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Abstract
The LHCb detector will receive an upgrade in 2019/2020, replacing parts of the
current tracking system with the Scintillating Fibre Tracker. To accurately assess
the future performance of this new sub-detector, simulation studies are performed.
These studies necessitate detailed knowledge of fibre properties.
In this thesis, an automated measuring device is constructed and tested. It is used
to perform precision measurements of photon intensities at different angles at the
fibre end. Additionally, a new model to describe photon path lengths of cladding
photons is presented and compared to simulation data, showing good agreement.
Reflection losses are investigated for photons at various angles and for different
wavelengths. The reflection losses scale proportional to the angle with respect to the
interfaces. For increasing wavelengths, a decrease in the reflection loss is observed
for wavelengths between 440 and 600 nm. Finally, parameters of the wavelengthdependent attenuation implemented in the simulation are updated for new fibres of
improved quality.

Kurzfassung
Der LHCb-Detektor wird in den Jahren 2019/2020 ein Upgrade erhalten, worin ein
Teil des Spurfindungssystems durch den Scintillating Fibre Tracker ersetzt wird. Um
die zukünftige Leistung des Subdetektors zu bewerten, werden Simulationsstudien
durchgeführt. Diese Studien setzen genaue Kenntnis der Fasereigenschaften voraus.
In dieser Arbeit wird eine automatisierte Messvorrichtung konstruiert und getestet.
Sie wird verwendet, um Präzisionsmessungen der winkelabhängigen Lichtintensitäten
am Faserende durchzuführen. Des Weiteren wird ein neues Modell zur Beschreibung
von Streckenlängen der Photonen in der inneren Ummantelung präsentiert und mit
Simulationsergebnissen verglichen. Es ergibt sich eine gute Übereinstimmung.
Reflexionsverluste werden auf Winkel- und Wellenlängenabhängigkeit untersucht.
Die Reflektionsverluste steigen proportional mit dem Winkel der Photonen zur
Grenzfläche. Für steigende Wellenlängen wird ein Abfall der Reflektionsverluste
zwischen 440 und 600 nm beobachtet. Schließlich werden Parameter der in der
Simulation implementierten wellenlängenabhängigen Abschwächung für neue Fasern
verbesserter Qualität aktualisiert.
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1 Introduction
At the Big Bang, matter and antimatter were supposedly created in equal parts.
Yet today the observable universe contains no antimatter. This matter-antimatter
asymmetry is one of the great mysteries in physics today. One proposed source of
this asymmetry stems from 𝐶𝑃 violation. 𝐶𝑃 violation describes the violation of
𝐶𝑃 symmetry, which is in itself a product of charge conjugation (𝐶) and parity (𝑃).
This symmetry states that physical systems behave the same way if the handedness
of particles is reversed and they are transformed into their antiparticles. This is not
the case for processes interacting via weak interactions [1].
The Standard Model (SM) is a well tested and successful theory. It explains the
building blocks that make up the universe and the interactions between them. Still,
there are things that are not included within the SM, like gravity or neutrino
masses, as well as others that remain unexplained, like the asymmetry of matter
and antimatter in the universe, or the composition of dark matter. In the SM, 𝐶𝑃
violation is described by a complex phase in the CKM matrix, which is a unitary
matrix describing the mixing of quarks [2]. Using the Large Hadron Collider (LHC)
at CERN, various experiments seek to test the SM and its predictions, including the
LHCb experiment. It accomplishes this task by focussing on precision measurements
of particles containing 𝑏- and 𝑐-quarks [3].
So far, measurements of the LHCb experiment fall into the predictions of the SM.
Since the strength of 𝐶𝑃 violation in the SM is not sufficient to explain the observed
asymmetry, new theories beyond the SM, referred to as New Physics, are needed
for an explanation. Recently, anomalies have been observed in semileptonic decays
that point towards New Physics [4]. If these anomalies persist in the next datataking period and are confirmed by other detectors like Belle II, new models can be
developed. In the coming decade, the LHCb experiment will focus on studying rare
decays with even higher precision. To lower the statistical uncertainties for these
precise measurements, a lot more data has to be collected than previously. It is
planned to raise the instantaneous luminosity in future operations by a factor of five.
Therefore, during Long Shutdown 2 of the LHC in 2019/2020, the trigger scheme
will be reworked to record more interesting events. This necessitates a change of
multiple detector components to work with the new trigger system and to cope with
the higher number of tracks [5]. The LHCb detector and its upgrade are described
in detail in chapter 2.
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1 Introduction
One major change in the upgrade is to the tracking system. The current Inner and
Outer Tracker sub-detectors will be replaced by a single technology, the Scintillating Fibre Tracker. It consists of scintillating fibres that are read out by silicon
photomultipliers (SiPMs) [6] and is the topic of chapter 3.
To assess and optimize the performance of this new detector component, simulation
studies are performed. For this, a single fibre simulation has been developed at TU
Dortmund that is explained in chapter 4. It simulates the path of individual photons
along the fibre geometry, allowing an in-depth analysis of the underlying processes.
For this, the simulation requires exact knowledge of the properties of scintillating
fibres to guarantee accurate results. The theory behind photon propagation through
scintillating fibres is the topic of chapter 5. In this chapter, existing models of
photon propagation through fibres are extended to incorporate photons entering
the cladding.
One way to make sure the simulation works correctly is to compare it with measurements. Especially the attenuation is an important characteristic of the fibres,
since it impacts the amount of light reaching the read-out electronics. The attenuation is highly dependent on the angle, since the number of reflections, and thus
the reflection losses, rise for higher angles. This thesis focuses on quantifying the
reflection loss coefficient to make this part of the simulation more exact. For this
reason, an automated measurement device is constructed in this thesis, making
more precise angle measurements possible. The construction of this device, as well
as the performed measurements are discussed in chapter 6.
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2 The LHCb Experiment at the Large Hadron
Collider
At the Large Hadron Collider, several large experiments use high-energy protonproton collisions to test the predictions of the Standard Model and search for
New Physics. This chapter briefly gives an overview of the structure of the LHCb
experiment currently in operation and gives an explanation of its various subdetectors. Moreover, an upgrade is presented which is planned for 2019/2020 and
will enable measurements with lower statistical uncertainties.

2.1 Large Hadron Collider
The Large Hadron Collider (LHC), located at the European Organization for Nuclear
Research (CERN) near Geneva, is a particle collider with a circumference of 27 km,
capable of accelerating proton beams to a centre-of-mass energy of 13 TeV, making
it the most powerful particle accelerator in the world [7]. In addition to protons,
lead ions can be accelerated as well. An overview of the accelerator complex is
shown in Fig. 2.1 [8].
At four locations along the storage ring, the proton-beams are brought to collision,
which is where the four main detectors, ALICE (A Large Ion Collider Experiment),
CMS (Compact Muon Solenoid), ATLAS (A Toroidal LHC ApparatuS) and LHCb
(Large Hadron Collider beauty), are located. ATLAS and CMS are built as general
purpose detectors and search for supersymmetry to extend the Standard Model (SM)
and have both separately proven the existence of the Higgs boson experimentally
in 2012 [9]. They also perform further measurements to precisely determine the
properties of the Higgs boson [10, 11]. ALICE primarily uses heavy-ion collisions to
research physics of strongly interacting matter and quark-gluon plasma to simulate
the state of the universe shortly after the Big Bang [12]. The LHCb detector focuses
on 𝐶𝑃 violation and rare decays of 𝑏-hadrons [3] and will be described in more detail
in the next chapter.
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Figure 2.1: Schematic overview of the accelerator complex at CERN, showing the
locations of the four major experiments, ALICE, ATLAS, CMS and LHCb, as well
as several other experiments and accelerators. Image taken from [13] and modified.

2.2 LHCb Detector
The LHCb detector is designed as a single-arm forward spectrometer which covers
an angle between 10 mrad and 300 (250) mrad in the bending (non-bending) plane.
This detector geometry uses the fact that at high energies the 𝑏𝑏̄ quark pairs are
predominantly produced under a low angle to the beam pipe in the same forward or
backward cone. Due to budget constraints, the detector covers only one of these
cones, since roughly 24 % of all 𝑏𝑏̄ quark pairs can still be obtained with this layout
[14]. To maximize the usable space within the detector cavern, the interaction point
was moved by 11.25 m from the centre towards the cavern wall [3]. A schematic
side-view of the detector layout during Run 2 is shown in Fig. 2.2. In the following
chapters, the individual detector components will be described in more detail.

2.2.1 Tracking System
The tracking system gives precise measurements of the positions of particles. This
information is used to locate primary and secondary vertices via the Vertex Locator
and to calculate the momentum of particles by how much their track bends in the
magnetic field. The various sub-detectors used for tracking are described in this
section.
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Figure 2.2: Schematic overview of the detector layout during Run 2 [3].

Vertex Locator
The VErtex LOcator (VELO) is a silicon micro-strip detector used to get accurate
track information close to the interaction point. To identify the important secondary
vertices that are displaced in b- and c-hadron decays, it must deliver high precision
measurements and needs its 42 modules to be as close to the interaction point as
possible. For this reason, it is included within the beam pipe and has a spatial
resolution of 4 µm. Since the LHC needs a larger aperture during injection and the
sensors would be within this distance, thus exposing the sensor to damage from the
beam, the VELO is designed with retractable modules that will be inserted only
once a stable beam is present [15].
The status of the beam is continuously observed by the Beam Conditions Monitor
(BCM). At two locations near the interaction point, the BCM measures the particle
flux close to the beam pipe. In case the beam provided by the LHC is unstable
or misaligned, the BCM can initiate a beam dump, thus protecting the detector
components [3].
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Tracker Turicensis & Inner Tracker
The Tracker Turicensis (TT) and the Inner Tracker (IT) use silicon micro-strip
sensors arranged in a x-u-v-x-pattern with the u and v layers rotated with respect
to the vertical x layers by an angle of -5° and +5°, respectively. This rotation makes
it possible to determine the particle position in three dimensions. While the TT,
located upstream of the magnet, is 150 cm wide and 130 cm high and covers the
entire detector acceptance, the IT covers a cross-shaped area 120 cm wide and 40 cm
high near the beam pipe in the centre of the tracking stations, T1, T2, T3. With a
spacial resolution of around 50 µm, these detectors are used to cope with the high
particle density in these regions. By measuring the bending of the tracks in the
magnetic field of the magnet, momenta of charged particles can be calculated.
Outer Tracker
The Outer Tracker (OT) is split into three tracking stations, T1, T2, T3, each
consisting of four detector layers arranged in a x-u-v-x-pattern similar to the TT and
IT. This tracker uses straw detectors with a spacial resolution of 200 µm to cover the
entire detector acceptance. They are filled with a mixture of argon (70 %), carbon
dioxide (28.5 %) and oxygen (1.5 %) to achieve a drift time under 50 ns to minimize
spill-over from earlier bunch crossings [16]. While the resolution is lower compared
to the silicon micro-strip detectors used by the IT, straw tubes are cheaper and thus
used to cover areas with lower particle densities [17].

