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Introduction

The exploration of fundamental particles and their interactions is an important
subject of modern physics, driving our understanding of the universe’s most fun-
damental processes. Among the numerous experiments seeking to unravel these
mysteries, the investigations of extraordinary states of matter, like the Quark-
Gluon Plasma (QGP) are exciting endeavors. Within this context, the need for
large-scale experiments becomes evident, as the necessary conditions for creat-
ing such matter state probes are far beyond normal scale. Additionally, the devel-
opment and deployment of sophisticated detection systems are crucial, as they
provide the necessary tools for probing deep into the fundamental laws of na-
ture.

This thesis contributes to the ongoing research efforts of the CBM (Compressed
Baryonic Matter) experiment, which is dedicated to the study of the QCD phase
diagram. Situated at the future particle accelerator SIS100 within the Facility for
Antiproton and lon Research (FAIR) in Darmstadt, Germany, CBM represents a col-
laborative initiative aimed at unlocking the secrets of strongly interacting mat-
ter.

In particular, this thesis focuses on the mechanical tension of the wires in the
Multi Wire Proportional Chambers (MWPCs) of the Transition Radiation Detector
(TRD) within this experimental collaboration. During the production process of
the detector modules, the tension with which the wires that serve as electrodes
should be monitored. The aim of this work is to present the concept for a device
that reliably both locates the wires within these chambers and measures their me-
chanical tension.



Experimental Background

FAIR

The international accelerator facility FAIR is currently under construction based
upon an expansion of the GSI Helmholtz Centre for Heavy lon Research (German:
"Gesellschaft fiir Schwerionenforschung") in Darmstadt. Research will take place
regarding the four scientific pillars of FAIR: Atomic, Plasma Physics, and Applica-
tions (APPA); Compressed Baryonic Matter (CBM); Nuclear Structure, Astrophysics,
and Reactions (NUSTAR); and Antiproton Annihilation at Darmstadt (PANDA).

—
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Figure 2.1: Planned layout of the future Facility for Antiproton and lon Research
(FAIR) including its experiments [TDR18].

In the future, when the entire facility is operational, the heavy ions required for ex-
periments will be prepared in the UNILAC linear accelerator. Subsequently, they
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will be injected into the SIS18 synchrotron for pre-acceleration before being fur-
ther accelerated to their final kinetic energy in the SIS100, as shown in figure 2.1.
From there, theion beam will be directed to the specific experiments, such as CBM
[Gut06].

The heart of FAIR, the ring accelerator SIS100, derives its name (with "SIS" being
the acronym for the German term "Schwerionensynchrotron”, meaning heavy ion
synchrotron) from its bending power, or beam rigidity, of R = 100 T m [Gut06]. The
SIS100 with a circumference of 1084 m is designed to accommodate a wide range
of ions, from protons to uranium. Notably, it is capable of achieving energy levels
that are 20 times higher, and beam intensities that are ten orders of magnitude
greater than what was possible at GSI so far [Gut06].

CBM Experiment

The CBM (Compressed Baryonic Matter) experiment is a novel initiative designed
to explore the fundamental properties of nuclear matter at extreme densities. To
accomplish this, the experiment will investigate the phase diagram of strongly in-
teracting matter through high-energy nucleus-nucleus collisions. This diagram,
also known as the QCD phase diagram, is shown in figure 2.2 and based on Quan-
tum Chromodynamics (QCD), which describes the strong interaction.
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The "normal” nuclear matter, as found inside of large atomic nuclei, can be found
inthis diagram at low temperatures and a net baryon density of one. The nucleons,
proton and neutron, forming an atomic nucleus, are baryons because they contain
an odd number of valence quarks. These quarks are one of the fundamental parti-
cles of the standard model of particle physics. All composite subatomic particles
containing quarks and antiquarks, are called hadrons. The quarks are bound by
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the strong interaction mediated by particles called the gluons [DFO3].

At highertemperatures orbaryon densities the hadrons sort of "melt" to the Quark-
Gluon Plasma. Here the color charged particles, meaning quarks, antiquarks and
gluons, can move around the whole volume of the QGP, just as it is known from
the plasma as a state of ordinary matter [Fri11].

Other collider experiments focus on the QGP at high temperatures, since it is as-
sumed to have existed shortly after the Big Bang. A Large lon Collider Experiment
(ALICE) at the Large Hadron Collider (LHC) should be mentioned here in particular,
as it also provides a basis for this thesis.

However, in regards to the CBM experiment at FAIR the focus is not high temper-
ature but rather on whether matter at high baryon densities disintegrates into its
elementary particles forming QGP. Such high densities may be found in the core
of a neutron star [Fri11].
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Figure 2.3: Schematic view of the CBM detectors [TDR18]. Since the particles prop-
agate in a cone shape in the direction of the beam from the vertex, each wall-like
detector layer must cover a larger area the further it is from the target.

These high densities are created on a very small scale using the collision of the
accelerated heavy ion beam on a fixed target. This collision forms a high-density
fireball which has a too short existence to be studied directly. So the CBM ex-
periment has to instead focus on the secondary particles, which are created in
consequence of the collision. [Fri11].

Only a few 107235 are needed from the collision for the particles to "freeze out"
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back into hadrons. Therefore, the CBM experiment is intended to run with reac-
tion rates of up to 10 MHz, in order to achieve high statistics data [Gut06].
Resulting in multiplicities of up to 1000 charged particles per nucleus-nucleus
collision event, the CBM experiment requires unparalleled, radiation-resistant de-
tector capabilities as well as fast data acquisition, transmission and computing
technology.

The individual detectors that together comprise the CBM experiment as shown in
figure 2.3 are the following [TDR18]:

1 Dipole Magnet to deflect the charged particles produced during the collision.

Within 1: Target Asthe CBM experimentis a fixed target collision experiment, the
particle beam at this point hits a foil which serves as the target.

Within 1: Micor-Vertex Detector (MVD) to reconstruct the location of the initial
and secondary vertices with four layers of Monolithic Active Pixel Sensors (MAPS).

Within 1: Silicon Tracking System (STS) totrack and determine the momentum of
each particle with with eight layers of spatially resolving silicon strip detectors.

2 Muon Chamber System (MUCH) to track Muons through a hadron absorber with
several iron plates alternating with gaseous tracking chambers. For this is stop-
ping almost all particles except the muons, just the first layers of the TRD but
no further detectors are used in the muon detection setup.

3 Ring Imaging Cherenkov Detector (RICH) In the electron-hadron setup MUCH is
replaced by the RICH detector. The rings of the Cherenkov light from electrons
and positrons inside the medium are captured with two arrays of mirrors and
photon detector planes.

4 Transition Radiation Detector The detector, to which this thesis contributes,
uses Transition Radiation (TR) to distinguish mainly between pions and elec-
trons, making it possible to identify electrons and positrons with higher mo-
menta.

5 Time-Of-Flight System (TOF) to determine the speed of the particles by taking
the time for traveling from the vertex to the TOF-Wall with an array of Multi-gap
Resistive Plate Chambers (MRPC).

6 Fragment Spectator Detector (FSD) to determine the angle of the collision plane
and the centrality, by measuring the number of the non-interacting nucleons
("spectators") from the ion beam.

Togetherwith the SIS100 accelerator, which delivers high-intensity heavy-ion beams,
the conjunction of these detectors enables the acquisition of precise information
from the collision and the resulting fireball of compressed baryonic matter.



Detector Principle

The CBM Transition Radiation detector consists of Multi-Wire Proportional Cham-
bers (MWPCs) to detect particle tracks and radiation caused by the transition of
a charged particle from one medium to another. In the following, the underlying
principle of gas-filled radiation detectors will be explained.

3.1 Gas-filled Radiation Detectors

When ionizing particles pass through a gas medium, they can transfer energy to
the atoms in the gas. This transfer of energy can be sufficient to remove one or
more electrons from the atoms, thereby creating ions. The radiation can consist
of charged particles, whose energy lost in the medium can be calculated with the
Bethe—Bloch formula. Also electromagnetic radiation leads to ionization via the
photoelectric effect, compton scattering or pair production, depending on the en-
ergy of the incident rays [Gru93].

If the ionization occurs in an electric field the electrons and ions produced are
separated, preventing them from recombining and allowing for detection.

lonization Chamber  With this basic principle of placing a gas volume inside an
electric field, generated by two electrodes, similar to a capacitor, the ionization
chamber, is created. It is not sensitive to single particles, because the lower de-
tection limit is around ¢ = 1fC ~ 10* - e. Additionally current measurements can
only begin in the pA to nA range, with 1 nA = 1rC/; already corresponding to 10*°
ionizations [KW16].

CounterTube Giventhese limitations, the numberof charges resulting from one
particle ionizing the gas must be amplified in orderto detect a single particle. This
leads to the "Wire-Cylinder lonization Detection System". It resembles a cylindri-
cal capacitorwith the rim of the cylinder acting as cathode and a wire in the center
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of the tube as anode. Because the electric field of this setup is rising the closer it
is to the center (E ~ 1/7) the electrons created by the ionization are accelerated
on their way towards the anode wire. Having acquired sufficient kinetic energy,
they can ionize gas atoms on their own (secondary ionization). The electrons cre-
ated in this process are accelerated again, thus also initiating ionization. This
leads to a cascading process, giving rise to an avalanche of charges. In this way,
each incoming particle is triggering a cascade of charges which amplifies the ini-
tial charge by a factor G of 10* to 105, called the gas gain [KW16]. This makes it
possible to count each incident particle, which is why this system is also called
counter tube.

Proportional Counters  With a constant gas gain the amplified charge is propor-
tional to the initial charge, but now big enough to be measured. Furthermore the
gas gain G (for one voltage) is always the same and does not depend on the pri-
mary ionization. In this way radiation of different energies can be distinguished in
proportional counters, because an incident particle or ray with higher energy will
have more primary ionization events along its track through the gas.

The Transition Radiation detector of the CBM experiment, consists of Multi-Wire
Proportional Chambers (MWPCs). As the name depicts they use the principle of
proportional counters, but additionally have a spatial resolution. How thisis achieved
is discussed in the following section.

3.1.1 Multi-Wire Proportional Chambers

The simplestway to achieve a spatial resolutionis to just put several countertubes
side by side, as shown in figure 3.1.

Proprotional counter Several proprotional counters Multi-Wire Proportional Chamber
no spatial resolution 1D spatial resolution y 1D spatial resolution

Figure 3.1: To achieve a spatial resolution in one dimension in the simplest way
proportional counters can be used next to each other. If the cathode walls are
removed and two plates are used instead, the result is a MWPC.

Conveniently, it does not require a separation between the anode wires to obtain
signals from individual wires without cross-talk, thereby requiring less interfering
material.
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Typically the space between the wires Ay = p is smaller than the space between
the wires and the cathodes Az = h [KW16]".

So far the track of the radiation going through the chamber can be resolved along
one axis rectangular to the wires (y-direction). In orderto achieve a spatial resolu-
tion in a second dimension, the MWPC setup can be changed. Adding rotated an-
ode wire planes is possible, but the MWPCs of the CBM TRD use another method,
the cathode read-out.

These utilize the induced charge signal on the cathode. This electrostatic induc-
tion can be exemplified by the method of mirrored charges: Once the electrons
reach the anode their charge is mirrored or induced to the cathodes. If the cath-
ode plane is now separated crosswise to the anode wires the second spatial co-
ordinate can be achieved.

To reduce readout effort in the CBM TRD, just the signal on the cathodes is used.
Therefore the cathodes are not just divided into strips but also into pads in order
to achieve a granular resolution with two spatial coordinates.

The distribution of the induced charges on the pads in one direction is calculated
semi-empirically according to Mathieson [Mat88], resulting in ain a Gaussian-like
Pad Response Function (PRF).

The MWPC geometry in CBM TRD is configured in such a manner that, approxi-
mately 80% of the charge from a central hit is detected in the affected pad, and
10% each on the adjoining pads.

Thereby, a resolution can be achieved that is many times higher than the actual
pad width [Gru93]. In the CBM TRD with a pad width of 6.7 mm a spatial resolution
in y-direction of 300 pm to 400 pym is realized [TDR18][PK20].

1Remark on the coordinate system used in this work: The direction along the wires is always
the z-direction and the second coordinate which spans the wire plane is the y-direction. The
linear drive of the measuring device presented here also moves along this axis. Finally, the
z-axis runs vertically on the wire plane in the original beam direction.
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3.2 Transition Radiation Detectors

Transition Radiation refers to the electromagnetic radiation emitted when a charged
particle traverses the boundary between two media with different dielectric prop-
erties[KW16].

3.2.1 Physical Principle

Moving electric charges cause electric and magnetic fields, described by the Lié-
nard-Wiechert potentials. When these fields change, energy in the form of electro-
magnetic radiation must be emitted. Causal for the emission of Transition Radia-
tion (TR) is formally the change in the refractive index n = , /epx of the surrounding
medium [Gre00]. This alteration in the dielectric properties around the charged
particle, also changes its phase velocity cpn = % =2 (with & ~ n) [KW16]. For-
mally the field of a particle entering a medium with a different refractive index
changes to ensure continuity of the electromagnetic field conditions at the inter-
face. This requirement is dictated by Maxwell’s equations, derived from a shrink-

ing Gaussian box on a Stokes surface.

3.2.2 Radiation Characteristics

For a relativistic particle with a Lorentz factor v > 1 a energy spectrum for the
TR can be derived, as given detailed in [AW12] and [KW16]. The radiation charac-
teristic per radiation angle 6 following, is cylindrical symmetric. So the radiation
pattern is cone shaped, with a most probable radiation angle ,,,, ~ 1/ [Gru93].
For ultra relativistic particles, having a large Lorentz factor, the radiation therefore
is strongly directed forward and thus almost parallel to the particle track. This
makes it easy to match the detected Transition Radiation to a detected particle.
Furthermore the entire radiated energy is rising linear with the Lorentz factor of
the relativistic particle v = £/m [KW16].

Thisis an advantage over many other physical effects, like ionization or Cherenkov
radiation, which are rising with the speed of a particle and therefore offer only lim-
ited identification possibilities for highly relativistic particles [Gru93]. While their
speed is close to the speed of light and hardly changes, the Lorentz factor contin-
ues to increase with higher energies.

