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1 Introduction
Relativistic heavy-ion physics investigates dense and hot nuclear matter. Densities
are examined, which are many times higher than those of normal nuclear matter and
temperatures, that are one hundred thousand times higher than the temperature in
the center of the sun. Under these extreme conditions a phase transition of matter to
the so-called quark-gluon plasma (QGP) is expected. Fig. 1.1 shows the theoretically
predicted phases of quantum chromodynamics (QCD).

Figure 1.1: Sketch of the phase diagram for strongly interacting matter [5].
In order to produce such a condition in the laboratory, accelerator systems collide
atomic nuclei with high energy. In these collisions many particles are generated in the
region where the nuclei pass through each other - also called ”fireball”. The hadrons
interact with their surrounding particles before leaving this ”fireball”-region. Some of
them are unstable and decay before reaching the detectors. But the generated leptons
however pass through this ”fireball” unimpeded, since they are not influenced by the
strong nuclear interaction. Therefore leptons are good probes that can be used to
make statements about the state of matter in the early phase of the reaction from
which they originated. Produced leptons and hadrons, mainly pions, are leaving very
similar signals in most measuring instruments.
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In order to be able to differentiate between hadrons and leptons a special detector
has been developed, the so-called Transition Radiation Detector (TRD). It exploits
the fact that very fast ultrarelativistic electrons emit Transition Radiation (TR) in
the X-ray energy range, when they pass through material layers with different plasma
frequencies. A readout chamber behind such a radiator is used to detect this radiation.
In the gas-filled chamber electrons, which are generated by the incoming particle in the
gas due to ionization, drift in an electrical field to the direction of a readout electrode
at which they can be detected. In order to produce a constant electromagnetic field
and thus also constant gas gain over the entire chamber, two layers of thin wires are
used. During the production of these readout chambers it must be ensured that the
values for tension and position of all wires fulfill a certain accuracy. Otherwise, an
inhomogeneous electric field would develop in the chambers and the gas gain and thus
the measured data would deteriorate. Since a numerous number of such chambers
will be built and each equipped with up to 400 wires, a manual check of the tension
and position of each wire could hardly be carried out. For this reason a machine was
developed, the so-called Wire-Test-Device (WTD) [4]. The purpose of this device was
to carry out the tension and position measurement automatically. The improvement
of this device, especially the newly written program code of the software, is the content
of this thesis.

2 Physics Motivation
2.1 The Standard Model of Particle Physics
Physicists have summarized their knowledge of the smallest particles in the so-called
standard model of particle physics. It perfectly describes all the phenomena of the
microcosm known to us and includes the following types of elementary particles: six
quark types, six leptonic states, the respective antiparticles to these twelve states and
thirteen bosonic states. The elementary particles in the standard model are divided in
four different classes: the quarks, the leptons, the gauge bosons (the exchange particles
of forces) and the Higgs boson. Quarks and leptons are fermions1 , the exchange
particles are vector bosons2 and the Higgs is a scalar boson3 . Fig. 2.1 shows the
building blocks of the standard model. In addition, quarks and leptons are divided in
three generations. The division into these generations is marked with I, II and III.
In the standard model, the concept of exchange particles is used as a virtual transmitter
of the force effect. The elemental forces are the strong, the electromagnetic, the weak
and the gravitational interactions. However the gravitation is not considered in the
standard model. The masses of the gauge bosons are related to the ranges of the
interaction and have been experimentally determined. The quarks and gluons are
subject to the strong interaction, their bound states are called hadrons. Hadrons
themselves are divided into two groups, the baryons and the mesons. The assignment
is made via the baryon number B of Hadrons. Quarks are B = 13 , antiquarks B = − 13 .
All hadrons with B = ±1 are assigned to the baryons and all hadrons with B = 0 are
assigned to the mesons [19].

1 The

term ”fermion” describes all particles with half-integer spin.
term ”vector boson” describes all particles with integer spin equal to 1.
3 The term ”scalar boson” describes all particles with spin 0.
2 The
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Figure 2.1: The standard model of particle physics showing the different generations of
quarks and leptons as well as the exchange particles of the four fundamental
interactions and the Higgs boson [20].

2.2 Compressed Baryonic Matter Experiment
The Compressed Baryonic Matter experiment (CBM) is one of the main experimental
setups of the Facility for Antiproton and Ion Research (FAIR) project. FAIR is an international accelerator facility presently under construction and will be combined with
the existing facilities of the Helmholtz Centre for Heavy Ion Research (GSI) located
near Darmstadt, Germany (see Fig. 2.2). At FAIR research in the fields of nuclear,
hadron and particle physics, atomic and anti-matter physics, high density plasma
physics, and applications in condensed matter physics, biology and bio-medical sciences will be performed under usage of antiprotons and ions collisions [17].
The four scientific pillars of FAIR are the following:
• Compressed Baryonic Matter (CBM)
• Atomic, Plasma Physics and Applications (APPA)
• NUclear Structure, Astrophysics and Reactions (NUSTAR)
• antiProton ANnihilation at DArmstadt (PANDA)

9
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Figure 2.2: Overview of the future FAIR complex [5].
The objective of the CBM research program in particular is the examination of the
phase diagram of QCD using high-energy nucleus-nucleus collisions, especially in the
region of extreme baryon densities, i.e. at a high baryochemical potential. This research field can be subdivided in the study of the nuclear matter equation-of-state,
the understanding of neutron star matter, the investigation of certain phase transition types and orders, chiral symmetry restoration and exotic forms of QCD matter
(strangeness, etc.). One of the most important CBM experiment extensions comes
along with a new particle accelerator consisting two extension stages.
The CBM detector is designed to conduct high precision measurements of the collective behavior of hadrons and rare diagnostic probes such as multi-strange hyperons,
charmed particles and vector mesons (e.g. the ω, ρ and φ) decaying into lepton pairs,
while also providing extensive statistics. In order to achieve those required statistics,
the detector design and electronics need to be able to handle high interaction rates
and therefore have to be fast.
Also the modular design of the CBM experiment will allow two separate measurement setups. One being a system specially designed for the identification of muons
and one which is optimized for the measurement of electrons and hadrons (see Fig.
2.3). To change between these two versions, individual subsystems are meant to be
exchangeable [5].

10
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Figure 2.3: Sketch of the CBM detector [21].
Right behind the collision point are the Micro Vertex Detector (MVD) and the Silicon Tracking System (STS). These two CBM detector subsystems are placed in the
interior of a dipole magnet and are used for vertex and track reconstruction. From the
curvature of the track the momenta of the particles are determined.
The dipole magnet is followed by one of two exchangeable modules. One module is
a so-called Ring-Imaging-Cherenkov-Detector (RICH), which is used to identify electrons and positrons in the momentum range of about 0−6 GeV/c. In order to measure
muons, the RICH detector is exchanged with Muon Chambers (MuCh), which are several absorber layers of iron plates combined with tracking chambers.
This interchangeable module is followed by a TRD, which is installed to identify electrons with momenta above 1.5 GeV/c and therefore extends the capability to discriminate pions from electrons beyond the range of about the RICH detector. Furthermore,
a determination of the charge of fragments to separate e.g. deuterium- and helium-ions
is possible by measuring their energy loss in the TRD.
Following the TRD is a wall of resistive plate chambers for the Time-Of-Flight (TOF)
measurement. The TOF measurement allows the identification of charged hadrons via
the determination of their velocity. An electromagnetic calorimeter (ECAL) is used for
the measurement of photons and electrons. The Projectile Spectator Detector (PSD)
at small forward-angles is used in the electron setup to measure the centrality of the
collisions [5].
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In summary, the entire CBM detector setup faces the challenge of handling high event
rates as well as high particle rates within a single event itself. Here a continuous readout procedure without data-event assignment is required, since trigger based readout
procedures would be too slow in handling the planned event rates.
The actual assignment of the data stream from subsystems to events takes place afterwards via an online event-reconstruction providing a global time stamp. It is crucial
that subsystems themselves must be developed for processing high event rates and
particle hit rates. Also the readout data must be formatted in such way that the data
volume remains manageable [5].

