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Abstract
The LHCb detector will be upgraded in 2019/20 by replacing the downstream
tracking stations with a Scintillating Fibre (SciFi) Tracker. This consists of scintillating fibres whose attenuation length is essential for the performance of the
tracker. Additional attenuation caused by radiation damage is a decisive factor in
this context.
An elementary part of the detector development is the implementation of a simulation, that can predict future performances. In this thesis, comparisons between
measurement results and the simulation are carried, so that the used parameters
can be tuned more precise in the future. Moreover, the additional attenuation due
to radiation is studied and a simplification of the simulation based on a radiation
damage model is investigated. The existing simulation of the detector was extended,
so that age and radiation dose of the fibre modules can be varied at will. This makes
it easier to carry out studies. It was shown that the light yield of the detector will
decrease down to 69 % towards the end of the nominal lifetime. Replacing the inner
detector modules after Run 3 would increase the light yield by 4 %.

Kurzfassung
Der LHCb-Detektor wird 2019/20 einem Upgrade unterzogen, bei dem die hinter
dem Dipolmagneten liegenden Tracking Stations durch einen Scintillating Fibre
(SciFi) Tracker ersetzt werden. Dieser besteht aus szintillierenden Fasern, deren
Abschwächlänge maßgebend für die Leistungsfähigkeit des Trackers ist. Durch
die Strahlendosis erzeugte zusätzliche Abschwächung ist hierbei ein entscheidender
Faktor.
Ein elementarer Teil der Detektorentwicklung ist die Implementierung einer Simulation, um die zukünftige Leistungsfähigkeit vorhersagen zu können. In dieser
Arbeit werden die Ergebnisse von Messungen mit der Simulation verglichen, damit
diese zukünftig genauer angepasst werden können. Außerdem wird die zusätzliche
Abschwächung durch Bestrahlung betrachtet und eine Simplifizierung der Simulation
basierend auf Bestrahlungsschaden-Modellen untersucht. Die bestehende Simulation des Detektors wurde so erweitert, dass sich Alter und Bestrahlungsdosis der
Fasermodule beliebig varieren lassen. Dies ermöglicht eine einfache Durchführung
von Studien. Es wurde gezeigt, dass die Lichtausbeute des Detektors gegen Ende
der nominellen Laufzeit auf bis zu 69 % sinken wird. Ein Austausch der inneren
Detektormodule nach Run 3 würde die Lichtausbeute um 4 % erhöhen.
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1 Introduction
Since ancient times, humanity has been asking the question of what the basic
building blocks of this universe might look like. In the last century, the Standard
Model, which describes the structure of matter and the interaction of elementary
particles, was developed to answer this question [1]. Until now all measurements in
particle physics are within the predictions of this model.
However, there are still some observations which can not be described by the
Standard Model. One of the unresolved questions is the lack of symmetry between
matter and antimatter in the universe. The different behaviour of matter and
antimatter is reflected in the 𝐶𝑃 violation. However, the extent of the 𝐶𝑃 violation
described in the Standard Model is not large enough to explain the matter-antimatter
asymmetry. At the LHCb experiment, decays of 𝑏- and 𝑐-hadrons are observed,
which can be used to measure the degree of 𝐶𝑃 violation in order to obtain clues for
the excess of matter in the universe [2].
The statistical uncertainty, which can be lowered with an increase in luminosity, is
a dominant factor for the high precision measurements at the LHCb experiment. In
order to meet the demands for this increase, the LHCb detector will be upgraded in
2019/20. In the course of this upgrade, a number of detector components will be
replaced. A Scintillating Fibre (SciFi) Tracker with silicon photomultiplier readout
will be used as the new downstream tracking stations [3].
Before the new detector components can be installed, it is important to test and
analyse their properties. One elementary part of this preparation are simulations of
the detector and its components. The simulations are used to study properties of
the detector that cannot be measured in comparable detail or cannot be measured
at all. Moreover, the detector simulation is used to predict the future performance
and examine possible improvements.
One of the main factors that influence the performance of the SciFi Tracker is the
attenuation of the fibres used. Apart from the intrinsic attenuation, the natural
ageing process and the radiation dose cause an additional attenuation [4]. In this
thesis, both factors are studied and implemented in the detector simulation. The
simulation is compared to the newest measurement results and an extension of the

1

1 Introduction
simulation, which allows significantly faster and more precise studies, is carried
out.
In order to improve the simulation, it has to be tested and tuned. In this thesis, the
latest measurement results of fibre mats and modules are used for that purpose. In
chapter 4, the measured properties of fibre modules are examined. Consideration is
given to the use of these properties in the simulation. In chapter 5, measurement
results for a non-irradiated and an irradiated mat were compared to the simulation
in order to tune the simulation to the actual performance of the serial production
fibre mats. The fibre that is most affected by radiation is studied to obtain an upper
limit for the radiation damage and to confirm the binning size used.
Light yield attenuation maps are lookup tables for different integrated luminosities
that specify the attenuation dependent on the detector positions. These maps are
an elementary part of the simulation because they determine the temporal change
of the detector performance. The systematic uncertainties of light yield attenuation
maps and the underlying models are introduced and studied in chapter 5. In order to
extend the detector simulation so that light yield attenuation maps can be calculated
based on fibre age and radiation dose, an interpolation method is introduced in
chapter 6. This new method allows for quicker studies of detector properties for
different scenarios. This circumstance is used in order to study the effects of a
replacement of the inner detector module after half of the detector runtime.
The magnitude of additional attenuation caused by radiation depends on the radiation damage model used in the simulation. Studies are conducted in chapter 7 to test
a calculation of the additional attenuation based on this model. A simple calculation
of the additional attenuation without any simulation would enable studies to be
carried out much quicker.

