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Abstract:

In this note we present tests made to three different models of tiltmeters available on the market. The
response of the sensors under moderate longitudinal tilts is studied and intrinsic performance is extracted.
Stabilitiy measurements are also made. A first laser-level unit prototype has been constructed and
successfully calibrated.
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Resumen:

En esta nota presentamos pmebas efectuadas a tres modelos diferentes de inclinómetros que pueden
encontrarse hoy en día en el mercado. Se estudia el comportamiento de la respuessta frente a movimientos
angulares y se extraen las prestaciones intrínsecas. Se han realizado, igualmente, pruebas de estabilidad.
Un prototipo de sistema laser-level ha sido contruido y calibrado con éxito.





1 Introduction

In the alignment scheme for the CMS experiment [1], the <£> co-ordinate will be monitored
using Laser-Level boxes [2], A laser-level box contains mainly a laser source and a tiltmeter.
The tiltmeters will measure the <ï> angle with respect to the gravity of the element to which it
is attached and will allow connecting the measurements between the Tracker [3] and the
Muon Chamber Systems [2]. Tracker and muon detectors must be aligned with a precision of
about 20 (irad in the bending plane. Angular movements have to be measured with a
resolution better than 15 jxrad.

The tiltmeters investigated in this work belongs to the firms AGI [4] and AOSI [5], We
have used two ID units from AGI (labelled AGI1 and AGI2) and two ID units from AOSI
(labelled EZ1 and EZ2). Preliminary tests made by the authors to the AGI units can be found
in ref. [6].

Although tiltmeters are one-dimensional sensors, they can be constructed in pairs,
orthogonal placed on the same base. That, in principle, should allow observing
simultaneously, longitudinal and transverse tilts. We have then also used in this work one unit
of those 2D sensors from the AOSI firm. The two sensors of the 2D tiltmeter have been
labelled EZA and EZB.

In addition to the calibration and test of various types of tiltmeters, a laser-level unit
prototype has been constructed and successfully calibrated.

This document is organised as follows: The working principle of tiltmeters based on
conductive fluids enclosed in a case is given in section 2. The experimental set-up is
presented in section 3. Section 4 deals with the longitudinal calibrations measured on the
various tiltmeters. Their intrinsic resolutions are extracted. The problem of the stability is
discussed in section 5. First results on the calibration of a laser-level unit prototype are given
in section 6. Finally, some conclusions are drawn in section 7.

Tiltmeters, or tilt sensors measure tilts with respect to the most stable reference: the vertical
gravity vector. Tiltmeters are, in principle, high precision sensors. They measure angular
position and rotational movement of the elements to which they are attached.

Excitation electrodes

Glass case j*r , Gas bubble

Conductive fluid Pick-up electrode

Fia. 1- Schematic structure of a tiltmeter.



The sensor operation is based on the principle that an enclosed bubble, suspended in a
liquid, will always orient itself perpendicular to the gravity vector. The bubble (see Fig. 1) is
located in a liquid-filled case (the liquid is a conductive fluid), 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.

Apart from mechanical details, the experimental set-up is identical for the three types of
sensors and it is sketched in Fig. 2. The tiltmeter is screwed on a platform equipped with a
high precision micrometer that allows moving it up and down. Also on the platform and at a
certain height over the tiltmeter, there is a laser diode. The laser beam cross two transparent
matricial amorphous-silicon (a-Si) detectors [7], located at 10 mm and 1140 mm,
respectively, from the laser head. Laser level unit and a-Si sensors are on top of a granite
bench. Both a-Si sensors are placed on identical supports and allow reconstructing the two
co-ordinates of the light spot.

To operate, we act first on the platform micrometer to find zero Volts on the tiltmeter
output. We then fix the position of the laser as to cross the centre of the two a-Si sensors. We
take data with this disposition that we take as reference. Then we move the platform up and
down (rotation around de X-axis) and take values of the tiltmeter voltage and of the
reconstructed position of the light spot on the a-Si sensors. This operation allows measuring
simultaneously, with respect to the reference, the voltage increment and the value of the
moved angle (longitudinal tilt).