2.3 Multi-Wire Proportional Chamber
The principle of a Multi-Wire Proportional Chamber (MWPC) primarily consists of a
layer of wires at high voltage (anode) running through a chamber with two conductive
walls held at ground potential (cathode). The purpose of a MWPC is the detection of
charged particles and photons and it thus provides spatial information on the particle
trajectory by tracking the trails of gaseous ionization. In combination with the walls,
these wires generate a radial electric field drawing extra electrons or negative ions to
the anode wires with negligible lateral motion (see Fig. 2.4).
Usually these chambers are filled with a noble gas mixture, e.g. xenon and argon.
An ionizing particle passing through the chamber ionizes the gas atoms. The ions
and electrons resulting from this ionization process are accelerated by the electric field
across the chamber, causing a local electron avalanche on the anode wires since in the
immediate vicinity of the wires the electric field strength is particularly high.
The electron avalanche effect is proportional to the ionization effect of the detected
particle. The multiplication of ionization electrons is called gas amplification or gas
gain and depends on the potential of the anode wires. These informations allow the
reconstruction of the total energy deposition inside the chamber.
More sophisticated MWPCs have an additional cathode wire plane that divides the
chamber into two parts, a pure drift part and an amplification part. The amplification
part is not limited by a simple conductive wall. Instead a so-called pad plane consisting
of several small pads is used and the induced signal is collected by these pads. Due to
this pad arrangement, a two-dimensional spatial resolution can be obtained.
MWPCs are an option to be considered for experiments like the CBM since they make
large detector setups affordable and particles pass through them without being exposed
to too many other sources of influence [1].
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Figure 2.4: The electric field lines in a simple MWPC. The blue walls form the cathodes
and are held at ground potential [16].

2.4 Transition Radiation Detector
To distinguish pions from electrons a detector for transition radiation photons (TRphotons) is required. The TRD basically consists of two parts, the readout chamber
(ROC) and the radiator. Since the production of transition radiation depends on the
Lorentz factor γ of a particle, TR-production differs significantly for high and low mass
particles. The latter reach much higher γ-values in comparison, allowing low mass particles such as the electron to be detected by their TR, while the same is suppressed
for heavy particles such as pions.
In order to efficiently absorb the TR-photons in the gas volume of the ROC, a xenon
counting gas mixture is used, having a high absorption cross section for photons in the
TR spectral range. This ensures the absorption of TR-photons predominantly in the
region directly behind the entrance window.
The yield of TR-photons can be calculated directly as a function of the Lorentz factor γ for a regular radiator consisting of foil layers with fixed distances, assuming
the number of foils Nf , their thickness l1 and distance l2 is given4 . Thus, a regular
radiators advantage is given by the fact that it can be analytically calculated. Alternatively, there are irregular radiators made of foams. These have the disadvantage
that the analytical calculability of TR is not given due to varying air bubbles within
these foams. Their advantage lies in their feasibility in financial and technical terms.
However, materials being suitable for a given setup need to be found firstly [1].
4 Here,

we additionally assume l1 < l2
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The CBM-TRD consists out of four detector layers. It is composed of the radiator and the Read-Out Chamber (ROC). The ROCs are designed as MWPCs with an
amplification region of 3.5+3.5 mm thickness and a drift region of 5 mm. Their implementation in the simulation framework can be seen in Fig. 2.5 [1].

Figure 2.5: Shown here is the implementation of the TRD geometry in the CBMROOT
simulation framework. Visible are the ROCs with the radiator boxes in the
front view (left), while the rear view (right) shows the back panels of the
ROCs together with the front-end electronics [5].

3 Wire-Test-Device
3.1 Purpose
The electric field of a TRD readout chamber depends on the quality and position of
the anode and cathode wires. The electric field around a wire depends on its diameter.
Thinner wires can produce higher field densities around them, resulting in stronger
field gradients [15]:
Er =

1 λ
2π0 r

(3.1)

In this case λ = Q
L is the linear charge density, L is the wire length, r is the radius
and 0 = 8.854 · 10−12 A2 s2 /Nm2 is the dielectric constant. The anode wires are made
of gold-plated tungsten (AuW1 ) with a density of 19.29 g/cm3 [3] and a diameter of
20 µm [3]. The cathode wires consist of an alloy of copper and beryllium (CuBe2 )
with a density of 8.23 g/cm3 [3] and a diameter of 75 µm [3].
The multiplication characteristics of a gas chamber, as well as the drift behavior of the
electron cluster in the chamber, depend on the condition of the electric field. Therefore,
the electric field generating wires need to fulfill requirements to produce an uniform
electric field and therefore constant drift times over the whole chamber. It is also necessary that the distances between the wires must be equal so that missing or shifted
wires need to be detected early. Furthermore, it is important to check the tension of
the wires on deviations from the standard value. These procedures are necessary, so
that the electric field can remain constant to the middle of the chamber. A broken
anode wire can even cause a short circuit with the cathodes. In order to hold the
anode wires in position, they are glued to the chamber with a nominal tension of approximately 0.50 - 0.55 N. The thicker cathode wires are stretched with approximately
1 N.
For quality control the wires used in the TRD are tested for tension and position on
the chamber. In previous experiments the wire tension was checked with a manually
operated device. In this method, each wire had to be touched with a pen-shaped instrument. In this case damage to the wire or the change of wire tension could not be
ruled out. The wire positions were not measured at this time. Another disadvantage
of this method was the required time: the measurement of a single wire lasted about
30 seconds. For a TRD chamber with up to 400 wires, it would take over 3 hours [4].

1 Au
2 Cu

stands for gold and W for tungsten, according to the periodic table of the elements.
stands for copper and Be for beryllium, according to the periodic table of the elements.
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The main goal was to develop a method to gently measure the tension and position of
the wires. Therefore, a contactless optical measurement has been proposed and built.
The WTD has been developed to measure automatically the tension and position of all
anode and cathode wires of a TRD drift chamber without contact (see Fig. 3.1). For
one chamber, the WTD needs about 15 minutes. Apart from the temporal advantages,
the results of the measurements were many times more accurate and reliable than in
manual measurements [4].

Figure 3.1: Photo of the WTD measuring the wires of a frame winding.
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3.2 Setup
The following section describes in more detail the mechanical and electronic implementation of the components. The machine consists of a support framework, made of
a 2 m long aluminum profile and a carriage which can be moved over it, on which the
measuring instruments are mounted.
The framework structure of the carriage consists of two aluminum plates. Four brass
rollers, two above and two below, stabilize the movement of the carriage. The two
rollers below the running profile are fixed, the two above are spring-loaded to compensate for any unevenness on the profile.
Behind the aluminum profile a magnetic length measuring system is attached, the socalled POSIMAG from ASM Sensors. POSIMAG is used to measure wire positions.
A magnetic sensor attached to the measuring head is moved over a magnetic tape
provided with a sinusoidal magnetization and reads it out. There are two readout
channels in the sensor which are phase shifted by 90◦ in terms of the magnetization
on the tape. An electronics in the sensor generates a TTL3 square wave signal from
the read sine curve. When the signal threshold is reached, the state changes between
TTL-high and TTL-low. Fig. 3.2 shows the phase-shifted output signal of the two
channels of the sensor head. The two signals are combined in an external quadrature
decoder so that the lower ”signal train” seen in figure 3.2 is created. This achieves a
quadrupling of the spatial resolution. If the voltage amplitudes of the photo sensor
are recorded together with position information from the quadrature decoder, the position of the wires can be determined by looking for the maxima in the photo sensor
amplitude spectrum [4].

3 Transistor

Transistor Logic, output is a square-wave voltage with two possible states: a logical 1
corresponds to a 5 V signal, a logical 0 to a 0 V signal.

