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Abstract

We report on irradiation studies done to a sample ofMghprecision electrolytic tiltmeters vith. gamma-rays,
up to amaximumdose of 150 kGy, andneutrons, up to a maximum fluence of 1.5x1014 cm"2. The effect of
the irradiation on their performance is discussed.
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Resumen

Describimos estudios sobre irradiación de sensoresde inclinación electrolíticos de alta precisiónconrayos
gamma, hasta una dosis de 150kGy,yneutrones, hasta "una fluencia máxima de 1.5xl014cm"2. Sediscute
el efecto de la irradiación sobre las prestaciones de los sensores.





1 Introduction

The measurement and monitoring of small tilts (in the mrad range) with high precision (of the order
of 20-30 jirad) requires the use of very performant sensors. Electrolytic tiltmeters are very sensitive
devices appropriate for a precise angular measurement. They have been used for many years in a
large variety of applications in physics, engineering and geology [1-9].

Tiltmeters are one-dimensional sensors and measure the angle with respect to the gravity, of the
elements to which they are attached.

The tiltmeters investigated come from the firm AGI [10,11]. We have irradiated six units: labels
AGIP1 and AGIP2 belong to model 755 and AGI1, AGI2, AGB and AGI4 belong to model 756.
Table 1 summarizes some general specifications of the sensors in test.

The goal of the work is to determine the radiation hardness of the sensors. With this aim we have
calibrated four of the tiltmeters under study before and after various photon irradiation doses and
neutron fluences (in an unbiased mode) and compared the resulting performance.

Sensors AGEPl and AGIP2 were irradiated with gamma-rays up to a total ionisation dose (TID) of
150 kGy. This exceeds by far the TID these sensors will get in more than 10 years of use in nuclear
plants or in the most hostile regions of the forthcoming LHC [12] Particle Physics Experiments.

Sensor AGI1 was irradiated with gamma-rays up to 0.010 kGy and to a neutron fluence of
10 -2

5x10 cm , that is the foreseen irradiation, after 10 years of use, in a low exposed zone of the
CMS [13] Experiment: the MABs [14] location.

14 -2

Sensor AGI2 was irradiated with photons up to 50 kGy and to a fluence of 2x10 cm , equivalent
to the expected irradiation, after 10 years of use, for tiltmeters located in the Tracker [15] of the
CMS Experiment, at |r)| = 3.

In addition, an stability measurement of sensors AGI3 and AGI4 was done while being irradiated,
by recording, simultaneously, the sensors output voltage and the accumulated dose.

This document is organised as follows: the electrolytic tiltmeters working principle and the
experimental set-up are given in section 2. Calibration procedure is explained in section 3 while
section 4 deals with the irradiation conditions. Results are given in section 5 and a summary and
conclusions are drawn in section 6.

2 The working principle and the calibration experimental set-up

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: a potassium iodine solution in ethanol, with three
electrodes. When an AC voltage is applied across the two-excitation electrodes, the AC output
voltage measured at the central pick-up electrode depends on the tilt angle.

A mechanism providing rotations of the order of a microradian is necessary to deal with the
accuracy of the tiltmeters in test. We used a 450 mm long arm tripod which can be moved by one
of its ends, in steps of 0.5 urn (equivalent to about 1 urad). The tripod is supported on three knobs
that can be moved independently. A sketch of this structure together with the axis definition can be
seen in Fia. 2.



The sensor to be calibrated is placed on top of the longest arm. The sensor is screwed on a
platform, which is the interface between the tripod and the sensor (see Fig. 3). The knob "A" tilts
the tripod around the Y axis. The Z displacement of the knob is measured by a length gauge
Heidenhain [16] with a resolution of 0.5 jim.

The tripod, platform and sensor were placed on a stable optical table. Fig. 3 shows the whole
arrangement.