2.2.2 Particle Identification
For the experiment, it is paramount to identify the different resulting particles of
the central collision. For this task various sub-detectors are used. The Cherenkov
detectors calculate the speed of a particle which, when combined with the momentum
information from the tracking system, can be used to infer its mass. The calorimeters
and muon chambers are used to determine the energy and the type of particle.
Cherenkov-Detectors
When a charged particle passes through a medium faster than the speed of light
in that medium, photons are emitted in a cone with an angle proportional to the
velocity of the particle. This radiation is called Cherenkov radiation and is used to
measure the speed of particles. The resulting ring of photons is reflected out of the
detector acceptance by spherical mirrors and is read out by Hybrid Photon Detectors.
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The LHCb detector employs two Ring Imaging Cherenkov (RICH) detectors, each
covering a different momentum range. RICH1 lies upstream of the magnet between
the VELO and TT and is focused on low momentum particles between 1 and
60 GeV/c. While RICH1 covers the whole detector acceptance, RICH2 focuses on
the region where high momentum particles between 15 and 100 GeV/c traverse and
is placed downstream of the magnet [3].
Calorimeters
Calorimeters provide an estimate for the energy of a particle. There are two types of
calorimeters in use, one for electrons and photons - the electromagnetic calorimeter
(ECAL) - and one for protons, pions and kaons - the hadronic calorimeter (HCAL).
They are built as a sandwich structure with alternating absorbers and active material.
Both calorimeters use scintillator plates as the active material and as the absorber,
the ECAL uses lead while the HCAL uses iron plates. When particles hit the
absorbers, a particle shower is produced. The energy deposited by these showers
within the active material is converted into an amount of photons proportional to
the deposited energy. A small amount of energy is lost, however, as energy deposited
into the absorber can not be observed [18].
The Scintillating Pad Detector (SPD) and Preshower detector (PS) are located in
front of the ECAL and HCAL. The SPD helps to distinguish between electrons
and photons and is separated from the PS by a 12 mm thick lead plate. The PS
distinguishes between electrons and hadrons. Together, the SPD/PS system provides
information to the first level trigger to reject events with a high background of
charged pions [19].
Muon Chambers
Muons are often the final state and important products of the desired decays. Since
they penetrate matter well, the muon chamber is placed at the end of the detector.
It is divided into five stations (M1-M5), with M1 ahead of the ECAL to improve the
trigger. Iron plates of 80 cm thickness are placed between the chambers, which filter
the muons. To pass through all muon chambers, a momentum of approximately
6 GeV/c is required. The chambers themselves consist of multi-wire proportional
chambers filled with carbon dioxide (55 %), argon (40 %) and tetrafluoromethane
(5 %) [3].
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2.2.3 Trigger
The purpose of the trigger system is to reduce the number of events from the
bunch-crossing rate of 40 MHz to 12.5 kHz at which events can be saved [20]. The
trigger is split into two levels: Level-0 (L0) and the Higher Level Trigger (HLT).
L0 is implemented in hardware and runs at 40 MHz. It reduces the event rate
below 1 MHz, which is the maximum rate at which the detector can be read out. It
consists of three units: the Muon trigger, the Calorimeter trigger and the Pile-up
trigger. The Pile-up trigger is realised in the VELO, where it measures the number
of primary proton-proton interactions per bunch crossing. The Calorimeter trigger
uses the SPD, PS, ECAL and HCAL to calculate the transverse energy of various
hadrons, since B mesons decay into particles with high transverse energies and
momenta with high probability. The Muon trigger searches for muons with high
transverse momentum.
The HLT is a software trigger that selects events to be saved from those accepted
by L0 to further reduce the event rate to 12.5 kHz [21]. It is divided into two stages,
HLT1 and HLT2. HLT1 confirms the results of L0 using data from VELO and the
tracking systems while HLT2 uses data from the whole detector and performs a
partial event reconstruction [3].

2.3 Detector Upgrade
The results of the data taken during Run 1 fall into the predictions of the Standard
Model. To find evidence of New Physics, more precise measurements have to be
performed in the future. To improve statistical uncertainties, the collaboration
aims to not only increase the data rate, but also the trigger efficiency [5]. Since
the LHCb detector does not currently utilize the full luminosity provided by the
LHC, a detector upgrade has been proposed so that an instantaneous luminosity of
2 × 1033 cm−2 s−1 will be used, increasing by a factor of 5 compared to the current
set-up. Additionally, the readout-rate will be increased from 1 MHz to 40 MHz by
utilizing a flexible software-based trigger instead of a hardware trigger system, which
will drastically improve the rate of recorded useful events. A full software trigger
will enable a greater physics reach and allows for quick improvement. The detector
has so far collected about 9 fb−1 in Run 1 and 2 [22] and is expected to collect
50 fb−1 after the upgrade. The software trigger will receive events at an average
rate of 30 MHz, perform rudimentary analysis and saves about 2-5 GB/s of events to
storage [21]. This rudimentary analysis will help to better search for useful events,
improving the trigger efficiency [23].
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To facilitate the upgrade and allow the detector to be read out at 40 MHz, several
detector components have to be upgraded or replaced entirely. For instance, the
entire tracking system will be overhauled to comply with the required readout rate
and radiation hardness. Another concern is the higher occupancy due to an increased
number collisions per bunch crossing. In the process, the VELO will be changed
to hybrid pixel detectors, the TT will be replaced by the Upstream Tracker (UT)
that uses thinner silicon strip sensors and has a larger coverage, and the Tracking
Stations T1-T3, which currently house the IT and OT, will be replaced by the
Scintillating Fibre Tracker [24], which will be described in detail in the next chapter.
A schematic overview of the detector after the upgrade is shown in Fig. 2.3.
Additionally, since the hardware trigger L0 will no longer be used, the first muon
chamber M1, as well as the PS and SPD, which previously served to improve trigger
efficiency, become unnecessary and are disassembled.

Figure 2.3: Schematic overview of the detector layout after the upcoming upgrade
in 2019/2020. [6]
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The Scintillating Fibre Tracker (SciFi Tracker) is a new detector component for the
LHCb experiment that is currently under construction and will be put in operation
at the end of Long Shutdown 2 in the year 2020. Since the occupancy after the
upgrade will be greatly increased, the old detector is unable to reconstruct tracks as
effectively as before. The SciFi Tracker will replace the Inner and Outer Tracker
and give precise measurements of particle trajectories better than 100 µm. It utilizes
mats of scintillating fibres generating photons when an ionizing particle passes
through. These photons are guided towards the fibre end by total internal reflection
and read out by silicon photomultipliers. This chapter will first discuss the inner
workings of these fibres and their processing into detector components. Lastly, the
requirements and layout of the SciFi Tracker will be discussed. The information for
this chapter is, unless stated otherwise, taken from Ref. [6] and [25].

3.1 Scintillating Fibres
The fibres used as the active detector material in the SciFi Tracker are circular
multi-clad fibres of type SCSF-78MJ produced by Kuraray [26] and have a diameter
of 250 µm. They have a core made from doped polystyrene acting as the scintillation
material with a refractive index of 𝑛 = 1.60 which is surrounded by two claddings.
The inner cladding consists of PMMA1 (𝑛 = 1.49), while the outer cladding is a
fluorinated polymer (𝑛 = 1.42) that is not further specified by the manufacturer.
The decreasing refractive indices allow for total internal reflection. The claddings
each take up about 6 % of the fibre’s total diameter. A schematic view of the fibre
structure can be seen in Fig. 3.1.
Energy is deposited within the fibre core when an ionizing particle passes through.
A few eV of deposited energy are enough to excite the polystyrene [27]. The exited
polystyrene then relaxes and produces photons during this process. Since the light
yield and the relaxation time are suboptimal, a dye called p-terphenyl (PT) has been
added to the fibre which relaxes within a few nanoseconds. Energy is transferred to
the PT in a so-called Förster transfer, a non-radiative dipole-dipole transmission.
1

Polymethylmethacrylate
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Figure 3.1: Schematic structure of the scintillating fibre SCSF-78MJ from Kuraray
[26]. The light generated in the core is guided through the fibre via total internal
reflection at the interfaces. The maximum angle at which total internal reflection
still occurs is 27.4° with respect to the interface for photons crossing the fibre
middle axis [6].

To decrease the probability of photon re-absorption and to minimize losses due to
Rayleigh scattering on the path through the fibre, tetraphenyl-butadiene (TPB)
is added working as a wavelength shifter. It absorbs photons emitted by the PT
and emits them at a higher wavelength where the polystyrene is more transparent.
TPB was chosen for this role since its absorption spectrum matches well with the
emission spectrum of PT as shown in Fig. 3.2. The concentrations of those dyes are
approximately 1 % and 0.05 % by weight for PT and TPB respectively.
After the photons have been shifted by the TPB they are guided through the fibre via
total internal reflection at the interfaces between core and cladding and in between
the claddings. According to Snell’s law, the maximum angle the photons can have is
27.4° with respect to the core-cladding interface. Per MeV of deposited energy in the
polystyrene around 8000 photons are expected to be produced isotropically, of which
approximately 5-6 % fulfil the conditions for internal reflection in the direction of the
readout electronics. The propagation time of light along the fibre is approximately
6 ns/m.
On their path to the photomultipliers, photons may be lost due to various effects.
In general, the intensity 𝐼(𝑥) measured after a distance 𝑥 along the fibre can be
calculated by
𝐼(𝑥) = 𝐼0 𝑒−𝑥⋅𝑎 ,
(3.1)
where 𝑎 denotes the attenuation coefficient and 𝐼0 the intensity of the scintillation
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light at the point of origin. The inverse of 𝑎 is called the attenuation length. It
is the distance after which the original intensity is reduced by a factor of 1/𝑒 and
is required to be above 3 m for fibres used in the detector to ensure that enough
photons reach the photomultiplier [25]. The exact nature of this attenuation will
be described in detail in chapter 5. As shown in Fig. 3.3, the overall attenuation
coefficient is the sum over various loss mechanisms. The self-absorption of the
wavelength shifter (WLS) is especially dominant at low wavelengths while molecular
vibrations dominate for higher wavelengths. In addition to these effects, losses for
each reflection at the core-cladding and cladding-cladding interfaces are expected.

Figure 3.2: Absorption and emission spectra of polystyrene and the two added
dyes, p-Terphenyl and TPB (tetraphenyl-butadiene). Shown in red are the molar
extinction coefficients 𝜖 and shown in blue are the emission intensities 𝐼. Figure
taken from [6], modified.
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Figure 3.3: Theory curve (black) for the attenuation coefficient relative to the
wavelength and its constituent parts. Image taken from [28], with data taken from
[29].