However, the mean emitted photon number, is in the order of magnitude of the
fine structure constant a = /137 and therefore very low [Gre00].

The transition of a 5GeV electron (y ~ 10%) on a polyethylene foil for example
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leads to a mean photon number of (N) = 0.05 [KW16]. To increase this number
multiple transitions whose radiations constructively interfere are necessary.

Multiple Interfaces In principle more transitions along a particle track lead to
more Transition Radiation. Instead of achieving the multiple transitions with a
stack of thin foils often foam or fiber materials are used that meet the require-
ments for the sequence of interfaces within the average. For the CBM TRD, the
use of polyethylene foam films, having lots of interfaces due to the air filled PE
bubbles, proved to be the best option [TDR18].

3.2.3 Detector Implementation

The photons from the radiator can, after their creation due to the transition of a
charged particle, be detected. Gas-filled detectors filled with high atomic number
gases such as xenon or krypton are suitable for this purpose, as they offer a high
detection probability for Transition Radiation photons in the X-ray domain. Due
to the small angle of the Transition Radiation (0.« ~ /~) a spatial separation be-
tween the particle track and the transition radiation photons can not be achieved
and itis only detected as an additional charge deposition [KW16].

However this combined detection of particle track and transition radiation can be
used forelectron identification by momentum determination. Especially electrons
and negative pions with the same energies are hard to distinguish in other detec-
tors because of their same charge. However because the electrons? are much
lighter than the pions?, they have a vastly different Lorentz factor at the same
energy. Forinstance, at 5GeV, pions with v(7~) ~ 37 generate almost negligi-
ble Transition Radiation, whereas electrons with y(e™) ~ 10* produce substantial
amounts of it.

To detect as much TR from electrons as possible, it is best to split the effective
length radiator into several readout units in layers.

The TR detector in the CBM experiment consisits four layers of detectors with sev-
eral modules of a radiator and a read-out chamber each. Thus, an electron effi-
ciency of 90% with a pion suppression factor of 20 is envisaged [TDR18].

2Electron mass: m,- = 0.511 MeV/c? [Tho13, p. 3]
3Pion mass: m - = 139.6 MeV/c? [Tho13, p. 56]
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3.3 Transition Radiation Detection at CBM

The Transition Radiation detector in the CBM experiment consists of two main
parts. Firstitis composed of a 30 cm thick Radiator made from polyethylene foam
films. Second it features the Read-Out Chamberas a Multi-Wire Proportional Cham-
ber with an additional drift region. A schematic illustration of this setup is shown
in figure 3.2.

4 Electron

' Back 7, ' (1RY
Ampli- kk ) window LK\ jjkk }é
fication) - — e — = 1850V
region / 7 ~ p N8
\ \ | \@ Anode ° | \ \o | L\eQV
Drift wires |
region ‘ (i plated) - gE ‘ |
a= m -~ _5(x) V
Primary — Radiator
clusters TR Photon g
z A3)
Entrance 8
y window

T T

Figure 3.2: Schematic of depiction the CBM TRD. On the left, functional principle
forthe passage of a pion and an electron with generated TR. On the right, labeling
of the individual parts, their dimensions and applied voltages [TDR18]. Modified
from original.

The gas mixture in the ROC consists of 85% xenon because it has as other noble
gases a high gas gain at comparative low voltages and a high absorption cross
section in the X-ray domain for the TR photons. As a quencher gas 15% carbon-
dioxide is added. This mixture leads to an absorption of the TR photons in the drift
region directly behind the entrance window.

The inputwindow consists of a 25 um thin Kapton foil plated with aluminum, which
is stabilized by a carbon lattice support grid. A drift voltage of —500V is applied
to it, making the input window the cathode of the 5 mm long drift zone.

The integration of the drift zone within the ROC serves to increase the thickness
of the gas volume, thereby enhancing the probability of TR photon absorption.
Unlike an expansion of the amplification region (anode-cathode spacing), this ad-
dition does not result in larger charge clusters induced on the cathode pads. The
size of these clusters, as determined by the Pad Response Function and contin-
gent upon the anode-cathode distance [Mat88], holds significance within the high
occupancy region of CBM [TDR18].

Despite the drift, a time resolution between particles and TR photons cannot be
achieved. Ratherthe presence of TRis only detected by the excess of the collected
charge.
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The entrance window envelops the gas volume towards the detector front, while
the cathode pad plane encloses the detector towards the back. In figure 3.3, a
cross-section of one ROC module illustrates this configuration.

frame of support grid

entrance window —\
distance ledge
cathode wire plane —
v —— distance ledge

el
<]
L e anode wire plane
~ '\w $

Il >~ distance ledge

.l pad plane

15

|

12

\%mz/

VA
~—honey comb support -
N HV feedthrough —— ///

~—— gas feedthrough
al.gback-panel frgme /
Figure 3.3: Horizontal cross section of a ROC module with dimensions given in
millimeters [TDR18].
To the sides the detector volume is enclosed by the frames the wire planes are
coiled and the distance ledges for the spacing. Simulations have shown that the
best arrangement of the wires in terms of the electric field is a staggered arrange-
ment with a distance of 2.5 mm between two identical wires and 3.5 mm of space
between the anode and cathode wire planes, which adds up to an amplification
region of 7mm as shown in figure 3.2.
In addition, the wires are offset by 1.25 mm to the other wire plane, thus one wire
is always exactly in the middle of two of the other wires. The voltage of the ampli-
fication region applied between the anode and cathode is 1850 V.

cathode
pads
single
cluster

anode
wires

charge-distr.
(PRF model)

Figure 3.4: Schematic view of the distribution of the charges, generated by a par-
ticle going through the detector, on a section of the pad plane. [TDR18].
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As previously explained only the induced charges at the cathode pads are used
as the signal. The pad plane layout incorporates rectangular pads, whose widths
along a pad row, are dictated by the distance between the pad plane and the
anode wire grid. In addition to the heights of the pads along a column these
values are optimized to ensure an optimal charge distribution among adjacent
pads (10%/80%/10%), thereby achieving superior energy and position resolu-
tion. The pads are oriented as shown in figure 3.4 with there width in the direc-
tion along the wires and their heights, which are always a multiple of the anode
wire pitch of 2.5 mm, in the direction rectangular to the wires. According the Pad
Response Function the high resolution of 200 um to 300 pm is only achieved along
the columns of the pads. In order to achieve a high spatial resolution in both di-
rections the TRD layers are rotated by 90° each.

Composition of the TRD Station

As indicated above, one TRD layer consists of several modules. Because the hit
rate gets higher the closer to the center, the modules and pad sizes are scaled in
orderto achieve uniform low detector occupancies and hit rates per read out pad.

A total of four different module types are planned, which are arranged as shown
in figure 3.5.

3[3[3]3

707 [3]3l3(3] 7 |7

;s [3[313]3] . |,
1111

5 | 5 |1 1| 5 | s
1111

715 [3]3]3]3] 5 |7
3(3(3]3

7 | 7 7 | 7
3[3(3]3

Figure 3.5: Left: The CBM TRD station with four layers of detectors shown from the
front. Right: The arrangement of the different module types in one layer [TDR18].
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Each module has a different pad size, but there are only two different outer dimen-
sions of the modules. The different module types and pad sizes can be found in
table 3.1.

Table 3.1: Summary of the dimensions and quantity of the different TRD detector
modules and cathode pads within them [TDR18].

Module type 1 3 5 7
Number per layer 10 24 8 12
Outer Dimension 57cm X 57 cm 99cm x 99 cm

Active area 540 mm x 540 mm 960 mm x 960 mm

Average wire number 916 284
per plane
Pad size
height x width 175 x6.8 | 67.5x6.8 | 40 x 6.7 | 120 x 6.7
both in mm

Pad number 80x32 | 80x8 | 144x24| 144 x8

colums x rows

Furthermore, it has been proposed splitting up the pads of the innermost module
type into two rectangles in order to achieve a uniform spatial resolution in two di-
mensions [Apr23].

With the different pad and module sizes, this results in a total number of 54 mod-
ules per layer with 82432 pads read out per layer. Thus the entire TRD station
consisting of four layers, requires the production of a total of 216 modules and
almost 33000 readable channels.

The preceding discussion highlights the various factors that are important in re-
gard to the TRD station in the CBM experiment and shows the range of considera-
tions that are crucial for its optimal functioning. The following section focuses on
one specific aspect - the wire tension - and describes different ways in which this
can be ensured in production.
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Wire Tension

4.1 Electric Field

The electric field in the Read-Out Chambers (ROCs) crucially depends on the qual-
ity and the position of the anode and cathode wires. The wires can be approxi-
mated by infinitely extended line charges. The potential of the electrode arrange-
ment as shown in figure 3.2 can only be determined numerically. The anode wires
are approximated as an infinite number of line charges, extended also infinitely
in z-direction. The y distance p = Ay is set to the known wire pitch. With the
load per length on the line charges A = d4¢/4: and the electrical field constant ¢
the potential follows as [MF53]:

oo(y, z) = —Q:E()ln (2\/sin2 (%) + sinh? <%>) (4.1)

At z > 0 this potential gets independent of y, like the one of a plate capacitor,
forming equipotential planes [KW16]. This makes it possible to place the cathodes
at z = +h with A > p. This leads to an approximated total potential as:

= iﬁ— A 7T—h—n in LEs inh? =
WD) =02 T o) T e [p | (2\/S 2(p>+s " (p))]

On the other hand for small values of z and values of y in a periodicity of the pitch
p(n=0,%1,...) the potential is cylindrically symmetrical [KW16]:
2
o(y,2z) = o(r) = 2;\60 {% —In (%T)] with r = \/(y +n-p)2+22 (4.2)
This means that the surface of the wires can be considered equipotential planes.
With this approximation the anode wires can be assumed to have an radius R and

A can be interpreted as a surface charge per length.
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This approximation is therefore sufficient in the boundary conditions of the ar-
rangement in the ROCs. The electric field close to the wires is pointing in the di-
rection of the radial unit vector &, and can then be obtained as:

2oy 0o(r), A1,
E(r) = or er727reorer (4.3)

The E' ~ 1/» dependency shows that the closer the field is to the wire, the larger it
becomes. This also means, that the smaller the diameter of the wires, the greater
the electric field strength gets in their immediate vicinity. In order to achieve a
sufficient gas amplification, very thin anode wires are therefore preferred.

Cathodes

! ? Anodes
|

Figure 4.1: Left: Typical potential (blue) and field lines (black) in a MWPC [KW16].
This depiction shows that the potential becomes radially symmetrical near the
wire and independent of y near the cathodes.

Right: Anode wires alternately displaced in opposite directions by the electro-
static forces [KW16].

4.2 Wire Sag

As identical charges repel each other according to Coulomb’s law, a repulsive
force also acts on the wires in a plane. If no force completely compensates this,
the wires will displace with respect to their field-free positions. The electrostati-
cally stable configuration is shown in figure 4.1 (right), where neighboring wires
are alternately deflected in opposite directions [KW16].

»
»

< dx . X

Figure 4.2: Schematical view of the wire sag caused by a force F; acting on a wire
stretched with the tension 7.

The only remaining force that opposes the deflection is the restoring force re-
sulting from the tension with at the wires are stretched. Naturally, a wire that is
stretched on both sides will sag in the middle as shown in figure 4.2, depending
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on how strong the force of this tension is. In a general case, the force dFy acts on
the wire per unit length dx, resulting in the simple relation:

dF; = kdz (4.4)

with a proportional constant . In the simplest case of the deflecting force is the
weight force dFy = dF, of a section with the mass dm and the length dz, the con-
nection is following [BROS]:

dFy=dm-g=p-dV-g=p-A-dv-g = kK=p-g-A (4.5)

With the gravitational acceleration g and cross section A and the density p of the
wire.

The deflecting force dFy must be compensated by the vertical component of the
wire tension dF; as shown in figure 4.2 on every point z. This restoring force is
equal to the horizontal pulling force or tension 7', which stretches the wires to the
chamber walls, multiplied with the difference of the slopes 2’ at the two ends of
the interval dz:

dF, = =T - [2/(z + dz) — 2'(2)] (4.6)

The compensation dFy; = dF, now leads to:

K 2z +dz) -2 (2)
T dx ' 4.7)

In the limit this results in the second derivative giving the differential equation:

2"+ % =0 with % = (' = const. (4.8)
Two times integrating gives the solution:
C

z(z) = —EIQ +ax +b. (4.9)

With the boundary condition that there is no sag at the suspension points® the
two constants @ and b can be determined as:

C 2
= d b= ——.
a=20 an 51
This results in the following solution regarding the wire sag Az:
C Cl? k (12
Az = =4 —— = — = —2?). 1
z = z(x) 50t 57 2T(4 x) (4.10)
At x = 0 the wire sag is at its maximum:
12 Agl?
Azp = 2(0) = —— andfor dFy=dF, = 2(0)=222

8T 8T
The Az ~ 1/7 dependency shows that the greater the mechanical tension on the

wires is, the smaller is the wire sag.

The wire with the length [ is fixed atz = +£ = 2 (+1) =0



18 4 Wire Tension

Regarding the anode and cathode wires in a big CBM TRD chamber the wire sag in
the middle of the chamberaccording to this formula and with just the gravitational
force acting on the wires would be:

Anode : Azpy = 13.63pm = 0.68 - d,,
Cathode : Azpay = 41.24 pm = 0.55 - d,.

The saggita are also represented as a multiple of the respective diameter d.

Ifthe wire length and its material are specified, a sufficient wire tension is required
to keep the sag sufficiently low. However, the tension cannot be increased arbi-
trarily for two reasons. First, the chamber must be able to withstand the sum of
the tensions from all the wires. The less rigid the chamber frame is, the more it
bends leading to shorter and less tense wires towards the center.

The second limiting factoris that above a maximum pulling force T, inelastic defor-
mations can occur as outlined in appendix B. The ratio 7c/a is constant and often
called yield point R.. Usually in order to keep the sag as minimal as possible, the
force of tension is close to this limit [BRO8], which is why materials with a high
yield point must be chosen.