Tiltmeter (TM)

Laser Diode

Micrometer

Y

I
Y

TM

a
-Z

Granite bench

Fig. 2. Sketch of the lateral view of the experimental set-up with definition of the co-ordinates system and the
longitudinal tilt a.

As it was said, tiltmeters are ID sensors. A calibration consists in finding the relation
between the output voltage and the angle moved. We expect the sensors to be linear and
hence:



V(mV) = k(mV/mrad) a(mrad) + c(mV)

where k is the calibration constant and a the tilt angle.

During the CMS operation we expect pure longitudinal tilts in the range ± 3 mrad. We have
nevertheless taken data in all the range allowed by the motion of the light spot over the
farthest a-Si detector, i.e. about ± 7 mrad.

We start the operation by finding the position V = 0 mV at the tiltmeter output and fixing
the laser spot at the centre of both a-Si detectors. We took the corresponding values of the
tiltmeter output voltage and the X and Y co-ordinates of the spot on both a-Si sensors that we
use after as reference values. From that point we tilt sensors and laser using the platform
micrometer, recording the output voltage and the co-ordinates of the reconstructed spot on the
a-Si detectors, at each step. In addition, we take also the value of the temperature with a
sensor attached to the tiltmeter. Tiltmeters are calibrated one at the time.

Notice that to chose the V = 0 mV position as the reference point is absolutely arbitrary
because this disposition does not insure that the tiltmeter base is perpendicular to the gravity
vector. In fact, when fixing a tiltmeter to a perfectly horizontal surface, the sensor will always
give you a certain signal (V+). Moreover, if the sensor is rotated by 180° around its centre, the
output signal will be now V" •£ V+.

The position in which the tiltmeter base form 90° with the gravity vector is the one
corresponding to an output voltage of

Vo = (V+ + V)/2

Vo is usually called tiltmeter bias. Every tiltmeter (even units belonging to the same model)
has its own constant Vo value due to slight differences in construction. For instance, the Vo

values for the two AGI units tested in this work are (-210.0 ± 10.6) mV for AGI1 and (-670.0
± 21.4) mV for AGI2.

For the calibrations presented in this document we have ignored the tiltmeters biases and
used, in all cases, the variation in the output voltage with respect to the position V = 0 mV,
and the corresponding variation of the tilt angle, measured with the help of the laser diode
and the two a-Si sensors. Clearly, the calibration constant k does not depend on Vo.

So, when placing the sensors on the moving platform one can choose among two different
orientations: positive electrode "forwards" or "backwards" and, although in principle, there
should be no difference, we have calibrated the sensors in both positions. By definition, in the
sketch in Fig. 2 the tiltmeter is placed in position forward. The tilt sketched in the same Fig. 2
is, also by definition, a positive a tilt.

4.1 The AGi sensors

The electronics of the AGI sensors allow to work at low or high gains and in single end or
differential modes. The maximum precision is got working at high gain and differential mode
and we have chosen these working conditions. In our previous work [6], the single end mode



of measurement was selected. Therefore we expect this time to find calibration constants
twice as high.

One typical example of the response of the sensor AGI1 (when placed in "forward"
position) as a function of the a angle moved is shown in Fig. 3. The response shows a good
linear behaviour in all the angular range. The straight line corresponds to the fit of the data
points to the function

V (mV) = 460.35 mV/mrad ot(mrad) - 16.39 mV
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Fig.3. One longitudinal calibration of AGI1 in forward position: response as a function of the moved angle a.

The residuals of the fit (in mV), as a function of the same angle a are shown in Fig. 4. The
points scatter randomly around zero. Its distribution is shown in Fig. 5. They are well centred
at zero and show a rms of 6.0 mV. This value can be taken as the intrinsic resolution of the
AGI1 tiltmeter. In angular units it is equivalent to about 13 jurad and therefore within our
requirements for alignment.
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Fig. 4. Residuals as a function of the tilt angle a from
the fit in Fig- 3.

Fig. 5. Distribution of the residuals from the fit in
Fig. 3.



The distribution of the temperature values recorded during the measurements is shown in
Fig. 6, showing a stable temperature in the laboratory around the tiltmeter: (20.7 ± 0.1) °C.

