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Abstract
In a particle accelerator, two particle beams are accelerated and collided at one or several
physics detectors. The machine detector interface (MDI) is the place where the accelerator ring
is linked to the physics detector. It is the area where the alignment requirements are the most
stringent, and the MDI of the lepton version of the future circular collider (FCC-ee) is no
exception. It will implement a complex design and alignment requirement for typical
components in the MDI are of the order of 30 µm. Until now, no working solutions have been
proposed for the alignment of such MDI. In this contribution, two different systems are studied:
the Surveillance d’Ouvrages par Fibre Optique (Structural Monitoring by Optical Fibers,
SOFO) and the in-lined multiplexed and distributed frequency scanning interferometry (FSI).
Both systems allow individual and simultaneous distance measurements of multiple portions
along a fiber, and a new system using the FSI technology is proposed for the alignment
monitoring. Using a network of helical shaped fiber allows the measurement of deformations if
a sufficient amount of fibers is placed on the cylinder. With a sensor measurement accuracy of
1 µm, 3D coordinates of points at the end of a 4 m long and 0.25 m radius cylinder (FCC-ee
MDI dimensions) can be determined at an accuracy under 5 µm. This system will provide a link
between the alignment of the final focusing quadrupoles and the rest of the machine.

Keywords: metrology, future circular collider, machine detector interface,
frequency scanning interferometry, deformation monitoring

(Some figures may appear in colour only in the online journal)

1. Introduction

The future circular collider (FCC) aims to be the next flag-
ship project in 35 years at CERN after the High Luminosity
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upgrade of the Large Hadron Collider (LHC). A 93 km long
circular tunnel will host the two planned stages of themachine,
a lepton version (FCC-ee) and a hadron version (FCC-hh) [1].
For the FCC-ee, the tunnel will host four caverns for the phys-
ics experiments. The machine detector interface (MDI) is the
area where the colliding beams circulating in the accelerator
are finely focused to reach 6.4 × 0.028 µm size against >500
× 500 µm in the rest of the machine [2]. The smallest sized
beams of the entire ring, need to be very precisely steered
from two ends of the accelerator separated by a detector, to
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collide as precisely as possible in the center of the physics
experiment. Having a better alignment allows for bigger the
sections of the beams to intersect at the interaction point (IP)
and more collisions per cm2 per second to be produced, which
corresponds to the luminosity of the collider and can be inter-
preted as its performance. Therefore, the alignment of the ele-
ments on the beam line in that region is critical. In the FCC-ee,
the last accelerator components are located inside the phys-
ics detector, where the conditions are particularly harsh and
the space very limited. The alignment and monitoring of these
final components inside the detector could facilitate machine
operation, improve physic measurements and avoid critical
luminosity loss. But such alignment and monitoring has never
been implemented so far [3]. Both the space and harsh condi-
tion made the optical, capacitive and known interferometric
sensors unusable in this configuration. The difficulty of the
situation is also underlined by the absence of solutions for
projects such as CLIC [4] or ILC [5]. The objective of this
research was to design an alignment and monitoring system
for the FCC-ee MDI, in order to meet optical requirements
in terms of alignment requirements while also meeting mech-
anical requirements with respect to the lack of space and the
harsh conditions. The strategy for the alignment of the FCC-ee
MDI will stand on three sub-systems: an external monitoring
system, a deformationmonitoring system and an internal mon-
itoring system. The internal monitoring system will measure
the inner components with respect to the solenoid support with
a cylinder shape located inside the detector. The solenoid sup-
port is then monitored by the deformation monitoring system,
with respect to an interface toward the outside of the detector.
This interface will finally be monitored thanks to the external
alignment system, allowing the alignment between the inner
components and the rest of the machine. This paper will focus
on the deformationmonitoring system, which is the most com-
plex sub-system, located in harsh conditions and extremely
tight space.