In total three forces act on each wire resulting in a differential equation of the form
[Gru93]:

T-2"(x)+ fo(2) + pAg =0 (4.11)

The contributions of the restoring force resulting from the wire tension and the
gravitational force are known from the previous consideration. Here additionally
the electrostatic force f.(z) has to be considered.

The gravitational and electric field component do not have to point in the same
direction. Depending on the orientation of the wires, the gravitational component
can strengthen or weaken the electrostatic contribution. In the CBM experiment
the modules are rotated by 90° with each layer, in order to achieve a high spatial
resolution in x- and y-direction. The wires of every second level therefore run ver-
tically, which means that gravity acts in the direction of the wires and therefore
makes no contribution to the sag.

The precise considerations of the electrostatic force, as outlined [Mah04] and
[BRO8], must take into account various dependencies.
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Figure 4.3: Electric field lines and potential lines with proportion of total potential
around the anodes. One wire is displaced by 10 percentin the y- and z-directions
with respect to the original wire spacing [Ers72].

A displacement of the wire position changes the shape of the electric field as
shown in figure 4.3 and therefore alters the amplification process, leading to vari-
ations in amplification among different wires.

In appendix A some simulations from [MahO04] used for these considerations re-
garding the TRD modules of the ALICE experiment can be found.

For the CBM TRD modules, evaluations of the detection with the mechanical and
material aspects led to the following choice of wire dimensions and material.

Table 4.1: Summary of the wire data used to calculate the wire sag and the oscilla-
tion frequency. Nominal values as outlined in [TDR18] are used (see appendix B).

Density p | Diameterd | Cross section A | Length! | TensionT
in g/cm? in um in mm? in mm inN
Anodes 19.3 20 3.142 1074 960 or 540 0.5
Cathodes 8.15 75 4.418 -107° 960 or 540 1

4.3 Wire Selection

The values for the different quantities characterizing the wires can be found with
their detailed sources in appendix B. All the relevant values are summarized in
table 4.1.

Anodes In regard to the anode wires, the focus is on the wires having a small
diameter in order to generate a high field strength in their vicinity. The exact wire
diameter results from the tuning of the PFR to achieve the desired charge distri-
bution on the pads is d, = 20 ym. In order to stretch a wire with such a small
diameter a very strong material has to be chosen. The material that has been cho-
sen is a tungsten rhenium alloy W + 3%Re that also provides a good conductivity
and has a very high yield point of R, = 1639N/mm2. In order to have a smooth
surface generating a uniform electric field the anode wires are additionally coated
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with gold. The tension is chosen to be 7, = 0.5 N resulting in a mechanic stress
of o &~ 1575 N/mm? very close to the yield point.

Cathodes The cathode wires do not have to have a small diameter. On the con-
trary, a small diameter would even be unfavorable because at their location the
field should be as planar as possible. And wires with larger diameters can also
better balance the electrostatic force between the anodes and the cathode pads
in the back [Mah04]. The preferred diameter for the cathodes is d, = 75 pm. But
since larger wires also imply a larger gravitational sag, the cathode wires should
be made out of a light material. An copper alloy with 2% beryllium does provide
this, but has to be stretched with a larger force of 7, = 1N due to its greater
weight.

Wire Length By default, the ledges to which the wires are attached as well as
the frame of the support grid are 15 mm wide. The length of the wires is there-
fore exactly twice this width shorter than the outer dimensions (see table 4.1).
However, the width of the ledges may also be reduced to 12.5 mm for the smaller
chambers (type 1&3) in order to enlarge the active area.

4.4 Determination of the Wire Tension

To measure the tension of the wires multiple approaches are possible. The prob-
lem of measuring the tension mechanically by stretching the wires perpendicular
to their direction is that they are really sensitive to breakage or inelastic deforma-
tion. Furthermore a physical contact to the wires could damage their surface.
Preferably the determination of the wire tension can be done automatically and
touchless. Therefore the wire must be detected first, which has the advantage that
the exact positioning of the wires can also checked at the same time. A promising
approach for this is to use the natural oscillation of the wires, because this de-
pends on their tension, as will be derived below. First the speed of a transverse
wave travelling through a plucked wire is deducted following [LSM16].

As before a small length element dz of the wire is to be considered. For a wire with
a constant density p a mass per length [ can be defined as:
m p-V

The length element dx thus has a mass of dm = pu - dx. For a taut wire at rest
(equilibrium) the tension on both sides of a length element must be equal. If this
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taut wire is now plucked perpendicular, the mass element oscillates in this direc-
tion because of a restoring force resulting from the tension, and a transverse wave
moves in the direction of the wire.

1

Figure 4.4: Schemat-
ically view of a wire

T tanf, = L element While a trans-
F 1 verse wave is travelling
V< — >, , alongit.
L1 L2 X

If the deflection is small, the tension can be still only be considered to act hori-
zontally and the horizontal distance between the points x; and x5 is still dz. Such
a deflected length element is schematically shown in figure 4.4. With the small
angle approximation the tangent of the angle between the two forces acting on
the points z; and x5 becomes the slope there:

0z R 0z kK

The z-components of the force cancel each other and therefore the net force on
the wire element equals the sum of the y-components:

0z 0z
(%)m - (a—x)J ‘ (414

According to newtons second law this is equal to:
0%z

Fnet:F1+F2:T

Fnet:dm-a:,u-dx-ﬁ (4.15)
0z 0z
(8_12)1:2 - (%)$1 o M82Z . s 822 o % 822
= . = Toe and in the limit: T (4.16)
Compared to the linear wave equation in one dimension [LSM16]:
2 2
Pu(z,t) 10 u(x,t). 4.17)

ox2 2 Of?
the speed of the wave on the stretched wire can be determined as:

T T AT

In order to not have the wave cancel itself through interference, the length [ of the

wire must be a multiple of half the wavelength A [LSM16]:

A 21
l=n-2 = Y2 with n=012.... (4.19)
2 f n
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Here the definition of the wavelength A = v/r was applied. With the speed from
equation (4.18) the fundamental frequency (n = 1) of the vibrating wire follows
as:

1 T

=g\ (4.20)

On the other hand the wire tension can be calculated from this frequency with:
T = mpfil*d>. (4.21)

With just the known wire properties length [, density p and diameter d and the fun-
damental frequency f, the tension can be determined. The expected frequencies
for the correct wire tensions are listed in table 4.2.

Table 4.2: Expected frequency of the fundamental oscillation depending on the
respective wire length and tension. With the data of table 4.1 in equation (4.20).

Moduletype | 1&3 | 5&7
fanode 266 Hz | 150 Hz
fcathode 154 Hz 87 Hz

4.4.1 Frequency Analysis

To determine the fundamental frequency of the oscillating wire from the periodic
voltage signal, data fitting methods may lack frequency resolution and noise re-
duction, while still requiring many computational resources. In contrast, an anal-
ysis of the frequency components in the signal offers efficient noise without the
need for a specific model. Mathematically, this can be achieved by calculating
the frequency spectrum using a Fourier transformation. As the signal is not con-
tinuous but consists of discrete data points, a Fast Fourier Transform (FFT) is per-
formed.

The FFT algorithm is based on the Discrete Fourier Transform (DFT), which decom-
poses a sequence of complex numbers into a series of sinusoidal components
with different frequencies. Given a sequence g, x1, 2o, ..., xNn_1, the DFT X} is
computed as:

N-1

X =Y ane /N, (4.22)

n=0
with i the imaginary unit and N the number of samples in the time-domain signal
[Pre07]. The frequency index k ranges from 0 to N — 1 and each value of % corre-
sponds to a specific frequency component f; in the frequency domain.
Equation (4.22) requires N2 multiplications, but via the FFT algorithm this can be
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reduced to a process of O(N log, V), making it suitable for real-time signal pro-
cessing tasks [Pre07].

The maximum frequency that can be accurately represented in a digital signal, is
the Nyquist frequency, given as half the sampling frequency: fuyquse = //2, Where
fs = 1/atis connected directly to the difference between consecutive samples At.
The sampling theorem states, that only signals bandwith limited below fxyquisc Can
be completely reconstructed by their samples [Pre07].

The FFT spectrum ranges from — fxyquise 10 fayquise @nd is symmetric for real valued
signals as in this case. The presence of negative frequencies in the spectrum
arises due to the nature of the Discrete Fourier Transform?. Because the number
of the samples in the time domain and the number of frequency components are
both equal to N, the frequency resolution A fger follows as [Pre07]:

fs 1 1
A A - 4.2
fFFT N N . 2 n tges ) ( 3)

the total duration of the measurement. Therefore in a ten second scan of

with 2
the oscillating wire a frequency analysis with a resolution of A frer = 0.1 Hz can
be achieved.

Furthermore, it is important to note that frequency components in the signal that
exceed the Nyquist frequency are not determined correctly. Those higherfrequency
components "fold back" into the lower frequency range during the FFT computa-
tion. This effect is known as aliasing because the component appears at a wrong
frequency within the Nyquist frequency range. Due to the periodicity, the aliased
signal components appear at several points in the spectrum. The first alias is at
[Pre07]:

faliased ==+ (fNyquist — ’foriginal - fNyquist | ) . (4 2 4)

These peaks furthermore do appear periodically with a distance of fyquis-

To reduce aliasing the sampling frequency should be chosen high enough or the
data have to be lowpass filtered before the FFT is calculated. To determine the
wire tension, first the FFT is calculated with scipy.fft and then the fundamental
frequency is picked as the lowest frequency with a peak in the spectrum besides
the DC component with scipy.signal.find_peaks.

2Positive frequencies representing components that oscillate in the forward direction of time and
negative frequencies representing components that oscillate in the reverse direction of time for
complex signals. For k = 0, fr = 0 represents the DC component or the average value of the
signal. For k = 1to k = N/2 the positive frequencies (f = 0. .. fayqui) and fromk = N/2 + 1 to
k = N — 1the opposing negative frequencies are calculated.


https://docs.scipy.org/doc/scipy/tutorial/fft.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html
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Experimental Setup

The production process of the CBM TRD Read-Out Chambers will be done in an ISO-
7 cleanroom, where one type of wire will initially be wound onto a transfer frame.
This is done with a special machine that is designed to keep the wire tension as
constant as possible. The winding frame must also meet special requirements in
terms of rigidity. The winding creates two planes of wires, one on each side of the
frame. First, both wire layers are glued on both sides and then the frame is divided
into the two halves (wire levels) [TDR18]. In this way, two layers of one type of wire
(for two chambers) are wound at the same time. Once a chamber has been built
up to the ledges on which the anode wires rest, the (half) transfer frame with one
anode plane is placed on top. No additional force should be exerted on the wires
so that theirtension does not change. Once the anode wires have been glued and
soldered, they are cut off the transfer frame and another distance ledge and the
cathode wire plane follows in the same way.

Motor and Cable carrier .
control
housing Carriage X

without /2.—:
X sensor — —
- %

- . 't : \Linear Drive
Moveme\’\ »

-a

Figure 5.1: Schematical view of the WTTD on top of a chamber.
Between the mounting of the two planes, the tension of the anode wires has to be
measured. Therefore, the Wire Tension Testing Device (WTTD) is placed in the cen-
terontop ofthe chamberas showniin figure 5.1 and the sensoris moved crosswise
to the wires. However, priorto this, the tension should be checked additionally on
the transfer frame. In this way, the wire tension for the anode and cathode should
be measured each once before and after they are attached to the chamber.
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5.1 Working Principle

The optical sensor, equipped for both light transmission and reception, detects
reflections from surfaces and converts them into electrical signals. These ana-
logue voltage signals convey information about the reflection intensity within the
focal plane of the sensor.
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Figure 5.2: Schematic view of the sensor principle [Got05]. Modified from original.
The measurement method operates by placing the focal point of the sensor ex-
actly in the wire plane, as depicted in figure 5.2 and then moving the sensor just
perpendicular to the wire direction across the chamber.

Wire position  When the sensor moves across the wires they move in and out of
the focal pointleadingto a peakinthe voltage output signalas shown in figure 5.2.
The determination of the wire position is done by connecting the exact position
information with these peaks.

Wire tension In a second run, the sensor is successively positioned at the de-
tected wire positions. At each location, the wire is deflected by an air blast from
a valve mounted next to the sensor. As the wire now oscillates in and out of the
focus point, the voltage at the sensor output changes periodically with the given
oscillation frequency of the wire. By reading out the signal and determining the
fundamental frequency according to section 4.4.1, the wire tension can be calcu-
lated using equation (4.21).
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5.2 Components

In order to measure the tension, various components are required, not all of which

are shown in figure 5.1:

* Mounting and stabilization The device is positioned precisely, exactly paral-
lel, reproducibly and secured against movement above the chamber or transfer
frame using aluminium mounts.

e Linear drive The horizontal positioning of the measuring unit above the cham-
beris achieved with a linear drive. This uses the rotation of a threaded spindle
under a cover strip to move the carriage, making it suitable for cleanrooms. The
actual measuring unitis positioned horizontally above the wire level with a hand-
operated fine drive on the traversing carriage.

* Motor To move the lineardrive, a rotating DC motorwith the corresponding con-
trol electronics is used. Itis connected to the threaded spindle of the linear drive
via a gear and an elastomere coupling to correct misalignments of the axes.

e Measurement unit The optical sensor is attached to the carriage of the linear
drive pointing downwards together with a sensor module which connects it to
the communication network as an ADC (Analog Digital Converter).

e Airvalve The wires are deflected by an air blast. Forthis purpose a compressed-
air line with a solenoid valve is attached next to the sensor.

e Wiring The connection of the electronic components is realized via a Controlled
Area Network (CAN). In particular, the simultaneous monitoring of the position of
the measuring unit with the signal from the sensor is the main focus here.