Fig. 6. Temperature recorded during the calibration of AGI1 in Fig. 3.

Figs. 7 and 8 correspond to a calibration of the same sensor AGI1 in position "backwards".
The fit to the data in Fig. 7 corresponds to the function

V (mV) = -460.56 mV/mrad a(mrad) + 0.81 mV
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Fig. 7. One longitudinal calibration of AGI1 in backward position: response as a function of the moved angle a.

Notice that now the slope has a negative sign, since when tilting up (positive values for a)
with the negative electrode ahead, the value of the output voltage is negative. This is nothing
but, as we said, a convention on angular definition.



The distribution of the residuals Fig. 8, shows a rms of 5.1 mV, equivalent to about 11 jirad.
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Fig. 8. Distribution of the residuals from the fit in Fig. 7.

Following the described method we have proceeded to eight independent calibrations, four
in forward position for the tiltmeter and four in backward. In addition, we have investigated
three different angular ranges: (-7, +7) mrad, (-5, +5) mrad and (-3, +3) mrad. Absolute
values of the calibration constant are used. Average results are displayed on Table 1.

Range (mrad)
(-7,4-7)
(-5,4-5)
(-3,4-3)

k(mV/mrad)
460.11 ± 1.27
459.58 ± 1.20
458.84 ±1.58

Resolution (¡irad)
11.1 ±1.5
10.7 ±1.5
10.9 ±2.6

Table 1: Calibration of the AGI1 tiltmeter.

The three sets of values are compatible within the errors. The temperature during the 8
measurements was varying, with ups and downs, in the range (21.5 ± 0.9) °C.

We have repeated the measurements for the AGI2 sensor. The results are summarised in
Table 2.



Range (mrad)
(-7,+7)
(-5,+5)
C-3,+3)

k(mV/mrad)
458.20 ±0.63
458.94 ±0.77
459.15 ±1.16

Resolution (jxrad)
17.5 ±2.4
15.3 ±2.6
16.6 ±2.4

Table 2: Calibration of the AGI2 tiltmeter.

During the AGI2 calibration, the temperature was oscillating in the range (22.4 ± 0.5) °C.

The resolution of AGI2 is clearly worst than that of AGI1. This is due to a worst linearity:
the data points would better follow a quadratic expression in a [6] rather than a linear one. As
an example and for one of the calibrations of the AGI2 tiltmeter, Figs. 9 to 11 show the
response as a function of a, the residuals (in mV) as a function of a and the distributions of
the residuals, respectively. Points in Fig. 10 suggest that the straight-line fit in Fig. 9 go, in
sequence, below, above and below the data points. In this example, the distribution of the
residuals (Fig. 11) has a rms of 10.0 mV, equivalent to about 22 ¡irad.
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Fig. 9. One longitudinal calibration of the AGI2
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Fia. 11. Distribution of the residuals from the fit in Fia. 9.

4.2 The EZ sensors

We have followed with the two ID EZ units the same procedure as for the AGI ones. These
sensors, of very low cost, show much lower performance.

A typical example of the response of the EZ1 sensor as a function of the moved angle is
shown in Fig. 12: data points lye up and down the straight line fit. This non linear behaviour
is even more clearly seen in Fig. 13, where the residuals from the fit are given as a function of
the moved angle: the distribution is sinusoidal, revealing that the data is not even quadratic in
a, but probably of a higher order. Finally, Fig. 14 shows the distribution of the residuals, a
distribution having a rms of 12.7 mV that for the slope of 119.17 mV/mrad of data in Fig. 12,
corresponds to a resolution of 106.9 ¡irad, far from the CMS needs.

1000

-500 -

-1000

- 4 - 2 0 2

a (mrad)

g
"a

1 •§

Fig. 12. One longitudinal calibration of sensor
EZ1: response as a function of the tilt angle.

40 i-"-

20 r

10 Tr

0 r

t
-10 'r

-20 h

-30 V

•40
- 8 - 6 - 4 - 2 0 2 4 6

a (mrad)

Fig. 13. Residuals from the fit in Fig. 12 as a
function of the tilt angle.
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Fig. 14. Distribution of the residuals from the fit in Fig. 12.

