calibration was obtained using the data of the measurements 1 and 2 in Table 9. This
calibration was applied to the data 3,4, 5 and 6 in Table 9.

For the optical components, the calibration constants used in the data reconstruction were
obtained as follows:

1) for the periscopes we used the June calibrations (see Tables 6 and 8),
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2) for the rhomboid prism we used an optical calibration of the unit (parallelism between
radial beams). This measurement has the advantage of being much more precise that the
one obtained with the ISR setup.

The results obtained are summarised in Figs. 21 to 25. Figures 21 and 22 show the
reconstructed MABs positions in the Y co-ordinate. They show the difference between the
reconstructed centre Y of the MAB, defined by the middle point between the two Link
sensors, and that position as measured by survey/photogrammetry.

The three vertical lines in the plots (shown also in all the rest of the figures) separate the 4
data taking periods corresponding to August 2nd and 3rd . The error associated to its
measurement points has two components, the first one is related to the contribution due to the
calibration errors (which is mainly determined by the accuracy of the survey network when
used) and the second one is the contribution from survey errors in the measurement itself.

The error associated to each individual point due to the quality of the light spot in the sensors,
noise etc.. is not included. We can infer the magnitude of this contribution from the statistical
dispersion along the measurement period. The average position reconstruction and the
statistical dispersion are also shown in all the figures.

We observed a systematic shift above the survey value in the reconstruction, compatible with
errors, of the Y MAB positions, in Figs. 21 and 22, both for the MAB structure (+Z arm) and
Take MAB'(-Z arm).

Fig. 23 shows the reconstructed position in Y of ME/1/2 sensors. Again here we call "ME/1/2
centre Y" to the middle point between the two sensors mimicking the ME/1/2 chamber. As it
can be seen, the statistical dispersion of the measurement is significantly smaller than in the
case of the MAB sensors and this is well correlated with the better quality of the light spot
obtained on those sensors.

Figs. 24 and 25 show the orientation around Z of the MAB structure and the "ME 1/2 chamber
sensors". The MAB orientation is measured by the Laser level unit and in the case of the
ME/1/2 sensors it is correlated with the one of the MAB (plus the non parallelism of the
rhomboid prism). In all these measurements there is a clear correlation between the Y position
reconstruction and the angular orientation.

In the laser box prototype FI the beam splitter cube is mounted with a mechanism that allows
the adjustment of the cube orientation at the nominal value (45.2°). Once the assembly of the
two optical pieces is completed, in case the mechanics is not well sealed, the
position/orientation of the splitter can move when manipulating the laser box, inducing
changes that will only affect to the reflected beam. We believe that this happened sometimes
along the measurements mainly due to the stress produced by the normal on/off of the
chopper along the measurement cycles (the chopper was placed on top of the prototype itself).

3.3 Third period: (September 2000)

3.3.1 Distance measurements calibrations
To be able to use the distance measurements (proximity sensors plus tubes) we needed to
calibrate the ensemble by using an external measurement of the distances Fl-Periscope and
FI-MABI obtained by photogrammetry [12]. The procedure was explained in section 2.2.6.

The precisions of the different steps in the measurement are:

1. Proximity sensors precision:

a) Heidenhan: 1 \xm
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b) OMRON-1: 16 jxm, OMRON-2: 23 (jun

2. Photogrammetry precision: 80 |im

3. In the distance between reconstructed light origin and laser box distance targets: ~
50 îm for the X and Z co-ordinates.

3.3.2 Global measurements
In this period there was a new round of global measurements of Barrel, Endcap and Link
subsystems.

Three days of global data taking were programmed. The type of measurements was the same
that in August. A summary of the measurements is shown in Table 10. In this table the
measurements are numerated in chronological order. During three nights stability
measurements were also taken. A stability measurement consists in the same data taking cycle
that a global measurement but it is not necessarily coordinated with the rest of the subsystems.

In each cycle the signal of the ALMY sensors, proximity sensors, tiltmeters and temperature
sensors and the time were stored. In Table 10, GM indicates the global measurements and SM
the stability measurements. The number of total cycles is indicated by "# cycles", the mean
time between cycles is "At" and "averages" indicate the number of measurements taken in the
ALMY sensors to obtain the final signal.