* Processing The positionand wire tension determination should be controlled by
a stand-alone computer that commands the movement and processes the data
from the sensor.

e Manual control Additionally, the quality of the wires and solderjointsis checked.
Therefore the measurement unit on the linear drive will be exchanged with an op-
tical microscope and the drive is operated with a manual control panel.

e Security To prevent accidents, the setup is equipped with an emergency stop
switch and limit switches. Two of these are permanently attached to the ends of
the linear drive and two remain movable in order to adapt them to the respective
chamber size.
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The entire WTTD is controlled by a Linux operated computer. It is connected to
the network via a PC-CAN adapter (PEAK PCAN-USB) and acts as the master. As
a particularity in the CAN network, every device is not directly connected to the
master. Instead, there is one CAN line consisting of two twisted cables (CAN-High
and CAN-Low) which are terminated at both ends with 120 Q2 resistors. Each partic-
ipantis connected to the main line via a junction (stub), which is why it is referred
to as a node.
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Figure 5.3: Schematic layout of the wire tension measurement setup.
In addition to the PC as the master, the two other participants on the network are
the Motion Controller and the ADC. A schematic representation of the layout of all
components is shown in figure 5.3.
While the ADC (MicroControl sensor module uCAN. 1.ai-SENSOR / voltage) just dig-
italizes the voltage signal of the sensor (OMRON EE-SPY402), the Motion Con-
troller has a wider functionality. This device (Faulhaber MC 5005 S CO) is the cen-
tral control unit for the linear drive because it commands the movement of the
motor and processes the position. Therefore, it is connected to the motor (Faul-
haber 4490H048BS) itself and the encoder. The latter (Faulhaber AEMT-12/16 1)
breaks down each revolution of the motorinto 4096 increments. Furthermore, the
Motion Controller has analogue and digital inputs and outputs. These are used on
the one hand for the limit switches, the control panel of the manual mode and the
emergency stop and on the other hand to open and close the air valve.
Each revolution of the motor is converted via a gear into a third of a revolution of
the threaded spindle. The linear drive (HIWIN HM060S005%) in which the spin-
dle is mounted has a length of 130cm and a feed constant of 5mm. To achieve a
propulsion of 1 ¢cm, the motor must therefore perform six revolutions.

1The complete article number is HM0O60S005C1300S000C2NN which includes all specifications.


https://www.peak-system.com/PCAN-USB.199.0.html?&L=1
https://www.microcontrol.net/en/portfolio/i-o-modules/oem/mcan-1-ai-sensor/
https://www.ia.omron.com/product/item/2200/
https://www.faulhaber.com/en/products/series/mc-5005-s/#3249
https://www.faulhaber.com/en/products/series/4490bs/#37946
https://www.faulhaber.com/en/products/series/4490bs/#37946
https://www.faulhaber.com/en/products/series/aemt-1216l/
https://www.hiwin.de/en/Products/Linear-axes-%26-linear-axis-systems/Spindle-axes/HM-S/HM060S005/p/HM060S005N-S
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Not all of the final components are already present, as the setup is still under
construction. However, all essential parts for the function are already present and
connected via the CAN network.

Motion
Controller

Fine Drive

\Sensor
\Manual controll

panel

Figure 5.4: The current setup for wire tension measurement.

In the real setup shown in figure 5.4 the CAN line (pur-
ple) is terminated at the D-sub connector on the PC-CAN
adapter and at the ADC because this is the largest dis-
tance in the physical network. The stubs going to these
components before the resistors are therefore negligi-
ble. The line to the Motion Controller, on the other
hand, branches off by about 20 cm. This connection is
made with the in-house manufactured CAN-Split 3000
pro, where a power line for the sensor is fed in as well.
Conveniently, the CAN line used (LAPP Unitronic Bus
CAN) has two pairs of cables, one of which is used for
CAN-High and CAN-Low and the other forthe power sup-
ply (Vi.c & GND).

The ADC requires a supply voltage of 10V and provides
an output of 4.5V, which is sufficient to power the sen-
sor. Furthermore, a voltage of 24 V must be provided for
the Motion Controller, which also supplies the encoder,
and an additional 48 V for the actual motor.

On the carriage of the linear drive, a table as shown in Figure 5.5: View of the

figure 5.5 is mounted which can be moved with the fine measurement unit on
the linear drive carriage.

drive. Via this the focus point of the sensor can be ex-
actly adjusted to the wire plane vertically.
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5.3 CAN Network

To ensure the connection and the communication between the different electronic
components in the WTTD a Controlled Area Network (CAN) is used. Precisely the
protocol CANopen is implemented, which is based on CAN bus.

5.3.1 CAN Bus

CAN bus is a widely used serial field bus, which is resilient regarding electric dis-
turbances and electromagnetic interference. While the term "field" denotes its ap-
plication in controlling processes within a physical environment, "serial" refers to
its primary characteristic: all network participants are connected serially through
a shared transmission channel [PAKO08]. Such a single communication way is sim-
ple and low cost compared to a complex direct wiring. Furthermore, it provides
one point of entry to communicate with the whole network for diagnostics, data
logging and configuration. A serial connection also ensures, that the data broad-
casted on the bus reaches all other participants in the network. Each participant
can then check the data and decide whether to receive and process orignore it.
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Figure 5.6: The structure of a CAN frame with its different sections and their length
in bits (top) and their names (below) [PAK08].

Arbitration  With CAN, each participant can start transmitting on its own. In or-
der to ensure interference-free transmission despite this, all digital data frames
have an address and are prioritized with a logical conjunction (AND). Each mes-
sage has a message identifier for whose bits a 1 is always recessive and a 0 is
dominant. This ID is 11 bit long, which means that 2!! = 2048 different messages
can be addressed.

While transmitting a message, the respective network participant is also moni-
toring the network to verify if the bits on the bus still match the one it has sent
[SchO5]. If two participants start sending, the message with the higher priority
prevails. This happens because if a participant sends a 1 but receives a zero, it
withdraws from the bus and sends its information again later. In this way the data
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with the highest priority gets immediate access to the bus without causing inter-
ruption with other frames. The disadvantage of this, is that all messages have
to be sent sequentially. Furthermore, if data is transmitted between two partici-
pants, all others must remain silent.

CAN messages The complete structure of a CAN frameis displayedin figure 5.6.
After the message identifier that is used for the data arbitration two control bits
follow, for remote requests (RTR) and extended messages (IDE: identifier exten-
sion). After one reserved dominant bit the next four bits include the length of the
data field in bytes (0. ..8). Up to this point, this was all the frame header and now
does the data field begin. Here the data bytes are transferred in little endian byte
orderwith the least significant byte first. Afterthe data field the Cyclic Redundancy
Checksum (CRC) and the acknowledgement bit (ACK), embedded in two recessive
separator bits and set if the message has been read, follow. Each data frame then
ends with 7 recessive bits and the next frame can only follow after at least 3 inter-
mediate bits (inter frame space).

Various definitions are necessary to enable communication between devices via
CAN. These include allocating CAN identifiers to individual devices, specifying
transmitted data content, ensuring accurate interpretation of data, and imple-
menting higher-level device monitoring. All of these functions are summarized
in the application layer, for which the protocol CANopen is used in this case.

5.3.2 CANopen

In addition to CAN bus, which provides the transport layer the higher-layer proto-
col CANopen is used forthe application. Itis a communication protocol with stan-
dardized and manufacturer independent device profiles for many different appli-
ances and in this case some for the general communication network (CiA 301,
302, 305), one for motion control (CiA 402) and one for the measuring unit (CiA
404).

Furthermore the CANopen standard, which is maintained by the organization CAN
in Automation (CiA), provides communication models such as master-slave com-
munication. For instance, the master sends a synchronization message and all
respective slave devices record their measurement data at the time they receive
this message.

This also has an impact on another important CANopen component, the device
states, which describe the operational status of a device. This is because a mas-
ter node can change the status of a slave node and thus activate and control it.
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All parameters defining the behavior of a CANopen node are encapsulated within
a standardized structure. All the data is read from or written to this object dictio-
nary (OD), which can be understood as a data storage. The entries within the OD
are addressed with a 16-bit index and sometimes additionally a 8-bit sub index.
For example, the serial number of the device is deposited at the index 0x1018 and
subindex 0x04 in the object dictionary of every node. The structure of the object
dictionary is described in the electronic datasheet (EDS file), which acts as a li-
brary forthe OD, with all its objects but not the values. These files are used by the
program running on the PC that controls all the nodes to assign a command with
the corresponding OD object.

To complete the six core concepts of CANopen [Fal22], which are highlighted in
bold in the previous text, the last one, the communication protocols, is still miss-
ing. These define the actual communication between the participants and are de-
scribed below.

5.3.2.1 Communication Protocols

CANopen encompasses a variety of communication services, including the NMT
(network management) service, which regulates the state of network devices. Fur-
thermore, communication services such as EMCY for error messages, HEARTBEAT
for node monitoring and SYNC for synchronization are also incorporated. Among
these, the protocols related to the recorded data are of particularimportance and
are described in more detail.

: Client A
sD0 'receive' 0x603 (D) | (masten)
: SDO 'transmit 0x583 ()
| | I
Node Node Server
(slave, id 1) (slave, id 2) (slave, id 3)
ignores 0x603 ignores 0x603 responds to 0x603

Figure5.7:Visualization of the SDO communication [Fal22]. (Modified from original)

Service Data Objects The Service Data Object (SDO) service is used to access
data in the object dictionary of a node from another node. An example is shown in
figure 5.7, where a master node wants to request data from a special node. This
uses the client-server communication model, where a client (the master) requests
data from a server (slave). Thereby the terminology takes a server-side perspec-
tive, where the request is assumed as a received SDO message and the data sent
is a transmitted SDO message.
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The addressing is done by the message identifier which is called COB-ID (Connec-
tion Object ID) in CANopen. Its 11 bits are divided into a 4-bit function code and
the 7-bit node number. A participant only responds if it has a matching node ID.
The actual address of the data in the OD is then transferred via the data bytes
of the can frame. In the reply message (transmit SDO), the requested data then
follows behind.

Frame header Data field
Data Command "Index Sub

<

Channel COB-ID  |ength byte inOD  index Data
K—M
can®@ 581 [8] 43 18 10 04 C1 61 34 13
ebithec it gbithec  AACLOACS  hex hosoites
function code + node ID Index 0x1018 0x133461C1=322200001

0x580 + 1

Figure 5.8: Structure of a SDO message as it is displayed with candump.
As two messages (request and response), called SDO channel, are always required
forthis type of transmission the communication is slowed down. Furthermore, the
data that can be transmitted with the SDO service is restricted to 4 bytes, because
the OD indexand acommand byte is transferred in the message. The SDO example
infigure 5.8 shows how the transmit SDO containing the serial number (322200001
at OD index 0x1018-4) of node 1 is displayed in the candump view on the PC.
Due to their laboriousness, SDOs are only used in the control of the WTTD for con-
figuration and fortasks where speed is not a priority, such as opening the solenoid
valve.

Process Data Objects On the other hand all nodes can also send data inde-
pendently without a request, if for example a measured value changes, a internal
clock elapses or a sync message is received. This is achieved with the helf of the
Process Data Object (PDO) service, which also does not have a long overhead and
can thus carry the full eight bytes of data the CAN protocol does provide. To do
this, one or more entries in the object dictionary are mapped to a PDO. Both the
relevant node and the master must then know about this "mapping" in orderto be
able to assign the blank data to the correct entry.

Apart from the device states, it is primarily the position of the measuring unit and
the measured value of the sensor that are transmitted via PDOs, as these are con-
stantly changing and therefore cannot always be queried. This happens in inter-
action with the SYNC service, because each synchronization message triggers a
measurement (as described above) and the transmission of the respective PDO.
This makes it possible to identify the strength of the reflection at a specific posi-
tion.
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Control Software Implementa-
tion

This chapter examines the implementation and analysis of the Python-based con-
trol software used to control the operation of the measuring device.

from classes import Network, Motor, Sensor
Bitrate, sync_rate = 1le6, 400 #in bits/s, Hz

# Connect to network and nodes by initializing the

classes
network = Network(channel= , bitrate=Bitrate)
motor = Motor (network , . , 1)
sensor = Sensor (network, . ,2)

# Enable the operation of the devices on the network

motor.turn_on(); sensor.turn_on ()

# Synchronize the Motion Controller and the ADC

network.sync.start (1/sync_rate)

# Stop the SYNC and finish the operation
network.sync.stop ()
sensor.turn_off (); motor.turn_off ()

network.disconnect ()

Listing 6.1: General program code to operate the WTTD.

The general program code is outlined in listing 6.1. First, classes for the network,
motor and sensor were defined. If these are called, the respective connection
is also established with the initialization. To do this important parameters such
as the SocketCAN channel, the bitrate, the EDS files and the nodenumbers are
passed.

The two nodes can then be activated on the network. Once the nodes are in the




34 6 Control Software Implementation

active network state, the actual sequence programs for the measurements can fol-
low. Network synchronization is started for this purpose. Every ¢,,,. = !/ interval,
a sync message is sent to the network and the two nodes send their respective
measurement data synchronized as PDOs. This makes it possible to simultane-
ously determine the position of the linear drive and the output signal of the sen-
sor. It must be noted that the network syncing frequency fy with which the data
on the network is send, does not have to be the same frequency as the sampling
frequency f, of the sensor module. The lower one of these two frequencies is the
decisive factorin the analysis of the frequency.

Once all control programs have been executed, the periodic transmission of SYNC
impulses is stopped, the nodes are reset to a switched-off network state and the
connection to the network is closed.

The classes of the individual instances are described in more detail in the follow-
ing section.

6.1 Network

To set the network up several steps as displayed in figure 6.1 are needed.
no: Firstitis checked whether there is a kernel mod-

; \ modprébe ule which serves as driver for the PEAK-System
PdE,rA_I‘\Il(eL'JS)B peak_usb  ysB Interface. If no module is present, it is
¢yes loaded into the linux-kernel using the modprobe
command. Once this is done the CAN network

no output:
ip Link show|_,, "™ f ecﬁ .
should appear as a network interface whose
CAN Channel connectlon

1 properties are displayed via the ip link show

v v h Ifthere forthi i
state UP state DOWN shell command. Ifthereis no output forthis com

mand, the CAN network is not physically con-

nected. However, if there is an output it con-

matching: wrong: tains the status of the device and the current bit
skip proléeglure rate. If the network is already activated and the

bit rate does not match the desired one, it must
ip link set| bechanged. To avoid communication problems,
channel up the network connection is first disconnected and

python ‘J then restarted at the old bit rate. Using the Layer
initialization Settings Services (LSS), the nodes on the net-
Figure 6.1: Block diagram of work are then set to autobaud mode, where they
network initialization steps. automatically recognize any bit rate and the net-

work is restarted. Finally, using LSS, the desired bit rate is fixed again. In any
case, the start-up and shutdown is achieved using the shell commands ip link
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set up orip link set down. Finally, the network is associated with the python
canopen instances, thus shell commands are no longer required for any further
initializations. The bit rate fg; is just the rate of the network and not equal to the
syncing rate fy, with which the measured values are retrieved or the sampling
rate f, of the sensor. During the following measurements the bit rate is set to the
highest possible value that all nodes support: fg; = 1 Mbit/s.