We have, nevertheless completed the measurement program of sensors EZl and EZ2 and
have tried to find angular regions of linear behaviour. The results are summarised in Tables 3
and 4.

Range (mrad)
(-7,+7)
i-5,+5)
(-3,+3)

k(mV/mrad)
119.90 ±0.93
122.73 ±0.50
123.66 ±0.50

Resolution (¡irad)
92.6 ±9.3
39.9 ±12.2
27.5 ±4.0

Table 3: Calibration of the EZl tiltmeter

Range (mrad)
(-7,+7)
C-5,+5)
(-3,+3)
(-2,+2)

(-1.+1)

k(mV/mrad)
92.9 ±0.5
85.9 ±0.3
76.2 ±1.0
70.3 ±1.0
68.1 ±1.4

Resolution (ujad)
338.0 ±12.9
249.1 ± 8 . 1
140.4 ±13.1
78.3 ±8.5
36.7 ±13.2

Table 4: Calibration of the EZ2 tiltmeter

For EZl, there is no linear region among the three ranges investigated. For EZ2, we have
search down up to ± 1 mrad and found that the response is linear only in this small angular
range, and, nevertheless, the resolution is not good enough.

4.3 The 2D EZ sensor

Fig. 15 shows a sketch of the laser level unit for the calibration of the 2D EZ sensor. In the
disposition in Fig. 15, by moving the platform up and down, we can measure the response of
sensor EZA to longitudinal tilts and the response of EZB to transverse tilts.
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Fig. 15. Calibration set-up for 2D EZ sensor.

We show in Figs. 16 to 21 a set of measurements con'esponding to the set-up sketched in
Fig. 15. The response of the sensor EZA, as a function of the angle a is shown in Fig. 16.
Data points are fitted to the function

V(mV) = 85.8 mV/mrad a(mrad) + 11.1 mV
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Fig. 16. One longitudinal calibration of sensor EZA: response as a function of the tilt angle.

The fit is quite bad. Groups of points lye in sequence, up and down the straight line fit. This
is clearly seen in Fig 17 where the residuals from the fit are shown as a function of a. The
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sinusoidal behaviour reveals that the data points in Fig 18 follow a function in a with power
terms grater than 1.
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Fig. 17. Residuals from the fit in Fig. 16 as a function of the tilt angle.

The distribution of the residuals (Fig. 18) has a rms of 8.3 mV, equivalent to about 97 ¡irad,
again far from our physics requirements.
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Fig. 18. Distributions of the residuals from the fit in the Fig. 16.

11



Fig. 19 shows the response of the sensor EZB as a function of a. In principle, if the tilt is
perpendicular to the longitudinal axis of the sensor, the response should be zero [6]. What we
observe is behaviour close to that of a longitudinal tilt of low strength. The data points admit
a fit to the function

V(mV) = -0.46 mV/mrad a(mrad) - 0.07 mV
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Fig. 19. Response of sensor EZB during the longitudinal calibration of EZA.

This response function is most probably originated by a misalignment of the tiltmeter with
respect to the plane of the tilt: it is not a pure rotation around the EZB longitudinal axis and
then we observe a kind of small longitudinal tilt [6].
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Fig. 20. Residuals from the fit in Fig. 19 as a
function of the tilt.

Fig. 21. Distribution of the residuals from the
fit in Fig. 19.
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The distribution of the residuals as a function of a is shown in Fig. 20. Points distribute
randomly around zero. The rms of the residuals distribution (Fig. 21) is of the order of 1 mV.
This value is very high with respect to the slope (-0.46 mV/mrad) and one should conclude
that in fact the response is compatible with zero for tilt ranges as the ± 3 mrad expected in
CMS and therefore, that the response to longitudinal tilts is not going to be affected by small
misalignments, as already pointed out in ref [6].

Doing four longitudinal calibrations to each of the sensors in the unit completed the test of
the 2D EZ tiltmeters. The results are summarised in Table 5.