3.2 Fibre Mats
For use in the detector, fibres are processed into 2.4 m long and 13.6 cm wide multilayer fibre mats. These mats consist of six layers arranged in a regular hexagonal
matrix as seen in Fig. 3.4 to ensure sufficient light yield at the silicon photomultipliers
(SiPMs). They are produced with a winding machine that was developed at TU
Dortmund in cooperation with RWTH Aachen which is shown in Fig. 3.5. It uses a
winding wheel with a diameter of 0.82 m that has a thread on the surface with a
pitch of 275 µm to properly position the fibres. A dancer roller arrangement controls
the fibre tension to stay at 50 cN for optimal positioning without damaging the
fibre. Even with the threaded wheel, the fibre can jump into the wrong thread. For
this reason, the winding machine has a camera mounted above the wheel enabling
operators to constantly observe the fibre during the winding process and correct any
irregularities that arise. Between each layer, epoxy glue is applied as an adhesive
and fibres of the next layer are guided by those in the layer before. There are
four winding centres: RWTH Aachen, TU Dortmund, EPFL, and the Kurchatov
Institute.
After the winding process, the mats are laminated with a black film for increased
stability and protection during handling and transportation. After lamination, they
are heated to 40 ∘C for eight hours in a process called tempering which reduces the
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bending of the mat. The mat is then cut to the desired dimensions and fitted with
end pieces that are used to position the SiPM on one end and a mirror on the other.
The mirror reflects photons that would leave the fibre end on the opposite side of
the SiPMs and thus increases the light yield of the mat overall [30]. Although 1024
mats are sufficient for the detector construction, a higher amount is produced, on
the one hand to replace damaged or for other reasons unusable mats and on the
other hand to have some in reserve to replace the more strongly irradiated inner
modules later on.

Figure 3.4: Schematic cross section of a fibre mat with six layers encased in epoxy
glue showing the hexagonal matrix and several geometric dimensions in millimetres.
After winding, the mat is cut along the red line. The green line marks the active
area of the SiPMs [25].

Figure 3.5: Photograph of the winding machine used in the serial production of
fibre mats developed in cooperation of TU Dortmund and RWTH Aachen. The
blue line shows the path of the fibre from the spool to the winding wheel on the
left. Fibre tension is controlled via a dancer roller arrangement [25].
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3.3 Quality Assurance
To reach a hit detection efficiency of over 99 %, as much light as possible needs to
reach the SiPMs. The number of photons lost along the way must therefore be
minimized. Imperfections of the fibre material, as well as damage done by mechanical
stresses or irradiation, cause a significant increase in light loss. In addition, to achieve
high spatial resolution the fibres must be arranged in a uniform pattern. An increase
in fibre thickness can cause neighbouring fibres to be misplaced, creating errors
which reduces the resolution. For this reason, the fibres are subjected to quality
assurance at CERN before they are transported to the respective winding centres.
At CERN, variations of the diameter are detected using a laser micrometer and
fibres are tested for attenuation length, scintillation yield and radiation resistance.
Additionally, bumps exceeding a diameter of 350 µm are removed by drawing the
fibre to a conical shape at high temperature. The fibre becomes soft under these
temperatures and can be reshaped to have a maximum diameter of 350 µm [31].
During the winding process described in section 3.2, the fibre position is continuously
monitored. In case the fibre jumps out of its designated groove, the error can be
corrected by the winding staff [30].

3.4 Silicon Photomultipliers
The SiPMs are a series of avalanche photodiodes operated in Geiger-mode. Each
pixel is a p-n junction with a reverse bias voltage exceeding the breakdown voltage.
When a photon strikes the pixel, an electron is freed and accelerated by the applied
voltage, gaining enough energy to free additional electrons, causing an avalanche
that is then detected. A quenching resistor lets the voltage slowly recover so the
pixel can fire again after a short recovery time (25 ns). Since multiple photons
hitting the same pixel would provide the same signal as a single photon, the pixel
size must be minimized. On the other hand, small pixels suffer from pixel to pixel
cross-talk. In the end, their size was chosen to be 57.7 × 62.5 µm. The readout is
done with channels with a width of 250 µm. Every SiPM has 128 channels with 104
pixels each, arranged in a 4 × 26 pixel grid. As shown in Fig. 3.7, the channels give
the sum of all signals produces by the pixels. If the signal passes certain thresholds,
clusters of neighbouring signals are formed and from them the particle position is
calculated with a weighted average.
The most important characteristic of the SiPMs is their photon detection efficiency
(PDE). The PDE is a wavelength dependent value that measures the number of
detected photons compared to the actual number of incident photons. It is a

16

3.4 Silicon Photomultipliers
combination of the ratio of active area to the total area, called geometrical fill factor,
and the avalanche probability of the pixels. The used SiPMs will achieve a peak
PDE of around 43 %, peaking in the blue wavelength region to match up with the
emission spectrum of the scintillating fibres as shown in Fig. 3.6.

Figure 3.6: Photon detection efficiency at different wavelengths for the 2014 and
2017 SiPM models. The emission spectrum of polystyrene is superimposed in green.
Image taken from [32] with data from [33] and [34].

Another characteristic worth mentioning is the noise rate. It consists of two main
contributions: dark counts and pixel to pixel cross-talk. Dark counts are caused
by random avalanches in individual pixels. This dark count rate (DCR) has been
observed to increase with irradiation of the SiPMs and is temperature dependent.
To achieve acceptable levels of DCR in later stages of the experiment, the SiPMs are
cooled to a temperature of -40 ∘C. Pixel to pixel cross-talk occurs due to the creation
of infrared photons during an avalanche that can trigger neighbouring pixels to fire
as well. This results in dark count signals with high amplitudes, making it more
likely to reach clustering thresholds and be registered as a hit. To suppress this
effect, optical trenches are placed between the pixels [35].
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Figure 3.7: Example of position detection with scintillating fibres and SiPMs
created using a Geant4 simulation. An ionizing particle is sent through the fibres
along the green path. Photons are generated and propagate to the fibre end where
they hit the pixels of the SiPM channels. Fired pixels are shown in yellow with the
photons as black dots. Due to a small gap between the fibre ends and the SiPMs,
photons can be shifted slightly from their true points of exit [6].
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3.5 Requirements and Layout
The most important characteristics of the tracker are hit detection efficiency and
spatial resolution. Hit detection efficiency is aimed to be as high as possible (≈ 99 %)
with low noise rate (< 10 %) at any point in the detector. The spatial resolution
in the bending plane of the magnet is required to be under 100 µm. In addition,
the detector aims to minimize material budget within its acceptance so that the
effects of multiple scattering are less severe compared to the sub-detectors upstream
of the magnet. Performance is expected to last up to an integrated luminosity of
50 fb−1 . During the estimated detector lifespan, a dose of 35 kGy will be deposited
at the most irradiated location near the beam pipe. Irradiation changes the chemical
composition of the fibres, causing them to lose transparency and have a shorter
attenuation length. A light loss of up to 40 % is expected in the innermost region
[25]. With time, the light yield of fibres naturally decays through ageing by about
1-2 % per year. This is believed to be caused by oxidation of the polystyrene in
the core [36]. For these reasons, it was proposed to exchange the irradiated inner
modules with spares after half of the expected lifespan.
The SciFi Tracker will be comprised of three stations (T1-T3) that are located at
the same positions that the OT currently occupies. Each of these stations has four
layers arranged in a 𝑥-𝑢-𝑣-𝑥-pattern with the 𝑢 and 𝑣 layers rotated by ±5° with
respect to the vertical 𝑥 layers to enable position detection in three dimensions. The
distance between two layers is 20 mm and the stations have a distance of 455 mm
between them. Layers are comprised of modules, with each module consisting of 2 x
4 fibre mats with mirrored ends in the middle and SiPM readout mounted on the
outside. The layers of the first two stations will use 10 of these modules, while the
third station uses 12 [25]. The layout of the SciFi Tracker is shown in Fig. 3.8. A
module consisting of 8 fibre mats with mirrored ends in the middle of the detector
and SiPM readout at the top and bottom is shown as well. The inner modules have
a circular cut-out to accommodate the beam pipe.
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Figure 3.8: The right side depicts a schematic front view of the LHCb SciFi
Tracker. The two halves are shown with additional separation between them that
is not present in the final detector. On the left, a side view of one station is shown.
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The inner workings of scintillating fibres are rather complex. Since some processes
are difficult to compute with analytical methods, Monte Carlo simulations can
be useful to gain an understanding of the general fibre behaviour. Simulations
provide the opportunity to look at data not measurable by experiment and make it
possible to gain a deeper understanding of the underlying processes and assess the
future performance of the detector. The LHCb working group at TU Dortmund has
therefore developed a single fibre simulation with the Geant4 toolkit [37–39]. It
simulates ionizing particles traversing a single fibre placed in a vacuum, creating
photons in the process according to the emission spectrum of polystyrene, which
are then absorbed and re-emitted at a higher wavelength by the wavelength shifter.
Rather than simulating the entire scintillation process, the fibre can also be excited
directly by UV photons which emulate the emission spectrum of polystyrene. The
paths of these photons along the fibre are then simulated, taking into account the
different processes like re-absorption by the wavelength shifter, Rayleigh scattering,
absorption by the base material and reflections at the interfaces. As an example,
one simulation event is shown in Fig. 4.1. This level of detail is only possible with a
limited number of fibres. A multi-fibre simulation has been developed to analyse
cross-talk in fibre mats for example [40]. A standalone, multi-fibre simulation and
even a whole detector simulation do exist as well [41], but they do not perform
calculations for every single photon [42].
Chapter 3.1 describes the fibre geometry used in this simulation. However, the
manufacturer does not specify the material used for the outermost cladding. The
only information available is that it is a fluorinated polymer with a certain density
and refractive index. Based on this information, the material is chosen as PTFEMA1 .
The fibre can be subdivided along its length into any amount of parts with different
levels of irradiation and thus different attenuation lengths. A mirror with a variable
reflectivity is placed on one end of the fibre. On the opposite end, a detector
made from either air or polystyrene can be placed. The choice of detector material
determines if photons are refracted at the fibre end before being recorded. While the
fibre is placed inside a vacuum, other materials can be simulated by changing the
refractive index of the outer material. In theory, some photons should perform total
1

Poly(2,2,2‐trifluoroethyl methacrylate)
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Figure 4.1: One simulated event using the single fibre simulation. A primary
particle shown in red passes through the blue fibre core. The yellow lines are the
photon paths through the fibre. On the left side, some are reflected by the mirror
shown in white before being detected inside the orange detector volume on the
right side [29]. Proportions are not to scale.

internal reflection on the interface between the outer cladding and the surrounding
air. In reality, surface imperfections are responsible for the loss of nearly all photons
reaching this boundary [43]. In the simulation, all photons reaching this boundary
are therefore considered lost.
The simulation is written in C++, storing the resulting data in Root TTree structures.
One of these TTree structures exclusively stores the properties of photons reaching
the detector. Photons that don’t reach the detector are stored as well, enabling the
trapping efficiency to be analysed. A list of all the recorded properties can be found in
Ref. [39]. Some important properties include the path length in the different media,
the number of reflections at the different interfaces, the coordinates of creation, as well
as detection, and the momentum along each axis. The simulation is flexible, allowing
the various properties like geometry, attenuation or the absorption and emission
spectra to be loaded from parameter files at the start of the simulation. It is designed
to aid with research and development. It can be used to compare measurements to
simulation results, allowing an improvement of simulation parameters, while at the
same time giving information about processes not directly measurable by experiment
[29].
On the way through the fibre, different loss mechanisms are considered and simulated.
Reflection losses at the interfaces are not a part of this simulation and are therefore
added after the simulation is completed. This can be done with ease since the
number of reflections at both interfaces is recorded by the simulation. This is
discussed in chapter 6.5.
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The reflection loss coefficient 𝜖 is a measure describing the probability of loosing a
photon at a single reflection. In order to extract certain values, such as the reflection
loss coefficient, from measurements, fits are performed over the measured attenuation.
For these fits, the geometry of the photon path inside the fibre has to be understood.
So far, theory calculations only take photons into account moving exclusively in the
core, called core photons. Depending on the angle, however, photons that enter the
cladding, so-called cladding photons, can be more numerous. This chapter discusses
photon propagation in scintillating fibres. A new model developed in the scope of
this thesis, which takes the photon path in the cladding material into account, is
presented and compared to simulation results. In addition, the angle of the photon
paths to their respective interfaces are derived using geometrical relations for both
core and cladding photons.