6.2 Motion Controller

The Faulhaber Motion Controller MC 5005 S CO controls the movement of the mo-
torand therefore the lineardrive. It also monitors the position using the data from
the encoder. Forthisreason, the network node is sometimes simply referred as the
motor or drive below. All parameters that describe the interaction of the individ-
ual parts, such as the length of the linear drive or the ratio of the gear, are perma-
nently written as parameters of the object dictionary in the non-volatile memory of
the motion controller. The motor position is therefore converted directly into the
linear position of the carriage. Only the network and operation specific parame-
ters have to be set before the Motion Controller is ready to be used.

To simplify these configurations, the device profile for drives and motion control
(CiA402) is implemented with the python canopen environment. The profile pro-
vides power states that differ from the NMT network states and defines various
operation modes. In this case, the profiled position mode (PP) is used, in which a
target position is reached via a speed profile calculated by the Motion Controller.
The actual operation is then based on two standardized message protocols for
controlling (Controlword) and monitoring (Statusword) the motor node. These can
be transmitted both as SDO and PDO and their individual bits enable the actual
movement or indicate whether it has come to a (planned) stop.

Additionally Small BASIC programs are stored on the Motion Controller, which are
used to control the linear drive in manual mode. These link the signals from the
controller connected to the analog and digital inputs with the movement tasks.

6.2.1 Connection

As itis the case with the network, the connection to the Motion Controlleris estab-
lished during theinitialization of its corresponding python class. Afterthe nodeis
introduced as a CiA402 instance in the canopen environment, a bootup message s
triggered, using the Network Management (NMT) command RESET COMMUNICATION.
Once the bootup message is received, the physical connection is ensured.Afteran
error handler, which directly outputs emergency messages, has been linked, the
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mapping of the PDOs is adjusted. The Process Data Object, which contains the po-
sition of the linear drive, is converted to synchronous transmission and other im-
portant parameters such as the profile speed and the operation modes are added
to PDOs. Finally, the node is set up by exchanging some SDOs so that the power
states defined in the CiA402 profile can be used.

6.2.2 Activation

Besides the NMT states that describe the state of a node regarding the network
side the CiA402 profile defines power states in order to activate the motor for op-
eration.

To switch the controller to the operational state, it is necessary to run through a
standardized state machine. Depending on the initial state, different steps must
be taken to enable the operation, which are implemented in the code. Regardless
of which step is started, the power state must be set to OPERATION ENABLED to
start the motor. At this point, the statusword is also monitored and if the motor
cannot be started, for example because no voltage is applied to it, a runtime error
is raised.

6.2.3 Operation

As described before, the drive to a target position is controlled by a speed profile
runningin the background once the movementis enabled. The start and the moni-
toring of this is done via a script which steps are depicted in figure 6.2.
. First, the target position and the profile velocity are
reltaatlr\g/gtnsg\slieh[\;ﬁnt? send to the node with rPDOs (receive PDO). The

l speed driveis started by switching a bitin the Controlword,

y which also contains the information whetherthe tar-

get position is an absolute or a relative step. This

init_drive()

l stgftPc?rive command to start the movement is also transferred

wait for synced tPDOs | to the Motion Controller node via a rPDO.
currentlposition Afterwards, a loop reads out the tPDO (transmit
check_drive() PDO) which is send by the Motion Controller in time
if StOppedtl with the synchronization object and contains the
exit current position. A second function then checks

whetherthe drive has been completed and stops the
loop if this is the case or the movement has been
stopped unintentionally.

During the determination of the wire position the tPDO containing the output sig-
nal of the sensor is also read out and stored along the position information.

Figure 6.2: Block diagram
of the drive process.
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Valve The solenoid valve that generates the air blast for deflecting the wire for
the tension measurement is also connected to the Motion Controller.

def valve(self, t_open=0.013):
Open, Close = 0xFC, OxFD

self .node.sdol[ 1[4] .raw = Open
time.sleep(t_open)
self .node.sdol 1[4] .raw = Close

Listing 6.2: Function to operate the airvalve using the digital outputs of the Motion
Controller.

The valve is opened and closed with the function in listing 6.2, which also shows
the use of Service Data Objects. The solenoid is connected to the first digital out-
put of the Motion Controller. The object to activate it is stored in the Object Dic-
tionary at the index 0x2311 under the name Digital I/0 status with subindex 4
(Writedigital outputs). To openthe valve the objectis setto 0xFDwhich deletes
the digital output of DigOut1, but does not change the digital output of all oth-
ers. The air blast should take 13 ms [Got05][Ese18]- and afterwards the solenoid
is closed again by setting the same object to 0xFD, which sets the digital output
of DigOut1 again.

6.3 Sensor Module

To transmit the output signal of the reflection sensor on the CAN network an Ana-
log Digital Converter (ADC) with a CANopen interface is used. This sensor module
(Micro Control pCAN.1.ai-SENSOR / Voltage) is connected directly to the sensor
and also powers it. For this reason, the corresponding network node is sometimes
also referred to as the sensorin the following.

For such measuring devices there is also a standardized device profile (CiA404),
but it is much less complex than that for the Motion Controller. Thus, the NMT
commands are sufficient for connecting and activating the sensor module.
During switch-on, only the emergency callback needs to be activated and the PDO
mapping needs to be changed slightly in order to achieve synchronous transmis-
sion of the voltage signal.
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I
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Figure 6.3: Block diagram of the supported functions for the sensor input [Micro].

The functionality of the device profile focuses on handling the voltage signal, as
shown in figure 6.3, where the different filtering and scaling functions are dis-
played together with the OD index of the corresponding objects. First, the sensor
signal is digitized by the actual ADC and output as a field value. Then a data filter
can be applied ("moving average"), whereby each measured value is processed
with the previous one and a filter constant. In regard to the WTTD the exact values
atany time are relevant and therefore the filtering is turned off. In the next scaling
step, the sensor type is entered (voltage in this case).

Manual scaling can also be carried out, for which a calibration function is pro-
vided. To use this, two known values must be applied to the sensor module.
These should be at the limits of the maximum value range so that everything is
completely covered. The scaling factor and offset are then determined automati-
cally.

Finally, the process value is generated, which is then also transmitted as a mes-
sage (PDO). This requires the unit and the decimal places, whose values from the
object dictionary must be known to all relevant participants on the bus, as the
value itself is transmitted as an integer.

If the synchronization of the PDOs is ensured, the value of the sensor signal can
be read out at the same time as the position if the query happens within the loop
shown in figure 6.2.

The aim of the next chapteris to find out to what extent the components used are
suitable for this and for the functionality of the WTTD in general. How the readouts
can be implemented efficiently will also be considered.
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Results

7.1 Characterization of the Components

7.1.1 Linear Drive

In order to determine the exact position of the wires and to be able to precisely
navigate to them, the position of the linear drive must be known and reproduced
precisely.
For 1 cm propulsion 2-3 revolutions of the motor are needed, as the corresponding
spindle has a pitch (lead) of 5mm and the gear converts three motor revolutions
in one revolution of the threaded spindle. The encoder that is additionally con-
nected to the motor as shown in figure 5.3 has 4096 increments per revolution.
Consequently a resolution of

2.3 4096 —— = 2.4576 — = Ay = 0.4069 pm

cm Pm

can be achieved. Therefore, the forward accuracy should be less than one microm-
eter. Nevertheless, the smallest possible steering step with which the position
can be read out and commanded is exactly one micrometer. However, this is five
times more precise than previous devices [GotO5].

7.1.1.1 Internal Position Deviation

Thereis a function within the Motion Controller matching the current position with
the target position by means of a control loop. However, since a micrometer step
does not correspond exactly to a multiple of the increments, this process can
cause deviations. To prevent this, the movement task is additionally nested in a
loop as shown in figure 6.2. This uses the check_drive() function, that compares
the internal position with the target value. This made it possible to ensure that af-
ter the drive came to a controlled stop, the internal position always corresponds
exactly to the required target position. However, sometimes the motor does relax
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a little after being stopped again, leading to deviations from the targeted encoder
and position value, if those values are read out after the movement has stopped.
To determine the position deviation of the internal values the carriage is driven
100 times along the longest possible way of 120 cm and the encoder value with
the position at the rear end of this drive is queried with an SDO.

Ytarget= 120cm, V=4%, a= 100(:5_2'1

+ + + # Encoder deviation (incr)
Position deviation (um)

2] RIS A RS o I R 1
S RER ALAReBh i i A A B L B L SR A LR
O A, i Sl
-1+ H L I ML/ SR

0 20 40 60 80 100
Number of run

Position deviation in incr or um

Figure 7.1: Deviation of the internal position and encoder value from the targeted
one during 100 runs on the end of a 120 cm drive.

The deviations from the targeted values are shown in figure 7.1. A discrepancy
of the encoder value and the calculated was observed of up to three increments,
while the controller still considers proper matching of the position (see run 19).
In the same way, the deviation of the encoder can also only equal 2incr and the
position also deviates by 1 pm (run 18) or it may not (run 40).

w

B Encoder deviation (incr)
Position deviation (um)

N

=

o

I
=

Values of position
deviation in incr or um
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Number of occurrences

Figure 7.2: Histogram of the encoder and internal position deviation for 100 runs
without an additional control loop.

Overall, the encoder value deviates upwards more frequently than downwards or
not at all, leading to a positive mean deviation Ay, .. = (0.6 + 0.1)incr. The
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histogram in figure 7.2 also reveals, that the calculated position most often shows
no deviation and deviates downwards more frequently than upwards, therefore
the mean value A_yrewos = (—0.12£0.04) pm is negative and smaller in amount.

As this deviation is monitored in the internal values, the drive can be repositioned.
However, to prevent further deviation from occurring due to the reversing play of
the components, itis advisable to implement each movementin a movement task.
In this way the loop does ensure the correct position and the motoris not stopped,
preventing the deviation. As explained in the following chapter, the actual pre-
cision of the position measured external, is sufficient for the tasks of the WTTD.
Therefore, no furtherinvestigation was carried out into how exactly the control and
conversion of the encoder values takes place internally in the Motion Controller,
leading to the deviation of up to 3inc.

7.1.1.2 Position Precision

In order to prove the precision of the linear drive, the position is also measured
externally. To do this a dial gauge is attached to the linear drive on whose plunger
the measuring slide touches. The available dial gauge (Kdfer GM100) has a preci-
sion of 0.01 mm. This is sufficient because the precision of the linear drive has to
be in the order of the wire diameter of which the smallest is 0.02 mm.
Furthermore, the analogue scale still enables a slight level of interpolation. If the
total deviation at the end is within one scale line, the precision is sufficient.

For an even more accurate length measurement, which can confirm the 1 pm in-
ternal precision, the overall conditions would also have to be adjusted. Ifa 1 pm
accurate dial gauge were to be used, it must be ensured that deviations could not
be caused by the stiffness of the fastening or thermal expansion, for example.
With this dial gauge, the uncertainty is calculated from the triangular distribution
of a scale line (see appendix D), but the actual read-off takes place on a quarter
scale division: 2.5 pm.

After all, it is important that a position is not only read out accurately, but also
moved to precisely and repeatably. To ensure this, a hysteresis movement se-
guence is run where the measuring carriage moves in fixed steps in one direction
and then back again.

Relative Steps  Asthewires haveto be controlled precisely one afterthe otherto
measure the wire tension, relative steps of the same increment are used initially.
In a first test, 40 steps with a step size of 10 pm should be carried out.


https://www.kaefer-messuhren.de/index.php/precision-dial-gauges-mechanical.html
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Figure 7.3: Position measured width the dial gauge of 40 relative steps with a step
size of 10 pm and the targeted position.

The diagram in figure 7.3 shows that the steps are not as wide as they should be.
Therefore, the reversal point is not at —200 ym, where it is supposed to be, but
is reached 25 pm sooner. However, the step width (Ay, .. = (8.9 £ 0.1) um) is
constant on average, which is why the starting point is reached again after the
same number of steps have been taken back. As can be seen in figure 7.4 on
the left, the sum of the first 20 deviations is therefore just as large as that of the
following 20 values.
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Figure 7.4: Left: Deviation of the internal monitored step with from the com-
manded one.

Right: Difference between the internal and actual position.

Figure 7.4 on the right shows that the difference between the internal monitored
and the actual steps are very small compared to the 25 pm maximum deviation
and do not show the same behavior of the total deviation, which first increases
and then decreases again. The uncertainty bar for almost every value intersects
the 0-deviation line. Regarding the values where this is not the case, this may also
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be due to the difficulty of reading the scale within a quarter of a scale mark.
Overall, this means that the Motion Controller has knowledge of the incorrect step
size during the relative movement. The fact that the positions are not reached
correctly may be due to a faulty control loop for relative steps. It is therefore first
checked whether these deviations also occur if the steps are each passed as a
movement task to an absolute position.
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Figure 7.5: Position measured with the dial gauge of 40 steps with a step size
of 10 pm (top) and 5 pm (bottom), executed as movements toward absolute posi-
tions.