2. Deformation model

2.1. FCC-ee MDI design

In order to optimize the luminosity of the machine, and there-
fore increase the collider’s performance, the FCC-ee will
implement a crab-waist configuration. This configuration can
be obtained by having a big Piwinski angle, which can be
done by increasing the crossing angle of the two beams at
the IP and by decreasing the horizontal beam size [6]. These
specifications imply to have a complex MDI as described in
the conceptual design report [2]: an assembly with a 3.6 m
long and 0.25 m radius vacuum vessel with a cylindrical
shape ended by a truncated cone 0.77 m long and going
from 0.25 m radius to 0.1 m radius will be located inside
the detector, in a cantilever configuration held from outside
the detector. Figure 1 describes this assembly, which is com-
posed of a skeleton, supporting the beam pipe surrounded by
the final focusing quadrupoles and the beam position monitors
(BPM). This skeleton also holds the support for the screen-
ing and compensation solenoids, and two additional solenoids

Figure 1. Inner components, original assembly. On the top picture,
a general view of the assembly and the coordinate system associated
to the plate. The second picture is zoomed in order to see the
different elements, from the inside out: the beam pipe (orange), the
final focusing quadrupoles (red), the skeleton (yellow), the support
and cooling structure for the solenoids (gray), the screening and
compensation solenoids (orange) and the thin cryostat (gray). The
free length (L∗) corresponds to the distance between the IP and the
face of the closest quadrupole. The interface used as reference for
the deformation monitoring system is placed at the outer end of the
assembly.

whose purpose is to protect the final focusing quadrupoles
and the beam from the experiment magnetic field. The entire
assembly is covered by a thin vacuum vessel cryostat as the
interior will be cooled down to cryogenic temperatures for
the solenoids and final focusing quadrupoles to reach super-
conducting state. The goal of the alignment monitoring sys-
tem is to study the alignment of most of the inner components
(final focusing quadrupoles, BPM, solenoids) and the lumin-
osity calorimeters (LumiCal) located at the far end toward
the IP.

To achieve that objective, first the assembly deformation
will be monitored. The studied parts for the deformation are
the solenoid supports, which have simple geometric shapes (a
cylinder and a truncated cone) in direct contact with the skel-
eton. This will supply a precise set of points that can be used
as s reference for the inner alignment monitoring, measuring
the final focusing quadrupoles and BPM.
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Deformations will be studied with respect to a circular plate
placed at the end of the assembly, towards the outside sides of
the detector. This plate will serve as an interface to link the
inner alignment and the outer one, to check the alignment of
the inner components with respect to the rest of the machine,
and the alignment of both sides of the experiment. This inter-
face is placed at the most stable place of the assembly, close to
the support of the assembly towards the outside of the detector
as it can be seen on figure 1.

2.2. Creation of a deformation model

Deformations are defined in the (O,Ox,Oy,Oz) Euclidean sys-
tem linked to the interface plate, shown in figure 1. The origin
of this system is the center of the plate, theOx is perpendicular
to the plate, Oy is the intersection of the plane of the plate and
the plane formed by the incoming and outgoing beams, cross-
ing at a 30mrad angle at the IP [2].Oz is the last vector in order
to form an oriented orthogonal system. It is important to note
that this Oz vector is not along the beam direction like for the
physicist definition, but towards the zenith like the surveyors’
definition. In that system, as shown in (1), we can express the
usual (x,y,z) point coordinates thanks to a set of functions to
later include deformations and to compute point positioning
formal precision:

CX(x,y,z) = x

CY(x,y,z) = rsin(ϕ) , with ϕ= arctan2(y,z)

CZ(x,y,z) = rcos(ϕ)

(1)

Parameters of the point definition are represented on figure 5.
It is interesting to note that, without any deformation:
CX(x,y,z) = x, CY(x,y,z) = y, CZ(x,y,z) = z.

As the design is still at an early stage and not mature
enough to do precise deformations computations with com-
puter assisted design software, the deformations have been
simulated thanks to a Python software developed for the study.
The deformations were generated thanks to the six deforma-
tion polynomials are used, as indicated in (2) allowing to sim-
ulate a wide range of deformations.

∀u ∈ R

Px(u) =
n∑
i=0

ai u
i , Py(u) =

n∑
i=0

bi u
i , Pz(u) =

n∑
i=0

ci u
i ,

Pθ(u) =
n∑
i=0

di u
i , Pry(u) =

n∑
i=0

ei u
i , Prz(u) =

n∑
i=0

fi u
i

. (2)

With n ∈ N and ∀i ∈ [[0;n]], ai,bi,ci,di,ei, fi ∈ R.
Visualization of the impacts of these polynomials were gen-

erated in python and shown in figure 2. Each of the polynomi-
als has been applied one by one to a cylinder with the same
characteristics as the screening solenoid support, and in the
Cartesian coordinate system of the interface: the first deform-
ation is the longitudinal deformation Px. The two following
deformations modeled by Py and Pz are radial deformations.
Then there is a torsion Pθ and finally two radius deformations

Figure 2. Deformation model visualization (magnified
approximately 1000 times) from top to bottom and left to right:
longitudinal deformation, radial deformation in the horizontal plane,
in the vertical plane, torsion and finally radius deformation in the
horizontal plane and in the vertical plane.