2

2 LHCb experiment at the Large Hadron Collider
The LHCb experiment is one of the four major experiments at the largest particle
accelerator in the world, the Large Hadron Collider (LHC). Since it first started
in September 2008, proton-proton collisions are used for a better understanding
of particle physics and the search for New Physics beyond the Standard Model
[5]. This chapter will give an overview of the LHC, the LHCb detector and the
implications and reasons for an upgrade of this detector.

2.1 The Large Hadron Collider
The LHC, which is shown schematically in Fig. 2.1, is the largest particle collider
in the world, has a circumference of 26.7 km and is located at CERN (European
Organization for Nuclear Research) near Geneva. The LHC is the successor of
the Large Electron-Positron Collider and went into operation in 2009. Two proton
beams are accelerated in opposing directions and can collide at the interaction
√
points. At an initial center-of-mass energy of s = 7 TeV, the LHC now runs after
a two year conversion phase with a center-of-mass energy of 13 TeV. The design
luminosity of the LHC is 1034 cm−2 s−1 and the maximal possible center-of-mass
energy is 14 TeV. The protons are pre-accelerated by a chain of smaller accelerators.
Afterwards, the LHC is filled with 2808 bunches of about 1011 protons and a bunch
space of 25 ns. The maximum bunch crossing rate is therefore 40 MHz. In addition
to protons, lead ions can also be accelerated at the LHC. [6]
At the LHC there are four interaction points at which the accelerated particels are
brought to collision. The four major experiments ALICE [8], ATLAS [9], CMS [10]
and LHCb [11] are located at these points. ATLAS and CMS are both multi-purpose
experiments that cover the entire solid angle and search for New Physics, such as
candidates for Dark Matter. Thus, in 2012, the Higgs boson was discovered in these
experiments [12, 13]. ALICE is also a detector that covers the entire solid angle.
Here, however, heavy ions are mainly used to study the strong interaction sector
of the Standard Model and examine quark-gluon plasma. Quark-gluon plasma is a
state in which the confinement of quarks and gluons is suspended.
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Figure 2.1: Schematic representation of the accelerator complex at CERN. The
four major experiments ATLAS, CMS, ALICE and LHCb, as well as the ProtonSynchroton (PS), the Super-Proton-Synchroton (SPS) and other preaccelerators
and experiments are shown. [7]

2.2 The LHCb detector
The LHCb detector is a single-armed forward spectrometer that examines decays of
beauty and charm hadrons, which is called heavy flavour physics. The detector is
specially designed to observe decays of beauty hadrons. Because of the production
process, the 𝑏𝑏̄ quark pairs generated in this decay are moving preferably in the
same direction at small angles relative to the beam axis. The detector can observe
approximately 24 % of all 𝑏𝑏̄ quark pairs with this layout [14]. The detector covers
a pseudorapidity of 2 < 𝜂 < 5 in the bending plane. As shown in Fig. 2.2, the
LHCb detector consists of several subdetectors. The most important ones are briefly
described below. Most of the information in this chapter is taken from [11], other
sources are indicated accordingly.

2.2.1 Motivation for the detector
With the discovery of the Higgs boson the last postulated elementary building block
of the Standard Model was found. However, there are still some phenomena that
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cannot be clarified by the Standard Model. Thus, the existence and the properties
of dark matter and dark energy, as well as the nature of neutrino mass, remain
unexplained.
One of the main remaining problems, that also motivated the LHCb experiment,
is the asymmetry of matter and antimatter in the universe. The process in which
this baryonic asymmetry originated in the early universe is called baryogenesis and
has three necessary conditions. These conditions are named after the physicist
Andrei Sakharov, who proposed them in 1967 [15]. One of these conditions is 𝐶- and
𝐶𝑃-symmetry violation. The 𝐶𝑃-symmetry violation that occurs in the Standard
Model through the asymmetry in the Cabibbo-Kobayashi-Maskawa matrix [16, 17]
is however not sufficient to explain the degree of the matter-antimatter asymmetry
in the universe. The LHCb experiment uses precision measurements of beauty
and charm decays in an effort to explain the additional 𝐶𝑃-symmetry violation.
Moreover, the LHCb experiment uses the heavy flavour decays for an indirect search
for New Physics.

2.2.2 Detector components
The LHCb detector consists of detector parts for tracking and for particle identification. The current design is shown in Fig. 2.2 and the different components are
described below.
Vertex Locator (VELO)
The cylindrical VELO around the collision point consists of silicon modules. With
these modules, the radial component and the angular component of the particle
tracks can be measured. In the VELO, primary and secondary vertices are detected,
which are crucial for further analysis of the decays of the 𝑏-hadrons. In order to
locate those vertices, the detector elements are only 5 mm apart from the collision
point.
Ring Imaging Cherenkov detector (RICH)
The two RICH detectors located in the detector are used for particle identification
and are a special feature of the LHCb experiment. The upstream-detector (RICH-1)
is located right behind the VELO and is built with silica aerogel and C4 F10 as a
gas radiator. The downstream-detector (RICH-2) is located behind the tracking
system and is built with a CF4 gas radiator. Using the Cherenkov effect, the
momentum of the particles is measured in these detectors. The light cone produced
by the particles in the material is projected onto photodiodes, which can be used
to determine the velocity of the particle. With the help of the trajectory of the
particle, the momentum can be determined. Since low-energy particles are more
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Figure 2.2: Schematic diagram of the LHCb detector and its subdetectors. The
detector has a system for tracking and for particle identification which consist of
several sub-detectors. The momenta of charged particles can be determined with
the help of the dipole magnet. [18]

strongly deflected in the magnetic field, there is a RICH detector in front of the
magnet and one behind the magnet for particles with a higher energy.
Tracker Turicensis (TT)
The TT is used for track reconstruction. For low-energy particles, this part of the
tracking system is especially important because the low-energy particles no longer
fly through the rest of the track chamber system due to their trajectory, which is
curved by the magnetic field. For this purpose, silicon sensors are used, which are
mounted in four layers. The layers are arranged in an 𝑥-𝑢-𝑣-𝑥 system, which means
that the second and third layers are rotated by +5° and -5° relative to the other
layers along the beam axis. This enables a spatial resolution.
The magnet
In order to identify particles, a magnet is used to curve the path of the particles.
Through the curvature of the path the momentum and thou, the particle itself can