Absolute Steps  Are the 10 pm-steps commanded as movements towards abso-
lute positions there is no deviation. Figure 7.5 shows, that the position values are
exactly on the expected lines for the forward and backward movement. This pat-
tern is also confirmed by multiple measurements with this step size over longer
distances. This ensures that the precision of the linear drive is in the range below
10 um, which means that wires can be approached precisely.
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Reversing Play For smaller step widths, such as the 5 um steps displayed in
figure 7.5 some deviations occur. These could be caused by incorrect reading, as
they are exactly 2.5 ym if they appear. This could also be related to the revers-
ing play, which is another important factor in regard to the precision of the linear
drive. The rotation of the motor is transferred via a gearbox and a coupling to the
threaded spindle, on which the carriage moves, using a ballscrew drive. All these
mechanical components will have a certain amount of play. If the direction of ro-
tation changes, this play must first be cleared before the carriage also changes its
direction of movement.

If a linear fit is performed with the data, accordingtoy = m - s + n where y is
the position and s the steps, the reversal play can be determined from the axis
intercepts n. In the case of the 5 um steps displayed in figure 7.5 (bottom), the
difference between the axis sections is An = (0.6 = 0.6) ym. The inaccuracy in
this value is difficult to reduce as the step size has a lower limit. In addition,
multiple measurements were not carried out, as the deviations that lead to a non-
zero axis intercept in the first place can also be caused by incorrect reading of the
quarter scale steps. Furthermore, a deviation at the reversal point itself was never
observed in several measurements with this increment.

In order to determine the reversing clearance more precisely, another measuring
method is used. A certain position is reached and from then on the carriage is
moved back in micrometer steps until the pointer of the dial gauge moves for the
first time, because then the backlash has been exceeded. However, it is difficult
to give an exact measured value. A measurement with 50 repetitions shows that
on average the reversing play is Ay,., = (4.13+0.09) pm. However, if steps with a
size of 4 um or even 3 um are carried out, it is not the case that the indicator would
not move at all during the first step. This also shows the lack of a deviation at
the reversal points of the step measurements with larger step widths as shown
in figure 7.5 and the small value of An. Nevertheless, for step sizes close to the
average value calculated before, it can be observed that the first step is smaller
than the following steps. However, this cannot be quantified with the dial gauge
provided, but in any case it has been shown that the reversing play is also suffi-
ciently small, due to its value being less than one hundredth of a millimeter. The
differences in the value of the backlash for different step sizes may be due to the
fact that with each stop the mechanics relax slightly and with each new acceler-
ation this clearance must be overcome as well. It is therefore recommended that
the scan for the wire position is made with one run without a break and that the
wires for the tension measurement are reached with just one step at a time.

If it is necessary to determine the position accuracy even more precisely, for ex-
ample because it turns out that the focal point should be exactly in the center of
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a wire for an accurate reflection measurement, the measuring method should be
changed. A more precise dial gauge is ruled out for the reasons mentioned above;
instead, a laser distance measurement should be carried out. The measuring de-
vice itself should not be connected to the linear drive, but a constant distance
should be ensured between them.

7.1.1.3 Repeatability and thermal Expansion

When operating the WTTD, it is important to ensure precision also for movements
covering the entire length of the linear drive. It is also crucial to ascertain the ex-
tent to which high travel speeds, which would facilitate a rapid scanning process,
influence the accuracy of the results.

The ballscrew drive, which moves the carriage across the spindle, does also heat
itup due to friction. If the speed of movementis higher, this results in greater heat
and, because of the relatively long length of the spindle, the expansion becomes
measurable. The spindle can expand freely as one side has a fixed bearing and
the other a floating bearing.

Itis not possible to measure the exact temperature of the spindle due to its length.
However, the Faulhaber motor has a temperature sensor and even tough there is
no connection between the two quantities it is still the best accessible value. Fur-
thermore, it can be assumed that the spindle and motor heat up similarly in rela-
tive terms, as both heat-ups are speed-dependent.

For the measurement of the position repeatability the carriage is driven back and
forth 120 cm and the position as well as the motor temperature is measured at the
end of this drive. Before setting a new speed, it has been ensured that the motor
is cooled down to the initial temperature of 22 °C again.
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Figure 7.6: Position deviation and motor temperature at the end of a drive com-
pleting 120 cm forward and backward. Results based on 20 runs and four different
velocities.

As shown in figure 7.6, the deviation of the position increases for high speeds
after a drive twice 120 cm long. This result can be described with the thermal ex-
pansion of the spindle.

The material used for the spindle is Cf53 steel (EN steel number 1.1213) an al-
loyed carbon steel with 0.53 % carbon. According to the manufacturer of the linear
drive and [ASMO02, p. 58] the linear thermal expansion coefficient of this steel is
a = 11.51/k. With the entire length of the spindle [ = 1300 mm and the maximum
position deviation of Ay = (12.5 + 0.2) pym the rise in temperature would be:

A
Aj—vspindle = _yl = (083 + 001) K
a .
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This heating is significantly less than the one measured in the motor, where heat-
ing also occurs due to the electrical currents in addition to friction. The large sur-
face area of the spindle also means that the heat can be dissipated much more
efficiently. This has the effect that there is no thermal expansion at speeds of 4 «m/;
and below. Ifthe drive moves slowly, the heatis dissipated quickly enough so that
there is no net heating.

It is therefore important during operation of the WTTD that a maximum speed of
Umax = 4m/s is not exceeded. This is still 2400 times higher than the minimum
supported speed of v,;, = 1 mm/min.

Regarding the scan of the wire position, the speed used is derived from the total
measuring time manageable. In order to achieve this, it is necessary to ascertain
the rate at which data is transmitted to the network, what is the focus of the next
chapter.

7.1.2 Motor and Sensor Network Speed

In orderto achieve a synchronized read out of the position and the reflection value
the master sends out SYNC pulses with the frequency fx. Each node stores its
respective measured value at the time it receives a SYNC message. Furthermore,
both nodes are configured to reply to every pulse with a PDO message containing
this latest value.
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Figure 7.7: Diagram of the time difference between every two consecutive sync
messages. The histogram for the different values is displayed rebinned by a factor
two and fitted with a Gaussian peak on the right.

To determine the precision of this synchronisation the messages on the bus for
500 SYNC messages at a frequency of fy = 100 Hz are analysed. The messages
were monitored (candump) and the time difference between the messages (time of
arrival at the master) is calculated.
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Although the SYNC pulses are sent by the master itself with the fixed frequency
fx = 100 Hz, the values for the time difference between the successive messages
fluctuates, as can be seen in figure 7.7.

The mean value Atgyne = (10.10£0.01) msis largerthan the expected 1/ = 10 ms.
This may be due to a processing time between the SYNC impulses being com-
manded by the script and their actual transmission. In addition to this discrep-
ancy, there is a standard deviation of osyne = (0.010 4 0.002) ms, due to the fluc-
tuations.
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Figure 7.8: Diagram of the time difference between the sync message and the re-
sponding PDO of the Motion Controller (top) and the sensor module (bottom). The
histograms are displayed rebinned by a factor two and fitted with a Gaussian peak
on the right.

The standard deviation was determined by performing a data fit (weighted sum of
squared residuals) in fityk using a Gaussian function. The fluctuations could be
caused by delaysinthe calculation ofthe commands. In particular, the scheduling
of the send processes in the kernel must be taken into account. However, the size



49 7 Results

of the fluctuation is in a typical order of magnitude but could be reduced if the
process is executed on a real time kernel.

If the time difference between the PDOs sent in response to the sync pulse and
the sync pulse is calculated, the result is the distribution as plotted in figure 7.8.
The fluctuations become larger as processes also run in parallel on the nodes:

Onoror = (0.025 £ 0.006) ms,  Osensor = (0.03 % 0.01) ms.

Nevertheless, as the order of magnitude does not change, these fluctuations are
acceptable, because they are just around 2% of the respective time difference.
Therefore, they do not cause interference of the different messages.

However, it is the mean value of the time differences which results in a limiting
factor. Both the motor and the sensor PDO are received approximately 1.34 ms af-
ter the sync pulse is sent. This value is due to the fact that an eight byte long
message at a transmission rate of fi;, = 1 Mbit/s itself already has a length of
0.064 ms. The sync pulse must be sent to the node, processed there and the PDO
sent back, which in addition to the fact that messages cannot be sent in parallel
results in the runtime value. From the reciprocal of this runtime, a sync frequency
of approximately fx = 750 Hz is considered achievable, without disturbances.
Only if the PDOs follow the fixed sequence, with the sync pulse (COB-ID 080) first
and then the responses from the field devices, it is possible to ensure that the
measurements are synchronized. This is due to the fact that no information on
the time of measurement can be transmitted in the PDOs and no uniform counter
is supported by both devices.

Forthe motion controller, this sequence remains the same up to a synchronization
frequency of fy = 725 Hz close to the previously calculated one.

This is not the case in regard to the sensor module where, even at frequencies
above fy = 400 Hz, it is possible that no response is received between two sync
pulses and thus the sync sequence is lost. Using the current ADC, the speed of
reading out the measuring devices is therefore limited to this frequency. How-
ever, a frequency of fy = 400 Hz is not sufficient because the resulting Nyquist
frequency is smaller than the fundamental frequency of the anode wire in a small
chamber (see table 4.2). This oscillation could therefore not be reconstructed
from the measured data.

The network frequency supported by the Motion Controller combined with the travers-
ing speed results in the resolution for scanning the wire positions. This must fi-
nally be optimized in real operation, which is possible down to 1 pm positioning
step. To achieve exactly this resolution at fyy = 700 Hz it would require a velocity
of v = 0.07m/;, leading to a scan duration of about 20 minutes for one wire plane
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(large chamber). As this is a reasonably short period of time and the precision of
the movement is sufficient as described above, the linear drive is suitable for the
tasks of the WTTD.

7.1.3 Sensor

The reflection sensor (OMRON EE-SPY402) includes both a GaAs infrared LED

(A = 940 nm) and a photodiode to detect the reflection. This sensorwas picked as
afirst test, but the sensor only has a digital output (NPN). It is therefore not possi-
ble to make a statement about the strength of the reflection, but only to determine
whether a reflection is present or not. With that it is still possible to determine the
position of the wires. Depending on the spatial resolution used, the center of the
wire could be determined from the center of a plateau when there is reflection.
However, to determine the tension, the wire would have to oscillate completely
out of and back into the focal point of the sensor so that the digital output also
changes periodically. As the oscillation amplitudes are small, this cannot be guar-
anteed.

The sensoris entirely unsuitable because the reflection on a single wire cannot be
detected. To verify this, the sensor was positioned exactly at the specified focal
length of 5 mm above a tensioned wire using the fine drive. The sensor was then
moved over the wire with the lowest possible speed of 1 mm/min, but there was
not a single reflection.

This measurement was carried out for the thicker cathode wire and the sensor did
not detect a reflection until the wire was folded twice, making it four times the
diameter. To solve this problem, a lens could be manufactured that sits in front
of the sensor and increases its magnification. From the resolution achieved cur-
rently to one that also recognizes the 20 um thin anode wires, the magnification
would then have to be improved by a factor of 15. Even if this were possible, the
problems resulting from the fact that the sensor does not provide an analog signal
of the reflection strength would still remain. The measurements are not possible
with the current sensor. Instead, the sensor module (ADC) is characterized in more
detail below.

7.1.4 Sensor Module

Instead of attaching the sensor voltage signals from a power source or a sine gen-
erator have been applied to the sensor module. These have a voltage range from
—10Vto10V.


https://www.ia.omron.com/product/item/2200/
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7.1.4.1 Direct Current Measurements

First, a DC voltage with 0.5V steps within this range is applied. For each applied
voltage the mean value of 2000 samples is calculated.

> ODR Fit
€51 — AV=(-0.10+0.02) Vin + (2.10 + 0.09) mV
EC 4- * 4 Mean value of 2000 measurements before calibration
X * { *
| 3
S
12T
>
31 by
~10.0 -75 -50 -25 0.0 25 5.0 75  10.0
VininV

Figure 7.9: Difference between voltage applied to the sensor module and the mean
measured value for different voltages over the whole supported range.

In figure 7.9 the difference between the applied voltage and the measured one
is displayed. The deviation is the greatest on the minimum of the range and de-
creases with rising voltages applied. Alinearfit (AV = m-V,,+n) is therefore per-
formed using scipy.ODR (least squares fit). Despite the slope of m = —0.10+0.02,
the deviation does not reach zero at the end of the supported voltage range. Ad-
ditionally the values are fluctuating around the trend line. A reason for this could
be uncertainties in the sensor module or fluctuations and deviations in the power
supply, especially since mV are the smallest values that the power supply can
deliver. In order to reduce the differences the calibration process implemented
in the CiA404 standard is performed with a voltage of —10V and 10 V. After this
re-calibration the same voltage measurements are done, whose deviations are
shown in figure 7.10.
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Figure 7.10: Difference between voltage applied to the sensor module and the
mean measured value after the re-calibration.
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After the re-calibration the values measured differ less. Nevertheless, the trend
of falling values can still be seen, which could be due to the ADC’s non-linear
measurement behavior. The calibration was therefore not complete. However,
especially for positive values, the deviation is very small and even reaches zero at
the end of the range. Overall, the differences are less than =1 mV, which means
that they on average transmitted correctly with the three decimal places of the
PDO.

7.1.4.2 Dynamic Signals

Both the signal during the scan of the wire position and that of the voltage mea-
surement are not constant. Itis therefore important to analyze the sampling of the
sensor module.
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Figure 7.11: Voltage signal from the sensor module during the drive along a re-
flecting block positioned between the coordinates y = 30 cm and y = 36.3 cm.
Ifthe sensor module with the sensor attached is moved across an edge of a reflect-
ing material the signal measured follows as displayed in figure 7.11. The digital
output of the sensoris "normally on" (NO), so during the detection of an reflection
the output drops to zero.

Looking closely at the edge in the values, it is noticeable that there are interme-
diate values. However, these are not possible with a digital output that can only
accept two possible values. They must therefore originate from the sampling of
the ADC.

To investigate these intermediate values further, a square-wave signal is applied
to the ADC without the sensor and this is recorded with the ADC.
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Figure 7.12: Voltage signal from the sensor module with a 0.5 Hz and a 0.25 Hz
square pulse applied.