Sensor
EZA
EZB

Range
(-6, +6)
(-6, +6)

k (mV/mrad)
85.910.4

103.510.4

Resolution (uxad)
100.118.1
91.812.9

Table 5: Calibration of the 2D-EZ tiltmeter

During CMS operation, tiltmeters will be needed to monitor eventual angular movements of
the pieces to which they are attached. As already said, the expected tilts will most probably
lye in the range of ± 3 mrad. Tiltmeters should then be stable in time: in the absence of tilts
the output voltage should be always the same.

But this is not the case: changes in temperature induces changes in voltage due to a series of
effects as contraction, dilatation of the liquid, change in the electrical properties of the liquid,
contraction and dilatation of the metallic parts of the sensor, etc.

If changes were linear with the temperature it would be possible to correct any output
voltage to the temperature of calibration and therefore be capable to observe and measure,
within the sensor resolution, any eventual angular movement.

Using the AGI tiltmeters, that have reasonable intrinsic resolutions, we have proceeded to a
couple of long term stability tests in two different " environmental" conditions.

5.1 Test on the granite bench

We have fixed the two AGI sensors on the University of Cantabria granite bench. The bench
has its own foundations that insures isolation from the floor of the laboratory and from any
kind of vibrations in the building.

The laboratory where the bench is located is a dark room very well isolated from the outside
world, The laboratory has its own air conditioning system that usually keeps the ambient
temperature at (21 ± 1) °C.

13



For the test, the air conditioning was switched off and data was taken from the output
voltages while the ambient temperature was simultaneously recorded. One set of
measurements was done every 5 minutes. Measurements started as soon as the set-up was in
place.

Measurements last 9000 minutes (about 6.7 days). During that period, nobody entered in the
laboratory.

The responses, as a function of time, from AGI1 and AGI2 sensors, in the absence of forced
tilts, are shown in Figs. 22 and 23 respectively.

-185

-205

-210
2000 4000 6000

Time (min)

1 10"

Fig. 22. Response of AGI1 as a function of time in
the absence of physical tilts.

-785 n

0 2000 4000 6000 8000 1 104
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Fig. 23. Response of AGI2 as a function of time
in the absence of physical tilts.

All tilt-sensors based on a conducting liquid and a bubble, have a "settling time" when
installed in a new position. This is because a thin viscous layer of liquid slowly drains from
the walls of the sensor. For the model in test, to fully stabilise to less than 10 j_irad after
installation, it is said that one should allow 24 hours [8].

The observation of Figs. 22 and 23 evidences the 24 hours of the settling time. In fact, a
clear stabilisation is only obtained after 48 hours of data taking.

The recorded ambient temperature as a function of time is shown in Fig. 24. Temperature
decreases smoothly from 21.8 °C to 19.9 °C in the first 6500 minutes and then goes up to 20.7
°C because of an overall increase of the temperature due to a stable flow of South wind.

14
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Fig. 24. Temperature recorded during stability measurements

We have now search for tiltmeters signals-temperature correlations by discarding the first
24 and 48 hours.

The responses, as a function of time, of AGI1 and AGI2 sensors for the days 2"a to 6.7* are
shown in Figs. 25 and 26 respectively. Same information for the days 3rd to 6.7th are given in
Figs. 27 and 28, for AGI1 and AGI2, respectively.
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Fig. 25. AGI1 response for the days 2nd to 6.7th. Fig. 26. AGI2 response for the days 2"u to 6 . 7 .

15



43.5 h

42 r

41.5 h

41

j 1

2000 3000 4000 5000 6000 7000 8000 9000 1 10*

Time (min)

Fig. 27. AGI1 response for the days 3rd to 6.7*.
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Fig. 28. AGI2 response for the days 3rd to 6.7th.

Notice that in Figs. 25 to 28, the ordinate is given in microradians by subtracting the Vo
value (tiltmeter bias, section 4) of the sensors and dividing by the corresponding calibration
constants. From the observation of Figs. 25 and 26, one can conclude that most probably the
settling time of the two units in test approach the 48 hours.

We give in Figs. 29 and 30 the response (after 48 hours of data taking) as a function of the
measured temperature, for the AGI1 and AGI2 respectively.
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Fig. 29. AGIl response as a function of the
temperature for the days 3rd to 6.7lh.
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Fig. 30. AGI2 response as a function of the
temperature for the days 3rd to 6.7th.