3 Wire-Test-Device

Amplitude
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Binary Representation:
Channel A
Channel B

Decoded Signal

Time

Figure 3.2: Principle of position determination with the magnetic length measuring
system POSIMAG from ASM Sensors. Each pulse of the decoded signal
corresponds to a particular traveled path [4].
On the carriage the optical sensor with a preamplifier, the magnet valve and, on the
back, the readout head of the POSIMAG length measuring system are mounted (see
Fig. 3.3). In addition, there are four limit switches, two on the aluminum baseplate
and two on the optical sensor (two each for the two directions of motion). Since the
focus of the optical sensor must be adjusted to the wire plane to be measured, the
preamplifier and sensor are mounted onto an adjustable sample carrier. The focus
can be precisely adjusted with a micrometer screw. For fast selection of anode and
cathode wire planes, the measuring head can be lowered and lifted by 3.5 mm with a
small lever [4].
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Figure 3.3: Closeup of the probe carrier. The optical sensor with preamplifier, the
solenoid valve with nozzle and the adjustment screw can be seen.
The cable management for the measuring instruments on the transport carriage
takes place via a drag chain above the driving beam. On the motor side of the system,
sockets are mounted for all electrical connections. The pressurized gas is fed from a
nitrogen cylinder (nitrogen 5.04 ) via a 4 mm thick hose to the machine.
In the wire test device, a hybrid stepper motor from Oriental Motors with a maximum current of 2.8 A per phase was used. Stepper motors allow to move to certain
paths exactly. For example, stepper motors are used in printers or Bluray players. By
switching coils on and off, the rotor can be rotated by a certain angle. Single TTL
pulses which are handed over to a control electronics make the rotation of the rotor
by small angle controllable.
The entire electronics is installed in a 19 inch case (see Fig. 3.4). To carry out repair
and maintenance work quickly and conveniently, the electronics has a modular design.
Each module can be removed individually and quickly replaced [4].

4 Nitrogen

with a purity of 99.999 vol.% is used. It is important that there are no traces of contamination. Permanently installed compressed air lines may contain traces of oil that can contaminate
the TRD chambers.
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All components are interconnected via a common bus system on which all necessary
control and data signals can be transmitted.

Figure 3.4: Photo of the electronics. On the front are the connections for the WTD
and on the back the interface to the PC and the power supply.
Power supply and control: The power supply provides four different voltages:
+24 V, +12 V, +5 V and -12 V. They are connected to the bus via a microfuse. A
power failure is indicated by control LEDs [4].
Motor control: The stepper motor requires a combination of voltage states on its
connection lines. The motor control has the function of generating and outputting
these states. The stepper motor card installed in the WTD can operate motors up to
4 A in full, half, quarter and eighth step mode. The internal controller module L6506
generates a code from the TTL frequency signal and the direction information, which
it transfers to the motor. The direction information comes from the software and is
placed on the bus of the electronics with a DAQ card. The frequency signal is generated
by the frequency generator described in the next section. The generated signals are
amplified by a power driver L6203 and applied to the connection lines of the motor [4].
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Frequency generator: The frequency generator specifies the operating frequency
of the stepper motor. An alternating inverted TTL signal is required. In order to
obtain this, two interconnected NAND components are used, which are operated as
inverters (NOT components) [4].
Quadrature decoder: The quadrature decoder processes the incoming signals of
the POSIMAG length measuring system and converts these into location information.
The decoder forms a pulse signal which can be passed on to a counter. In the previous
setup the total counter information was readout via a Centronics parallel interface
with the PC. In the current setup, all counter informations are processed by the internal DAQ card [4].
Solenoid-controlled valve activation: The solenoid valve is opened by a 13 ms
short pulse of 24 V. The pulse is generated by a monostable multivibrator, which is
constructed with a NE555 component. The circuit gets a start pulse, stays at a high
level for a certain amount of time and then returns to the ground state. The short
start signal at the trigger input of the chip is generated by a coupling-C combination
and a transistor. A dynamic input signal is generated from a static input signal. An
RC element defines the pulse duration at the respective inputs [4].
Optical sensor and preamplifier: The heart of the measuring system is an optical sensor from Hewlett Packard. It consists of a transmitter and a receiver for red
light with a wavelength of 700 nm. An integrated optics focuses the light at a distance
of 5 mm. The captured reflected light generates via a receiver photocell at the output
of the sensor an electrical voltage between 0 V and 5 V. This voltage is applied to an
operational amplifier component LF351N, which is connected as a non-inverting amplifier. The gain can be controlled by the ratio of resistances. The pre-amplified signal
is sent to an analog input of the DAQ5 card in the PC and analyzed by the software [4].
Interlock system: A limit switch system shuts off the frequency that powers the
motor control, preventing further movement of the motor to prevent damage to the
measuring device and the measuring object. There are two limit switches on the left
side of the carriage and two more on the right side, which are each connected in series.
If the carriage hits an obstacle, the switch is triggered upon contact. However, a single
wire on the wire chamber is not enough to trigger the switch on contact. A careful
handling of the wire chambers to be measured is therefore still required [4].

5 Data

AcQuisition
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The previous setup included a PC with an AMD Athlon CPU with a clock speed
of 1.466 GHz (single-core) and 256 MB RAM. The operating system (OS) was Windows XP (release 2001). The software for controlling the measuring equipment was
LabVIEW6 7.0 (release 2003). In addition to the LabVIEW software, a National Instruments NI-PCI-MIO-16E-47 DAQ card with the NI-DAQ driver was used.
When working with this setup, especially the application to control the WTD, some
difficulties arose. The graphical user interface (GUI) of this WTD application was
divided into three programs. Each program had its own window. This was very cumbersome because for a simple command, for example to stop the stepper motor, you
had to change quickly to another window.
Another big deficit of this application was the non-modular structure of the code. The
libraries and subroutines were badly managed and were stored partly unrelated in a
standard directory. In addition, many local variables were implemented which made
it difficult to understand the code.
In the later course with this application it was noticed that most of the wires in a
measurement were measured repeatedly. The consequences were a multiplication of
the required measurement time and useless results. By mechanical action with the
hand on the device it was possible to reduce this circumstance. It was assumed that
the sensor did not properly detect the wires.
An important feature missing in this application was the ability to approach and remeasure specific wires. Only a recheck of a certain area by repositioning stoppers on
the aluminum profile or repeating the entire measurement was possible.
A negative circumstance was that when a measurement was started, a time-out with
a value of 30 minutes was activated in the background. When the limit switch of the
probe carrier touched a stopper, the remaining time of the timeout had to be waited
for the probe carrier to return to its original position. This had the disadvantage that
either a long-term measurement could not be completed, or that had to be waited
after a measurement.
All these negative aspects, especially the erroneous measurements, should be improved.
In addition, the costs should be kept as low as possible. The methods will be described
later in this bachelor thesis.

6 Laboratory

Virtual Instrument Engineering Workbench
interface, 500 kS/s sample rate (single-channel), 250 kS/s (multi-channel), 12-bit ADC resolution, 2 AO channels, 8 DIO channels, 2 counters

7 PCI
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The previous setup was outdated and no longer adequate for today’s standards. For
the current setup a new PC with an Intel i5 processor with a basic clock frequency
of 3.4 GHz (quad-core) and 16 GB of memory was purchased. The OS on this PC
is Windows 10 and LabVIEW 2015 SP2 has also been installed. In addition a National Instruments NI PCIe-63208 DAQ card (see Fig. 3.5) with the latest NI-DAQmx
drivers has been installed. NI-DAQmx incorporates an entirely new driver architecture
and API9 , complete with new functions and development tools for controlling National
Instruments DAQ devices. NI-DAQmx is entirely separate from the traditional NIDAQ driver. The architectural changes and new features allow NI-DAQmx to deliver
increased ease-of-use and improved performance over the traditional NI-DAQ driver
[14].

Figure 3.5: Image of the DAQ card NI PCIe-6320 [8].

8 PCI-Express

interface, 250 kS/s sample rate (single-/multi-channel), 16-bit ADC resolution, 8
differential or 16 single ended AO channels, 24 total DIO channels (8 + 16 PFI), 4 counters
9 Application Programming Interface
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3.3 Working Principle
An optical sensor measures reflections on surfaces. It is capable of transmitting, receiving and converting this measurement into an electrical signal. The strength of the
electrical signal provides informations about the reflection in the focal plane of the
sensor (see Fig. 3.6).

