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Abstract 
   Safety critical systems like the collimators of the Large 
Hadron Collider require transducers which are immune to 
interference from their surroundings. The ironless 
inductive position sensor is used to measure the position of 
collimator jaws with respect to the beam and is designed to 
be immune to external DC or slowly changing magnetic 
fields. In this paper we investigate whether frequency 
separation is required when multiple ironless inductive 
position sensors are used and whether two or more sensors 
at the same frequency results in cross-talk. Numerical 
simulations and experiments are conducted to study the 
magnetic field behaviour of the sensors, their interference 
with each other and the impact of this interference on the 
position reading. Finally, this paper defines guidelines on 
safe operation of the ironless inductive position sensor in 
the aforementioned conditions. 

INTRODUCTION 
 In the Large Hadron Collider (LHC) at the European 
Organisation for Nuclear Research (CERN), the 
collimators are part of the critical machine protection 
system making it paramount that the measurements from 
the collimation sensors are not affected by magnetic 
fields [1] originating from the surrounding 
environment [2, 3]. Furthermore, since a collimator sets 
the diagonal dimension of the beam, it is very important 
that the jaw position is very accurate. The nominal beam 
size at the collimator is 200 m and the maximum target 
position uncertainty of the jaws is set to be 20 m i.e. one 
tenth of the nominal beam size. These conditions provide a 
challenge to the sensor and electronics design. Linear 
position sensors are used to measure the jaw position with 
respect to the beam at all times [4, 5]. The two linear 
position sensors used for this job are the Ironless Inductive 
Position Sensors (I2PS) and the Linear Variable 
Differential Transformers (LVDT) [6]. It has been shown 
that the LVDTs [7] suffer from significant electromagnetic 
interference when placed in environments characterised 
with dc or slowly varying magnetic fields [1, 3, 8] mainly 
due to the magnetically permeable core. Since the design 
of the I2PS is based on air-cored coils and a non-contact 
moving coil, the I2PS is basically immune to slowly 
varying magnetic fields (< 1 Hz). This makes the I2PS [9] 
a valid substitute of the LVDT which is currently the 
typical position sensor used in the LHC collimators when 
high-precision position measurements are required.  

 A collimator requires a total of seven linear position 
sensors. Even though the I2PS is found to be immune to dc 
or slowly varying magnetic fields, all the seven sensors 
installed in the collimator are operated at a different 
frequency (starting from 750 Hz to 2250 Hz at 250 Hz 
intervals) to minimise the risk of electromagnetic cross-
talk when they are close to each other. This paper 
investigates the necessity of frequency separation from a 
transducer point of view [10] by investigating whether 
operating two or more sensors at the same frequency 
(e.g. 1 kHz) results in cross-talk. This work also aims at 
defining a safe distance at which several I2PS can be 
operated at the same frequency without causing 
interference to each other.  