Observation of Fig. 29 (AGI1) leads to no conclusion: there is no clear correlation between
signal and temperature.

Inspection of Fig. 30 shows that for identical temperature variation (from 21.2 °C to 20.7
°C) the signals cluster in two separated sets, indicating that: 1) there is no way for a unique
linear parameterisation, 2) we are most probably looking at a kind of hysteresis process in the
output signal if we discard the possibility of eventual mechanical movements due to the
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different response to temperature changes of the various materials involved (bench supports,
granite, liquid case, liquid and electrodes) not always repeatable for a given temperature.
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Fig. 31. Distribution of the AGI1 response for the
days 3rd to 6.7th.
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Fig. 32. Distribution of the AGI2 response for
days 3rd to 6.7th.
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We can extract from Figs. 29 and 30 the variations of the output signals for the given
temperature range (AT = 1.3 °C). This information is shown in Figs. 31 and 32, for AGI1 and
AGI2 respectively, where the distributions of the responses are given.

The measured mean values (and standard deviations) for the ± 0.65 °C temperature variation
are (42.4 ± 0.6) jurad and (-222.4 ± 1.9) jarad for AGI1 and AGI2 sensors, respectively.

This means that, in the impossibility of corrections, when working with temperature
variations of ± 0.65 °C, the intrinsic resolutions of AGI1 and AGI2, degrade by 0.6 ¡arad and
1.9 ¡Arad respectively, provided the system was waiting for 48 hours to get equilibrium.

5=2 Test on an iron bench

To observe the consequences of higher temperature variations we have moved the tiltmeters
and the associated electronics to Madrid. We have fixed the sensors to a non-isolated iron
bench and leave the set-up operational for about 48 hours before starting taking data.

Measurements were done along 6750 minutes (more than four and a half days), taking
output voltages and temperature values once per minute.

The room where the iron bench is located, has an air-forced hitting that is switched on in the
morning and off in the afternoon. The week-ends remains switched off.

The temperature recorded during the test is shown in Fig. 33, showing ups and downs,
covering the range (21-12) °C, which correspond to hitting cycles. The fall down from 17 °C
to 12 °C corresponds to a week-end, with no hitting.
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Fig. 33. Temperature recorded during a long term stability test on a non isolated iron bench

The corresponding sensors signals are shown in Figs. 34 and 35 for AGI1 and AGI2,
respectively. The output voltages move with an amplitude of about 30 mV (= 65 ¡irad) for
both sensors.

The sensors responses as a function of the temperature show, in this test, a rather chaotic
behaviour, as seen in Figs. 36 and 37: it is not possible to establish any correlation between
the output voltage responses and the temperature.

As we said, the iron bench used is not isolated form the building grounds. So, building and
fixturing where the test was made may have moved in response to temperature changes. The
movements of the building, the floor and the "attached" iron bench, etc., is not always
repeatable. That makes that for the same temperature, the output voltage varies in a large
range. Therefore, in this long term test we are, most probably, observing real motions, real
tilts.
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Fig. 34. Response of AGI1 during a long term
stability test on a non-isolated iron bench.

Fig. 35. Response of AGI1 during a long term
stability test on a non-isolated iron bench.
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Fig. 36. Response of AGI 1 as a function of the
temperature during a stability measurement.

Fig. 37. Response of AGI2 as a function of the
temperature during a stability measurement.

6 Calibration of a laser-level unit prototype

We have constructed and calibrated a first laser-level unit prototype. The unit consists in a
very simple stainless steel support to which a diode laser and a tiltmeter (AGI1) where
attached. The attaches of both components allow up and down tilts. Fig. 38 is a photograph of
the laser-level unit.

Fig. 38. Photograph of the laser-level unit prototype.
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The sketch of the used experimental set-up are shown in fig. 39.

Fig. 39. Layout of the experimental set-up for the laser level prototype calibration.