Direction of Movement
Transmitter

Receiver

Wire Cross-Section
Lens

f = 5mm

Receiver Signal

Lens

Wire Cross-Section

Discrete Measuring Points

Place

Figure 3.6: Functioning of the optical sensor. The sensor contains transmitter, receiver
and a lens. If a reflected wire is brought into the focus of the optics, a
growing voltage signal can be measured at the output of the sensor [4].
The principle of the measuring method is to bring the wire plane of the detector
chamber into the focus of the sensor and to move across the chamber transversely to
the wire direction (see Fig. 3.7).

24

3 Wire-Test-Device

Figure 3.7: Direction of movement of the probe carrier in the top view. The probe
carrier moves at right angles to the wire direction [4].
Since the presented method is based on reflection measurements, it must first be
determined how strong the reflection signals of the wires are in comparison to the
background noise signal. Due to possible oxidation of the CuBe wires and due to
uneven gold plating of AuW wires, it turns out that the reflection signals can be very
different from wire to wire. It is therefore necessary to compile a spectrum of the entire
measurements with reflection signal amplitudes of each individual wire (see Fig. 3.8).
You also want to get additional informations such as the number of wires found and
their distances to each other. This is done with a so-called reference run. Subsection
4.3.1 describes this measuring process in more detail.
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Figure 3.8: Screenshot of a reflection spectrum of CuBe wires. Clearly visible are the
different reflection amplitudes of the individual wires.
The tension of the wires is measured separately with a so-called wire tension measurement. In this connection the photo sensor is positioned over a wire and then
excited by a short air blast. The vibration of the wire at the output of the sensor can
be detected as an oscillating voltage waveform (see Fig. 3.9).
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Figure 3.9: Screenshot of the oscillating waveform.
By means of a Fourier transformation, the frequency of the oscillation can be calculated from the amplitude profile. Taking into account the material parameters wire
diameter, density and length, the mechanical tension of the wire can be determined.
The following applies to the vibration modes of a string:
λ
,
(3.2)
2
with the length of the string l, the nth harmonic and the wavelength λ. Write for
the frequency f and the propagation velocity υ of a transverse wave along the string
l =n·

υ
,
λ

(3.3)

n·υ
.
2l

(3.4)

f=
so follows
f=
For v applies [6]:
s
υ=

F
,
ρ·A

(3.5)

with the tension force F and the string cross-section A. If this is inserted in formula
(3.4), this results to
s
n
F
f=
·
(3.6)
2l
ρ·A
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or for the fundamental of the string (n = 1)
s
1
F
f0 =
·
2l
ρ·A

(3.7)

and thus applies
F = 4f02 · l2 · ρ · π · r2

(3.8)

for the tension of the string of radius r. In order to determine the tension, the
oscillation frequency of the wire and the known material parameters diameter, length
and density are needed [4].
Another aspect is the power spectrum. In order to determine a frequency from an
oscillation spectrum, a Fourier analysis is used. A Fourier transformation can convert
a function from a time period f (t) into a frequency space g(ω) [2]:
Z ∞
1
dt f (t)eiωt .
(3.9)
F T (f ) = g(ω) = √
2π ∞
In this case, t is the time variable and ω is the frequency variable. For the inverse
transformation applies
Z ∞
1
dω g(ω)e−iωt .
(3.10)
F T (g) = f (t) = √
2π ∞
Since the measurements do not provide a continuous function but a discrete, equidistant sequence of measurement points, one finds


!
!
N
N
X
X
fi
ω
ω
fi
g(ω) =
cos 2π · i ·
sin 2π · i ·
−i
.
(3.11)
N
N
N
N
i=1
i=1
To calculate this with the computer at runtime, there is a method based on a socalled divide-and-conquer algorithm. The idea behind this algorithm is to reduce the
number of computation steps required by iteratively dividing the amount of data into
roughly equal parts on which the problem is solved separately. From the solutions
of the subproblems a solution of the total problem can be found. The measurements
provide N data points for which N contributions are to be calculated (N sine and
cosine calculations). The computation effort is therefore O(N 2 ). With the devideand-conquer method, the effort can be reduced to O(N log2 N ) calculation steps. If
this method is applied to the Fourier transform of a data set of discrete measurement
points, one can write:
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g(ω) =

N
−1
X

e2iπjω/N fj

(3.12)

j=0

(N/2)−1

=

X

(N/2)−1

e2iπjω/(N/2) f2j + W (ω)

j=0

X

e2iπjω/(N/2) f2j+1

(3.13)

j=0

= g(ω)g + W (ω) · g(ω)u ,

(3.14)

in which g stands for the even and u for the odd t and W (ω) = e2iπω/N . Since only
positive, non-imaginary parts should be considered, the power spectrum (PS) is used:
F F T ∗ (signal) · F F T (signal)
.
(3.15)
N2
In this case, FFT is the fast Fourier transform, FFT ∗ is the conjugated complex of
the fast Fourier transform, and N is the number of measurement points in the examined data. The x-axis values of the peaks in the power spectrum correspond to the
frequencies contained in the wire vibration [4].
PS =

If one wire is measured, the probe carrier moves to the next wire. It is also possible to selectively approach and measure individual wires. Subsection 4.3.2 describes
this measuring process in more detail.

4 Software
4.1 LabVIEW
The control software for the WTD was written in the LabVIEW programming language. LabVIEW is the acronym for Laboratory Virtual Instrument Engineering
Workbench and is a system-design platform and development environment for a visual programming language from National Instruments. It is differentiated by its
graphical, general-purpose programming language known as G along with an associated integrated compiler, a linker and debugging tools. The advantage of a graphical
programming language is that humans can capture a visual context better and faster
than a cryptic program code.
Originally released for the Apple Macintosh in 1986, LabVIEW is commonly used for
data acquisition, instrument control, and industrial automation on a variety of operating systems, including Microsoft Windows, various versions of Unix, Linux, and
Apple macOS. LabVIEW is different from most other general-purpose programming
languages in two major ways. First, G programming is performed by wiring together
graphical icons on a so-called block diagram, which is then compiled directly to machine code so the computer processors can execute it. While represented graphically
instead of with text, G contains the same programming concepts found in most traditional languages, for example it includes all standard constructs, such as data types,
loops, event handling, variables, recursion and object-oriented programming.
The second main differentiator is that G code developed with LabVIEW executes according to the rules of data flow instead of the more traditional procedural approach
found in most text-based programming languages like C and C++. Dataflow languages
promote data as the main concept behind any program. Its execution is data-driven,
or data-dependent. The flow of data between nodes a program, not sequential lines of
text, determines the execution order. Nodes in a LabVIEW program (in other words,
functions, structures such as loops, subroutines and so on) have inputs, process data
and produce outputs. Once all of a given node’s inputs contain valid data, that node
executes its logic, produces output data and passes that data to the next node in the
dataflow path. A node that receives data from another node can execute only after
the other node completes execution [7].
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A LabVIEW program consists of a graphical user interface, the so-called front panel
and the actual program code, the block diagram (see Fig. 4.1). The front panel contains all the control and display elements needed for the end user in virtual form,
similar to a real measuring instrument. The internals of the measuring instrument can
be found in the block diagram [18].

Figure 4.1: Screenshot of a simple VI for controlling the air supply. On the left the
front panel and on the right the corresponding block diagram.
Because of these analogies, such a program is also called a Virtual Instrument (VI).
VI files can be interleaved and invoked in subroutines. Such subroutines are called
SubVIs. As already mentioned, a VI is written purely graphically instead of textual
code. LabVIEW provides an extensive range of basic functions, data field operators,
data filters, data analysis tools and much more. A program is created by selecting the
desired functions and placing it on the workspace. To define a program sequence, the
functions are connected by virtual wires.
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Before it went to the actual encoding, the so-called NI-MAX 1 software had to be
installed. NI-MAX provides access to the DAQ card and the individual ports of the
electronics can be configured (see Fig. 4.2). Furthermore it can execute system diagnostics and run test panels.