5.1 Core Photons
There are two major loss mechanisms at play during a photon’s journey through
the fibre [44]. One is the absorption and scattering due to the fibre material (𝐴core ),
the other is the loss that occurs due to reflection at the interfaces between materials
(𝐴refl ). Both of these loss mechanisms have different dependencies on the angle,
which makes it possible to separate them in the analysis. The total intensity can
thus be written as
𝐼(𝑥, 𝜃) = 𝐼0 𝐴core (𝑥, 𝜃)𝐴refl (𝑥, 𝜃) .
(5.1)
Loss due to fibre material is an exponential process depending on the path length
𝐿 of the photon. It is proportional to 𝑥/ cos 𝜃, where 𝜃 denotes the angle of the
photon track inside the fibre with respect to the fibre’s central axis, called inner
angle, and 𝑥 is the distance along the fibre. The strength of absorption in the core
material is quantified by the attenuation coefficient 𝑎co . The losses due to the core
material can therefore be expressed as
𝐴core (𝑥, 𝜃) = exp (−𝑎co 𝐿(𝑥, 𝜃)) = exp (−𝑥𝑎co / cos 𝜃) .

(5.2)
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The reflection loss coefficient 𝜖co describes the probability of a photon to be lost at
a single reflection on the core-cladding interface. The total number of reflections
𝑁 (𝑥, 𝜃) depends on the exact nature of the photon path. It can be shown that
𝑁 (𝑥, 𝜃) =

𝑥 tan 𝜃
2
2√𝑟core
− 𝑟c2

(5.3)

,

where 𝑟core is the radius of the fibre core and 𝑟c denotes the distance of closest
approach to the central axis of the fibre. The reflection losses can be expressed for
𝜖co ≪ 1 as
𝐴refl (𝑥, 𝜃) = (1 − 𝜖co )𝑁(𝑥,𝜃) = exp (𝑁 (𝑥, 𝜃) ln(1 − 𝜖co ))
≈ exp (−𝑁 (𝑥, 𝜃)𝜖co ) = exp (

−𝑥𝜖co tan 𝜃
2
2√𝑟core
− 𝑟c2

),

(5.4)
(5.5)

giving the total intensity as
𝐼(𝑥, 𝜃) = 𝐼0 exp (−𝑥 (

𝑎co
𝜖co tan 𝜃
)) .
+
2
cos 𝜃 2√𝑟core
− 𝑟c2

(5.6)

This approximation is valid because the reflection loss coefficient is in the order of
1 × 10−5 . It is also important to note that this equation is only valid for photons
that move exclusively through the core of the fibre. Photons entering the cladding
have more complicated angular dependencies and will be addressed in chapter 5.2.
Equation 5.6 shows that the number of reflections approaches zero for smaller angles.
At an angle of 0°, the reflection losses disappear completely. Thus the attenuation
coefficient can be determined separately.

5.1.1 Interface Angle
Photons that do not pass through the central axis move on a helical path through
the fibre. These are called non-meridional photons. A non-meridional photon can
travel trough the fibre at angles exceeding the maximum angle for total internal
reflection, since not the angle relative to the central fibre axis, but the angle relative
to the interface, the so-called interface angle, is significant for reflection. The size of
𝑟c is an important characteristic of the photon paths since it impacts the maximum
angle under which photons remain in the fibre. As an example, a photon with
an angle of 90° to the fibre axis and an 𝑟c close to the radius of the fibre core is
considered. The photon will hit the interface at an angle close to 0° and thus remain
in the fibre. To calculate the interface angle, three variables must be known:
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• the angle 𝜃 of the photon inside the fibre, which can be calculated from the
angle outside the fibre, i.e. the angle measured with the spectrometer, by
means of Snell’s law.
• the radius of the fibre core 𝑟core , which is at a fixed value of 110 µm.
• the shortest distance of the photon track to the fibre’s central axis, 𝑟c .
Figure 5.1a shows the geometry of the fibre as well as the photon path and the
three necessary variables. Using these three variables, a cube can be constructed as
shown in Fig. 5.1b. The lengths 𝑎, 𝑐, as well as the length of the photon track in
the core material 𝐿co , and the projection of the photon track inside the core on the
𝑥 axis, 𝑥co , can be calculated:
2
𝑎 = √𝑟core
− 𝑟c2 ,
𝑎
𝑥co =
,
tan 𝜃
𝑐 = √𝑟c2 + 𝑥2co ,

𝐿co = √𝑎2 + 𝑥2co .
It can be seen that 𝑐, 𝐿co and 𝑟core form a triangle which is highlighted in Fig. 5.1c.
Since all sides of the triangle are known, the angles can be obtained using the law
of cosines. The angle 𝛾co of the incident photon path relative to the surface normal
of the core-cladding interface is then given by
𝛾co = arccos (

2
𝑟2
𝑟core
+ 𝐿2co − 𝑐2
) = arccos (√1 − 2 c sin(𝜃)) .
2𝑟core 𝐿co
𝑟core

(5.7)

Since the interface angle is defined relative to the surface itself rather than the
surface normal, the interface angle is
𝜃int = 90∘ − 𝛾co = arcsin (√1 −

𝑟c2
2
𝑟core

sin 𝜃) .

(5.8)

5.1.2 Average rc
Unfortunately, the value of 𝑟c cannot be measured directly but is needed for the
calculation of the interface angle. For this reason, an expression for the average
value of 𝑟c using simulation data is determined. The simulation is performed without
taking the reflection losses into account and are thus not perfectly accurate. Figure
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(b)

(a)

(c)

Figure 5.1: Illustration of the fibre geometry and the necessary variables for the
calculation of the interface angle. Shown in (a) is an arbitrary photon path in
orange with the corresponding angle 𝜃 to the vertical axis (𝑥 axis). The plane
in which this photon path lies is shown in orange as well. The red lines are the
distance at closest approach of the photon path to the fibre’s central axis, called
𝑟c . Depicted in blue is 𝑟core , the radius of the core material. In (b), a cube
is constructed using the aforementioned variables. New variables that can be
calculated are depicted as well. Image (c) highlights the triangle from which the
angle 𝛾co of the photon path relative to the surface normal is calculated. This
angle is depicted in green.
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5.2 shows the distribution of 𝑟c depending on the angle within the fibre. Above 27°,
photons with a low 𝑟c are unable to remain in the fibre, since this is the highest
angle at which total internal reflection still occurs for meridional photons at the
core-cladding interface. For higher angles, the minimum required value of 𝑟c to
remain in the fibre rises. Above 39°, photons will be totally reflected on the fibre-air
interface at the fibre end and thus not be detected. For each angle, the average value
of 𝑟c is calculated and is shown as the blue line in Fig. 5.3. Two parts exist with
different angular dependencies. For low angles, the average is approximately constant
at a value of about 45 µm. Above 27°, the average 𝑟c rises and is approximated with
an exponential function.
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Figure 5.2: Simulation showing the distribution of 𝑟c at different angles within
the fibre for all photons.

In later analyses, it becomes important to know the average value of 𝑟c exclusively
for photons that enter the cladding of the fibre. Using the same simulation, photons
remaining in the core can be eliminated and the desired fit can be obtained. The
red line in Fig. 5.3 shows the resulting fit for cladding photons exclusively. Since all
photons are created in the core, photons must have an angle of at least 21° to pass
into the cladding material. At angles above 27°, photons with low 𝑟c start to exit
the cladding material, causing the average value of 𝑟c to rise.
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Figure 5.3: Average value of 𝑟c depending on the angle inside the fibre. Shown
in blue is the data which includes all photons and in red the data exclusively for
cladding photons is shown.

5.2 Cladding Photons
So far, photons that enter the cladding have been neglected due to the complex
nature of their paths. At higher angles, however, they become more important. The
fraction of cladding photons of the total number of photons is depicted in Fig. 5.4.
Results are obtained using a simulation without taking any reflection losses into
account. The number of cladding photons is exactly zero up to an angle of 21°,
where photons first enter the cladding. Then, a drastic increase is observed up to
an angle of 27°, where the number of cladding photons peaks with 70 %, making
them non-negligible. The total number of photons is at its maximum at this angle
as well.
In this chapter, a model is presented with which the path of cladding photons
through the fibre can be described with small deviations to simulation results. This
allows the determination of various values, including the path length in the different
media, the angle with which the photons hit the cladding-cladding interface (which
is important for total internal reflection), as well as the number of reflections at
the interface. The derivation shown in this chapter uses geometric relations and a
number of different variables that are all needed to reach the result.
Starting with the construction used to calculate the interface angle for core photons
that is performed in chapter 5.1.1, the task now is to take refraction into account
rather than reflection. Refraction can be computed with Snell’s law, for which the
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Figure 5.4: Fraction of cladding photons in per cent of the total number of
photons exiting the fibre end for different angles inside the fibre.

angle of incidence relative to the surface normal is required. With the definition of
the interface angle used in this thesis, the angle 𝛾co relative to the surface normal is
90∘ −𝜃int . The angle 𝛤 of the refracted photon path within the cladding is therefore
𝛤 = arcsin (

𝑛core
cos(𝜃int )) ,
𝑛clad

(5.9)

where 𝑛core and 𝑛clad denote the refractive index of the core and cladding material,
respectively. The plane along which refraction occurs is spanned by the surface
normal and the incident photon path. With the variables known so far, the angle 𝜎 of
this plane relative to the central fibre axis can be calculated with 𝜎 = arctan (𝑟c /𝑥co ).
To aid with visualization, a point reflected cube is constructed within the cladding
with the same dimensions as the original. This is shown on the left side of Fig.
5.5.
The refracted photon path, shown in lime green on the right side of Fig. 5.5, now
falls outside of the newly constructed cube and forms a triangle together with the
point reflected 𝑟core and a new variable 𝑔, which is the extension of the point reflected
variable of 𝑐 until it intersects the refracted photon path. This triangle is the one
highlighted on the left image in Fig. 5.6. One angle of this triangle, called 𝛽, is
also present in the original cube and can be calculated from values already obtained
via
𝐿
𝛽 = arcsin ( co sin(𝛾co )) .
(5.10)
𝑐
Knowing 𝛽 and 𝛤, the last missing angle 𝛼 is obtained from the sum of angles.
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(a)

(b)

Figure 5.5: Visualization of the geometry. The fibre core is depicted as a grey
cylinder with the photon path travelling through shown in orange. The left side
shows the construction of a new cube outside the core by point reflecting the one
inside the core. The right image additionally shows the refracted photon path in
lime colour.