6

2.2 The LHCb detector
be identified. The used magnet has an integrated bending power of 4 T m.
Tracking system
With the tracking stations T1, T2 and T3, components of the particle momentum
can be obtained after passing through the previous detector parts. The tracking
system consists of three stations, which are arranged behind each other with a
distance of 70 cm. Each station consists of four layers, which are arranged in an
𝑥-𝑢-𝑣-𝑥 system analogous to the TT. Due to a higher track density in the area near
the beam pipe, the track chambers consist of two components, the Inner Tracker (IT)
and the Outer Tracker (OT). The IT, which is built directly around the Beam pipe,
consists of silicon strips with strip pitches of about 200 µm. It covers a maximal
area of 120 cm width and 40 cm height. The OT consists of drift tubes with an
argon-carbon dioxide mixture [19]. Depending on the position in which an ionizing
particle flies through a drift tube, a drift time is measured.
Calorimeters
The energy of the particles is measured with the calorimeters. The whole calorimeter
system consists of the Scintillating Pad (SPD), the Pre-Shower Detector (PS), the
electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL). The
SPD determines whether a particle is neutral or charged. The PS determines
the electromagnetic character of the particle [20]. The ECAL is used to measure
electromagnetic showers, such as electrons and photons. The HCAL measures
hadronic showers, such as protons and pions. The ECAL consists of alternately
arranged layers of 4 mm thick scintillators and 2 mm thick lead plates. At HCALs
16 mm thick iron plates are used instead of lead plates. [21]
Muon system
Muons are detected in the muon stations (M1-M5). The LHCb detector is designed
so that all other particles do not reach the muon system. The muon station contains
around 1400 gas-filled chambers. Muons react with the gas ions in these chambers
and wire electrodes detect the results.

2.2.3 Trigger
Although the design luminosity of the LHC is 1034 cm−2 s−1 , the instantaneous
luminosity at the LHCb experiment is reduced to 4 × 1032 cm−2 s−1 . In order to
reduce the luminosity by this magnitude, an active beam defocussing system is used,
which ensures that the two proton beams do not completely overlap at the LHCb
interaction point. The lower luminosity ensures less pile-up and leads to better
triggering and reconstruction of the events.
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Moreover, the data-storing-rate is reduced from 40 MHz to 12.5 kHz, so that the
storage and further processing of the data can be carried out feasible [22]. This is
done by the LHCb trigger-system, which consists of a hardware (L0) and a software
trigger (HLT). The L0-trigger is implemented completely in hardware and runs
synchronously to the 40 MHz bunch crossing rate of the LHC. Based on data from
the calorimeter, the muon system and the VELO it reduces the rate down to 1 MHz.
The HLT-trigger then first partially reconstructs the events by using data from the
tracking stations, which reduces the data rate down to 30 kHz. Afterwards, the full
event data is used to run a simplified version of the offline event reconstruction,
which reduces the rate to 12.5 kHz.

2.3 Detector upgrade
The LHCb experiment is mainly focused on rare decays in which the statistical
uncertainty is a dominant factor. This factor can be reduced by a larger available
dataset. As part of an upgrade of the LHCb detector the instantaneous luminosity
will be increased by a factor of five to 2 × 1033 cm−2 s−1 [23]. This would lead to
an integrated luminosity of 50 fb−1 at the end of Run 4, which is five times the
amount collected during Run 1 and 2 so far [24]. The main goals of this upgrade are
to lower statistical uncertainties and increase the sensitivity to important physics
observables. This is done by an increased read-out rate and a more effective trigger.
These changes make it necessary to upgrade or replace several detector components.
Figure 2.3 shows the schematic structure of the LHCb detector after the upgrade.
The information about the LHCb upgrade is taken from Ref. [3, 23].
In order to be able to exploit the increased instantaneous luminosity, the trigger of
the LHCb detector must be upgraded. The hardware trigger L0, which limited the
read-out rate to 1 MHz, will be replaced by a software trigger that allows a read-out
rate of 40 MHz, which corresponds to the bunch-crossing rate of the LHC. The new
software trigger is also more flexible and can be adapted more easily than a hardware
trigger to current modifications. The front-end electronics of all subdetectors has to
be replaced so that they can operate at the increased read-out rate. The detector
components SPD, PS and the muon chamber M1 will be removed because they were
used as an input for the L0 hardware trigger, which is no longer required.
The tracking stations T1 to T3 consists of an outer and an inner part. The OT is
constructed of drift tubes with drift times up to 50 ns. An increased instantaneous
luminosity leads to a higher occupancy that becomes so large at such drift times
that signals from different particle events can no longer be clearly separated from
one another. With the higher luminosity, the occupancy would increase from 6 %

8

2.3 Detector upgrade

Figure 2.3: Schematic representation of the LHCb detector with its sub-detectors
after the upgrade in 2018. The TT was replaced by the UT and the track chamber
system by the SciFi Tracker. M1, SPD and PS detector are omitted and changes
to all other subdetectors are implemented. [3]

to 25 %. In order to counter this effect, a higher granularity is needed. During the
upgrade, the IT and OT are replaced by the SciFi Tracker, which is read out with
silicon photomultipliers (SiPM). The exact requirements and characteristics of this
detector will be explained in more detail in the next chapter.
The other tracking detectors will also be replaced because they are affected similarly
by the higher luminosity, which demands higher granularities. The VELO will be
upgraded from a silicon strip detector to hybrid pixel detectors. The TT is replaced
by an Upstream Tracker (UT), in which the used silicon strips are significantly
smaller than in the TT. The new tracker has a better granularity and radiation
hardness.