3 Longitudinal tilts: calibrations

Tiltmeters are ID sensors. A calibration consists in finding the relation between the output voltage
and the angle tilted. We expect the sensors to be linear under small longitudinal tilts and hence:

a = SxV + C

where a is the tilt angle, S is the calibration constant or scale factor, V the sensor output voltage
and C is a constant offset that depends on the initial conditions.

Tiltmeters are calibrated one at a time. The platform is adjusted by moving the knob A to get zero
Volts on the tiltmeter output. We take this situation as the reference and we set the Heidenhain to
zero height. The platform is then moved up and down (rotation around the Y-axis, see Fig. 2) and
the output voltage of the tiltmeter and the length measured by the Heidenhain are recorded. This
operation allows the simultaneous measurement of the output voltage variation of the sensor and
the tilted angle (proportional to the Heidenhain output), with respect to the reference.

Calibrations are done before and after every irradiation step for each of the sensors in test and
calibration constants and their precision are calculated. The variation of these two quantities with
the irradiation is then evaluated.

For each of the AGIP1, AGIP2, AGI1 and AGI2, sensors and at every irradiation step we perform
a minimum of 5 calibrations and a maximum of 10, then we average the calibration factors and
precision values.

As an illustration we show in Fig. 4 the tilt angle a as a function of the sensor output voltage
(calibration number 5 of sensor AGI2 after completing photon and neutron irradiation). The error in
the knowledge of a is smaller than 10 ¡irad. The response shows a good linear behaviour in all the
explored angular range (± 7 mrad). The straight line is the fit of the data points to the function

cc(,urad) = 4.338 (¡arad/mV) x V (mV) - 7.7 ¡arad

The residuals with respect to the fit (small drawing in Fig. 4), as a function of V have a mean value
close to zero and distribute as a Gaussian distribution of width a = 13.9 |»irad. This width is taken as
the precision of the tiltmeter.

Sensors AGI3 and AGI4, were installed with a fix inclination and their output voltages were
recorded during irradiation in a stability test.



4 Irradiation conditions

For sensors AGIP1, AGIP2, AGI1 and AGI2, the gamma irradiation was done at the NÁYADE

facility (a water pool) of CIEMAT, Madrid. Co sources delivering a dose rate of about 37.6
Gy/min with a mean error in the delivered dose of 6% were used. The irradiation was done at an

average temperature of about 16 C.

The dose rate was determined using the Fricke dosimetry system, that provides a reliable
measurement of absorbed dose in water, based on a process of oxidation of ferrous ions to ferric
ions in acidic aqueous solution by ionising radiation. The dosimeter is a solution of ferrous
ammonium sulphate that allows to measure the absorbed dose in terms of an increase of the light
absorption at an specified wavelength. A temperature controlled calibrated spectrophotometer is
used, in our case, to measure the absorption in the region of 300 nm.

Sensors AGIP1 and AGIP2 (model 755) were irradiated in steps of 0.5, 0.5, 4, 5, 10, 30, 50 and 50
kGy as to complete a total accumulated dose of 150 kGy.

Sensor AGI1 (model 756) was irradiated up to 10 Gy, while sensor AGI2 (model 756) was
irradiated up to 50 kGy, each one in a single step. Irradiation conditions were the same given
above.

Sensors AGI3 and AGI4, both 756 models, were irradiated with gammas at the IR14 facility of
CIEMAT, Madrid. IR14 is equipped with a ° Cs source, delivering 3.81 Gy/h. The installation
allows talcing data during the irradiation.

Sensors AGI1 and AGI2 were previously irradiated with neutrons. The neutron irradiation was
done using the fast neutron source based on the MGC-20 cyclotron facility [17] at ATOMKI,
Debrecen, Hungary. The neutrons were produced by p(16.6 MeV) + Be reactions. They have a
broad energy spectrum extending up to 15 MeV, with a mean value of 3.4 MeV [18]. An
aluminium disk, with 13 mm diameter and 0.76 mm thickness was placed behind the sensor in

27 24

irradiation and the Al(n.a) Na reaction was used as a fluence monitor. The dose contribution of
the associated photons, were measured by a twin ionisation chamber. The method can be found in
Ref. [19].