In figure 7.12 the output of the ADC at a network sync rate of fy = 400Hz is
displayed and the intermediate values can also be seen in the rising and falling
edges. To determine the length of the rising and falling edges, the data points
at the beginning and end of each edge are selected. These are characterized by
the fact that they differ more from the predecessor or successor than in the noise
of the plateaus and are above respectively below a certain threshold value. The
length of the edges are:

trage(0.5Hz) = (0.11+0.01)s,  tpaee(0.25 Hz) = (0.09 £ 0.02) .

The same method was used to determine the length of the edges of the input sig-
nal. This was sampled with an oscilloscope at a frequency of 2GHz. The edge
length here is only tgqe = (17.9 £ 0.2) ns, which is also in accordance with the
manufacturer’s specification of tggee < 18ns [Tek12]. This means that no edge
should be visible at all with the ADC sampling rate. Despite the fact that filtering
is switched off according to the CiA404 standard, these intermediate values occur
as if there were some averaging in the sensor module.

This also means that the plateaus of the rectangular pulses are shortened. The
relative deviation to the actual length is:

AT/p(0.5Hz) = (=13 £1)%,  AT/r(0.25Hz) = (=7 £ 1) %.

This causes the amplitude of signals which have a periodicity in the range of the
edge duration not to be displayed correctly. This is due to the nature of the dis-
cretization of signals. The sampling itself is done mathematically with a rectan-
gular pulse. This means that in the frequency domain, the Fourier transform of a
rectangular pulse is folded with the Fourier transform of the signal.
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Figure 7.13: Square pulse signal and its Fourier transform a sinc-function.

The absolute value of the Fourier transform of a square pulse is shown in fig-
ure 7.13. On the one hand, it can be recognized that because periodic signals
U, these
would overlap if the sampling frequency is not twice the signal frequency. On
the other hand, one can also see how the magnitude of the Fourier transform de-
creases forincreasing frequencies towards the sampling frequency. However, sig-

repeat in frequency space at multiples of the sampling frequency f, =

nals with steeper edges have higher frequency components, and their magnitude
is attenuated by the shape of the sinc function.

109 *, # Vinax + FFT data [20
‘e (-1)- Vimin o. .o . N
8 o ° ° ° T
‘. 4+ Vimax = Vmin ° . o L 15 ¢
g 6 .’ 0. .o .o 5
c . O . . CICJ
ag: . —L‘:EEE ’. .o ° ° * 10 g_
~ s . . .o .’

Eﬁ,‘:’; .o o ° :Lj
ey ° ° =
2 . D

01 s -,

0 10 20 30 40 50 0 10 20 30 40 50

Frequency in Hz Frequency in Hz

Figure 7.14: Amplitude (left) and determined frequency (FFT) for sine waves of ris-
ing frequency.

In order to determine the sampling rate of the sensor module, a sine wave is ap-
plied to it and recorded for 5s with a network frequency of fy = 400 Hz. This is
repeated for signals with a frequency of 1 Hz to 50 Hz and a voltage between —5V
and5V.

As the frequency increases, the sensor module only records smaller and smaller
differences in the voltage. This decrease in amplitude is shown in figure 7.14
on the left-hand side. Both the minimum voltage, which should be —5V, and the
maximum voltage, which should also be the same for each signal at 5V, approach
0V with increasing frequency. This is due to the steeply falling edges of the sinc



55 7 Results

function, mathematically describing the sampling. In order to determine the fre-
quencies precisely, a Fast Fourier Transform is performed. The function that will
be used in the future to detect the fundamental frequency of the wires is used for
this. In figure 7.14 on the right-hand side, the result of the FFT is shown for the
increasing frequencies that are applied. First, the values increase and the values
determined with the FFT correspond to the actual ones. From 20 Hz, there is un-
dersampling and the frequencies are folded back into the frequency range below
the Nyquist frequency, causing the frequencies determined by the FFT to decrease
again. The same pattern is visible if the measurement is repeated with square
wave pulses.

Starting at a frequency of 33 Hz, the peak of the first alias frequency at 7Hz is so
low that it can no longer be distinguished from the noise. Therefore, the frequency
appears at the next higher frequency following equation (4.24) of 17 Hz. The fre-
guencies then continue to decrease until at 50 Hz the next periodic alias is the one
with the highest magnitude, which appears at 10 Hz.

Since the FFT frequencies drop again from 20 Hz and the following values can
be identified as aliases according to equation (4.24) at a Nyquist frequency of
Iyquiss = 20 Hz, the sampling frequency of the ADC can be specified as f, = 40 Hz.
This value is not sufficient to achieve the expected fundamental oscillation (see
table 4.2). This means that the sensor module used is also not suitable for this
purpose. In communication with the manufacturer, this could be traced back to a
mismatch in product specifications. A replacement board, which should achieve
a sampling rate of f; = 1kHz, is expected to be delivered soon.

The motion controller has proven to be adequate overall. Therefore, the sampling
frequency as well as the maximum synchronization frequency of a new sensor
module should reach a value of fy = f, = 725 Hz to be equivalent to the MC.

As the ADC communicates solely on the network to determine the wire tension,
the frequency could be increased for this measurement. This could be necessary
due to the fact that in addition to the fundamental oscillations in the frequency
spectrum of the wire oscillation, higher harmonics are expected [GotO5]. If these
frequencies are undersampled, they could be mistaken for the fundamental fre-
quency. In order to correctly reconstruct the amplitudes of higher frequency com-
ponents, a sampling frequency of f; = 1kHz would be desirable. However, a
sampling frequency of f, = 10kHz as used in comparable setups [Ese18] does
not have to be achieved, as higher harmonics are already significantly attenuated
at such high frequencies. In addition, a high sampling rate is of limited utility if
the network rate fy is not at least equivalent.
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7.2 Measurement Implementation and Simulation

Despite the fact that the components are not yet sufficient for real measurements,
theroutines forthe actual measurement have already beenimplemented and tested
with simulated data.

7.2.1 Wire Position

Regarding the scan of the wire position, it can be assumed that the voltage signal
during the reflection of a wire is sufficiently distinct from the background noise.
Therefore, a simple "peakfinder algorithm" is sufficient to determine the posi-
tion of the wires. As with the tension measurement, this is implemented using
scipy.signal.find_peaks. Depending on the selected spatial and reflection resolu-
tion, it may also be necessary to locate the center of the wire from the reflection
distribution.

7.2.2 Wire Tension

However, several steps are required to determine the wire tension. First, a fre-
quency spectrum is determined by performing a FFT with the values of the voltage
sampled with the frequency fx. Subsequently, the fundamental frequency must
be identified in the spectrum. Both steps are described in more detail below.


https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html
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Fast Fourier Transform  The FFT is performed as described in section 4.4.1 with
scipy.fft. The highest possible frequency is, according to the sampling theorem,
defined by half the rate at which the signal was sampled, which corresponds to
/n/2here. The resolution depends solely on the total duration of the measurement.
However, this is limited by the decay of the signal and by the restriction that the
total measurement time of all wires should remain within reasonable limits. With
384 wires per plane, two wire planes in the chamber and one measurement each
before and after the installation of the wire plane, this time can be significant,
even if it seems small individually. In order to optimize the value, the influence
of a reduced frequency resolution on the measured tension value is investigated.
This is done by Gaussian error propagation with the equation (4.20)*.
First the sensitivity of the tension to changes in the frequency is calculated by
derivating T" with respect to fj:

g—]jﬂ; = 2npfol*d?
According to the Gaussian error propagation, the variance of tension caused by
the uncertainty in the frequency is derived by multiplying this with the deviation
of frequency:

or
=(=).0,=2 202
or ( 0) o mpfol“d oy

This standard deviation o7 represents how much the value of the tension is ex-
pected to vary due to variations or uncertainties in the frequency.
Forthis particular purpose, the tension should have a deviation of less than 1%:

|
<%
According to the frequencies in table 4.2 this results in the maximum tolerable
frequencies as displayed in table 7.1.

Table 7.1: Maximum frequency deviations o leading to a deviation of the wire
tension of less than 1%.

Moduletype | 1&3 | 5&7
O'f’gmoc[e 1.3Hz | 0.8 Hz
O f cathode 0.8Hz | 0.4Hz

!Note that the Gaussian error propagation gives the standard deviation o based on the difference
between the function values at the input parameter plus and minus its deviation, in order to
gauge the spread of the output due to the uncertainty in the input parameter. If the deviation
is given in relative terms, this must be done separately for the upper and lower limit, as the de-
viation is relatively different in size. However, as these are only small deviations, the deviation
is also regarded as relatively the same here and only one value is given.


https://docs.scipy.org/doc/scipy/tutorial/fft.html
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If only the resolution of the frequency spectrum contributes to the deviation

(c; = Aferr), then the smallest tolerable frequency deviation results in a mea-
surement time in regard to the FFT of 2.5s. Considering all wires within a plane
and a single measurement each, this results in a measuring time for of exactly 16
minutes. The resolution is furthermore comparable, with a present setup, with
one of 0.6 Hz [Ese18, p. 46].

The measurement time is implemented as a time window of the FFT. The actual
measurement is started with the deflecting air blast but the FFT is started after
the transient phase and stopped before the signal has subsided too much. More-
over, this measurement time is a recordable value for the large chamber [Ese18]
and should be achievable for the smaller chambers too.

Detection of the fundamental Frequency  Afterthe Fast Fourier Transformis com-
puted the peak for the fundamental frequency must be found. The function pro-
vided by scipy.signal.find_peaks is used for this purpose. This function has vari-
ous properties to define peaks. Additionally a expected frequency isimplemented,
from which the fundamental frequency is scanned for in a =10 % surrounding. To
describe the simulated data, it is sufficient to use the prominence of the peaks
to distinguish them from the noise. The peak for the fundamental oscillation is
the first one, with a non-zero frequency. If no peak in the spectrum meets the re-
quirements of the "peak finder", the frequency is chosen as the one in the given
range around the expected frequency that has the highest magnitude. The whole
function for the FFT and the detection of the fundamental frequency is given in
appendix C.

To test these implementations simulations were performed. These were created
in comparison with real data provided by an existing setup [Ese18, p. 46]. The
expected signal has a duration of at least 5s and an amplitude of about 7V. The
simulated signal is generated in time steps corresponding to the sampling rate.
In order to have a realistic signal, which can probe the limits of the determination
method, the underlying signal is superimposed with various types of interference.
The complete function generating the simulated signal is given in appendix C.
First, there is noise, which has an adjustable ratio to the signal amplitude and
a Gaussian distribution. Up to a noise ratio of about 80% of the signal amplitude,
the fundamental frequency is reliably determined.

Furthermore, the signal is multiplied by a decay that causes the amplitude to drop
exponentially to less than one percent within five seconds. Before the actual sig-
nalbegins, a simplified transient process is also simulated. Thisis done by adding
periodic signals which have a random amplitude and random frequency up to ten


https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html
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times the signal frequency (Gaussian distribution). The total amplitude of this
process increases towards the actual signal amplitude over a duration which can
be specified.

Finally, the signal is added with higher harmonics, in other words frequency com-
ponents with multiples of the fundamental frequency. While the previous parame-
ters have almost no influence on the determination of the fundamental frequency,
the higherharmonics can lead to interference. This happens when they exceed the
Nyquist frequency and are therefore folded back into the possible spectrum of the
FFT. Since the exact proportions of the higher harmonics in the real signal are still
unknown at this point, they are initially limited to the Nyquist frequency. As they
have a lower strength compared to the fundamental frequency in any case, they
could also be filtered using the peak finder parameters. In figure 7.15 a signal
simulated in this way is shown for the oscillation of the cathode wire in the small
chamber at a sampling rate of 400 Hz.
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Figure 7.15: Simulated voltage signal from reflection of an oscillating cathode wire
with the bare signal without noise (left) and the FFT of this signal (right). The scale
of the FFT magnitude is switched to a logarithmic scale above 200 V.

The signal shown infigure 7.15is superimposed with 10% noise, butis also shown
once without it in order to better recognize the decay of the signal and the tran-
sient process. In this example, the FFT was performed after one second for a total
of 2.5s. The frequency determined using the "peak finder" exactly corresponds
to the original signal frequency, as the peak visibly stands out in the spectrum.
Further simulations show that this is also the case whenever the signal is mea-
sured directly from the beginning. Therefore, in operation, the measurement can
be carried out without delay after the wire has been deflected by the air blast.
This encourages the assumption that the WTTD, as has been described in this
work, can perform its tasks more efficiently and precisely than its predecessors.
Nevertheless, multiple measurements are required in order to exclude coinciden-
tal measurement uncertainties.
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The shape of the electric field and thus the amplification properties of a Multi Wire
Proportional Chamberdepend crucially on the uniform positioning of the electrode
wires. Therefore, in the production process of the CBM TRD MWPCs, the wire-to-
wire distance and theirmechanical tension, preventing them from sagging in grav-
itational and electrical field, shall be examined precisely.

In orderto be less invasive and time consuming this inspection shall be performed
automatically and touchless by a Wire Tension Testing Device (WTTD).

The system consists of a measuring unit which can be positioned relative to the
wire plane with a linear drive. The measurements themselves are conducted with
anoptical sensorthat measures the reflection of light from the wires. To determine
the tension of the wires, an oscillation is triggered by an air blast. The strength of
the reflection subsequently oscillates and the mechanical tension can, thereby,
be determined from the vibration frequency.

This thesis presents the basis for connecting the measurement components via
a Controlled Area Network (CAN). Moreover, the software framework designed to
control the components on the network through python scripts is implemented.

Furthermore, proposed core components for the system have been characterized.
The linear drive (HIWIN HM060S005) was found to deliver sufficient positioning
accuracy, as both the repeatability deviation and reversing play are in a range
below 10 um. In addition, the thermal expansion of the spindle is negligible for
moving speeds below 4 /s,

The motion controller, which controls the linear drive, can output the position syn-
chronized with an effective sampling rate of up to fy = 725 Hz. Despite the fact
that this last value is not completely satisfactory for tracking the position down to
the smallest scale step even with fast movements, the combination of controller,
drive and linear drive is suitable for the purposes of the WTTD.
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The ADC (MicroControl sensor module uCAN. 1.ai-SENSOR / voltage) that reads out
the sensor should therefore also achieve at least this synchronization frequency
during the scan of the wire position. However, the fy = 400 Hz currently achieved
are not sufficient for the desired data retrieval. Furthermore, the internal sam-
pling of signals is only performed at a sampling rate of f; = 40 Hz. The expected
frequencies for the tension measurement range up to f, = 266 Hz. In order to
sample these correctly without interference of higher harmonics, a sampling rate
and network frequency of at least fx = f, = 1kHz would be desirable.