The aim of this period was to extend the previous measurements to all co-ordinates and angles
making use of the distance measurements.

The X and Z co-ordinates as well as the angles around X and Y axes are obtained by
combination of the distance measurements and the knowledge of the opening angle between
laser beams (95 degrees angle).

Concerning the calibration constants for periscopes and rhomboid prism we used the same
parameters as in the August analysis.

When analysing the data we found three important problems:

1) The instability of the laser box mechanics (instability of the splitter) that translates into
instability of the calibration parameters, mainly of the 95 degrees angle between the
transmitted and reflected beams. As commented at the end of section 2, the change in
orientation of the splitter creates a kind of beam drift for the laser beam going to the Tracker
area, making the pre-calibration parameter useless. Therefore to know this angle, with an
adequate level of accuracy, we had to extract it from a subset of the data themselves.

Moreover, this strategy would only be valid if the drifts were small enough during a
reasonable period of time, such that the chosen subset is representative of the whole set
period. But this was not the case for the complete September set of data.

Accurate knowledge of the 95° angle affects directly to the reconstruction of the X and Z
absolute positions and to the orientation around the X and Y axes. Although this problem, and
just as example, we chose the data from the last part of the September run and performed a
complete position reconstruction

2) During a good fraction of the September period, the quality of the light spot in some
sensors was quite poor. This was due to the appearance of a rather high level of noise for one
of the 2 co-ordinates of the ALMY sensors -noise associated with the electronics- together
with a degradation of the laser intensity in FI. The two effects produce a very poor s/n ratio,
that translates into a bad sensor position reconstruction.

3) Most of the data of the left arm were not useful due to a misfunctioning of
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the laser chopper in FI, that created a double light spot on a sensor in the path.

Figures 26 to 34 summarise the results from this period. They show the X, Y and Z position
of the centre of the MABI and its orientation (angles around Y and Z axes), the Y and Z
position of the centre defined by the ME/1/2 sensors and its orientation (angles around Y and
Z axes). As describe above, some of the figures contain only part of the data. The figures with
four vertical lines contain the complete set of data, the lines indicate the different runs.

Figures 26 to 28 show the difference between the reconstructed X, Y and Z co-ordinates of
the centre of the MABI and the survey measurements. The big statistical dispersion in Fig. 26
illustrates the magnitude of error discussed in 2) above.

Figure 29 and 30 show the orientation of the MAB, angles around Y and Z-axes. Angles
around the Z axis is measured by the MABI laser level, the observed dispersion, up to 40 firad
(compared with August data 18 firad) is again explained due to the poor beam spot position
reconstruction in the MAB sensors.

Figures 31 to 34 show the accuracy in position and orientation obtained for the ME 1/2
sensors. In this case the noisy channels are in the Y co-ordinate. The reconstructed ME Y
centre position shows a dispersion of about 100 ^m while is 4 times smaller in the case of the
Z co-ordinate.

Finally, Table 11 summarises the results for the September period. Column number 3
(Systematic Error) shows the actual performance obtained by the Link System. It reflects the
influence of the accuracy on the knowledge of the individual components in the final absolute
position reconstruction capability of the system. Although the calibration accuracy obtained in
the dedicated studies were well within the requirements, the obtained reconstruction accuracy
is in some cases above the expectations (-150 |im in position, -20 urad in orientation).

We could explain the discrepancy from the several misfunctioning of the whole setup as
explained in the text.

For the positions and angles that can be compared, the magnitude of the errors are consistent
between the two run periods (August and September).

4 Conclusions
We have described the details of the ISR test in terms of prototypes, DAS, calibration
procedures and reconstruction software used.

For this test we developed and tested the calibration procedure and fiducialization of
components. The level of accuracy achieved is adequate to our needs.

The analysis of the data was also a good exercise to debug and understand many aspects
related with the reconstruction.