Sensor AGI1 was irradiated up to a total neutron fluence of (5.36x10 ± 22%)/cm~. Neutron flux
10 2

was 8.05x10 /cm /hour and the gamma dose contribution was estimated to be (0.15 ± 22%) Gy.

14 2

Sensor AGI2 was irradiated up to a total neutron fluence of (1.58x10 ± 40%)/cm , with a neutron
12 ? 1

flux of 2.41x10 /cm /hour. The corresponding gamma dose was (4.95x10 ± 40%) Gy.

5 Results

Tables 2 and 3 show the results for sensors AGIP1 and AGIP2, respectively, after each irradiation
step. Column 1 gives the total ionisation dose (TID) before the corresponding calibration. The
angular range used in the calibration is given in column 2. Measured calibration constant and
precision can be found in columns 3 and 4, respectively.

A minimum of 5 independent calibrations are performed to each sensor before and after each
irradiation step. Calibration constant (S) and precision (a) shown in the tables are the average



values over the various calibrations. The errors correspond to one standard deviation of the
measured values.

Figs. 5 a) and b) show graphically the values in Table 2: the calibration constant and the precision,
as a function of the total ionisation dose, respectively. Figs. 5 c) and d) show the values of Table 3:
calibration constant and precision of sensor AGI2 as a function of the TDD, respectively.

For both sensors the scale factor seems to decrease with the absorbed dose. The change is about 1%
with respect to the initial values and this is observed as from very low irradiation doses. The
precision degrades by 10-35 % for increasing TDD, although no significant change is seen before 20
kGy.

Additionally, we have noticed a high degradation of the plastic coat (teflon) of the sensor voltage
wires. Before of the last 50 kGy irradiation step we were obliged to disassemble the sensors
connectors and protect the wires with new coatings because the original ones were almost
disintegrated. A kapton coating would be more suitable.

Concerning the two 756 sensors the results are shown in Tables 4 and 5 for AGI1 and AGI2,
respectively, and also in Fig. 6. No significant change in performance is observed in any of the
cases.

As an additional check of the radiation resistance of model 756 we have exposed AGI3 and AGI4
to gamma irradiation (see section 4) while taking data. The sensors were installed, on a support

structure, with a fix inclination, at about 20 cm in front of the Cs source and we have been taking
data along 400 min, one data every 30 s. The source was open from measurement number 203 to
measurement number 522. The output voltages were recorded at each point. Figs. 7 a) and b) show
the output voltage as a function of the measurement number for sensors AGI3 and AG4,
respectively.

The small change in voltage observed in both tiltmeters is interpreted as a tilt of the support
structure, most probably due to temperature changes during the operation. For both sensors, the
trend of the data is the same before (measurements 1-202), during (203-522) and after irradiation
(523-800).

6 Summary and conclusions

Six high precision electrolytic tiltmeters, from AGI, currently available in the market, have been
exposed to various irradiation conditions.

60

Two Model 755 sensors were irradiated in successive steps with gamma-rays from Co sources up
to a total dose of 150 kGy. The scale factor seems to decrease with the accumulate dose. A 1%
smaller value was measured in both sensors with respect to the value before irradiation. The
precision degrades by 10-35 %.

Two Model 756 sensors were irradiated first with neutrons and then with gamma-rays. Sensor
10 2

AGI1 was irradiated with a fluence of 5x10 neutrons/cm and a total photon dose of 0.010 kGy,
14 2

while sensor AGI2 received 2x10 neutrons/cm and 50 kGy with photons. In both cases no
significant changes in performance were observed.