SENSOR’S FINITE ELEMENT MODEL 
 The design and working principle of the I2PS is well 
documented in [11]. The supply coils are usually operated 
with an ac current supply with a maximum current of 
50 mA peak at 1 kHz. It is understandable that the lower 
the magnetic field propagated by the I2PS to the 
surroundings, the lower the possible effect on the coils. A 
finite element simulation is used to understand how far the 
magnetic field propagates around the sensor and how it 
behaves at the edges of and in between the two sensors. 
This allows an understanding of the distance required to 
place a second I2PS. The Finite Element Model 
(FEM) [12, 13] of the I2PS is built using the simulator 
FLUX® developed by Altair in both 2D and 3D. This is 
done since in FLUX® a 2D simulation can either be a 2D 
diagram which is either prolonged or revolved. For the 
I2PS which is an axisymmetric sensor, a 2D simulation can 
be used as long as this condition is maintained. Hence, in a 
2D axisymmetric simulation, one-half of the device is 
defined in the study domain, and the software revolves it 
around the symmetry axis. This results in a less 
computationally intensive simulation with respect to the 
3D one, whilst as noted in the past [13], still obtaining a 
98% match with the 3D simulation. For these simulations, 
as long as the change in the I2PS' position with respect to 
each other is only in the y-axis, a 2D simulation can be 
performed. The addition of a second sensor in the x-
direction transforms the domain in a non-axisymmetric one 
and hence requires a transient-magnetic 3D simulation. 
Henceforth, two sensors are used for the tests referred to as 
I2PSS1 and I2PSS2.  
 The 3D simulated sensors are built with a fusion of 
meshed and non-meshed coils. A non-meshed coil 
superimposes on the available mesh and consequently it is 
independent from it. The main benefit obtained from this 
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type of coil is a significant reduction of the number of 
nodes. Conversely, it requires that the available mesh is 
fine such that the accuracy remains high. This combination 
ensures a high percentage of excellent quality elements in 
the mesh whilst the number of nodes/elements is 
decreased. The lower the number of nodes, the lower the 
time and the computational resources required for the 
simulation to finish. The dimensions of the sensor and its 
coils are documented in [11]. The thinnest coil of the I2PS 
is the sense coil  0.3 mm, hence, it is set to a meshed coil 
whilst the moving and supply coils are set to non-meshed 
coils. Consequently, the sense coil is set to a mesh with 
0.15 mm tetrahedrons, generating a fine mesh that the non-
meshed coils can superimpose on. In fact, this places the 
non-meshed coils inside the area meshed with elements 
ranging from 0.15 mm to 1.5 mm. Since, the supply coil is 
thicker and only 0.05 mm away from the sense coil, the 
mesh relaxation does not affect the simulation accuracy. 
Furthermore, the moving coil has a bigger diameter and 
hence a bigger mesh (1.5 mm) can be used. The shield is 
set to a meshed solid and meshed with 5 mm elements. 
 Flux® suggests that at least two elements are placed in 
any direction. When Flux® is used for a transient 
electromagnetic simulation, it interfaces shapes in the 
designer to electronic components in a circuit designer. In 
this way the coils' electrical characteristics can be defined 
and a circuit is created which interacts with the Finite 
Element Model (FEM). The separate components are 
connected together or to other components such as supply 
and acquisition circuits, creating an electrical circuit within 
the FEM. Two current supplies are set to generate opposite 
50 mA - peaks with a frequency of 1 kHz and these are 
connected to the supply coils. Coil conductors are used to 
link the coils in the geometry with the one in the electrical 
network. In the electrical model the supply coil's resistance 
is set to 55 . The sense coils' resistance is set to 2.5 k. 
Since, a very high impedance readout system is used to 
read the signal from the sense coils, a resistor of 1 M is 
placed in parallel. The moving coil's resistance is set to 
17.9 m and a resistor of 1 m is set in parallel to it to 
simulate the short. 
 

Numerical Simulation Results 
 The results presented show the magnetic field when 
I2PSS1 and I2PSS2 are parallel to each other and x = 1 cm. 
These results also present the case where the moving coils 
are in the same position inside the sensor and the supply 
phase is the same. The selected state is presented since it is 
observed that it is the condition that creates the highest 
field between the two. It is observed that the magnetic field 
oscillates, as expected, with the frequency of the sensors.  
 The graph presented in Fig. 1 shows the magnetic field 
along the sensors at different points. In Flux®, path lines 
can be set to take a cross section of the amplitude of a 
parameter; in this case of the magnetic field. To understand 
the curves presented better, the position of the coils inside 
the sensor are marked in lines at the top of the graph. Five 
paths are considered; a path between the two sensors and 
paths at 5 mm, 10 mm and 20 mm away from the sensor.  

   
Figure 1: Magnetic field at increasing distances from the 
sensor at the peak of the supply current. Note that the 
lines above the graph is an accurate definition of the 
location of any one of the sensors (since they are parallel) 
and its major components which matches to the position 
presented in the x-axis. 
 

Starting from the curve 5 mm away from I2PSS2 the 
magnetic field has three peaks along the I2PSS2 at the ends 
of the sense/supply coils and at the small gap between the 
coils at the centre of the sensor. This 1 mm gap between 
the two sense and supply coils comes from the 
manufacturing process and cannot be removed. Moving 
away from the centre, two more peaks can be noted at the 
end of the sense/supply coils. Note that these curves are 
taken outside any of the sensors and hence only the 
magnetic field of one sensor is observed. 
 It is also observed that the peak that coincides with the 
start of the moving coil (MC) is smaller than the one on the 
opposite end by 12 A/m. This is because the moving coil 
generates a field opposite to that generated by supply coils 
hence attenuating the overall magnetic field. As the path is 
moved, further away from the sensor, the magnetic field 
decreases. The curve taken 10 mm outside the sensor is 
very similar to that of 5 mm away but with a smaller 
amplitude. In the case of the curve between I2PSS1 and 
I2PSS2, this path is set at 5 mm away from each sensor. In 
this case, multiple peaks form close to the beginning and 
ends of the coils. A sharp drop in the magnetic field is 
noted at the air-gap between S1 and S2 whilst the biggest 
peak is observed at one end of the moving coil. To note that 
the shape of the curve is very similar to that of 5 mm and 
10 mm away from the sensor. It can be deduced that the 
magnetic field's drop results from the interaction of the 
magnetic fields of the two sensors. A similar but much 
smaller effect can be noted when the amplitude of the 
supply of the sensor is at the zero point. In this case, the 
simulations show a very weak interaction outside the 
sensor. We can also consider the case where the sensors are 
in series with each other rather than in parallel. This means 
that there is no x, but they are centred and there is a 
y = 5 mm. In this case, the behaviour is very similar to 
that experienced when the sensors are parallel to each 
other. The deduction that the moving coil causes inequality 
in the side peaks as presented in Fig. 1 is proven in Fig. 2. 
The two side peaks have the same magnitude since the 
moving coils are set in the middle of the sensor. Moreover, 
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between the sensors, the amplitude of the magnetic field is 
reduced to approximately 10 A/m. In the centre, the 
magnitude falls to almost zero hence the magnetic field 
from both sensors cancels out. 