9
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The old tracking station consists of the IT that is built with silicon microstrip
detectors and the OT that is made out of straw detectors. The spatial resolution of
these components are 50 µm and 200 µm with a hit efficiency around 99 %. When
the instantaneous luminosity is increased as described in section 2.3 the OT and
the readout electronics for the entire tracking station would not be able to perform
within the required efficiency parameters. Especially the increasing occupancy of
the OT would decrease the ability to distinguish between hits. Due to this, the
current tracking station is replaced by a scintillating fibre tracking detector as part
of the LHCb upgrade.
The requirements for this new detector are specified in the ’LHCb Tracker Upgrade
Technical Design Report’ (TDR) [3]. The information in this chapter is taken from
the TDR and Ref. [25]. The tracker needs to have a maximal spatial resolution of
100 µm in the bending plane of the magnet and a single hit efficiency around 99 %.
The signal to noise ratio should be below 10 % at any location along the tracker.
Moreover, the readout electronics has to be able to operate at a rate of 40 MHz. In
order to ensure minimal interaction of the particles with the material by maximal
track reconstruction capability, the radiation length 𝑋/𝑋0 has to be smaller than
1 % per detection layer.
The structure and properties of the new tracker that fulfils these requirements are
discussed below. The information is mainly taken from the TDR unless otherwise
stated.

3.1 Structure of the SciFi Tracker
The SciFi Tracker is built with scintillating fibres that are glued together in fibre
mats. The used glue, which ensures the positioning and the mechanical stability
of the mat, is EPOTEK-301-2 epoxy. TiO2 is added into the glue to reduce fibre
crosstalk. Fibre mats have a width of 13.6 cm and consist of six layers of scintillating
fibres with a nominal diameter of 250 µm.
With the SciFi Tracker, the arrangement of three stations with four layers each
remains exactly the same as with the old detector. In each station the layers are
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arranged in an 𝑥-𝑢-𝑣-𝑥 system, which means that the second layer is rotated by +5°
and the third by -5° relative to the first and fourth. The first two detector stations
each consist of ten modules and the third layer of twelve modules [26]. The modules
are assembled from two superimposed and four adjacent fibre mats. This structure
is shown schematically in Fig. 3.1.

Figure 3.1: Schematic representation of the third of three SciFi Tracker station.
The third station consists of 12 modules and is 6 m wide and 5 m high. The first
two stations consist of 10 modules. In the middle of the station there is a cutout
for the beam pipe passage. At the end of the modules there are SiPMs for read-out.
[27]

3.2 Scintillating fibres
Scintillating fibres of Kuraray [28] are used for the production of fibre mats. The
fibre type SCSF-78MJ with a diameter of 250 µm is used for the construction of the
SciFi Tracker. The basic structure of the used fibres can be seen in Fig. 3.2. The
fibre consists of a core and two claddings around it. The claddings are each 7.5 µm
thick, so they are taking up about 22.6 % of the total volume. The properties of the
materials, which are shown in table 3.1, are chosen in such a way that the refractive
indices become smaller from the inside out, i.e. from the core to the outer cladding.
This arrangement ensures that total reflection can take place.
The core consists of polystyrene with two dyes to improve the scintillating property.
The polystyrene itself has a low light yield and a high probability of reabsorption.
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Table 3.1: Properties of the materials of the fibre SCSF-78MJ [28].

fibre Core
inner cladding
outer cladding

material

refractive index

density [ cmg 3 ]

polystyrene
polymethacrylate
fluorinated polymer

1.59
1.49
1.42

1.05
1.19
1.43

Therefore, the two dyes p-terphenyl (PT) and tetraphenyl-butadiene (TPB) are
added. The relevant emission and absorption spectra are shown in Fig. 3.3. The first
dye absorbs the energy of the excited base material by Förster transfer. This is done
radiation-free by dipole-dipole interactions in less than a nanosecond. The second
dye absorbs this energy through photon exchange and radiation-free transitions.
This dye is a wavelength shifter since the absorbed energy is emitted at a higher
wavelength than it was absorbed. This reduces the otherwise very high probability of
reabsorption of photons. The inner cladding consists of polymethacrylate (PMMA)
and the outer one of a fluorinated polymer.

Figure 3.2: Schematic representation of the fibre. When ionizing particles cross
the fibre, photons are produced in the core, which are transported to the end of
the fibre by total reflection at the cladding. [3]

When ionizing particles pass through such a fibre, part of the particle energy is
absorbed, which excites the molecules of the polymer. This absorbed energy, which
is in the eV-range, then leads to an emission of photons within the core due to the
relaxation of the polymer and the processes just described. The photons are now
conducted by total reflection. Total reflection can occur either at the boundaries
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between the core and inner cladding or inner and outer cladding. The photon path
through the fibre is determined by their initial angle, their momentum and the
reflections at the cladding. According to Snell’s law, a total reflection occurs for
angles 𝜃𝐶 under:

𝜃𝐶 = arcsin (

𝑛2
)
𝑛1

(3.1)

Figure 3.3: Absorption- (red) and emission spectra (blue) of the fibre components
including the added dyes in the fibre core. [29]

Within the fibre, effects such as Rayleigh scattering and absorption cause a decrease
in light intensity 𝐼. This decrease can be described by an exponential function. At
small wavelengths, electronic transitions and Rayleigh scattering dominate, while at
longer wavelengths, absorption occurs. In the first approximation, the intensity can
be described as follows:

𝐼(𝑥) = 𝐼0 ⋅ exp (

−𝑥
)
𝛬

(3.2)

The 𝐼0 is the initial intensity of the scintillation light and 𝛬 is the attenuation
length. The attenuation length indicates when the initial intensity has dropped to
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⁄ . The inverse of the attenuation length is called the absorption coefficient. This
coefficient indicates how strongly the light is absorbed. The dependence of the
wavelength-dependent intensity on the distance to the measuring point can be seen
in Fig. 3.4a. However, it is assumed that the light propagates in a straight line.
Due to the angles that the photons have in relation to a purely straight propagation,
the paths of the photons in the fibre are usually longer than the length of the fibre
itself. Since the photons differ in their behaviours, such as absorption probability
and propagation, due to their different energies and angles, the simple description
by an exponential function is imprecise. This is the reason why fibres and fibre mats
are described by simulations, which are presented in 5, for most studies.
1 e

The attenuation length is strongly wavelength dependent, as can be seen in Fig. 3.4b.
At small wavelengths, the attenuation length is smaller, i.e. the overall absorption
is greater. As can be seen in Fig. 3.4a, the maximum emitted light is between 450
and 470 nm. At these wavelengths, the attenuation length has a value between 4
and 6 m.