Pry and Prz which model the flattening of the cylinder in both
directions. Thanks to these polynomials, we are able to model
the deformed cylinder, subject to all the forces endured by the
assembly once in the detector (gravity, Lorentz force, cooling
effects, and so on). It is important to note that the constant val-
ues correspond to assembly and initial installation, and there-
fore will be determined and monitored by an initial calibration
and the external monitoring system.

In case of deformations, the coordinates of the points stated
in (1) are expressed as:

CXd(x,y,z) = x+Px(x)

CYd(x,y,z) = (r+Pry(x))sin(ϕ+Pθ(x))+Py(x)

CZd(x,y,z) = (r+Prz(x))cos(ϕ+Pθ(x))+Pz(x)

(3)

2.3. Simulations

As the design is still at an early stage and mechanical simu-
lation on the structure have not started yet, the deformation
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Figure 3. Comparison of a set of points (gray) and the set of
deformed points colored as a function of the distance between the
original and deformed point.

simulations were made to represent the largest possible range.
The only known limit so far is the 2 mm maximum deform-
ation allowed for the assembly to avoid any physical contact
with the detector. A coefficient generator was used to create
coefficients sets, which were then filtered to keep only the real-
istic ones. A realistic coefficient set is defined as a set which,
once applied to any point on the cylinder, does not create an
offset bigger than 2 mm between the original point and the
deformed point (to ensure that the mechanical limitation is
respected). Figure 3 shows offsets computed for one coeffi-
cient set. The representation is voluntarilymagnified 200 times
in order to visualize the deformation.

3. New sensor technology

3.1. Limits of current sensors

The area where the alignment monitoring system needs to be
installed is very complex and conditions are harsh. Current
sensors are not suitable for this area. Optical sensors such
as Brandeis CCD Angle Monitors (BCAM) which are used
in ATLAS could not withstand the radiations [7] while wire
positioning systems and hydrostatic leveling systems used in
the LHC MDI for example, require additional infrastructure
to work (stable support pillars, water network, stable wire
anchoring points, clear line of sight . . .) which cannot be
provided. Classical frequency scanning interferometry (FSI)
distance measurement sensors have no direct implementation
possible in the MDI and other types of sensors are facing
similar problems, as underlined by the absence of solution
for other projects (CLIC, ILC). An interesting solution comes
from fiber deformation measurements, nowadays mostly used
in civil engineering [8, 9] or aerospace industry [10]. These
sensors have multiple advantages, as they are really precise
and accurate while being resistant to all the conditions that
can be found in the assembly and not taking too much space.
Moreover, they are passive sensors, implying no perturbations
around the measurement area. Currently, they can measure
1D [8, 9] or 1D+1D deformations [8]. Two different systems
could be used for this deformation monitoring and are stud-
ied in this contribution: the Surveillance d’Ouvrages par Fibre
Optique (Structural Monitoring by Optical Fibers, SOFO) sys-
tem and the FSI technology.

3.2. SOFO

The SOFO system is an extremely precise fiber optic displace-
ment sensor with long term stability, currently commercialized
by SMARTEC in Switzerland [9]. It is composed of two parts:
a sensor and a separated reading unit. The measurement prin-
ciple is based on a low coherence double Michelson interfer-
ometer. The first interferometer is composed of the measure-
ment fiber, which is mechanically coupled to the monitored
structure and follows its deformations, while the other arm is
a reference fiber installed freely inside a pipe and acting as
a temperature reference. The analysis is done thanks to the
second Michelson interferometer with one of the arms termin-
ated with a mobile mirror introducing an accurately known
path difference between the two arms.

This simple fiber length measurement allows an opera-
tion in harsh conditions without affecting the surroundings.
By using partial reflectivity mirrors along the fiber, one fiber
can also have multiple and independent measuring portions
(up to ten) with an RMS accuracy always lower or equal to
3 µm [11].