Figure 4.2: Screenshot of the NI-MAX GUI.
The programming environment used was the LabVIEW internal template Queued
Message Handler (QMH). The QMH template facilitates multiple sections of code
running in parallel and sending data between them. Each section of code represents a
task, such as acquiring data, and is designed similarly to a state machine. Because of
this design, it can divide each task into states. The QMH template is a version of a
so-called the Producer/Consumer design pattern, where the user interface (producer)
produces messages and the tasks (consumers) consume them (see Fig. 4.3). However,
in the QMH template, it also can produce messages from a consumer loop. The default
QMH template includes one producer loop and one consumer loop [10]. Additional
consumer loops were added in the final code. The advantage of this architecture is that
it is modularly expandable. For future hardware and software updates any consumer
loops can be edited or new ones can be added.

1 National

Instruments Measurement & Automation EXplorer
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Figure 4.3: Screenshot of the LabVIEW Queued Message Handler Template. This
template repeatedly executes the following steps [11]:
1. A user interacts with the front panel, causing the event structure in the ”Event
Handling Loop” (EHL) to produce a message. LabVIEW stores the message in
a queue.
2. The ”Message Handling Loop” (MHL) reads a message from the message queue,
removing the message.
3. The message is a string that matches one of the subdiagrams of the case structure
in the MHL. Therefore, reading the message causes the corresponding subdiagram of the case structure to execute. This subdiagram is called a message
diagram because it corresponds to a message.
4. Optionally, the message diagram produces another message, storing it in the
message queue.
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The GUI of the previous WTD application was divided into three VIs. Each VI
had its own window. This unnecessarily complicated the operation. This factor is no
longer included in the current code. All important controls are combined in one VI
(see Fig. 4.4).

Figure 4.4: Screenshot of the GUI. In the appendix the functions are described in more
detail.
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A big deficit of the previous WTD application was the non-modular structure of
the code. The libraries and subroutines were badly managed and were stored partly
unrelated in a standard directory. In addition, many local variables have been implemented in the code. This type of programming brings many disadvantages. On
the one hand the clarity suffers and on the other hand local variables require memory
space per variable to be read. If the variable is a complex cluster or even an array, the
space requirement is correspondingly larger. In addition to the memory requirements,
there is of course also the processor time that is consumed. All these negative factors
have been corrected in the current code. The main focus was a modular design, which
is also prepared for future updates and upgrades. Subroutines are much easier to edit
or completely replace- and integrable. Most of the local variables were omitted. Fig.
4.6 gives a visual overview of the complete block diagram.
All necessary libraries and subroutines are arranged via a so-called ”LabVIEW project”
and can be easily selected (see Fig. 4.5).

Figure 4.5: Screenshot of the LabVIEW Project Explorer.
Files are stored in the so-called TDMS2 format. The binary TDMS file format is
an easily exchangeable, inherently structured, high-speed-streaming-capable file format that becomes quickly searchable without the need for complicated and expensive
database design, architecture, or maintenance [12].
To analyze the measured values, the software DIAdem is used. DIAdem is a single,
unified software environment, which is optimized for TDMS files. It includes tools to
view and investigate data sets [13]. TDMS files can also be opened with spreadsheet
programs such as Microsoft Excel. You can also copy the measured values from the
TDMS file and save them in ASCII3 format.
2 Technical
3 American

Data Management Streaming
Standard Code for Information Interchange
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Figure 4.6: Screenshot of the complete block diagram.
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4.2 Technical Issues and General Improvements
While measuring it was noticed that the length measuring system POSIMAG was
faulty because it had a kind of slip. If the probe carrier was moved from the zero position back and forth, the system indicated a deviation. This deviation depended on the
measured length and the speed of the stepper motor. Both, increasing the speed, as
well as a longer measuring section resulted in a higher deviation. Deviations of up to
7.5 mm could be observed, which made an exact position determination of the wires
almost impossible. Most of the wires in a measurement were measured repeatedly (up
to ten times) because the sensor did not properly detect the wires. The consequences
were a multiplication of the required measurement time and useless measurement results. By mechanical action with the hand on the device it was possible to reduce this
circumstance. The signal of the POSIMAG was monitored via an oscilloscope, in this
case impure TTL signals could be observed (see Fig. 4.7), which could be responsible
for the slip.

Figure 4.7: Screenshot of the TTL signal taken from an oscilloscope. Clearly recognizable is the impure sinusoidal signal compared to figure 3.2.
Since the POSIMAG was unusable for exact position determination, there were only
two options: either install a new length measuring system, which would be associated
with high costs or use an alternative method. It was decided for the alternative
method. The stepper motor runs at a constant speed and the DAQ card works with
a sampling rate of 1000 Hz. Because of this constant sampling rate, time stamps can
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be assigned to the measurement results. If the speed was known, it could be used to
calculate the positions. One can calculate the speed, if one knows the distance between
two measured time stamps. A dX parameter was implemented specifically for the
reference run. This parameter specifies the distance between two adjacent wires. As
already mentioned, the reference run counts the found wires. The algorithm calculates
the distance between the first and the last considered wire. With the timestamps
and the distance between two wires, the speed can now be determined. With this
information, the code can now calculate the wire positions. It should be kept in mind
that this method works with a given reference length and is therefore only as accurate
as the reference length itself. Should the winding machine accidentally wind at 5 mm
intervals, the code will not notice and you can not do so from the results. Therefore,
this reference length should be cross checked. Although the POSIMAG is no longer
used to calculate the wire positions, it still exists in the code. For a simple cross-check,
you can use it by measuring the distance between the first and last considered wire. A
small example: If one had a wire winding with 2.4 mm instead of 2.5 mm intervals for
a number of 101 wires, the deviation would be 10 mm to 250 mm measuring distance.
The POSIMAG would expect values in the range of 250 mm ±2 mm. In fact, you
should get values in the range of 240 mm ±2 mm. This discrepancy should be noticed.
Alternatively, you can measure the distance manually, but this method should be more
accurate than the POSIMAG. If one has the exact distance between the first and the
last wire, one can divide this value by the number of the wire distances and use it for
the dX parameter.
Under the premise that the winding machine works reliably, this implemented dX
parameter method is straightforward and accurate. Neither a manual measurement of
the reference length nor a manual counting of the wires is necessary. Rough deviations
can be detected with a POSIMAG cross check. For even more accurate results you
need an accurate measurement of the reference length, there is no alternative.
In addition to the function of POSIMAG a half-step mode of the stepper motor was
implemented in the previous code to let the sensor detect the wires properly. This
resulted in greater sound volume and also consumed more time because the probe
carrier was slowed down when approaching a wire. In the current code the half-step
mode was omitted. In combination with the new measuring method without the faulty
POSIMAG, the measuring time could be drastically shortened and, as a side effect,
the sound volume could be reduced.
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There was another problem during the measurements. It was noticed that at each
wire tension measurement a noise frequency of 50 Hz appeared in the power spectrum
(see Fig. 4.8). It was obvious that this had to do with the frequency of the electricity
grid. By switching off multiple power strips around the laboratory bench, it was possible to observe the disappearance of this noise frequency. It was important to eliminate
this noise source, because the searched frequencies can be in the scope of this 50 Hz
peak.

Figure 4.8: Shown here is the effect of the power strips around the laboratory bench.
Left picture powered off, right picture powered on power strips. The peak
at 50 Hz is clearly visible (taken from GUI).
The possibility to approach and measure a specific wire was implemented with a
”Move to” function. The 30 minute time-out included in the previous code no longer
exists. The probe carrier moves back to its original position after contact with the
stopper. The reference run and the wire tension measurement were connected in the
previous code. This means that with each measurement, both routines were processed,
which consumed additional time, even if only one of the measurements was needed.
In the current code both measuring methods are separated. The operator can now
choose for himself which measurement he wants to perform.
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4.3 Algorithm and Measuring Procedure
The measurement is divided into two parts: the preparation in the form of a reference run and a subsequent wire tension measurement. Both measuring methods are
described in more detail in the following subsections.