(a)

(b)

Figure 3.4: Wavelength spectrum (a) and wavelength dependence of the attenuation length (b) of the SCSF-78MJ fibre from Kuraray. The attenuation length
was determined with an exponential fit, as shown in equation 3.2, of intensity
measurement data in a distance range from 50 to 270 cm to the spectrometer. [3]

3.3 Radiation effects on fibres
One of the most important factors that have to be considered when building a new
detector is the radiation hardness of the used material [30]. The SciFi detector will
be exposed to a dose of up to 35 kGy, which has a significant effect on all parts of
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the detector, especially the scintillating fibres. There are several effects caused by
radiation that lead to additional scattering, new absorption centres and reduced
light emission [31]. The transparency of the fibre is, therefore, lower and light yield
of the fibres decreases. One of the most important influences on the radiation effects
is oxygen. At higher dose-rates, the oxygen is consumed faster than it can diffuse
into the fibre. Therefore, the irradiation effects show a dependence on the dose rate
[32].

Figure 3.5: Attenuation effects of the scintillating fibre dependent on the wavelength. The dominant effects in pure polystyrene are molecular vibrations, Rayleigh
scattering and electronic transitions. For scintillating fibres the most relevant effect
is the re-absorption of the wavelength shifter TPB. The figure is taken from [33]
and the data from [29].

Not all effects and their interaction are fully understood, so a functional description
of the additional attenuation caused by radiation is the main goal. There have been
several irradiation campaigns carried out which measured the effects of radiation on
scintillating fibres. To get an approximation of the effects on the whole detector,
Monte Carlo simulations were used to estimate the dose for all detector parts [34,
35]. The Monte Carlo simulations were carried out with the especially for particle
physics developed simulation package Fluka [36].
In Fig. 3.6 the Fluka map for the position 920 to 940 cm away from the VELO, is
shown. This 𝑧 position, which corresponds approximately to tracking station T3,
is used is for all further studies. As can be seen in the Fluka map shown in Fig.
3.6, the dose varies hugely along the detector. The expected dose for an integrated
luminosity of 50 fb−1 ranges from 35 kGy next to the beam pipe down to 50 Gy for
a position 2.5 m away from the centre. The region close to the beam pipe is not

16

3.3 Radiation effects on fibres

dose / kGy

y / cm
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Figure 3.6: Fluka map for 𝑧 = 920 to 940 cm and an integrated luminosity of
𝐿 = 50 fb−1 . The beam pipe hole is located in the middle and the black lines
indicate the positions of the modules. The 1 m2 area around the beam pipe hole
has bins with a size of 2.5 cm × 2.5 cm compared to 20 cm × 20 cm for all other
regions. [37]

Based on the measurements which have been carried out, a model for the wavelength
dependent additional attenuation due to radiation has been formed [38]. A combination of the measurement data is shown in Fig. 3.7 for a wavelength of 450 nm. It is
assumed that the observed additional attenuation for higher doses is underestimated
because of the higher dose rate during the radiation campaigns compared to the
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radiation environment at the LHCb experiment. In order to account for these
different dose rates the shown linear model is only fitted to the low dose data.

Figure 3.7: The additional attenuation for a wavelength of 450 nm with data
taken from several irradiation campaigns. The two fit models use a power-law model
(blue line) and linear model (green line) that describe the additional attenuation
due to radiation damage. The green line is only fitted to the low dose data. The
figure is taken from [39] which is based on [38].

From first principal, the additional attenuation should increase linearly with the
dose. But the measurements show that a power-law model describes the correlation
better than the linear model. The best approximation is given by

𝑎r, pow, 450 nm (𝐷) = 0.4 ⋅ 𝐷0.8 ,

(3.3)

where 𝑎r, pow, 450nm is the additional attenuation due to radiation for a wavelength of
450 nm and 𝐷 the applied dose. The additional attenuation is strongly wavelength
dependent and 450 nm was chosen as a reference value because the peak of the fibre
spectrum is located at this wavelength, which is shown in Fig. 3.4a. In order to
describe the additional attenuation for all wavelengths 𝜆, this model is extended
to

−2 mm−1 (𝜆−450 nm)

𝑎pow (𝐷, 𝜆) = 0.4 ⋅ 𝐷0.8 𝑒−3.01⋅10
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(3.4)

3.4 Silicon photomultipliers
As mentioned before, the dose rate during the runs of the LHCb experiment will be
lower than during the test measurements. Because predictions say that the radiation
damage is lower for higher dose rates, the damage is underestimated for normal
operating conditions. In order to avoid this, a linear model can be looked at.

𝑎pow (𝐷, 𝜆) = 0.38 ⋅ 𝐷𝑒−3.01⋅10

−2 mm−1 (𝜆−450 nm)

(3.5)

3.4 Silicon photomultipliers
At the end of a fibre mat, silicon photomultipliers (SiPMs) are used for read-out. The
advantages of using SiPMs include a high photon detection efficiency (PDE), which
allows the detection of single photons, and a high granularity, which is determined
by the size of the channels. The PDE is shown in Fig. 3.8. Moreover, a wavelength
range that covers the spectrum of the produced photons and a low noise rate are
requirements that are fulfilled by SiPMs.