3.3. FSI

The frequency scanning interferometry (FSI) system is very
similar to a Michelson interferometer, from which the con-
stant frequency laser is replaced by a scanning laser source
[12]. This laser goes through a fiber with a ferrule tip used as
a reference mirror, reflecting around 4% of the light, forming
the reference arm of the interferometer. The transmitted light
goes towards a reflective target to determine the distance from
the ferrule to the target. The classical FSI, based on fringes
counting, allows only to measure single distances, and it is
sensitive to power of reflected light. The second approach, cur-
rently used at CERN bases on Fourier analysis of interference
beat frequencies [12]. It allows for multiple targets measure-
ments, and it is less sensitive to reflected light power variations
Currently, this technology is used to measure distances in air
and vacuum, to corner cube retro-reflectors, glass bead and a
water surface [13–17]. Nevertheless, it can be easily extended
to measurements in the fibers. Such an ‘in-fiber’ measurement
is currently developed at CERN called the in-linedmultiplexed
and distributed FSI. This type of measurement is carried out
by putting two consecutive semi-reflective mirrors in the fiber
(the two ends of interferometer arms), allowing the monitoring
of the 3D length of the fiber between these two mirrors. This
technology also allows more than two semi-reflective mirrors
in order to do multiple and independent measuring portions
along the fiber.

4. Deformation monitoring system

4.1. Layout

With these new in-fiber length monitoring sensors, it is pos-
sible to monitor the cylinder shape in 3D, by gluing the fiber
in a helix shape inside the supports of the solenoids as shown
in the top picture of figure 4. This gluing can be very similar
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Figure 4. Examples of a network of fibers: the top picture
represents a fiber network with a helical shape along the cylinder,
with one individual fiber highlighted; the bottom picture represents
an example of the deformation impact over that network. The colors
represent the elongations or contractions values of the portion of the
fiber.

to the precise winding of magnets. The physical dependence
created will allow the fiber to monitor the shape of the cyl-
inder. By knowing the impact of the deformation on the por-
tion lengths and by monitoring these lengths, it is possible to
compute the deformation thanks to the least squares adjust-
ment process. This has several advantages, as helices are able
to monitor all the deformations at once (as opposite to straight
longitudinal fibers, for example). This allows a good redund-
ancy in the fiber network in case of any mis-installation or
damage to a fiber. Moreover, deformations on the cylinder will
have a smaller impact on the fiber deformation compared to
longitudinally placed fibers, for example, which may help to
avoid any breaking.

4.2. Computation

Once placed according to helices shape on the cylinder,
the fibers follow a 3D curve described by the formulas in

Figure 5. Drawing of a helix and a point, with the parameters
defining them.

equation (3), with respect to the reference system (O, Ox, Oy,
Oz) previously defined:

hx(x) = x

hy(x) = εrsin

(
x
p
+α

)
hz(x) = rcos

(
x
p
+α

) (4)

Where ε corresponds to ±1 to define if the helix is right-
handed or left-handed, r corresponds to the radius of the helix,
1/p corresponds to the step and α corresponds to the angle in
the (O, Oy, Oz) plane from which the helix starts. These para-
meters are represented on figure 5. The impact of deformations
on these helices can be modeled by adding the polynomials
to (4) resulting in (5):

hxd(x) = x+Px(x)

hyd(x) = ε(r+Pry(x))sin

(
x
p
+α+ εPθ(x)

)
+Py(x)

hzd(x) = (r+Prz(x))cos

(
x
p
+α+ εPθ(x)

)
+Pz(x)

(5)

Figure 6 shows the portion pu between two consecutive
semi-reflective interfaces located at the abscissas xu1 and xu2,
which distance is expressed in (6):

d(pu) =
ˆ xu2

xu1

√
˙hxd(x)

2
+ ˙hyd(x)

2
+ ˙hzd(x)

2
dx. (6)

In this equation ḣ(x) corresponds to the derivative of the
function h(x) with respect to the variable x.

This equation links the portion length of a helix portion
with deformation coefficients. With enough helices and por-
tions along the cylinder, it is possible to estimate, in the least
squares process, the deformation coefficients.

4.3. Output

Although we can obtain the deformation coefficients and their
corresponding accuracy, they are not easy to understand and
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Figure 6. Visualization of a fiber portion pu between two
consecutive semi-reflective interfaces in the fiber located at
abscissas xu1 and xu2.

to work with. In order to have a data that could be shared more
easily, a set of points have been computed and thanks to their
expression (taking into account the deformations), it is pos-
sible to express the positioning standard deviation thanks to
a variance propagation. By deriving (3) with respect to the
deformation coefficients and by using the covariance matrix
obtained by the least squares adjustment, we can access the
point position standard deviation.