The two sockets in fig. 39 allow the precise positioning, by insertion, of a fiducialized
position detector (PD) a-Si sensor on their top. The difference in height of the centre of the
PD sensor when placed in each of the sockets is determined by survey methods (accuracy
better than 50 (im). The first socket is at 440 mm far from the laser source. The socket inter-
distance is 5615 mm and the difference in height between both is 270 ¡im.

Fig. 40 shows a photograph of the experimental set-up where the laser-level unit and the
socket closest to the laser are seen on the granite bench. Inserted on the socket, the
fiducialized PD sensor is also seen.

. 40. Photograph showing the laser-level unit and in first plane the closest socket with the PD a-Si sensor
on the granite bench.

The calibration of a laser-level unit consists in the following: given a certain fix position of
the tiltmeter base (close to the perpendicular to the gravity vector) find the angle that the laser
light makes with the horizontal. In this way, when attached the unit to a given piece whose
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eventual tilts have to be monitored, the angle measured with the tiltmeter is extended, in a
know direction, much beyond the very short tiltmeter base.

For the calibration we have proceeded as follows. We have first placed the laser-level unit
on one corner of the granite bench (see figs. 39 and 40) and operated on the level (tiltmeter)
until the output voltage arrives to a position close to the horizontal. We have then fixed the
corresponding screws. Immediately after we have moved the laser light as to pass around the
centre of the PD placed, in turn, at the two socket locations and fix the laser screws. At that
moment we have left the unit untouched for about 48 hours.

Next operation consists in taking data from the output voltage and from the position of the
laser spot on the PD in both sockets positions. The operation was repeated 20 times in a first
calibration operation. We have then leave the acquisition system taking data for a couple of
days (to see how stable the unit is) and we have repeated the calibration of the laser-level.

In the first calibration, the distributions of the angles, with respect to the horizontal, of the
laser beam (ocol) and the base of the level (ßol), have the following mean values:

aol = (-750:7 ± 1.
ßol = (-39.3 + 0.6) jirad.

The second calibration (made, as said, 48 hours later) gives the following values :

ao2 = (-723.0+ 1.2) uxad,
ßo2 = (-12.3 ± 4.7) urad.

That the two set of values (calibrations) are equivalents is clear, since

a o l -ß 0 l «a 0 2-ß 0 2«-711 .1 nxad

but it is also clear that a certain motion took place in between the two calibrations.

A first indication on what could happen is contained in the calibration values themselves. In
fact:

a o 2 - a o l - ß 0 2 - ß o l - 2 7 . 4 ( i r a d

This means that the laser-level unit, as a whole (the full structure), seems to have tilt by about
27 ¡irad, with respect to the horizontal, from calibration number 1 to calibration number 2.

The motion is detected by both, laser and level, because the sockets have not moved at all.
Fig. 41, where we show the tiltmeter response and the Y co-ordinate of the light spot on the
PD-sensor, both as a function of time, during the stability measurements, illustrates this point.
As can be seen, both sets of points essentially lye on top of each other: although the scales are
different, the behaviour is identical.
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Fig. 41. Tiltmeter response (left side, red points, mV) and Y position of the spot (right side, blue points, |im),
as a function of time..

Therefore, the two calibrations are equivalent and one can use any of them to monitor angular
movements of any piece to which the laser-level unit would be attached.
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7 Summary and conclusions

Five tiltmeters, representing 3 different sensor models from 2 firms, currently available in
the market, have been tested and their performances compared to the physics needs for the
alignment of the CMS experiment.

The study of the response as a function of the angle moved during longitudinal calibrations
allows concluding, for the expected range of tilts (± 3 mrad), the following:

One of the AGI tiltmeters has a linear response to the moved angle. Its resolution, better
than 11 |irad, fulfils physics requirements.

The second AGI has not a linear response, leading to a resolution of about 17 ¡orad, higher
than the one looked for (15 ¡ixad).

The two ID EZ units and the 2D EZ model have intrinsic resolutions far away from target.

The study of the stability of the response, for the two AGI units shows:

Tilt sensors needs between 24 and 48 hours for fully stabilisation.

We could not establish any parameterisation of the sensors responses with the temperature.

Temperature variations of ± 0.65 °C degrades the resolution by about 10%.

A first laser-level prototype unit has been constructed and successfully calibrated.
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