Figure 3.8: SiPM PDE as a function of the wavelength. The green line shows
the spectrum of the scintillating fibre. The fit function (blue) is a 3rd degree
polynomial that is fitted to the measurement data of the the 2017 Hamamatsu
SiPM (brown). The old SiPMs (red) had an overall lower PDE. The figure was
taken from [37] which is based on data from [40] and [41].

SiPMs are arrays of avalanche photodiodes (APD) which operate in Geiger mode
[42]. APDs are photodiodes which have a very high internal gain due to a high
electric field strength. If these APDs are operated above their breakdown voltage,
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which is called Geiger mode, the electric field becomes even larger and an avalanche
breakthrough occurs. This increases the internal gain up to 108 . The output current
is no longer dependent on the number of photons and even individual photons can
be detected. In order to determine the amount of light, many of these APDs, which
are called pixels, are arranged in a matrix. As shown in Fig. 3.9, the SiPMs are
segmented into channels that can be read out separately. The SiPMs that are used
for the SciFi Tracker are arrays with 128 channels that consist of two silicon dies
with a 250 µm gap between them.

Figure 3.9: Three channels of a SiPM, each consisting of 4 × 24 pixels, are shown.
When a particle crosses the fibre mat, pixels are fired along the way. Channel and
pixel crosstalk can occur during this process. [43]

An important characteristic of SiPMs is the PDE, i.e. the probability that a photon
that arrives at the SiPM is also detected. The geometric factor, the quantum
efficiency and the probability of a photon creating an avalanche are the three main
factors which determine the PDE. The geometric factor describes the ratio between
the active pixel area and the total area of the detector. The quantum efficiency
describes the probability of a charge carrier pair generation. The probability of a
photon creating an avalanche depends on the wavelength of the photon and the
applied overvoltage.
The PDE can be increased by a higher overvoltage. But a higher overvoltage also
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increases the dark count rate, which has a negative effect on the overall performance
of the SiPM. Furthermore, the dark count rate is affected by thermal noise and
crosstalk. Thermal noise occurs because of random avalanches caused by the thermal
movement of charge carriers. The thermal noise can be reduced by lowering the
temperature. Crosstalk can arise between two pixels as well as the channels of the
SiPM with a certain probability.