5. Simulation and first results

5.1. In-lined multiplexed and distributed FSI system

The very first tests have been conducted on the new FSI sys-
tem, using a bench to study the feasibility and the initial beha-
vior of the sensor. These tests have been performed in our met-
rology lab, with temperature and humidity controlled. Figure 7
shows the bench configuration: a reference bar and 3 manu-
ally movable parts with micrometric repeatability. Each of this
movable parts has a corner cube reflector mounted on it. The
tested fiber has threemeasuring portions and is fixed on the ref-
erence bar and all the movable parts as explained on figure 8.
The goal was to study the correct functioning of the techno-
logy, to estimate the accuracy of each measuring portion, and
then to study the eventual impact of deformations of one por-
tion on the others. The measurement campaign, as described
in figure 9, was aiming to study each portion independently
first and then to deform multiple portions at the same time to
study possible impacts of one on another. It also allowed initial
accuracy and repeatability tests estimations.

This first measurement campaign, shown on figure 10, con-
firmed that the system works as expected and that one portion
deformation has no impact on the others. Some unknowns still
persist regarding the noise and the scale factor that can be seen
on the medium and long portion measurements, on the biggest
elongations. A big offset could be seen on the small portion
measurement at the end of the campaign, where the distance
between the movable part and the reference was decreasing to
a point where the fiber was sagging, so the ‘in-fiber’ distance
measured did not decrease while the in-air FSI distance did. A
glass bead had been placed at the end of the measuring fiber, to
see if it could additionally be used as an in-air FSI while mon-
itoring the portion lengths. Results shown on the last picture of

Figure 7. Experimental setup for the FSI ‘in-fiber’ measurement.
The three colored lines are the fiber portions studied, monitored by
regular FSI installed in parallel of each portion, measuring on corner
cube reflectors. The end of the fiber is also used as a regular FSI,
measuring on a glass bead.

Figure 8. The FSI ‘in-fiber’ testing bench. Studied stretched fiber
portions (A), (B), (C) can have their length changed thanks to the
movable platforms and monitored by regular FSI.

figure 10 that this regular use works perfectly even with meas-
uring portions.

Regarding the accuracy of the measurement, an unknown
scale factor limits the absolute accuracy of the system to
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Figure 9. Elongation applied to fiber portions thanks to
micrometric movable parts: first, each one of the portions is
deformed independently, then they are gradually deformed together,
and finally they are all deformed at the same time.

around 30 µm at maximum elongation, while the repeatab-
ility is of the order of 10 µm. The main hypothesis for the
scale factor that can be seen on the pictures, is the interfer-
ometer, which is designed to measure through air and not
through glass. This test acts as a proof of concept, showing that
it is possible to measure simultaneously and independently
multiple portions of a unique fiber. Even though the absolute
accuracy is not good enough to be used as it is in the FCC-ee
MDI, this was the very first tests and a lot of simple improve-
ments are ready to be implemented in order to make it more
accurate, and therefore suitable, for the alignment and mon-
itoring system. Studies on temperature and humidity impact,
and the comparison with the in-air FSI, are planned in the near
future. This proof of concept encouraged the launch of simula-
tions for the helix shaped network of fibers, aiming to monitor
the deformation of the FCC-ee MDI.

5.2. Deformation monitoring system

As the system was still under study, we started by simulat-
ing the lengths of the portions of the fibers. We chose a set of
realistic deformation coefficients (as described earlier) which
were applied to the helices and allowed the computation of the
portion lengths as if it was a real network. A random error fol-
lowing a centered normal distribution, with a standard devi-
ation equal to the precision of the measurement 1 µm, have
been added to these theoretical length values. The 1 µm value
comes from the accuracy of the in-air version of the system, as
the fibers were not available at the time the simulations were
performed. This is value is also close to the precision of other
systems, such as the SOFO system [11].

Knowing the network, using generated observations, the
least squares adjustment was performed, and then the point
standard deviation was computed, using the variance propaga-
tion formula.