4.3.1 Reference Run
The reference run is intended to measure the reflections, the locations of the wires,
the distances between them and to count the number of wires found. This is important to see in advance if the positions of the wires are correct or if there are other
irregularities such as a missing or hanging wire. In addition, the program provides
information regarding the mean value of the wire distances, the standard deviation of
the wire distances, the amplitude values, the speed of the stepper motor and various
plots.
After starting the ”WTD Main.VI” the GUI of the WTD application appears. The
”AI-Monitoring” (analog input) of the photo sensor, all DAQmx tasks are initialized
and the readout begins. The information from the photo sensor is forwarded to the
LED chart (see Fig. 4.9). It should be mentioned that the DAQ card works with a
sampling rate of 1000 Hz during the reference run.

Figure 4.9: Screenshot of the LED chart (taken from GUI). The captured reflection
of the wire generates an electrical voltage via the receiver photocell at the
output of the sensor. This signal is then forwarded to the analog input of
the DAQ card and analyzed by the software.
Before the actual measurement, the height of the photo sensor should be checked
and adjusted if necessary. For CuBe wires a reflection value of about 5 V is recommended and for AuW wires about 2 V.
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Depending on which wire type and chamber or frame is used, you can select predefined presets under the drop down menu ”Wire Type”. A so-called INI file, which
is stored in the LabVIEW project is accessed in this process. INI is a file extension for
an initialization file format. INI files are plain text and are used to set parameters for
some programs. By pressing the button ”Set Wire Type Parameters”, these presets
are accepted. These parameters can also be entered manually.
The reference run can be started by pressing the ”Start Reference” button. The program then wants to create a TDMS file, in which all required measurement results
of the reference run are stored. After creating the file, the case structure ”Reference
Start” is initiated. DAQmx tasks of the stepper motor and the POSIMAG are accessed and the probe carrier is moved to the left stopper. The current position of the
measuring head is determined by continuously reading the POSIMAG with the DAQ
card’s internal counter and is displayed in the GUI. After contact with the limit switch
the position counter is automatically set to the value 0.
The command for the stepper motor to move to the right until the stopper is reached
is given. The continuous loops ”Readout” of the photo sensor and ”Update Display”
for the LED chart are running in the background. The program now takes the data
from the photo sensor and stores it as raw data in the previously created file.
Once contact to the right stopper is made, the retraction of the probe carrier is activated. At the same time the case structure ”Find Wires” will then be executed.
Heart of this case structure is the so-called SubVI Peakfinder, which includes the
LabVIEW function Peak Detector.VI (owning palette: Signal Operation VIs). The
parameters ”Ignore Wires” and ”dX” flow into the process. The ”Ignore Wires” function ignores a certain number of wires in the reference run. Since the wires are not
optimally tensioned at the beginning, as well as at the end of a winding, this function
can be used if necessary. The ignored wires are not taken into account for the later
calculation of the standard deviation. The dX parameter was discussed in the previous
section 4.2.
Peak Detector.VI is based on an algorithm that fits a quadratic polynomial to sequential groups of data points. The number of data points used in the fit is specified by the
parameter ”Width Ref.4 ”, which depends on the wire diameter and thus is a known
constant. For each peak or valley, the quadratic fit is tested against the parameter
”Threshold Ref.”. If the threshold is specified too low, low-level peaks will be detected
from the background noise level, if the threshold is specified too high, not all wires
can be found [9].
As one can see in Fig. 4.10, some peaks have a dent. In this case, it may happen that
the Peak Detector.VI recognizes this as two peaks. To prevent this, a value must be
set for the width that is so large that the range taken into account by the Peak Detector.VI includes both maxima of the double peak. It is recommended to analyze the
amplitudes after the reference run and, if necessary, to adjust the values for ”Width
Ref.” and to repeat the reference run.
4 Ref.

is the abbreviation for reference run. This note in the GUI is intended to prevent confusion
with the wire tension parameters.
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Figure 4.10: This image comes from the reference run of CuBe wires. Enlarged, it
shows the double peak, which can be recognized by the Peakfinder as two
wires. There are about fifteen measuring points between the two peaks.
Therefore, a width of 25 is recommended for this type of wire.
The Peakfinder determines the peaks from the recorded raw data of the photo sensor
and the number is then displayed in the GUI under the ”Nof Peaks” indicator. In
addition, ”Mean Value of Wire Gaps”, ”Standard Deviation of Wire Gaps”, ”Minimum
Amplitude” and ”Velocity” are output and shown in the GUI. Based on the found
minimum amplitude, the Peakfinder proposes a threshold for approaching the wires in
the subsequent wire tension measurement (this threshold value is explained in more
detail in subsection 4.3.2). Furthermore, the indices ”Amplitudes” and ”Locations”
and the corresponding plots are displayed graphically in the GUI for a quick check
of the measurement (see Fig. 4.11 and 4.12). All relevant data are stored in the file
and then finalized after completion of the measurement (see Fig. 4.13). Afterwards
the WTD application can be left with the ”Exit” button. For a better illustration,
flowchart 4.14 is used.
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Figure 4.11: Screenshot of the ”X-Profile” chart, which shows the raw data processed
by the Peakfinder (taken from the GUI). The voltage [V] is plotted against
time [s].

Figure 4.12: Screenshot of the ”U-X”chart after the Peakfinder has performed its calculations (taken from the GUI). Taking into account the determined speed,
this chart shows the position [m] of the individual wires plotted against
voltage [V].
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Figure 4.13: Screenshot of all relevant tables, which are stored in the TDMS file. In the
”LED” column, the raw data of the photosensor are stored (in this case
there were 36000 entries). From these raw data, the columns ”Locations”,
”Amplitudes” and ”Gaps” are calculated by the Peakfinder.
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Figure 4.14: Simple flowchart of the reference run.
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4.3.2 Wire Tension Measurement
As with the reference run, the WTD application must first be booted. Before the wire
tension measurement can be started, the probe carrier must be moved manually to
the left stopper if necessary. Material parameters of the wire properties (”Diameter”,
”Length” and ”Density”) for the later calculation of the wire tension, parameters for
the Fourier transform (”Start Time” and ”Duration”) and parameters for the Peak
Detector.VI (”Threshold”, ”Width” and ”Cutoff”) are required. This can be done
manually or using predefined values via the ”Wire Type” tab. In addition, a threshold for approaching the wires is needed. This threshold value can be used from the
reference run or the recommended values are 2.5 V for CuBe wires and 0.85 V for
AuW wires. The complete measuring method will be described in more detail in this
subsection.
The wire tension measurement is activated by pressing the ”Start Measurement” button and the program then wants to create a TDMS file in which all acquired measurement results of the wire tension measurement are stored. Then the case structure
Jump Wire is initialized. DAQmx tasks of the stepper motor and the POSIMAG are
accessed and the probe carrier is moved to the right. The current position of the
measuring head is determined by continuously reading the POSIMAG with the DAQ
card’s internal counter and is displayed in the GUI. The POSIMAG function is still
included in the final code because the data is sufficient for a cross-check. The later
created column ”Position” (see Fig. 4.18) represents the values of the POSIMAG.
If a wire is skipped during the measurement, this column can be used to determine
which wire was skipped. In the previous code, a ”Peak-File” was created from the
reference run, in which all peak positions of the wires determined by POSIMAG, were
stored. The software accessed this file in the wire tension measurement to approach
the wires by comparing the current reading of the sensor with this data. This method
was rejected and replaced by a new one.
To approach the wires the SubVI Check for Leading Edge was written and implemented in the case structure Jump Wire. As the probe carrier moves, the signal from
the photo sensor is written into a buffer with 250 kHz. Once the buffer contains 2500
samples these are forwarded to Check for Leading Edge, which adjusts a regression
line. If the initial value is below the threshold and the final value above, then this is
recognized as the edge of a wire signal and the probe carrier stops. With this method,
the edges of the wire signal are reliably detected. This process runs in real time.
The photo sensor is thereby positioned over a wire and the software executes the case
structure Measure Wire Vibration. The DAQmx task for the pressurized gas supply
is accessed and the wire is excited by a short air blast. The resulting vibration of the
wire is read out at the output of the photo sensor as an oscillating voltage waveform,
which is forwarded to the subset chart (see Fig. 4.15). The DAQ card works in this
method with a sample rate of 100 kHz. The already mentioned parameters ”Start
Time” and ”Duration” flow into this process and determine the range in which the
Fourier transform is applied.
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Figure 4.15: Screenshot of the oscillating voltage waveform in the subset chart (taken
from GUI). The blue subset is the area in which the Fourier transform is
applied.
A subset (marked in blue) is formed with these parameters which is passed to the
case structure Analyze Vibration where the SubVI FFT is located. This SubVI calculates the power spectrum with this subset taking into account the formula (3.15) and
this is shown in the power spectrum chart (see Fig. 4.16).