Using the law of sines, the length of 𝑔 can then be calculated through
𝑔=

𝑟core
sin(𝛤 ) .
sin(𝛼)

(5.11)

With 𝑔 and 𝜎, the height ℎ and width 𝑤 of the cube spanned by the refracted photon
path can be obtained. It is depicted in the right image in Fig. 5.6. The width 𝛥𝑤
describes by which amount this cube is wider than the previously constructed cube
(which has a width of 𝑟c ). With 𝛥𝑤 and 𝑎, another triangle can be used to get two
other values: the projection of the refracted photon path onto the 𝑦-𝑧 plane 𝑝 and
the angle 𝜑 by which the refracted photon path is bent in the 𝑦-𝑧 plane. This is
shown on the left side of Fig. 5.7. The value of 𝑝 is used together with ℎ to get the
angle 𝜆 that the refracted photon path has relative to the 𝑦-𝑧 plane.
As of now, the second cladding has not been taken into account. While the angle of
the refracted photon path relative to known variables is understood, the dimensions
of the cladding have to be considered to obtain the length of the photon path inside
the cladding, as well as the angle of incidence with the cladding-cladding interface.
First, the intersection point in the 𝑦-𝑧 plane is calculated with the geometry depicted
on the right in Fig. 5.7. New parameters needed include the radius of the cladding
𝑟clad and the angle 𝜓 between 𝑎 and 𝑟core . Through the sum of angles and the law
30

5.2 Cladding Photons

(a)

(b)

Figure 5.6: Visualization of the geometry. The fibre core is depicted as a grey
cylinder with the photon path travelling through shown in orange. In the left image,
the triangle used to calculate the variable 𝑔 is depicted with all variables needed
for the calculation. The right image shows the variables used in the construction
of a cube around the now bent photon path shown in lime colour, using the angle
𝜎 of the plane in which refraction occurs in respect to to the vertical axis.

(a)

(b)

Figure 5.7: Visualization of the geometry. The left image highlights the triangle
used to calculate the length 𝑝 and the angle 𝜑 from known values. In the right
image, the point of intersection between the cladding-cladding interface and the
projection of the length of the refracted photon path in the cladding onto the 𝑦-𝑧
plane is calculated.
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of sines, all angles can be calculated, as well as 𝐿p , the projection of the refracted
photon path inside the inner cladding onto the length 𝑝.

(a)

(b)

Figure 5.8: Visualization of the geometry. Shown on the left is the final construction together with a cylinder representing the first cladding. The right image
highlights the final triangle, which is used to calculate the photon path length 𝐿cl
inside the cladding shown in cyan, as well as the length travelled along the 𝑥 axis
𝑥cl .

Drawing a line 𝑥cl from the intersection point in the 𝑦-𝑧 plane to the real intersection
point of refracted photon path and the cladding-cladding interface gives the final
geometry shown on the left side of Fig. 5.8. Using the triangle highlighted in the
right image of Fig. 5.8, the length inside the cladding 𝐿cl can finally be calculated
from 𝐿p and the angle 𝜆. Additionally, the angle 𝛾cl between the refracted photon
path and the surface normal of the cladding-cladding interface can be calculated
with
𝛾cl = arccos(cos(𝜂) cos(𝜆)) .
(5.12)
Another important variable is the length 𝑥cl , which is the projection of the refracted
photon path onto the 𝑥 axis. Together with the projection of the photon path inside
the core material 𝑥co , it is used to determine the total number of reflections during
a photon’s path through the fibre. Due to the symmetry of the system and the
way these two variables are defined, a photon always has to travel the sum of these
distances two times to get from one cladding interaction to the next. The total
number of reflections 𝑁 after a distance 𝑥 along the fibre is thus given by
𝑁=
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𝑥
.
2(𝑥co + 𝑥cl )

(5.13)

5.2 Cladding Photons
With the variables determined with the help of the model described above, the
total intensity after a distance 𝑥 along the fibre can be calculated. It is important
to note that the lengths in the different media calculated above only describe the
photon path length from the point of closest approach to the fibre central axis until
it intersects the cladding-cladding interface. Between two reflections, a photon will
travel this distance exactly two times. Therefore, the number of reflections can be
used to calculate the total length in the different media on a photon’s entire path
through the fibre. For example, the total path length of a photon in the core is
then
𝑥 ⋅ 𝐿co
𝐿core =
.
(5.14)
𝑥co + 𝑥cl
The intensity after a distance 𝑥 along the fibre for photons entering the cladding
can be obtained with
𝐼(𝑥, 𝜃) = 𝐼0 exp (−𝑎co 𝐿core − 𝑎cl 𝐿clad − 𝜖cl 𝑁)
= 𝐼0 exp (−𝑥 (

𝑎co 𝐿co + 𝑎cl 𝐿cl + 𝜖cl /2
)) ,
𝑥co + 𝑥cl

(5.15)
(5.16)

where 𝑎co and 𝑎cl denote the attenuation coefficients in the core and cladding,
respectively. For clarity, the different variables are not written explicitly.
It is important to note that the starting location of the individual photons does
not factor into these equations. This means, that there will be a small error in
the number of reflections, as well as the lengths in the different media. Consider,
for example, an extreme case, where the photon is created near the core-cladding
interface, moving outwards. It will immediately enter the cladding. If the photon is
created near the fibre end, nearly its entire path would be spent inside the cladding.
The model presented, on the other hand, calculates how often the distance 𝑥 along
the fibre can be divided by the sum of 𝑥co and 𝑥cl . If the photon has moved exactly
𝑥co + 𝑥cl along the direction of 𝑥, the model would then assume that this photon
has moved 𝐿co ⋅ 1 in the core and 𝐿cl ⋅ 1 in the cladding, even though this is clearly
not the case in this example. However, if the distance to the fibre end is sufficiently
large, the error becomes negligible.
To quantify these errors, different quantities are calculated using the model and
are then compared to values obtained from simulation. Shown in Fig. 5.9 are the
relative deviations to simulation data for path lengths in the core and cladding
material, the number of reflections on the cladding-cladding interface and the total
path length. These quantities are calculated using simulation data, which records
them directly. The new model, however, uses for its calculations only the angle of
the photon track and the 𝑟c value of the photons.
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Number of Photons

It can be seen that the relative deviation of the path length in the cladding is one
order of magnitude bigger than the relative deviation of the photon path length in
the core. This is due to the fact that, on average, the path length in the cladding
is one order of magnitude smaller. The absolute deviations of core and cladding
have roughly the same magnitude and deviate in opposite directions. If the length
in the core is too low, the length in the cladding will be too high by roughly the
same amount. This leads to a deviation on the total path length that is another
order of magnitude lower than the core length. Overall, the deviations from exact
simulation results are low, indicating the effectiveness of the model.
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Figure 5.9: Relative deviations between simulation and calculation using the
model for cladding photons. Deviations are calculated for the path lengths in the
core and cladding, as well as the number of reflections and the total path length.
Various simulations with different points of excitation are used.

34

6 Attenuation Measurements of Scintillating
Fibres
In previous publications of the working group, measurements of light intensities at
different angles have been performed [43, 45–47]. In those publications, a set-up requiring manual placement of the spectrometer is used, limiting measurements in time
and accuracy. For more precise measurements, an automated measurement device is
constructed in this thesis. Details about the construction of this device, as well as
the measurement procedures utilizing it, are described in this chapter. Preparatory
measurements are performed to test the reliability of the set-up. Furthermore,
studies of the angular and wavelength dependency of the reflection coefficient are
presented and discussed. The wavelength dependent attenuation currently used in
the simulation is re-evaluated with improved fibres.

6.1 Measurement Device
Part of this thesis is the construction of an automated measuring device that
is capable of moving a spectrometer on an azimuthal and polar angle to take
photon intensity readings. The spectrometer used is a Hamamatsu C10083CA
mini-spectrometer [48]. In cooperation with the local construction office of the
faculty of physics at TU Dortmund, a custom spectrometer support was designed.
It can be seen in Fig. 6.1. The entire device rests on a ball bearing and a rail made
from PTFE1 . Since the construction is light enough, it can simply glide across the
track. For movement, stepper motors of type PD3-110-42-232 by Trinamic are
used [49]. Both motors are controlled via a central program written in C++, which
also controls the spectrometer and an x-y table [50].
The fibre is glued into a special end piece with two-component adhesive. Afterwards
the fibre end is polished to obtain a flat fibre surface. The polished end piece is
placed in a holder in the centre of the device, so that the spectrometer always has a
distance of 6 cm to the fibre end. The other end of the fibre sits in a rubber fixture
holding it under tension. A photograph of the measurement device is depicted in
Fig. 6.2. An overview of the whole measurement set-up is depicted in Fig. 6.3.
1

Polytetrafluoroethylene
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Figure 6.1: Construction schematics of the device used to measure the angular
intensity distribution of scintillating fibres. The spectrometer is moved along an
azimuthal and polar angle by two motors, one of which is hidden from view behind
the spectrometer support in this depiction. The fibre end is positioned at the
intersection of the red and teal lines, at as distance of approximately 6 cm from
the spectrometer opening. The entire device rotates around the axis marked by
the red line, gliding on the rail for support.

Figure 6.2: Photograph of the measurement device used to measure the angular
intensity distribution of scintillating fibres. The fibre end piece is shown in red.
Within the dark box, the fibre is covered by black cloth to prevent light from
getting into the spectrometer opening through other means than the fibre end
piece. The polar motor moves the spectrometer via a hinge. A water level is used
to visually judge whether the spectrometer is aligned horizontally on the polar
angle.
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Figure 6.3: Photo of the measurement set-up. In the centre of the image, the
slide holding the LED box is depicted. A red line is superimposed onto the image
to highlight the fibre. It is held in place at the support depicted on the left side
of the image, as well as within the dark box on the right side, which houses the
measurement device. The dark box is open in this picture. During measurements,
the light in the room is turned off.

To calculate the attenuation of light along the fibre, UV LEDs are used to excite
the fibre at different positions while measuring the intensity of the light arriving
at the end. UV LEDs do not stimulate a scintillation effect in the polystyrene,
however. Instead, the photons cause an excitation of the wavelength-shifter directly.
Four UV LEDs of type UV3TZ-390-30 [51] are embedded in a box with two holes,
through which the fibre is threaded. To move this LED box in a precise manner, an
x-y table is used that was previously developed in the working group [30, 50]. It
uses stepper motors to move the LED box along two axes: along the fibre (𝑥 axis)
and horizontally perpendicular to the fibre (𝑦 axis). Since the fibre passes through
the box on a predetermined path along the 𝑥 axis, the 𝑦 axis is not used for any
measurement in this thesis.
Before each measurement begins, the motors perform a reference run to ensure
that they are in their nominal position and move consistently every time. The
motors come with an integrated Reference Search option provided by Trinamic.
However, inconsistent behaviour can be observed if this option is chosen, causing
unreliable measurements. The cause of this inconsistency could not be found in a
timely manner. For this reason, the integrated Reference Search is discarded in
favour of a manually programmed procedure. During the procedure, the motors will
move in one direction until the limit switch is pressed. From the limit switch, the
motors move a predetermined number of steps to reach the zero position.
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6.2 Preparatory Measurements
Before measurements can be performed, the viability of the set-up has to be checked.
To guarantee accurate results, various tests have been carried out that are discussed
in this chapter.