The simulation results show that an oscillating 
magnetic field is present between and around the sensors. 
The simulation also shows that the magnetic field is not 
small but it decreases rapidly with distance from the I2PS. 
In fact, the paths show that there should be a negligible 
magnetic field 100 mm away from the sensor. 

 
Figure 2: Magnetic field along two sensors which are in 
series to each other. Note that above the figure an accurate 
definition of the location of the sensors and their major 
components is presented which matches to the position 
presented in the x-axis. 
 

TEST-BENCH RESULTS 
 A simple test bench is set-up to test the impact of the 
magnetic field on the position read by the sensors. I2PSS1 
is first left at the zero point of the ruler. In these 
measurements, the moving coil is centred but left free to 
move. The other sensor, I2PSS2 is moved to the position 
required away from I2PSS1. When the I2PSS2 is in position, 
the acquisition is started to obtain a baseline without 
interference and then the supply of I2PSS2 is turned on.  
 Figure 3 presents the amplitude of the sense coils' 
voltage when the x = 10 mm. The power supply of the 
second I2PS is turned on after two seconds. Note that in 
this time window there is no change in voltage. When the 
I2PSS2 is turned on there is a sudden voltage drop of 0.1 V 
and then it starts changing sinusoidally with a V of max 
0.24 V at a very slow rate of 0.03 Hz. This results in a 
250 m of position change as indicated in Fig. 4. Note 
that the position change remains at the same frequency but 
decreases in amplitude the further away they are from each 
other. While the position change of the sensor is 
appreciably smaller when I2PSS1 and I2PSS2 are 
x = 100 mm apart, the I2PS still suffers a position change 
of 50 m. The amplitude of the interference continues to 
decrease until the position drift is not obvious any more. 
On the scale of Fig. 4 this happens when the sensors are 
300 mm apart. Further examination of the position change 
when the sensor is 350 mm away from each other in the 
x-axis shows that at this distance there is still interference, 
yet it has decreased to approximately 1 m and hence can 
be deemed negligible.  

 The process is repeated when the I2PS is moved 
in both the x-plane and the y-plane. In this case, since the 

sensor is moved in the y-axis, there is no change in the level 
of interference between the two. 

These results lead to the final test which is conducted 
on a test collimator. Multiple collimators can be found at 
CERN outside the LHC tunnel used as a test setup. These 
are configured in exactly the same way as the ones in the 
LHC and are used for compliance and new systems tests. 
For this test, three out of six jaw sensors are set to operate 
at 1 kHz. These three sensors are the Right Upstream, the 
Right Downstream, and the Left Downstream. The other 
three i.e. the two Gap sensors and the Left Upstream are set 
at 1.25 kHz; 1.5 kHz and 1.75 kHz respectively. This 
selection provides different distances between the sensors 
and also different objects separating them. It is noted from 
this test that no interference is noted on these sensors 
implying that the six sensors associated with the jaws can 
be operated at only two frequencies. 

  
Figure 3: Comparison of the Sense coils' voltages with 
interference when x = 10 mm as obtained from the test-
bench. 

 
Figure 4: Comparison of the position reading with 
interference at different x distances between the two I2PS 
as obtained from the test-bench. 
 

CONCLUSION 
 The effect of two sensors operated in close proximity 
at the same frequency are presented in this paper. The 
results show that whilst the I2PS is found to be immune to 
DC or slowly varying magnetic fields, it is in fact 
susceptible to cross-talk from other I2PS sensors operating 
at the same frequency (for example both sensors operate at 
1 kHz). However, the magnetic field produced by an I2PS 
is low enough to decrease sufficiently by 100 mm. At this 
distance, the position change is less than 50 m. This study 
shows that the safe distance for these sensors to be operated 
at the same frequency (in this case of 1 kHz) is 350 mm. 
Finally, this work presents the implementation of the 
frequency setting on a test collimator which shows that 
there is no interference between the three sensors. 
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