Figure 4.16: Screenshot of the power spectrum chart of a measured CuBe wire (taken
from GUI). The dominant peak is located at 57.54 Hz, which would correspond to a wire tension of 1.17 N.
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If a valid time axis information is added to the power spectrum, the frequencies of
the examined wire vibration can be read in Hz. For the wire tension calculation, the
fundamental frequency f0 of the wire vibration is required (see section 3.3). This is
the dominant peak in the power spectrum.
In the software, this peak is determined by the Peak Detector.VI, which fits local
quadratic functions to the data at runtime. The parameters ”Threshold”, ”Width”
and ”Cutoff” flow into this process and are described in more detail in subsection 4.3.1.
The parameter ”Cutoff” defines the limit of frequencies, which are considered by the
Peak Detector.VI for the calculation. The value of the fundamental is displayed in the
GUI.
The determined fundamental and the wire parameters ”Radius”, ”Length” and ”Density” are then forwarded to the Wire Tension.VI (see Fig. 4.17), which includes the
formula (3.8).

Figure 4.17: Screenshot of the Wire Tension.VI. This block diagram corresponds to
the formula (3.8).
This VI finally calculates the wire tension, displays the value in the GUI and writes
it to the file along with the other relevant informations like the corresponding wire
number, all relevant parameters, the fundamental vibrations, other found harmonics,
the amplitude values, the subsets and the power spectra (see Fig. 4.18). Then the
case structure Analyze Vibration is left and the process Jump Wire is repeated.
When the right stopper is reached, the measurement stops and the probe carrier has
to be manually returned to its original position. Afterwards the WTD application can
be left with the ”Exit” button. For a better illustration, flowchart 4.19 is used.
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Figure 4.18: Screenshot of all relevant tables from the wire tension measurement. All
important information such as the wire tensions and the corresponding
wire numbers as well as all set parameters are stored here.
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Figure 4.19: Simple flowchart of the wire tension measurement.

5 Measurements and Results
Measurements were performed on so-called frame windings. Two CuBe windings and
one AuW winding were measured. One of the CuBe windings was not optimally wound
due to incorrect handling of the winding machine. The stoppers on the aluminium
profile were used to define a measuring section with 21 wires and consequently 20 wire
distances. In order to get sufficient statistics, the wire distances and wire tensions
were measured 100 times each. The non-optimal CuBe winding was measured only
once. The analysis of the measurement results was done with the ROOT Framework.
At this point, attention should be drawn to the small error bars in Figures 5.2, 5.4,
5.7 and 5.10. They are each based on 100 separate measurements from which the
mean value and the associated standard deviation were calculated. This refers to
both the measurement of the individual wire tensions, as well as the wire distances.
The variations in the tensions and distances of the various wires around the indicated
average value are based on actual differences in the wires. These variations have no
significance for the measurement of a single wire.

5.1 CuBe-Wire
For the CuBe measurement, a frame winding was wound with a target value of 1.2 N
for the wire tension and 2.5 mm for the wire distances.
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Figure 5.1: 100 distance measurements of two consecutive wires for all 20 wire distances
(CuBe).
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Fig. 5.1 shows 100 wire distance measuring runs with CuBe wires. The peaks indicate that the wire distances were obtained for the repeated measurements of the same
wires.
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Figure 5.2: Mean wire distance measurement of each CuBe wire, plotted as a function
of the wire location. The blue arrow marks the distance between wire 10
and 11 (see Fig. 5.3). The red line is a fit indicating the mean value over
all wires.
In Fig. 5.2, the mean distance between two wires is plotted as a function of their
location. The vertical error bars in the size of the points showing the one-sigma
standard deviation. The fact that these error bars are so small is an indication of the
reproducibility and thus of the quality of the individual measurements.
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Figure 5.3: 100 measurements of the distance between wire 10 and 11 (CuBe).

52

5 Measurements and Results

In Fig. 5.3 the wire distance measurement between wire number 10 and 11 is shown.
A Gaussian fit was applied with a standard deviation of σ = 0.847 µm. From this
it can be shown that the new setup can reproduce the distance measurement on the
order of few µm.
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Figure 5.4: The mean wire tension of all 21 CuBe wires. The blue arrow marks wire
number 10 from Fig. 5.5 The dashed line is the target value and the red
line is the mean value.
In Fig. 5.4, the mean tension of the individual CuBe wires is plotted as a function of
the wire number. Here, the vertical error bars are smaller than the size of the points
and showing the standard deviation of the 100 entries per bin.
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Figure 5.5: The tension measurement of the 10th wire in the CuBe measurement run.
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In Fig. 5.5 the tension of wire number 10 is shown. A Gaussian fit is plotted on top
with a standard deviation of σ = 0.0004 N. From this result, it can be seen that the
new setup measures very accurately.

5.2 AuW-Wire
For the AuW measurement, a frame winding was wound with a target value of 0.5 N
for the wire tension and 2.5 mm for the wire distances. After the winding, the 21st wire
was streched mechanically to check if the software can detect the manipulated wire.
During the production of a TRD chamber, it could happen that wires get streched
when touched. This manipulation should simulate this.
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Figure 5.6: 100 distance measurements of two consecutive wires for all 20 wire distances
(AuW).
Fig. 5.6 shows 100 wire distance measurements with AuW wires. In contrast to the
CuBe measurement, individual outliers can be seen. Due to their smaller radius AuW
wires are more sensitive to the slightest vibration.
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Wire Distance Measurement AuW
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Figure 5.7: Mean wire distance of all individual AuW wires as a function of their
location. The blue arrow marks the wire distance between wire 10 and 11
(see Fig. 5.8) and the green arrow marks the wire distance between wire
number 20 and 21 (see Fig. 5.9), which is the distance to the manipulated
wire. The red line is a fit indicating the mean value over all wires.
In Fig. 5.7, the mean wire distances were plotted as a function of their locations.
Note that distance 18 is small and distance 19 is very large. This shows that wire
number 19 is shifted to the left. The vertical error bars are barely visible. Similar to
the CuBe measurement this fact indicates the reproducibility and thus of the quality
of the individual measurements.
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Figure 5.8: 100 measurements of the distance between wire 10 and 11 (AuW).
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In Fig. 5.8 the wire distance measurement between wire number 10 and 11 is shown.
A Gaussian fit was applied with a standard deviation of σ = 0.54 µm. From this
result, it can be seen clearly that the new setup also measures very accurately with
AuW wires.
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Figure 5.9: 100 measurements of the distance between wire 20 and 21 (AuW). In this
case the distance to the manipulated wire.
In Fig. 5.9 the wire distance measurement between wire number 20 and 21 is shown.
On this histogram a Gaussian fit was applied with a standard deviation of σ = 1.11 µm.
The manipulation of the 21st wire may be responsible for the higher σ. Nevertheless,
the result is accurate.
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Figure 5.10: The mean wire tension of all 21 AuW wires. The blue arrow marks wire
number 10 (see Fig. 5.11) and the green arrow the manipulated wire
number 21 (see Fig. 5.12). The dashed line is the target value and the
red line is the mean value (without consideration of the 21st wire).
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In Fig. 5.10, the mean tension of the individual AuW wires is plotted as a function
of the wire number. Again, the vertical error bars are smaller than the size of the
points and showing the standard deviation of the 100 entries per bin. The drop in the
wire tension of wire number 21 is clearly visible. The manipulation of the wire had a
significant effect and can be reliably measured with the new setup.
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Figure 5.11: 100 tension measurements of wire number 10 (AuW).
In Fig. 5.11 the tension of wire number 10 was investigated. A Gaussian fit was
applied with a standard deviation of σ = 0.0005 N. From this result it can be seen
that the new setup also measures very accurately with the wire tension.
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Figure 5.12: 100 tension measurements of wire number 21 (AuW).
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In Fig. 5.12 the tension of wire number 21 is shown. On this histogram a Gaussian
fit was applied with a standard deviation of σ = 0.0006 N. Again, the new setup
measures very accurately.