6.2.1 LED Current

Counts [a.u.]

First, the dependence of the wavelength spectrum detected at the fibre end on the
LED operating current is investigated. It is shown in Fig. 6.4. As expected, the
intensity rises linearly with higher operating current. Peak intensity of the wavelength
shifter is at a wavelength of about 450 nm. Due to the higher attenuation of smaller
wavelengths, however, the peak is shifted to higher wavelengths while passing
through the fibre at increasing distances. The spectrometer becomes saturated if
the number of counts becomes too high within the integration time. With this
set-up, the operating current of the UV LEDs can be chosen at its maximum value
of 40 mA without reaching this limit, since the spectrometer has enough distance to
the fibre end and thus only detects a small portion of the emitted photons. If the
fibre end is placed inside the spectrometer, the current should not exceed 0.1 mA.
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Figure 6.4: Wavelength spectrum of light reaching the fibre end for LED operating
currents ranging from 1 to 40 mA at an angle of 0°. The distance of the excitation
point to the fibre end is 2.5 m.
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6.2.2 Radial Symmetry
Due to the geometry of the construction, the spectrometer cannot be moved in the
full hemisphere in front of the fibre end. The covered angles range from -20° to
90° for the azimuthal angle and -8° to 90° for the polar angle. This still allows the
localization of the intensity maximum at the zero position. As an example, Fig. 6.5
shows the photon intensity at various angles where the fibre is excited at a distance
of approximately 1.8 m from the fibre end. Black circles are superimposed onto the
image to aid with visualisation. The radial symmetry of the angular intensity is
apparent. If the fibre is not properly polished, refractions due to an uneven surface
can cause a non-symmetric distribution.

Figure 6.5: Angular intensity measurements showing the radial symmetry of
angular measurements. The point of excitation is at a distance of approximately
1800 mm to the spectrometer. Black circles are superimposed onto the image to
show radial symmetry of the spectrum by highlighting areas with an equal number
of counts.
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6.2.3 Fibre Preparation
Photons reaching the fibre end opposite of the spectrometer have a chance to get
reflected on the air interface. Since the simulation data uses no photons reflected at
the mirror, those photons have to be minimized to accurately compare measurements
with simulation. For handling, the fibres need to have a finite length, which is why
studies are carried out to determine the ideal length of the fibre overhang beyond
the last support. If the overhang is long enough, almost all photons moving away
from the spectrometer are lost. The fibre is excited at multiple positions along the
fibre and the intensity measured at the fibre end. The attenuation is calculated
with an exponential fit. The fibre is first measured while still being on the spool,
which simulates an infinitely long fibre, where all photons should be lost. The fibre
is then cut to have an overhang of 7.5 m, which is successively cut shorter by 0.5 m.
The cuts are performed by hand with a scalpel. To test reproducibility, multiple
measurements are performed at each length.

Figure 6.6: Measurement to determine the ideal amount of overhang beyond the
last fibre support. The 𝑥 axis shows the amount of overhang in metres, while the
𝑦 axis shows the attenuation per metre. Measurements with the fibre on the spool
are placed at a length of 8 m. Black points mark normal measurements and red
points come from measurements whose points of excitation are shifted towards the
spectrometer by approximately 10 mm.

Shown in Fig. 6.6 is the attenuation depending on the length of the fibre after the
last support. It can be seen that a length of 5 m produces results that still closely
resemble those of an infinitely long fibre. A dip in attenuation can be observed
at a length of 6 m, calling the reliability of the measurement into question. The
measurement may be dependent on other factors than just length alone, like the
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positioning of the fibre end or the angle under which the end is cut. The general
trend, however, seems to gravitate towards lower attenuation for lengths shorter
than 5 m.
Additionally, to gauge the influence of the prolonged irradiation of the fibre during these measurements, the second measurement at lengths shorter than 3.5 m
is performed at a slightly different position, approximately 10 mm closer to the
spectrometer. Since the resulting attenuation is obtained from an exponential fit
over the whole fibre length, this process should yield the same attenuation. As
expected, the attenuation of the shifted measurements is lower than the un-shifted
for all lengths, indicating that damage sustained by UV irradiation already has an
effect which raises the attenuation. At a length of 0 m, two sets of points can be
seen. One of these is obtained after re-cutting the fibre end by another 5 mm.
Before the fibres are measured, their end is polished to achieve a smooth surface that
is perpendicular to the fibre axis. This minimizes non-uniform refraction at the fibre
end, which would lead to unpredictable scattering and unreliable measurements.
The fibre end is initially polished by hand and later by a machine. The difference
between the resulting cuts the different methods provide is shown in Fig. 6.7. Hand
polishing causes scratches on the fibre surface, creating a rough, albeit even surface.
Machine polishing creates a smooth and even surface as opposed to the polishing
by hand. A possible complication of this process are the additional steps required,
during which the fibre can be damaged. In order for the machine to polish the
fibre end, the fibre has to be wound up onto a special holder, making additional
unwinding and rewinding steps necessary.

6.2.4 Dark Counts and Dark Box
The entire device sits in a darkened room. It is not completely dark, however,
since this room houses a number of other electronics with status indicator lights
and is not completely light tight. In order to further minimize stray light hitting
the spectrometer, a dark box is constructed around the device from aluminium
profile bars and thick, black cloth. To let cables out of the box and not hinder the
movement of the device, an opening has to be put into the box. This small opening
is facing downwards and away from the fibre, minimizing the light coming in. To
test the amount of light entering the spectrometer, a dark count measurement is
performed when the room is dark and one where the lighting of the room is turned
on. No difference between the measurements is observed.
Even with no photons hitting the spectrometer, it will still give out a signal, called
dark counts. To get more accurate results, these dark counts are subtracted from the
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(a) unpolished

(b) hand polished

(c) machine polished

Figure 6.7: Microscope images of fibre ends taken before and after the polishing
processes. Image (a) shows an unpolished fibre end where the fibre was cut by
a scalpel. Image (b) shows the fibre end after it is polished by hand. Image (c)
depicts the fibre end after machine polishing.

counts later obtained during measurements with switched-on LED. The number of
dark counts are not constant, so repeated measurements during the entire measuring
period are necessary to get truthful results. The amount of dark counts depends on
the temperature of the spectrometer, which is influenced by the room temperature,
which varies during the day. Since some measurements take close to 24 hours, these
temperature variations have to be taken into account. As an example, the dark
counts for one measurement are shown in Fig. 6.8, where temperature fluctuations,
as well as smaller variations are visible. The smaller variations can be grouped into
15 sections with 15 data points each. Each section corresponds to one position along
the azimuthal angle and the data points within these sections correspond to different
polar angles. A rise in dark counts is apparent for larger polar angles. A possible
reason for this can be that the surface of the metal plate, on which the measurement
device is placed, is highly reflective. Stray light, from the status indicator light
for example, that is reflected on the ground surface can enter the spectrometer
and cause a slight increase in counts to be detected. Overall, this increase is small
compared to the larger temperature variations.
Since the temperature of the spectrometer influences the dark count rate, it is
important to know how the spectrometer heats up during operation. The heating
process is therefore investigated with a dedicated measurement that is shown in
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Figure 6.8: Number of dark counts averaged over all wavelengths over time for
an attenuation measurement of a fibre with the dark box. A sub-structure of 15
sections with 15 data points each can be observed. Every section corresponds to a
different position along the azimuthal angle while every data point within them
corresponds to a different position along the polar angle.

Fig. 6.9. At first, the spectrometer is not connected to its power supply and at
room temperature. At the start of the measurement, the spectrometer is connected,
powered on and set to take measurements of the dark counts at a fixed interval
of 30 s. The temperature is recorded by the spectrometer’s internal sensor. After
about 100 minutes, the temperature does not change significantly any more. It
reaches its maximum value of 39.5 ∘C after around 150 minutes. In the following
measurements, care is taken to ensure that the spectrometer is always at its maximum
temperature.
Dark count measurements at first were performed prior to the spectrometer recording
any data point. To reduce measurement time, this is changed to only one dark
count measurement every time the angle is changed, not with every 𝑥 position as
previously. Variation in the number of dark counts between two angle changes is
small compared to the total magnitude of dark count fluctuations. All data points
between two dark count measurements get attributed the same dark counts, which
is calculated as the average of the dark counts measured before and after them. The
error resulting from this approximation is estimated to be small compared to the
statistical uncertainties of the measurement itself.

43

6 Attenuation Measurements of Scintillating Fibres

Spectrometer Temperature

Temperature [ ◦ C]

40
35
30
25
20

50

0

50

100

150
200
Time [min]

250

300

350

400

Figure 6.9: Change of the spectrometer temperature with time. After 100 minutes,
the spectrometer temperature does not change significantly any more.

6.3 Measurement Procedure
During the measurement procedure, there is the option to vary three different
positions: the position along the 𝑥 axis and the two angles of the spectrometer.
The order in which they are varied is important and must be chosen beforehand.
Two operating modes are designed: An alignment measurement and an attenuation
measurement. The goal of alignment measurements is to check if the fibre end is
properly aligned and to check if the intensity exiting the fibre is radially symmetric.
For this reason, the position along the 𝑥 axis is only varied after all angles have been
measured. A problem with this approach is the fact that the fibres become damaged
through UV light [52, 53]. Since an alignment measurement can take hours at a
single position, the prolonged irradiation of the fibre at the same position temporarily
causes a detectable decline in light intensity at that spot. For later results, the
attenuation at different angles is of special interest. In principle, the alignment
measurement would provide the same measurements, but since the irradiation
causes the light intensity to decline, these measurements are potentially unreliable,
so another measurement procedure is used. The attenuation measurement varies the
position along the 𝑥 axis before going to the next angle. This leads to subsequent
measurements being on different parts of the fibre, allowing some annealing processes
to take place.
Before the measurement begins, two options of the spectrometer have to be set.
One is the amount of time the spectrometer counts photons, called integration time,
and the other is the number of measurements averaged. They are set to 10 ms
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and 10, respectively. The fibre is then inserted into the holder and an alignment
measurement begins. This alignment measurement covers only a small range of
angles but is detailed, with 1° steps. This is used to check whether the maximum of
intensity lies at the zero position and to gauge if the fibre has been damaged during
the polishing process. Most fibres failed this test because they were damaged during
the polishing process. If everything is in order, the attenuation measurement can
begin. It has rougher measurements with 5° steps but covers larger angles. While
the alignment measurement takes roughly 15 minutes, the attenuation measurement
takes close to 24 hours.