The -preliminary- analysis of the data described here revealed several problems related with
the stability of the prototypes in terms of mechanics which did not appear before in pre-tests
done at home laboratory, using a simpler instrumentation. Other problems as electronic noise,
etc., were due to the more hostile environment of the ISR.

Even if the quality of the data was rather poor in some periods, the obtained results are not far
from the expectations.
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POINT

MABI2
MABI1
MABI1

FIP2
ME2
MEl
FIRl
FIR2
FIIR2
FIIR1
FIIPI

MABn2

Laser
source

LL
LL
FI
FI
FI
FI
FI
FI
Fn
FII
FII
FII

WAIST X Qun)

1560
624
873
688
722
1167
1519
622
861
1131
1548
1046

WAIST Y (urn)

1603
559
807
666
743
1175
1487
659
782
1538
1511
1220

Distance to laser source
origin (m)

2.5
0.1
3.4
2.9
2.4
1.1
0.3
3.3
3.3
0.3
0.3
5.9

Table 1: Summary of the typical beam spot sizes obtained for the different beams at several
distances of the laser origin.

t(h)

183.2

AT(°C)

0.2±0.1

AGI1
(Urad)

2.6+2.2

AGI2
(jorad)

3.5±2.2

EZ1
(jirad)

13.3+8.3

EZ2
(Urad)

17.2±10.8

EZA
((irad)

14.0±11.6

EZB
(ixrad)

20.3±9.7

Table 2: Tiltmeters stability measurements.

Calibrati
on
1

2

3

4

5

Date

27-05-
2000

28-05-
2000

28-05-
2000

29-05-
2000

30-05-
2000

Used Points

FIP1,FIP2,FIR1,FIR2

FIP1,FIP2,FIR1,FIR2

FIP2, FIRl, FIR2, MEl, ME2

FIP2, FIRl, FIR2, MEl, ME2

FIP2, FIRl, FIR2, MEl, ME2

Cycles

15

15

21

12

12

#
meas.

5

5

5

5

5

Averag
es
3

10

3

3

10

Table 3: Summary of the calibrations of the FI laser source prototypie during the June worldng
period.
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Splitter deviation
out of the plane

Splitter deviation
in the plane

Rhomboid shift
out of the plane

Rhomboid shift in
the plane

Parallelism out of
the plane

Parallelism in the
plane

Nominal

0°

95°

0

4.5 cm

0

0

Measured

(900 ± 4.2) urad

95° +(2421.4 ±
4.7) urad

(778.7 ±70.1) (Jin

(45164.0 ±57.2)
um

(69.7 ± 18.5) urad

(151.4 ±13.6)
urad

Max. Required
design uncertainty

(±)
25 urad

50 urad

100 urn

200 urn

65 urad

130 urad

Experimental
uncertainty in the
reconstruction (±)"

11.9 uad

22.1 urad

92.1 urn

186 um

27.2 urad

63.0 urad

Table 4: For laser box FI. Design specifications and results from calibration measurements
(see text).

Calibrati
on

SCAN1

SCAN2

1

2

3

4

5

Date

2-06-
2000
3-06-
2000
4-06-
2000
6-06-
2000
7-06-
2000
7-06-
2000
7-06-
2000

Used Points

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

FIR1, FIR2, TKP1, TKP2, TK0,
TKN2

Cycles

19

18

12

9

5

5

2

#
meas.

3

3

5

5

5

5

3

Averag
es

5

5

5

5

10

Table 5: Summary of the calibrations of the CIDA periscope prototype during the June
working period.
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Reflected beam
out of the plane
Reflected beam

in the plane
Transmitted beam

out of the plane
Transmitted beam

in the plane
Shift of the

reflected beam out
of the plane
Shift of the

reflected beam in
the plane

Shift of the
transmitted beam
out of the plane

Shift of the
transmitted beam

in the plane

Nominal

~ 0
87266.5 urad

~0

~0

~0

~ 350 mm

~0

~ 5.7 mm

Measured

(295±9.2) urad

(87235.0±11.8)
urad

(29.3±9.8) urad

(21.1±5.3) urad

(155.4±16.2) urad

(356.630±0.015)
mm

(47.1±12.0)um

(5.80±0.02) um

Max. Required
design uncertainty

(±)
25 urad

50 urad

No constraint

No constraint

No constraint

No constraint

1(30 urn

200 um

Experimental
uncertainty in the
reconstruction (±)

22.0 urad

20.4 urad

24.6 urad

21.2 urad

63.3 urad

42.2 urn

64.8 urn

42.9 um

Table 6: For the CIDA periscope: design specifications and calibration measurements (see
text).