5.3 CuBe-Wire (non-optimal)
As another example, a faulty winding with 392 wires and 391 distances was investigated. Also for this CuBe measurement, a frame winding was generated with a target
value of 1.2 N for the wire tension and a target value of 2.5 mm for the wire distances.
The parameters for the winding software were correctly set, but a brake on the winding machine was accidentally tightened. This configuration should allow to study the
effects of careless work with the winding machine. Only one run was performed for
this case.
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Figure 5.13: Plot of the wire distance measurement of the non-optimal CuBe winding.
The red line is the mean value.
Based on the measured values, it can be seen that the brake on the winding machine
had a small effect on the wire distances. The measured values vary slightly more than
expected (see Fig. 5.13).
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Figure 5.14: Plot of the wire tension measurement of the non-optimal CuBe winding.
The dashed line is the target value and the red line is the mean value.
As with the wire distance measurement, the tightened brake had an effect on the wire
tension measurement (see Fig. 5.14). The tightened brake caused more friction. As a
result, the winding machine had to exert more force. Not only that the wires were too
tight, you can see from the measurement results strong fluctuations. Deviations of up
to 0.49 N to the target value of 1.2 N could be observed. Based on these measurements,
this winding would be unusable for further processing.

6 Summary and Outlook
In this bachelor thesis, the problems of the WTD were documented and solutions
sought. It was achieved that only with rewritten software the measuring process is
faster, more efficient and quieter in the performance, without an installation of new
hardware, which would have been associated with acquisition costs. In addition, the
new software is easier to use and ready for future upgrades.
If the rounded-up double sigma values are used, the precision of the wire distance
measurement for CuBe and AuW is ±2 µm. Wire tensions of CuBe and AuW wires
can be measured with a precision of ±1 mN. The newly developed software thus offers
sufficient measurement accuracy for the quality control of TRD production.
If more precise measurement results and less maintenance are required, then the mechanics of the WTD must be updated. Instead of the thread a linear guide could be
installed. The POSIMAG length measuring system could be replaced with an optical
measuring method. The software could be modified in the future to detect and measure alternating wire types.
In addition, care should be taken during a measurement to avoid vibrations. In particular, AuW wires are very sensitive to vibration, which can negatively affect the
measurements.
Finally, it should be mentioned that mindfulness is required during handling of the
wires. Minor flaws can have serious effects for the performance of the TRD chambers.
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Figure 7.1: Screenshot of the Graphical User Interface. All functions are numbererd.
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1. Exit: Quits the program.
2. Message Handling Loop Status Bar: Shows the current status of the Message Handling Loop.
3. Direction: Changes the direction of movement of the probe carrier.
on = right, off = left
4. Position (mm): Displays the current position of the probe carrier in mm.
5. Zero: Resets the position value to 0.
6. Nof Peaks: Displays the number of wires the Peakfinder has found.
7. Minimum: This indicator displays the minimum value of all found reflection
amplitudes from the ”Amplitudes” index.
8. Ignore wires: This function ignores a certain number of wires in the reference
run. Since the wires are not optimally tensioned at the beginning, as well as at
the end of a winding, this function can be used if necessary.
9. Mean (mm): Shows the average value of the measured wire distances.

10. dX (mm): This tab specifies the setpoint of the distance of the wires. This
setting is processed for the ”Mean” indicator.
11. Std.Dev. (µm): Displays the calculated standard deviation of the measured
wire distances.
12. Threshold Ref. (V): Specifies the threshold for the Peak Detector.VI in the
reference run.
13. Width Ref.: Specifies how many measurement points should be set to the
amplitude. This setting is flows into the Peak Detector.VI in the reference run.
14. Velocity (mm/s): Indicates the speed of the probe carrier calculated by the
Peakfinder.
15. Threshold (V): After the reference run, the software proposes a threshold in
this input box. Specifies the threshold for the Check for Leading Edge.VI in the
wire tension measurement.
16. Start Reference: Starts the reference run program. Measures reflections, distances and the number of wires found.
17. Start Measurement: This function is the heart of the program. Measures the
wire tensions.
18. Locations (mm): All found wires are displayed in the location index together
with their position.
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19. Nof Samples: Specifies the number of samples recorded for the wire tension
measurement at a sample rate of 100000 Hz, for each wire. This setting should
match the upper limit of the subset.
20. Amplitudes (V): The corresponding reflection amplitudes are shown in this
index.
21. Chart tools: Tools to enlarge, reduce the size of a section of the chart etc.
22. Wire position chart: Similar to the LED chart, the measured amplitudes are
shown. In this case, the voltage amplitude is plotted on the position in meter.
23. Chart tools: Tools to enlarge, reduce the size of a section of the chart etc.
24. X-Profile chart: Exact to the LED chart, the measured amplitudes are shown.
In this case, the whole spectrum is shown.
25. Harmonics (Hz): Shows the calculated harmonic vibrations of the subset using
the Fourier transform.
26. f0 (Hz): Displays the measured fundamental harmonic.
27. Frequency Index: This index lets you manually select a frequency from the
”Harmonics” index.
28. Tension: This indicator displays the measured wire tension.
29. Set Wire Type Parameter: Activates the values from the Wire Type input
field.
30. Radius (µm): This input field determines the radius of the wire. This value
can be found on the label of the spool.
31. Length (m): This input field determines the length of the wire, which is
stretched over the frame or the chamber.
32. Density (kg/m3 ): This input field determines the density of the wire. This
value can be found on the label of the spool.
33. Wire Type: This input field contains predefined wire parameters.
34. Cutoff: In the power spectrum the dominant harmonic vibration is searched.
Cutoff is the maximum frequency that should be considered.
35. Power Spectrum chart: This chart plots the result of the Fourier transform.
36. Start Time (s): Defines the range of the start time for the Fourier transform.
37. Duration (s): This value defines the range of the duration to which Fourier
transform is applied.
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38. Chart tools: Tools to enlarge, reduce the size of a section of the chart etc.
39. Threshold (dB): This value defines the threshold value for the Peak Detector.VI in the wire tension measurement.
40. Width: Specifies how many measurement points should be set to the amplitude.
This setting is for the Peak Detector.VI in the wire tension measurement.
41. Subset chart: This chart shows the subset of the vibration of the wires. The
subset can be changed using the associated parameters for better results. For
better illustration, the subset is highlighted in color.
42. Chart tools: Tools to enlarge, reduce the size of a section of the chart etc.
43. Wire: This indicator displays the current wire number.
44. Marker: Tool to change the appearance of the chart.
45. LED chart: The LED chart shows the current reflection that the sensor measures. The amplitude in volts is plotted on the time in seconds.
46. Wire Steps: With this tab a specific wire can be approached.
47. Goto Wire: This button was designed to drive wires in both directions. Due
to the missing of the POSIMAG length measuring system, it is not possible to
use this function. The program is however finished and can be used in a future
upgrade of the WTD.
48. Move: In combination with the ”Wire Steps” index, it is possible to approach
a wire.
49. Stop DAQ: Stops all data acquisitions.
50. Pause AI-monitoring: Pauses the analog input.
51. Manual Measurement: This function is intended for a subsequent measurement of a wire. Gives the command to move to the next wire and measure the
vibration.
52. Save: Saves the data of a manual measurement.
53. DAQ Status Bar: Shows the current status of the DAQ card.
54. Filename: This bar displays the current file path.
55. Blast: Initiates an air blast. This allows the compressed air supply to be
checked.
56. Move: Initiates the movement of the probe carrier.
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