6.4 Comparison to CERN Measurements
The fibres making up the SciFi Tracker are required to have an attenuation length
of more than 300 cm to ensure enough light reaches the SiPMs [25]. For this reason,
attenuation measurements are performed at CERN before fibres can be produced
into fibre mats. It is not possible to check an entire fibre spool. Instead, a sample is
cut from the spool and measured in the lab. The samples measured at CERN have
an average attenuation length of 350 cm and lie well above the requirement [54].
The measurements at CERN are similar to the attenuation measurements performed
here. However, there are key differences. For instance, to suppress photon reflection,
the fibre end is covered in black graphite coating called AquaDAG. The other end
is coupled directly to a photodiode, enabling it to detect all light exiting from the
fibre end at once. A few centimetres before the photodiode, the fibre surface is also
covered with AquaDAG to suppress photons in the cladding [55].
The fibres measured in this study are leftovers from fibre mat production. The SciFi
group at CERN noticed a variation in the attenuation length of up to 15 % within the
same spool, which is attributed to varying fibre properties and not inconsistencies
in the measurement set-up [55].
Instead of a photodiode detecting all the exiting photons, a spectrometer is used in
this measurement that can only detect photons under a narrow angle to its opening.
Therefore, a different approach is required to make the measurements comparable
to CERN results. First, the intensity is measured for different angles at multiple
positions along the fibre. To obtain the total number of photons exiting the fibre at
each angle, the solid angle of the spectrometer has to be taken into account. The
intensities are weighted by the size of the solid angle at every spectrometer position.
After performing this action, it becomes apparent that the angle at which the most
photons are exiting the fibre is around 30°, as is shown in Fig. 6.10.
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Outer Angle [ º]
Figure 6.10: Initially measured intensity (red) and intensity integrated over the
solid angle (blue) for one of the fibres. Both intensities are normalized to their
maximum intensity.

Taking the sum of intensities over all angles now gives a value proportional to the
total number of photons exiting the fibre. This sum is calculated for every position
along the fibre and an exponential fit is performed over these intensities. From
this exponential fit, the attenuation length can be obtained. Comparing the results
of this process in Tab. 6.1 reveals that the attenuation lengths are almost always
shorter than in the CERN measurements by up to 20 %. One notable exception is
fibre b10, which has an attenuation length 22 % longer than the CERN measurement.
Due to damage caused by bending at a distance of about 2.5 m, more photons than
usual get reflected back to the spectrometer, causing an atypical increase in the
attenuation length. This fibre can, therefore, be ignored in later analyses. The
names of the fibres are derived from the end pieces which are available in two colours,
black (b) and red (r). The colours are used alternately and numbered sequentially.
The general trend to shorter attenuation lengths cannot be explained by the uncertainties in the CERN measurements. Trying to match the values given by CERN
more closely, the photon detection efficiencies at different wavelengths are investigated. Contrary to the relatively flat photon detection efficiency of the Hamamatsu
spectrometer used in this measurement [48], the photodiode used in the CERN
measurements rises sharply towards higher wavelengths [55]. The recorded data is
weighted with an approximation of this photon detection efficiency to simulate the
CERN results. Implementing this increases the attenuation length slightly, but still
not by the necessary amount.
Another idea is that the photodiode might not detect all the incoming light. At
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Table 6.1: Comparison of attenuation measurements with values obtained by the
manufacturer Kuraray and with measurements performed at CERN [56]. The
attenuation length is calculated twice, one time taking all angles into account (90°)
and one time taking only angles up to 45° into account. A bend at a distance of
2.5 m to the spectrometer damaged the fibre b10. As a result, more photons are
reflected back towards the spectrometer at that point, causing the attenuation to
have a higher value for that fibre.

Name

Lot Number

CERN [cm]

Kuraray [cm]

b3
b4
b10
r2
r3
r4
r10

unknown
CE170125-20
CE171115-21
CE171115-21
CE171129-02
CE170531-03
CE170125-20

335
342
342
340
332
335

325
333
333
332
360
325

Measurements
0-90° [cm] 0-45° [cm]
276 ± 11
276 ± 5
418 ± 13
273 ± 4
288 ± 4
283 ± 4
316 ± 5

321 ± 14
326 ± 4
526 ± 15
342 ± 4
360 ± 4
348 ± 3
384 ± 5

certain angles, photons can be reflected back into the fibre instead of hitting the
diode and being measured, leading to an incorrect measurement. Additionally, the
nature of the coupling to the photodiode is not clear from the publication. It is
possible that the fibre end is not coupled directly to the detector material, being
separated from it by a small gap instead. The maximum angle up to which the
intensities are summed is gradually reduced. With a lower maximum angle, the
attenuation length becomes larger. This is due to the rising number of photons with
a large number of reflections for higher angles. Since they are more likely to become
lost, the average attenuation length is reduced. At a maximum angle of about 45°,
measurements are generally close to those performed at CERN, indicating that not
all angles are being measured.

6.5 Angular Dependency of the Reflection Coefficient
In this section, the angular dependency of the reflection loss coefficient is investigated
averaged over wavelengths ranging from 400 to 700 nm.
From an attenuation measurement at different angles, the intensity is plotted as a
function of the position and the attenuation is determined with an exponential fit
taking the positions from 1 to 2.5 m into account. In order to guarantee comparable
results for attenuation measurements performed at different labs, the LHCb SciFi
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group has decided to exclude positions closer than 1 m [28]. This gives the total
attenuation at every angle for all fibres, as shown in Fig. 6.11, where it is compared to
simulation results. The total attenuation is composed of two parts: bulk attenuation
and reflection losses, as described in chapter 5. The part of Eq. 5.6 in parenthesis is
the total attenuation observed here:
𝑎tot =

𝑎co
𝜖eff tan 𝜃
.
+
2
cos 𝜃 2√𝑟core
− 𝑟c2

(6.1)

When this formula for the total attenuation 𝑎tot is solved for 𝜖eff , an effective value
for the average reflection loss coefficient per reflection can be obtained for every
angle:
2
− 𝑟c2
2√𝑟core
𝑎
𝜖eff = (𝑎tot − co )
,
(6.2)
cos 𝜃
tan 𝜃
where 𝑎co is the attenuation at an angle of 0°, where reflection losses disappear.
Since the reflection losses of many photons are examined, 𝑟c is the average value
over all photons and a function of the angle as described in chapter 5.1.2.
The effective reflection loss coefficient is shown in Fig. 6.12 for one fibre as an
example. The resulting curve has the same rough shape for all fibres: a linear
increase to about 22°, where the curve starts to flatten. This is followed by a
sharp increase to a maximum at around 30°. For angles above 21°, both core and
cladding photons are present and it is impossible to separate them. The reflection
loss coefficients for core and cladding photons are different but get combined in
some way, since Eq. 5.6 is only valid for core photons. In this section, the goal is to
reproduce this plot by using simulation data where assumptions about the reflection
coefficient are put in.
One hypothesis on how this curve occurs has to do with the angle at which the
photons hit the respective interfaces. Shown in Fig. 6.13 is a histogram showing
simulation results for the distribution of the interface angle (the angle the photons
have with respect to the surface of their respective interfaces) depending on the
inner angle (the angle relative to the central fibre axis) for both core and cladding
photons. Additionally, the average interface angle is calculated for core and cladding
photons separately at every inner angle and is depicted as well. Cladding photons
show a linear increase of the average interface angle up until 21°, followed by a slight
decrease. This is due to photons entering the first cladding since their interface
angle does not allow total internal reflection on the core-cladding interface any more.
A few photons are detected at interface angles exceeding 21°. These are photons
that travel a long way along the fibre before being wavelength shifted. They are
re-emitted with angles not permitting total internal reflection. Their point of origin
lies close to the fibre end at such a short distance that they hit the detector before
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Figure 6.11: Attenuation of the different fibres compared to simulation results.
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Figure 6.12: Plot showing the effective value of the average reflection coefficient
per reflection 𝜖eff depending on the inner angle of the photon path for one fibre as
an example. Data is obtained from measurements.
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they have the opportunity to reach the surface of the outer cladding and exit the
fibre. Their small number makes them negligible. Photons are created exclusively in
the core material and, therefore, must have a minimum inner angle of 21° to enter
the cladding. There, the maximum interface angle is 17°, after which the photons
are leaving the fibre.
For angles lower than 21°, there are only core photons present, as depicted in Fig.
5.4, which shows the fraction of cladding photons of the total number of photons
for all angles. In Fig. 6.12, the reflection coefficient shows a linear increase with the
angle in that range as well, so a proportionality between the interface angle and the
reflection coefficient is assumed.
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Figure 6.13: Simulation showing the interface angle of core and cladding photons
depending on the photon’s angle inside the fibre. Additionally, the average value
of the interface angle is calculated for every inner angle for both core and cladding
photons separately, shown in grey and black, respectively.

For core photons, the interface angle with respect to the core-cladding interface is
calculated in chapter 5.1.1. For cladding photons, the interface angle is the angle
with respect to the cladding-cladding interface. This angle, called 𝛾cl , is calculated
with the model presented in chapter 5.2 using Eq. 5.12.
From an inner angle of 22° upwards, figure 6.12 shows that the average reflection
loss per reflection increases further. However, since the average interface angle of
core photons stays the same at that interval, this cannot be caused by the core
photons in this model. This leaves the cladding photons as a possible cause. At an
inner angle of about 27°, cladding photons are the majority, indicating that they
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have a large influence on the average reflection loss coefficient at that interval. If
the effective reflection loss coefficient is a combination of the two reflection loss
values weighted by the number of cladding photons and core photons, this leads
to the assumption that the cladding-cladding interface has a higher reflection loss
coefficient than the core-cladding interface.
First estimates put the different values for the proportionality constants to 0.46 × 10−5
for the core-cladding and 1.53 × 10−5 for the cladding-cladding interface, multiplied
by their respective interface angles in degrees. These values are put into the simulation, giving every single photon a probability to become lost. A random number
generator is used to determine whether the photons are detected as usual or are
ignored from then on. Additionally, photons performing Rayleigh scattering are
filtered out. The simulation uses the momentum information recorded when photons
are created since it would otherwise be difficult to find the value of 𝑟c for photons
exiting in the cladding at the fibre end. Rayleigh scattering changes the path of the
photon, making calculations unreliable. Their removal has, due to their low number,
no effect on the results.
In the end, the simulation returns the total number of photons recorded for different
excitation positions and angles. From this data, the value for 𝜖eff at the different
angles is determined in the same way as the actual measurements. This means
that the exact information about every photon is not taken into account any more.
Instead, the same assumptions about the average value of 𝑟c and the interface angle
are used as with the measurements. This process gives the plot shown in Fig. 6.14,
which depicts the same rough shape as the measurements shown in Fig. 6.12. The
maximum is moved to lower angles, however, and the reflection coefficient does not
seem to approach zero for lower angles, although the large errors make it difficult to
come to a conclusion in this range.
There are two inputs that have an uncertainty: the angle 𝜃, where the uncertainty
is manually set to be 0.5°, as well as the attenuation, which is obtained from a fit of
the intensity. Here the uncertainty of the fit parameter is used. The relative error
for the angle becomes smaller for higher angles, which causes the errors to be larger
for smaller angles. Additionally, the number of photons exiting the fibre decreases
for smaller angles, making the fit for the attenuation less exact at those angles.
To test whether the angular dependence is the reason for this shape, another
approach is used. For this, the reflection coefficients are set to constant values, while
the reflection coefficient in the cladding is chosen to simply be 2.5 times larger than
in the core material. The resulting plot in Fig. 6.15 shows a peak at 27° as well, but
𝜖eff seems to rise for lower angles, even if the errors are taken into account. This
indicates that the model assuming a proportionality reproduces the plot obtained
from measurements better than constant values.
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Figure 6.14: Average value of the effective reflection coefficient 𝜖eff depending on
the angle within the fibre. Data obtained using simulation assuming a proportional
dependency on the interface angle.