3.5 Detector modules
As described above, each module consists of two rows of four fibre mats. Therefore
modules are 4.8 m high and 0.5 m wide. At the end of the mat that points towards
the centre of the detector, a mirror is fixed to increase the overall light yield.
Dependent on the mirror efficiency the increase in light yield is on average about
85 % directly at the mirror [44]. On the other end, a SiPM for read-out is fixed.
The SiPM, which cooled down to −40 ∘C to reduce the dark counts, are located
together with the front-end electronics inside a Read-out Box.
A fibre mat is built with 6 layers of scintillating fibres and around 500 fibres for each
layer. In order to align the fibres properly, a winding machine was developed that
positions the fibre inside a pitch of 275 µm. Between each layer, glue is applied for
durability and mechanical stability. Under the first layer, 11 small holes embedded
in the wheel are filled with glue. The additional glue forms alignment pins which
are used for the positioning of the fibre mat. On top of the sixth layer, a 25 µm
thick polyimide lamination foil is attached. Later in the production process, a foil is
also attached to the pin-side of the mat. The purpose of this lamination process is
to give the mat more mechanical stability and reduce the influence of environmental
factors like the exposure of the fibres to light. After 24 h of curing the fibre mat is
taken off the wheel and gets tempered to counteract the bending that occurred on
the wheel. During the tempering process, the mat is heated to about 40 ∘C and put
under pressure. After this process, end pieces are glued to both sides of the mat so
that the mirror and the SiPM can be easily attached. Afterwards, the mat is cut to
the right length and width.
To build a complete module the finished fibre mats are positioned inside a supporting
panel between a structure of honeycomb and carbon fibre to ensures stability. On
each end of the panel end-plugs made of aluminium are attached to serve as
connections to the Read-out Box and the C-frame, which will carry the modules
inside the detector.
The quality of the produced mats and modules is graded dependent on specific
properties, which are discussed in chapter 4.
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All mats are graded based on their geometrical and optical properties [45]. The four
geometric classifications are each graded from A to D and the two optical properties
both from 1 to 4. The geometric classifications are the correct length of the mat,
how clean the processing with glue was, whether there are cracks in the mat and
whether all positioning pins are intact. For the optical classification, the fibre cross
section is examined for fibres outside the tolerances and a measurement of the light
yield is performed. The overall grade of the fibre mat is the combination of the worst
geometrical and worst optical grade. This grade is used to assemble the modules so
that modules with only A1 mats can be used in the more relevant central region
of the detector. The grades of the mats are ranked in a specific order which can
be seen in Fig. 4.1a. The order of the grades was artificially determined by the
production working group and is supposed to reflect the usability and reliability of
the built mats.
The modules, on the other hand, are graded based on the included fibre mats and
some additional measurements like the positioning of the mats, the light yield and
other parameters that try to assess the quality of the produced module.
The grades of the mats, as well as of the modules, play a crucial role in the assembly
of the SciFi Tracker. The different geometrical and optical properties are also
relevant for the simulation of the mats. In order to create a simulation which
represents the detector as good as possible, the measured properties should be
included as well as possible. Therefore, the properties are studied in this thesis. The
data of the mats and modules, which are shown in this section, is taken from the
internal data bank on 1 August 2018 [46]. In total 954 mats and 83 modules are
used for these studies. Only mats and modules that were finished and that have
been graded are taken into account.
As can be seen in Fig. 4.1a, there is a peak of 534 mats that are graded A1. For
lower grades, there is an almost steady decrease in the number of mats. Only for
A3, there is a small local peak with about 41 mats. In Fig. 4.1b the grades of the
produced modules are shown. There are 37 modules that have grade A, 22 modules
that are graded B, 17 modules that are graded C and 7 modules that are graded D.
This shows a steady decrease in the number of mats for worse grades.
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As can be seen in Fig. 4.2, the average number of photons for A-modules is 19.75,
for B-modules 19.81, for C-modules 19.06 and for D-modules 18.74. These values
show that the light yield does not vary a lot for the different module grades. For
B-modules the light yield is even slightly higher than for A-modules. The C- and
D-modules have more mats with a lower light yield, which also results in a lower
average light yield.
The parameters which are relevant for the grade of the mats and also the parameters
which are relevant for the grade of the modules are based on specific geometrical
and optical properties. These properties can mostly not be included in the current
simulation. Moreover, the influence of these properties on the performance of the
detector is hard to predict. The only parameter whose influence on the SciFi Tracker
can directly be determined and included in the simulation is the light yield.
The light yield could be used as a scaling factor for the attenuation. Most performance parameters like the hit efficiency are dependent on the light yield. Therefore
the light yield properties for each part of the detector would be useful for a better
description of the detector. As can be seen in Fig. 4.2 the module grade does not give
a great insight into the light yield performance of the included mats. The light yield
measurements for each mat would have to be looked at separately. The challenge for
this approach is the comparability of the different light yield measurements which
were carried out at different production locations. Small differences in the measuring
setup and measuring methods lead to results that cannot be reliably compared.
After the modules are assembled and connected to the read-out boxes there is a light
yield measurement for the entire module. The results of these measurements could
be useful for future approaches to scale the modules in the simulation separately.
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As part of the research and development efforts regarding the SciFi Tracker, simulation studies play a crucial role to predict the performance of the detector. There
are a number of simulations which differ in detail and objective, depending on the
detector component that is simulated.
In the LHCb software framework, a simulation for the whole detector is implemented.
The goal is to simulated complete physics events and the corresponding detector
response. The generated Monte Carlo data can be compared to measurement data
of the LHCb detector. The simulation is split into two parts, the Gauss [47] and
the Boole [48] framework. The Gauss program creates proton-proton collisions,
which are the basis for the calculation of heavy flavour particle decays. Out of these
decays, the final state particles are traced through the detector geometry. This part
is implemented by using the simulation software Geant4 [49–51] that describes the
particle-matter interaction with respect to the geometric structure of the detector.
As a result, the deposited energy in the different parts of the detector is saved as
MCHits. The second part of the simulation is the digitization of these MCHits which
is done by the Boole framework. The main functions of the Boole framework are
the simulation of the detector response, the read-out, the clusterization process and
the front-end electronics.
For the SciFi Tracker, the MCHits represent energy that is deposited at a point
in the fibre tracker. The Boole framework then simulates the response of the
fibre mat. The behaviour and response of a single fibre or photon, however, is not
being simulated. Dependent on the position of the deposited energy the attenuation
is calculated and the response of the SiPM is simulated. One approach for the
calculation of the light attenuation inside the fibres is a parametric model that is
tuned with test beam data. Another approach, which is used at present time, are
the light yield attenuation maps that are further explained in section 5.2 and studied
in section 5.3.
Because of the limited overall computing power that is available for the LHCb
software framework, the simulation uses models in which not all components are
described in greater detail. The main objectives of this simulation are the determination of the anticipated tracking efficiency and the response of subdetectors.
This simulation cannot provide information about individual parts of the detector.
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Therefore, simulations for specific components of the detector were implemented
separately. Thus, there is the Single Fibre Simulation that describes a single fibre
as well as the Stand-Alone Simulation that describes an entire fibre mat.
The validation and the tuning of the Single Fibre Simulation and Stand-Alone
Simulation are achieved by using test beam campaigns, laboratory measurements of
single fibres and other measurements involving fibre mats. In section 5.4 the Single
Fibre Simulation will be compared to measurements of produced fibre mats. The
simulation is the base for the light yield attenuation maps which will be introduced
in section 5.2. Furthermore, the Single Fibre Simulation can be used to estimate
the maximum radiation damage on the detector, which is done in section 5.5.
For this thesis, the simulation of a single scintillating fibre is most relevant. The
structure and operating principles of this simulation are presented in section 5.1.

5.1 Single Fibre Simulation
A Geant4 simulation of a single fibre was developed in the Dortmund LHCb group
[29]. The simulation is written in C++ and uses Root for data storage. The basic
idea behind using a Geant4 simulation is that an analytical approach would be
too imprecise due to parameters and factors which are difficult to predict involving
light production and propagation. The simulation can give a detailed insight into
the behaviour and response of a scintillating fibre.
In the simulation, a double-clad fibre with a core that contains scintillating and
wavelength shifting dyes is realized. The properties of the materials used including
the refractive indices, the geometrical dimensions as well as the absorption and
emission spectra, which are further described in section 3.2, are implemented in
the simulation. The chance for reflection between the outer cladding and the air is
set to zero because the poor surface quality of real fibres allows only a neglectable
amount of reflection. The excitation can be accomplished by firing ionised particles
at the fibre, which then emits photons based on the amount of deposited energy.
Alternatively, photons can be created directly inside the fibre at a certain position
and angle. The excitation point, the initial energy and the other parameters can
be specified using parameter files. This allows for specific tests and a tuning of the
simulation to the latest measurement results without changing the Geant4 code.
At the one end of the fibre, a mirror with variable reflectivity is placed. At the
other end, a detection volume is placed. The detection volume can consist either of
air or polystyrene. Air leads to refraction of the light at the end of the fibre which
simulates the small air gap between fibre and SiPM in the real construction. The
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output includes detailed information about the simulated photons, for example, exit
position, momentum, wavelength and number of reflections.
The Single Fibre Simulation can also simulate an irradiated fibre with a specific dose
profile. Therefore the Single Fibre Simulation is the basis for the calculation of the
change in attenuation dependent on the integrated luminosity, which is described in
the next section.