Calibrati
on

1

2

3

4

Date

8-06-
2000

24-06-
2000

2-07-
2000

2-07-
2000

Used Points

FIIR1, FJTR2, TKN1, TKN2, DM1

FIIR1, FIIR2, TKN1/TKN2, TKP2

FIIR1, FIIR2, TKN1,TKN2, TKP2

FIIR1, FnR2, TKN1, TKN2, DM1

Cycles

10

6

2

7

#
meas.

5

3

5

5

Averag
es

5

5

5

5

Table 7: Summary of the calibrations of the mechanical periscope prototype during the June
working period.
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Reflected beam
out of the plane

Reflected beam
in the plane

Transmitted beam
out of the plane

Transmitted beam
in the plane
Shift of the

reflected beam out
of the plane
Shift of the

reflected beam in
the plane

Shift of the
transmitted beam
out of the plane

Shift of the
transmitted beam

in the plane

Nominal

~ 0

-87000 (irad

~0

~ 0

~ 0

-350 mm

- 0

- 500 |̂ m

Measured

(1031.6132.7)
uxad

(86416+54.5) uxad

(211.8±12.6)uxad

(221.9±12.0) urad

(4179.2±73.2)
jirad

(355.760±0.0057)
mm

(40.2±75.6) |im

(437.7±12.4) pm

Max. Required
design uncertainty

(±)
25 ujrad

50 |irad

No constraint

No constraint

No constraint

No constraint

100 nm

200 pirn

Experimental
uncertainty in the
reconstruction (±)

30.4 M-rad

21.9 urad

26.6 uxad

19.9 |irad

64.6 uxad

33.9 urn

64.9 ujn

34.2 urn

Table 8: For the mechanical periscope: design specifications and calibration measurement
(see text).

Measuremen
t
1

2

3

4

5

6

Date

1-08-
2000
1-08-
2000
2-08-
2000
2-08-
2000
3-08-
2000
3-08-
2000

#
cycles

18

35

51

33

58

10

At (min)

5

5

5

5

5

5

Averages

10

10

10

10

10

10

Table 9: Summary of the global measurements taken during the working period of August.
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Measureme
nt
1
2
3
4
5

Type

GM
GM
SM
GM
SM

Date

22-09-2000
23-09-2000

23-09-2000 / 24-09-2000
24-09-2000

24-09-2000 /25-09-2000

#
cycles

55
17
73
42
125

At (min)

5
5
10
5
5

Average
s
10
10
10
10
10

Table 10: Summary of the global measurements (GM) and stability measurements (SM) taken
during the working period of September 2000.

MAB centre X
MAB centre Y
MAB centre Z
MAB angle Y
MAB angle Z

ME 1/2 centre Y
ME 1/2 centre Z
ME 1/2 angle Y
ME 1/2 angle Z

<Difference>

- 12 um
194 urn
114 um
- 4 urad
- 8 urad
152 um
66 um

1 urad
- 93 urad

Systematic
Error

± 141 um
± 177 um
± 246 um
± 40 urad
± 158 urad
± 161 um
± 159 um
±41 urad
± 18 urad

Survey Error

±59um
±41 um
±63 um
± 18 urad
± 28 urad
±46 um
±27 um

± 25 urad
±56 urad

Statistical
Dispersion
± 46 um
± 305 um
± 67 um
± 17 urad
± 40 urad
± 108 um
± 25 um
±15 urad
±61 urad

Table 11: Mean difference (see text) between reconstruction of points; and angles and survey
measurements. Summary of reconstruction errors. Data correspond to September 2000 period.
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Fig. 1: layout of the experimantal set-up of the ISR test
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Fig. 2: Photograph of the ISR set-up showing the Link calibration
bench
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Fig. 3 a-b: Two views of the MAB prototype and the two ALMY sensors (2 and 4) in Fig. 3 a).