The first simulation was conducted by taking a set of
deformation smaller than 2 mm, monitored by a network of
36 helices with 100 portion (3600 measurements in total)
and an accuracy of 1 µm. Results are summarized in table 1
and figure 12, where the positioning accuracy of 12 points
have been highlighted. The 12 points location can be seen
of figure 11. Four points are located near the interface, four

Figure 10. First results of the FSI ‘in-fiber’ measurements. Each
portion has been tested, from top to bottom: small portion, medium
portion, long portion and in air measurement done with the end of
the studied fiber. The smallest portion studied was subject to sag
when decreasing the distance between the platform and the
reference, resulting in a decrease of the distance in air but not of the
distance measured in fiber.

are in the middle of the cylinder and four are at the end of
it. They are placed at each cardinal points in the cylinder
sections. Figure 12 shows the positioning accuracy along each
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Table 1. Standard deviation for the coordinates of the 12 selected
points in micrometers.

Points

Accuracy (µm)

X Y Z

Pt1 <0.01 0.03 0.03
Pt2 <0.01 0.03 0.03
Pt3 <0.01 0.03 0.03
Pt4 <0.01 0.03 0.03
Pt5 0.23 0.36 0.29
Pt6 0.23 0.29 0.36
Pt7 0.23 0.36 0.29
Pt8 0.23 0.29 0.36
Pt9 0.34 0.53 0.45
Pt10 0.34 0.45 0.53
Pt11 0.34 0.53 0.45
Pt12 0.34 0.45 0.54

Figure 11. Location of 12 points on the cylinder to study the point
positioning accuracy.

axis of 500 points randomly scattered on the cylinder, sorted
by their longitudinal position. The longitudinal positions of
the 12 points have been underlined. This picture shows that
the accuracy along each axis got worst the further we go from
the interface, going from smaller than 0.01 µm to 0.27 µm for
the X axis and 0.55 µm for the Y and Z axis.

Even though these are very early stage simulations, the
results are promising and modifications to make them more
realistic are ongoing. A working direction will be to replace
one fiber with a 100 measurement portions by 10 fibers with
10 measurement portions (as it is the current known limit
for the SOFO system, for example). Improvement of sensor
parts manufacturing and assembly, tests on mis-installation
and diverse error identification are also ongoing.

It is also important to note that the deformations simulated
on the fiber portions are smaller than 60 µm for a 4 cm long
portion, which is well below the fiber stress limit of 1% of the
fiber length [18].

5.3. Discussion

Even though a prototype is planned, the technology is still
very young and not available yet. For now, the changing of
reflected power in the fiber is done by appropriate tightening
of two connectors, which creates a thin air gap and acts as an

Figure 12. Point positioning accuracy of the 500 points randomly
scattered on the cylinder (sorted by their longitudinal position). X
positions of the points P1 to P12 have been highlighted.

intra-fiber mirrors on a refractive index transition in the optical
path. Though, this system cannot be used in the MDI for space
and fiber structure reasons. The same result can be obtained
by a ‘bad’ welding of the fiber, inserting air bubbles in the
fiber, but this technique is very inconsistent. Ultimately, the
goal would be to UV print the change of refractive index dir-
ectly in the fiber, not altering the fiber integrity. However, such
technique is not easily accessible yet and R&D is required.
Regarding the main expected noise sources in the system, one
could be due to the change of refractive index and the other
due to the Raman, Brillouin and Rayleigh scatterings, which
are expected and may require to be mitigated. Mitigation solu-
tions are also already under study, such as a double wavelength
interferometer [19] for example, to deal with the scatterings.
For now, the FSI system can measure independently and sim-
ultaneously in multiple fiber portions, going one step closer
toward a helix network of fibers, as a measurement system for
the deformations.

6. Conclusion

This paper reports on an innovative and practical design for
a deformation monitoring system in the frame of the align-
ment of the FCC-ee MDI area. A new implementation of the
FSI allows the measurement of the fiber length itself. By using
this technology and installing it with helices shapes along the
measured cylinder, we can determine its deformations. Simu-
lations were done bymodeling deformations with polynomials
and were solved by the least square adjustment on the helices
network. This network allows us to access the coefficients’
accuracy, but also point positioning accuracy (thanks to the
variance propagation). With this system, 3D point coordinates
can be precisely computed to an accuracy of less than 5 µm
which is in accordance with the FCC-ee requirements and
very promising overall. Studies on network and computation

8



Meas. Sci. Technol. 34 (2023) 075006 L Watrelot et al

optimization, making the simulation even more realistic and
completing the sensor behavior understanding are the next
steps.
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