Figure 6.15: Average value of the effective reflection coefficient 𝜖eff depending
on the angle within the fibre. Data obtained using simulation, assuming constant
values for the reflection coefficients. Reflection losses in the cladding are chosen to
be 2.5 times higher than in the core.
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6.6 Wavelength Dependency of the Reflection Coefficient
Previously performed studies on the reflection losses in polystyrene fibres by different
working groups show a decreasing reflection coefficient for higher wavelengths. One
of these studies only examines meridional light rays traversing square, un-doped
fibres to minimize absorption in the fibre core [57], while another uses fibres with a
smaller diameter, other dyes and different cladding materials [58].
The plots from the previous chapter are created for each wavelength individually
which is depicted in Fig. 6.16. A lower effective reflection loss coefficient is observed
for higher wavelengths. The maximum around 30° stays roughly at the same position
and the drop at higher angles does not seem to correlate with the wavelength. It is
assumed to be caused by a different effect. The reflection loss coefficient decreases
with higher wavelengths. To further study this effect, a different approach is used
that utilizes the equations describing the photon movement through the fibre, which
are derived in chapter 5.
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Figure 6.16: Effective value of the average reflection coefficient per reflection
𝜖eff depending on the inner angle of the photon path for one fibre as an example.
The different colours represent the individual wavelengths. Data is obtained from
measurements.

To gain access to the wavelength dependency of the reflection losses in the core
material, a fit is performed for angles below 23°. Equation 5.6 describes the
light intensity for core photons after travelling a distance 𝑥 along the fibre. The
exponent
𝑎
𝜖co tan 𝜃
𝑎tot = co +
(6.3)
2
cos 𝜃 2√𝑟core
− 𝑟c2
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corresponds to the total attenuation that is measured. This function is fitted to
the attenuation measurements with 𝜖co as a free variable. This fit is performed for
different wavelengths to obtain the corresponding value for 𝜖co at that wavelength.
The results of the attenuation measurements are shown for different wavelengths
in Fig. 6.17, together with their respective fits. The fit functions are in good
agreement with the measurement results. The resulting factor 𝜖co for the reflection
loss coefficient in the core is shown in Fig. 6.18. An exponential decrease in the
reflection loss coefficient for higher wavelengths can be observed in addition to a
peak at 450 nm. This exponential fit is performed for all fibres and the resulting
parameters are averaged. The decrease in reflection losses is thus determined to be
proportional to
𝑎 exp(−𝑥 ⋅ 𝑏) + 𝑐 ,
(6.4)
with the parameters
𝑎 = (4.48 ± 1.09) × 10−4 ,
𝑏 = (1.15 ± 0.05) × 10−2 nm−1 ,

Attenuation [m−1 ]

𝑐 = (2.52 ± 0.17) × 10−6 .
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Figure 6.17: Data and fit results used to calculate the reflection loss coefficient
at different wavelengths. The bin size for the wavelength is chosen to be 2 nm. For
the sake of clarity, only every tenth fit is shown.
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Figure 6.18: Resulting factor for the angle-dependent reflection loss coefficient
𝜖co in the core material and the fit over the data. The fit assumes an exponential
decrease with higher wavelengths. Calculations are done with a bin size of 2 nm.

6.7 Adjusting the Wavelength Dependent Attenuation
When the single fibre simulation was developed, the fibres were of the so-called
pre-series and slightly different compared to the main series fibres used in production
today. The parameters of the single fibre simulation were originally tuned to fibres of
the pre-series. In addition to theory calculations, a constant attenuation was added
to better describe the pre-series fibres. It quantifies the light loss due to imperfections
in the fibre. Main series fibres show an increased attenuation length and light yield
compared to pre-series fibres [54]. Therefore, the wavelength dependent attenuation
as seen in Fig. 3.3 is re-evaluated. Ideally, only photons with an angle of 0° should
be detected to minimize additional attenuation due to reflection losses. To exclude
photons of larger angles, the fibre end is inserted directly into the spectrometer
opening. The fibre holder, into which the fibre is glued, is designed to precisely fit
inside the spectrometer opening for this purpose. The spectrometer has a numerical
aperture of 0.22, detecting only photons of an inner angle below 7.9° [29]. With this
set-up, an attenuation measurement is performed for all fibres.
For each wavelength, the attenuation is determined with an exponential fit of
the intensity depending on the position. The results are shown in Fig. 6.19,
together with the theory curve currently used in simulations, which has an additional
attenuation of 4.65 × 10−2 added to account for imperfections in the fibre material
[29]. Also depicted is the improved theory curve where this additional attenuation is
reduced to 1 × 10−2 , which better fits the measurements. For almost all wavelengths,
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main series fibres have a smaller attenuation than the old theory predicts. The
additional attenuation is reduced to better describe the new and improved fibres. It
is unknown what changed in the production process, but it is assumed to lead to
fewer imperfections and thus higher quality fibres.
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Figure 6.19: Measured wavelength dependent attenuation of multiple fibres
compared to the curve implemented in the simulation. The dashed line is the
attenuation used in the past. The solid, black line shows the new attenuation.
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In the coming years, the LHCb detector will receive a major upgrade to extend its
capabilities and aid in its search for physics beyond the Standard Model. The upgrade
necessitates the replacement of the tracking system downstream of the magnet due to
an increased number of tracks. It will be replaced by the Scintillating Fibre Tracker,
which uses 2.4 m long, dual-clad scintillating fibres with silicon photomultiplier
readout. Monte Carlo simulations that are based on measurement results are
used to assess and optimize the future performance of this sub-detector. The
fibre attenuation is an important characteristic for the whole detector performance.
Reflection losses are of particular importance for the attenuation. They show a
strong dependence on the angle. In this thesis, studies were performed that aim
to improve the simulation accuracy by measuring this angular dependency and
attuning the simulation to better fit these predictions.
Existing models for the mathematical description of photon movement through
scintillating fibres have been extended to include photons entering the inner cladding.
This new model uses geometric relations to analytically describe the cladding photons’
movement in the fibre core and inner cladding. Comparison with simulation data
determined only small deviations of the path lengths in the different media, as well
as in the number of reflections, which is an indication of the validity of the model.
With it, the angle of the photon path with respect to the cladding-cladding interface
can be calculated which is used in subsequent analyses.
One goal of this thesis is to attune simulation parameters on the basis of measurements. This necessitates measurements that are more precise than those of previous
works. As a first step, a new automated measurement device has been constructed
and tested, allowing for long-term precision measurements of angle-dependent intensity spectra at the fibre end. These measurements were used in a number of studies
focussing primarily on the reflection losses of photons moving through the fibre via
total internal reflection. In particular, the wavelength and angular dependencies
were the focus of this thesis.
A value for the effective reflection loss coefficient per reflection is calculated for every
angle from measurements. These results were reproduced using simulation data,
with different assumptions about the nature of the reflection losses implemented. It
was found that simulations with a proportional dependence on the angle with respect
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to the interfaces best approximate the measurement result. The proportionality
constants are determined to be 0.46 × 10−5 for the core-cladding interface and
1.53 × 10−5 for the cladding-cladding interface. Further studies can be performed
investigating the precise nature of this proportionality with a larger sample size.
This thesis also attempted to parametrize the wavelength dependency of the reflection
loss coefficient at the core-cladding interface. For this, a fit was performed for angles
where core photons are in the majority, which is below 23°. The results show that the
reflection losses fall exponentially with higher wavelengths in the interval from 440
to 600 nm for all examined fibres. These observations fit with previous studies which
also observed a decrease in the reflection loss coefficient for higher wavelengths.
Further studies were performed concerning the attenuation of scintillating fibres.
First, the attenuation length was determined by measuring photon intensity at
various angles and integrating over the solid angle to get the total number of
photons leaving the fibre. Summation of all angles led to the final attenuation
length. The results were then compared to those obtained at CERN while testing
fibre spools before they were shipped to their respective winding centres. The
attenuation lengths obtained in this thesis are almost always shorter by up to 20 %.
A possible reason is that the CERN measurement does not detect light exiting the
fibre at all angles. When the detected light of the measurements performed in this
thesis is limited to a cone of 45°, the results roughly match those found at CERN.
Furthermore, the wavelength-dependent attenuation in the core material implemented in the simulation was examined. As the fibre quality has improved since
the simulation was initially developed, the simulation parameters were updated to
better reflect the current conditions. This was done by reducing an additional term
used to quantify light loss due to imperfections in the fibre from 4.65 × 10−2 to
1 × 10−2 m−1 .
The results obtained in the scope of this thesis led to an improved understanding
of the photon propagation in scintillating fibres. They can lead to more accurate
predictions when they are implemented in the simulation, helping to improve the
performance of the Scintillating Fibre Tracker. It lays the groundwork to improve not
only the single fibre simulation but the standalone and whole detector simulations
as well.
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Figure A.1: View of the powered on LED box used to excite the fibre at various
positions. It is connected to and moved by an x-y table. Black tape has been
applied to the box to block off stray light that permeates the side.
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Figure A.2: Resulting factor for the angle dependent reflection loss coefficient
𝜖co in the core material and the fit over the data for all examined fibres. The fit
assumes an exponential decrease with higher wavelengths. Calculations are done
with a bin size of 2 nm.
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Eidesstattliche Versicherung
Ich versichere hiermit an Eides statt, dass ich die vorliegende Abschlussarbeit mit
dem Titel „Study of the angle-dependent attenuation length of scintillating fibres for
the LHCb SciFi Tracker“ selbstständig und ohne unzulässige fremde Hilfe erbracht
habe. Ich habe keine anderen als die angegebenen Quellen und Hilfsmittel benutzt,
sowie wörtliche und sinngemäße Zitate kenntlich gemacht. Die Arbeit hat in gleicher
oder ähnlicher Form noch keiner Prüfungsbehörde vorgelegen.

Ort, Datum

Unterschrift

Belehrung
Wer vorsätzlich gegen eine die Täuschung über Prüfungsleistungen betreffende
Regelung einer Hochschulprüfungsordnung verstößt, handelt ordnungswidrig. Die
Ordnungswidrigkeit kann mit einer Geldbuße von bis zu 50 000 € geahndet werden.
Zuständige Verwaltungsbehörde für die Verfolgung und Ahndung von Ordnungswidrigkeiten ist der Kanzler/die Kanzlerin der Technischen Universität Dortmund. Im
Falle eines mehrfachen oder sonstigen schwerwiegenden Täuschungsversuches kann
der Prüfling zudem exmatrikuliert werden (§ 63 Abs. 5 Hochschulgesetz –HG–).
Die Abgabe einer falschen Versicherung an Eides statt wird mit Freiheitsstrafe bis
zu 3 Jahren oder mit Geldstrafe bestraft.
Die Technische Universität Dortmund wird ggf. elektronische Vergleichswerkzeuge
(wie z. B. die Software „turnitin“) zur Überprüfung von Ordnungswidrigkeiten in
Prüfungsverfahren nutzen.

Die oben stehende Belehrung habe ich zur Kenntnis genommen.
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