Upon consultation with the manufacturer, the lack of performance could be at-
tributed to a mismatch in the ADC product specifications. The delivery of a new,
correspondingly faster sensor module is agreed and can be taken into operation
in the commisioning setup created in this project. It is expected to have a sam-
pling with up to f, = 1kHz available after this exchange, which would fit the WTTD
requirements.

Also the currently selected sensor is not suitable, because it does not provide an
analog voltage signal and the reflection is not focused enough to detect a sin-
gle wire. Based on this recommendations for a suitable optical sensor could be
given.

Furthermore, signal simulations have been conducted, resulting in the evolution
of crucial analysis blocks. Together with the recommended component specifi-
cations, the measurement setup, control software and analysis routines imple-
mented with the present work are expected to resultin a capable, fast and precise
measurement procedure.
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Appendix A ALICE Field Simulations

In regard to the TRD modules used inthe ALICE experiment at LHC some interesting
simulations concerning the electric field and the wire sag were carried out and
published in [Mah04]. Despite the fact that they relate to the geometry of the
ALICE chambers, some important correlations can be identified. The simulations
were carried out with the GARFIELD software. In the following simulation results,
the unfavorable scenario of a direction of gravity that increases the electrostatic
sagis always assumed [Mah04].
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Figure A.1: Wire sag as a function of the wire tension for cathode (left) and anode
(right) wires of the ALICE experiment [MahO04].

The simulations of the dependence of the wire sag on the tension result in graphs
shown in figure A.1. Even with the interaction of gravitational and electrostatic
components, the relationship for the electrostatic component as well as the total
sagremains similarto Az ~ /7. The resulting force as the sum of the electrostatic
and gravitational component can therefore still be described as acting per unit
length dx according to equation (4.4).
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Figure A.2: Wire sag as a function of the anode wire pitch (left) and the wire diam-
eter (right) [Mah04].

The pitch between the wire and the wire diameter are significant for the electric
field. Therefore, the amplification properties as well as the wire sag caused by
the electrostatic repulsion depend on it. Simulations for the latter are shown in
figure A.2. Even though the electrostatic repulsion is getting smaller with rising
pitch the wire sag first rises and then drops again for values of d > 4.2 mm. This
is because to keep a wire at the same potential but with bigger pitch, the charge
on it must be higher as well, leading to a greater attraction from the wires to the
cathode planes. Also, the mirror charges in the pad plane are distributed onto a
larger area with rising pitch, which decreases the attracting force from the cath-
odes again [Mah04]. The maximum in the wire sag shows, that these effects are
dominant in different regions.

Looking at the right panel of figure A.2 it turns out, that the wire sag of the cath-
odes depends very little on the anode wire diameter because the electric field is
almost homogeneous at the cathodes. However their wire sag does strongly de-
pend on their own diameter due to the gravitational sag.

Forthe anode wires both components areimportant. Here the connection to the di-
ameteris the surface pointing from one wire to another, where charges and mirror
charges attract each other. The larger the surface gets the more charges patrtici-
pate in that.
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Figure A.3: Left: Elektrostatic component f(z) acting on an anode wire as a func-
tion of its displacement (to be consistent with the coordinate system, the y- and
z-directions must be swapped) [Mah04].

Right: Gain variation as a function of the wire sag.

The effect of a displaced anode wire on the force acting on it at a given wire pitch
is displayed in figure A.3 on the left. Recognizable is the location of the adjoining
wires, where the repelling force diverges. If the anode gets to close to the pad
plane the electrostatic force is attracting. The conditions for this GARFIELD simu-
lation is the nominal ALICE chamber geometry.

Further simulations show that the dependence of the gas gain on the wire sag is
linear (figure A.3 right). At the smallest tolerable wire sags in the ALICE chambers
of Az = 74 um the relative gain variation is around 5.5%. Considering just the
electrostatic force the wire sag as well as the gas gain variation would decrease.
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Appendix B Wire Stress Strain Curve

Inthe following, a comprehensive examination of wire properties, including stress-
strain characteristics, which have been derived from several testing procedures
are presented. These analyses offer insights into the mechanical behavior and
structural integrity of the wires. First, some definitions for the mechanical proper-
ties will be briefly reiterated.

Mechanical stress refers to the force exerted during deformation, represented by
the tension T, perinitial cross-sectional area A, whereas strain represents the ra-
tio of total deformation to the initial dimensions of the material body subjected to
external forces [MZ19]:

T [—1
Stress: o = —, Strain: ¢ = 0 (B.1)
A lo

The tension T causes the body to deform from its initial length [, to a new length (.
The stress-strain diagram depicting a
rising tension on the wire is shown in

A
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That means that after applying the ten- 0,2% e [%]
sion the material does not shrink back Figure B.1: Schematic stress-strain dia-
to its initial length [, again. The yield gram with continuous start of yielding
point R, oryield strength is the stress [Com21]. Modified from original.

limit of the elastic behavior. For certain materials, plastic deformation begins
gradually, whereas for others, it is initiated locally, resulting in a jagged drop in
the curve with a upperand loweryield point [MZ19]. Therefore, sometimes the off-
set yield point R, is specified. This is the stress at which the permanent strain

is 0.2% after turning the stress off again [MZ19].
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At even higher stress the material shrinks in its diameter. The maximum stress un-
til a necking forms is called the tensile strength or ultimate tensile strength (UTS).
In the stress-strain curve the shrinking cross section is not considered. Therefore
the stress in figure B.1 decreases after this point while the tension T is still rising.
The definition of the stress considering just the initial cross section is therefore
often called engineer stress to distinguish it from "true stress". At even higher
tension the material tears apart (fracture).

Table B.1: Properties of the Anode and cathode wires. Values written in black are
from the GSI, while blue values are based on measurements from the manufac-
turer. The nominal values in red are taken from the data sheets.

Anode Cathode
Manufacturer Luma Metall AB Elschukom GMBH
Product number LWWU861-020 101.017A.0075N0O
Production date March 2022 June 2022
Spool 165636 16062022102845
. W + 3%Re
Material 1+0.2 um Au coating Cu + 2%Be
Diameter d in ym 201 | 20 755 | 75
Cross section A in mm? 0.0003173 0.004477
Density p in 8/cm? 19.0 19.3 8.15
Elastic modulus E in &N/mm? 376 430 ~ 100
Yield point R, in N/mm? 1639 -
Offset yield point R in N/mm? 3000 1486
Tensile strength R, in N/mm? 3305 3700 1585
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For the wires used in the TRD stress-strain tests were carried out by the manu-
facturer as well as by J. Hehner and B. Fischer at the GSI. The values that were
achieved are shown in table B.1.

Material: Wolfram-Rhenium (vergoldet) [Hersteller:  LUMA Metall AB [Rolle: 165636 |WE-NR.:
Gemessen am: 07.06.2022] Durchmesser: 20,1 [um] |Ausgangslange: 1000  [mm]
Gemessen von: ) . Hehner /B. Fischer [Dichte: 19,32 [g/cm?] |Zugfestigkeit: 3305,45 [N/mm?]
E-Modul: 376,32 [kN/mn?] [Linearer Verlauf bis: 52 [cN] Min. Spannung b. Abrif3: 105  [cN]
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Figure B.2: Stress-strain curve based on a measurement of the anode wires carried
out at GSI. It depicts the yield point (blue) at which the data (black) no longerrises
linear.

During the GSI measurement, three wires with a initial length of [, = 100 cm were
stressed until they tore apart. The data was averaged and a linear fit was per-
formed using the first data points in order to determine the elastic modulus and
the yield point. Figure B.2 shows the section of the measured stress strain curve
around the yield point.

The wire has a continuous yield, as the data points increase monotonically. The
cross sectionwas determined using an optical microscope (Keyence VHXx1500).
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Appendix C Analysis and Simulation Scripts

For the determination of the wire tension the spectrum of the reflection signal is
calculated and the fundamental frequencie is determined using a peakfinder al-
gorhitm. This code implementation is shown in listing C.1.

def FFT(timeO, voltageO, window=(0,1),expected_freq=None,
height=None, threshold=None, distance=None, prominence=
None, width=None, wlen=None, rel_height=0.5,
plateau_size=None):
# Implementation of the time window
start_index,end_index = int(len(timeO) * window[0]),
int (len(timeO) * window[1])-1
if timeO[end_index]-timeO[start_index] <= 2.5: # If
the time window is too small the resolution of the
FFT frequencies is not sufficient to calculate the
Tension within a 1% deviation
print(
)
time, voltage = timeO[start_index:end_index], voltageO

[start_index:end_index]

# Compute FFT and frequencies
fft_magn, fft _freq = np.abs(fft(voltage)), fftfreq(len
(voltage), time[1] - time[0])

# Implementation of the expected frequency. In a +-10%
range around it the fundamental frequency is been
searched for
if expected_freq == None:
f lo,f up = min(fft_freq), max(fft_freq)
else:

f lo,f up = 0.9*%expected_freq, 1l.1l*expected_freq

# Find peaks in the FFT magnitude
peaks, _ = find_peaks(fft_magn[(fft_freq>=f_lo) & (
fft_freq <= f_up)], height, threshold, distance,

prominence, width, wlen, rel_height, plateau_size)
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# Find the first peak (excluding DC component)
if len(peaks) > 1:
fundamental_peak = next((peak for peak in peaks if
fft_freq[(fft_freq>=f lo) & (fft_freq <= f_up)
] [peak] > 0), None) # Exclude the DC Component
Q0Hz
fundamental _freq = fft_freq[fundamental_peak]

# if no peaks meet the requirements given as
parameters in findpeaks the frequency with the
highest magnitude is chosen

else:

fundamental freq = fft_freq[(fft_freq>f_lo) & (
fft_freq <= f _up)][np.argmax(fft magn[(fft_freq
>f lo) & (fft _freq <= f _up)l)]

return fft magn, fft_freq, u.ufloat(fundamental freq,
np.diff (fft_freq) .max())

Listing C.1: Python function to calculate the frequency spectrum and the
fundamental frequency.

In order to test this function without real data the signal of an oscillating wire is
simulated with the code given in listing C.2.

def sim_signal (frequency, samplingrate=400, duration=10,
amplitude=1, phase=0, noise_ratio=0.1, decay_cons=0.2,
offset=0, transient_duration=0.1):

time = np.arange(0, duration, 1/samplingrate)

# Generate transient oscillation signal

transient_time = time[time<duration*transient_duration
]

transient_amplitude = np.linspace(0, amplitude, len(
transient_time)) # Rising amplitude

of the transient oscillation

transient_oscillation = np.zeros_like(

transient_amplitude)
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for irregularitiy in range(10):

# Add a transient oscilation as superimposed random

irregularities

irregular_frequency = frequency*10 * np.random.
rand () # Random
frequency below the target frequency
irregular_amplitude = np.random.rand()*amplitude
# Random

amplitude below the target amplitude
transient_oscillation += transient_amplitude *
irregular_amplitude * np.sin(2 * np.pi *
irregular_frequency * transient_time)
transient_oscillation *= amplitude / np.max(np.abs(
transient_oscillation)) if np.max(np.abs(
transient_oscillation)) > amplitude else 1 #rescale

signal to amplitude

# Generate main oscillation signal
main_time = time[time>=duration*transient_duration]
main_oscillation = amplitude * np.sin(2 * np.pi *
frequency * main_time + phase)
# Add higher harmonics
for harmonic in range(2, min(5, (samplingrate//2) //
frequency) + 1): # Add harmonics
until harmonic * frequency exceeds half the
samplingrate to prevent undersampling but add 5
harmonics max
harmonic_frequency = frequency * harmonic
#
frequency of higher harmonics is always a
multiple of the fundamental frequency

harmonic_amplitude = amplitude / harmonic

Adjust amplitude for each harmonic
main_oscillation += harmonic_amplitude * np.sin(2
* np.pi * harmonic_frequency * main_time) # add

the higher harmonics to the signal
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main_oscillation *= amplitude / np.max(np.abs(
main_oscillation)) if np.max(np.abs(
main_oscillation)) > amplitude else 1 #rescale

signal to amplitude

# Concatenate transient and main signals

oscillation = np.concatenate((transient_oscillation,
main_oscillation))

noise = np.random.normal(loc=0, scale=noise_ratio =*
amplitude, size=len(time))

decay = np.exp(-decay_cons * time)

signal = decay * oscillation + noise + offset

return time, signal

Listing C.2: Python function to simulate the signal of an oscillating wire.
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Appendix D Uncertainty Treatment

In regard to the specification and handling of calculations with uncertainties in
measurement variables, the guidelines of the "Guide to the Expression of Uncer-
tainty in Measurement" [GUM20] was applied.

Unless otherwise specified, the uncertainty of digital values d (MC position/incre-
ments, temperature, etc.) results from the rectangular distribution of the smallest

displayable digit Ad:
Ad

Oq — m
For analoge values a (the dial gauge in particular) the uncertainty on the other
hand is given by a triangular distribution from the smallest scale increment Aa:
_ Aa
=375

If a mean value is calculated from values that all have the same uncertainty, the

Oq

total uncertainty is obtained by directly propagating the individual uncertainty and
the standard deviation from the mean value. The direct propagation of several
uncertainties o; is thereby given as:

Ifthe values forthe average have different uncertainties, thisis replaced by a fit us-
ing a constant, performed with scipy.odrin python (least squares method), which
weights the individual uncertainties with the total deviation from the fit.

For a quantity X that is depending on several quantities x; that all have an un-
certainty o,, the indirect propagation of uncertainties according to the Gaussian
uncertainty propagation formula:

N 2
0X
ox = Z <8xz) a?ci

=1

is used. In particular this is done for equation (4.20) calculating the wire tension
from the fundamental frequency in section 7.2.2.
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