An other two Model 756 sensors were irradiated, with a Caesium source (3.81 Gy/h) while taking
stability data. No anomalous behaviour was observed.
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Table Captions

Table 1: General specifications of the tested sensors.
Table 2: Results from gamma irradiation to sensor AGEP1.
Table 3: Results from gamma irradiation to sensor AGEP2.
Table 4: Results from gamma and neutron irradiation to sensor AGI1.
Table 5: Results from gamma and neutron irradiation to sensor AGI2.



Model
AGI-755
AGI-756

Dynamic Range
±1 arc. deg.
±10 arc. deg.

Resolution
0.1 ¡irad

1 j-irad

Temperature Range
-30 °C to +100 °C
-30 °C to +70 °C

Table 1: General specifications of the irradiated sensors.

TID (kGy)

0
0.5
1
5
10
20
50
100
150

Angular Range
(mrad)
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5

S (urad/mV)

0.967 ± 0.004
0.963 ± 0.002
0.961 ±0.001
0.960 ±0.001
0.959 ±0.001
0.964 ±0.001
0.960 ±0.001
0.958 ±0.001
0.960 + 0.001

a (¡arad)

37.0 ±1.7
38.1 ±2.7
39.6 ±3.2
38.3 ±1.8
35.3 ±3.0
41.0 ±3.6
42.1 ±4.7
49.7 ±1.3
48.1 ±2.7

Table 2: Results from gamma irradiation to sensor AGBP1

TID (kGy)

0
0.5
1
5
10
20
50
100
150

Angular Range
(mrad)
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5
±6.5

S (¡.irad/mV)

0.953 ± 0.004
0.952 ±0.001
0.948 ±0.001
0.947 ±0.001
0.946 ±0.001
0.949 ± 0.003
0.944 ± 0.001
0.943 ±0.001
0.942 ± 0.001

a (fxrad)

45.6 ±1.5
45.6 ±1.2
43.4 ±1.3
44.1 ± 1.2
46.1 ±2.0
44.6 ± 2.4
48.4 ±2.3
46.8 ±0.9
46.5 ±1.6

Table 3: Results from gamma irradiation to sensor AGIP2



TID (kGy)
& neutrons/cm"

0
0
0

5 x 1010

0.010
5 x 1010

Angular Range
(mrad)

±7.5

±7.5

±7.5

S (|irad/mV)

4.347 ±0.012

4.392 ±0.011

4.365 ±0.008

a (j.irad)

5.6 ±0.8

7.9 ±0.7

7.4 ±1.0

Table 4: Results from gamma and neutron irradiation to sensor AGI1

TID (kGy)
& neutrons/cm"

0
0
0

2xlO1 4

50
2 x 1014

Angular Range
(mrad)

±7.5

±7.5

±7.5

S (urad/mV)

4.365 ±0.012

4.361 ±0.010

4.351 ±0.010

a (urad)

13.9 ±2.9

18.1 ±3.4

16.6 ±2.6

Table 5: Results from gamma and neutron irradiation to sensor AGI2



Figure Captions

Fig. 1: Schematic structure of a tiltmeter.
Fig. 2: 3D view of the tripod used in the tests.
Fig. 3: Lateral view of the optical table, tripod, tiltmeter and Heidenhain set-up. The Heidenhain is
supported by a heavy holder, to ensure it does not move when the tripod tilts.
Fig.4: Result of the calibration of one of the tiltmeters. Tilt angle and residuals from the straight
line fit as a function of the output voltage (see text).
Fig. 5: Variation of the measured performance of Model 755 as a function of the accumulated
ionisation dose:
a) AGIP1 calibration constant,
b) AG1P1 precision,
c) AGIP2 calibration constant,
d) AGIP2 precision.
Fig. 6: Variation of the measured performance of Model 756 as a function of the neutron fluence
before and after gamma-ray irradiation (see text):
a) AGI1 calibration constant,
b) AGI1 precision,
c) AGI2 calibration constant,
d) AGI2 precision.
Fig.7: Variation of the AGI3 and AGI4 sensors output voltage before, during and after irradiation
(see text):
a) AGI3,
b) AGI4.
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