22



Fig. 4 a-b: Photograph of a taylor sphere mounted in a standard reference socket and two spherical targets.
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Fig. 5: Scheme of the optical lines in the ISR test.
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Fig. 6: Fiducialized ALMY sensor and its reference socket
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Figs. 7 a-f: Typical signals obtained in AD counts for the X and y intensity profiles of the laser spots.
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Fig. 8: Design of the CIDA periscope prototype

Fig. 9: Photograph of the CIDA periscope prototype

27



Fig. 10: Photograph of the 2D-AOSI tiltmeter coupled to the CIDA prototype

Fig. 11: Design of the mechanical periscope prototype
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Fig. 12: Photograph showing the proximity sensor and the distance target associated with the CIDA prototype.
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Fig. 13: Photograph of the laser level prototype housed in the MAB structure.
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Fig. 14 a-f: Typical signals (in volts) of the tiltmeters used in the set up.
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Figs. 15 a-b: a. General view of the distance tubes. Detail of a proximity sensor placed at the end of the
aluminium tube in contact with the laser box distance target.
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Figs. 16 a-b: Typical stability measurement scorrespondmg respectively to one OMRON and one Heidenhan

during 2.8 hours in the working period of September.
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Fig. 17 a-b:

Scheme of the distance measurement setup.

Evaluation of the effect in the distance measurements of the tube installation/removal process.
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37



Link - survey measurement
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average (obtained with average of calibration values) = 0.254

statistical dispersion of measurements — ± 0,158
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Fig. 21: Difference between the reconstructed position in Y of the MABI structure in the August working period
and the value done by survey measurements.

38
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Fig. 22: Difference between the reconstructed position in Y of the fake MAB in the August working period and
the value done by survey measurements.
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Link - survey measurement
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average (obtained with average of calibration values) = 0.007
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Fig. 23: Difference between the reconstructed position in Y of the ME 1/2 chamber sensors in the August
working period and the value done by survey measurements.
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Fig. 24: Difference between the reconstructed orientation around Z of the MAB structure in the August working
period and the value done by survey measurements.

41



E
E

0.6
Link - survey measurement

0.4

0.2

o

error in each measurement = ± 0.0182 ± 0.056

average (obtained with average of calibration values) = —0.07

statistical dispersion of measurements - ± 0,033

0 50 100
ME angle Z

Fig. 25: Difference between the reconstructed orientation around Z of the ME 1/2 chamber sensors in the August
working period and the value done by survey measurements.
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Link - survey measurement
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Fig. 26: Difference between the reconstructed center position in X of the MABI structure in the September
working period and the value done by survey measurements.
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average (obtained with average of calibration values) = 0.194
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Fig. 27: Difference between the reconstructed center position in Y of the MABI structure in the September
working period and the value done by survey measurements.
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Link - survey measurement
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Fig. 28: Difference between the reconstructed center position in Z of the MABI structure in the September
working period and the value done by survey measurements.
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Fig. 29: Difference between the reconstructed orientation around Y of the MABI structure in the September
working period nad the value done by survey measurements.
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Fig. 30: Difference between the reconstructed orientation around Z of the MAB structure in the September
working period and the value done by survey measurements.
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Link - survey measurement
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Fig.31: Difference between the reconstructed position in Y of the MEl/2 chamber sensors in the September
working period and the value done by survey measurements.



Link - survey measurement
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Fig. 32: Difference between the reconstructed position in Z of the ME1/2 chamber sensors in the September
working period and the value done by survey measurements.
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Fig. 33: Difference between the reconstructed orientation around Y of the ME 1/2 chamber sensors in the
September working period and the value done by survey measurements.
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Fig. 34: Difference between the reconstructed orientation around Z of the ME! 1/2 chamber sensors in the
September working period and the value done by survey measurements.
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