5.2 Light yield attenuation maps
The mean number of photons that are detected by the SiPM is called the light
yield, which is an important parameter for the performance of the SciFi Tracker.
The number of photons that are detected at the end of the fibre depends on the
attenuation of the light inside the fibre. The attenuation, in turn, depends on the
intrinsic attenuation of the fibre as well as factors like radiation damage and the
age of the fibre. These factors will be discussed in chapter 6 of this thesis.
In the LHCb simulation, the attenuation was implemented in the Boole framework
as described at the beginning of this chapter by a parametric model. However, the
Single Fibre Simulation that was introduced in section 5.1 can describe the actual
behaviour of a fibre better than this approximate model. Therefore the calculation
of the attenuation based on this simulation has replaced the old approach.
The attenuation can be determined by using the results of a Single Fibre Simulation.
In order to get a value for the attenuation without simulating the whole detector
every time, light yield attenuation maps (LYAMs) were created as lookup tables
by the LHCb SciFi group [37]. So the attenuation for a specific part of the SciFi
detector can be simply read out. The Fluka map, which is described in section 3.3,
is used to account for the influence of radiation on the attenuation.
The detector is axis-symmetrical to the two axes orthogonal to the beam pipe, called
𝑥- and 𝑦-axis. The vertical axis is the 𝑦-axis and the horizontal the 𝑥-axis. Because
of this symmetry of the detector, only one quarter has to be simulated. The LYAMs
consist of 120 bins in the 𝑥-direction and 101 bins in the 𝑦-direction with one bin
having the width and height of 25 mm, which correspond to the bin size of the
Fluka map. The attenuation shows the upper right quarter of the detector, so the
hole for the beam pipe is located in the lower left corner. A quarter of the entire
beam pipe hole is in this plane, which means that it has a width of 130.8 mm and a
height of 115 mm . The 4 × 5 bins in this corner are not filled and the fibre length
above the beam pipe hole is set to 2385 mm. All other fibres are 2500 mm long.
Each bin is filled with the result of the Single Fibre Simulation for the corresponding
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𝑦-position along the fibre. For unirradiated fibres, the attenuation is independent
of the 𝑥-position, because the conditions used in the simulation are the same for
fibres with the same 𝑦-position. For irradiated fibres, the corresponding dose profile,
which can be taken from the Fluka map, is taken into account for the Single Fibre
Simulation. The exact position of the fibre excitation is the middle of the lower
edge of the bin position. UV photons with the emission spectrum of the scintillating
dye (p-terphenyl) are used for the excitation. The photons are created isotropically
inside the fibre.
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Figure 5.1: LYAMs for direct (left) and reflected (right) photons and 0 fb−1 .

2 × 10

1.5
1.0

10

0.5
00

0.5

1.0

1.5

x/m

2.0

2.5

2

3.0 6 × 10

2.0

2

3

6 × 10

1.5
1.0

4 × 10

0.5

3 × 10

00

0.5

1.0

1.5

x/m

2.0

2.5

attenuation coefficient

y/m

2.0

2.5

2

y/m

3 × 10

attenuation coefficient

2.5

3

3
3

3.0

Figure 5.2: LYAMs for direct (left) and reflected (right) photons and 50 fb−1 .

The attenuation coefficient 𝛼 is the value depicted in the LYAMs and indicates the
ratio of photons which are detected at the end of the fibre and the number of initial
UV photons 𝑛ex . Direct and reflected photons are considered separately so that
the mirror reflectivity and the timing of the photons can be adjusted and tuned
afterwards. In order to obtain the attenuation coefficient, the photons are weighted
with the wavelength dependent PDE of the 2017 SiPMs, which is shown in Fig. 3.8.
Moreover, the photon loss probability 𝑝BL due to reflection on the core-cladding and
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the cladding-cladding interface and the number of reflections at these interfaces 𝑛refl
is taken into account. The coefficient for direct and reflected photons is therefore
given by:

1
𝛼dir/ref (𝑥, 𝑦) =
⋅
𝑛ex

𝑛dir/ref (𝑥,𝑦)

∑

𝑃 𝐷𝐸(𝜆𝑖 ) ⋅ (1 − 𝑝BL )𝑛refl,𝑖 .

(5.1)

𝑖

The LYAMs are implemented in the Boole simulation framework by xml-files.
There are maps for differently integrated luminosities from 0 fb−1 to 100 fb−1 . In
section 5.3 studies concerning these maps are carried out.
In Fig. 5.1 the LYAMs with direct and reflected photons for 0 fb−1 and in Fig. 5.2
for 50 fb−1 are shown. It can be seen that, in general, the attenuation coefficient
for direct photons is higher than for reflected photons due to the difference in
path length. For the same reason, the smaller fibres above the beam pipe also
have attenuation coefficients that vary from the neighbouring normal sized fibres.
Moreover, the attenuation coefficient drops, as expected, for a radiated detector.
There are several factors that contribute to the uncertainty of the LYAMs. The
simulation of the Fluka map, as well as the simulation of the LYAM itself, result
in statistical uncertainties. But the main factors are the used simplifications and
assumptions for physical processes and properties that lead to systematic uncertainty.
The used radiation damage model contributes to the systematic uncertainty. The
power-law model describes the measured radiation damage effects more precise than
the linear model, which can be used as a worst-case approximation. The linear
model is, therefore, a measurement for the maximal systematic uncertainty caused
by the radiation damage model. Measurements have shown that in some areas the
radiation dose can be up to twice as high as predicted by the simulation. Therefore,
a double dose of the input Fluka map, which also describes the 100 fb−1 LYAM, is
given as an uncertainty on the Fluka map itself.
The linear model and the double dose map, as well as the combinations of both, are
studied further in the following section 5.3. These considerations make it possible to
estimate the systematic uncertainty and to obtain location-dependent information
about the uncertainty.

5.3 LYAM studies
As set out in section 5.2, light yield attenuation maps (LYAMs) contain the attenuation coefficient, as a measurement for the ratio between the number of detected
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photons and photons that are used for excitation. Because attenuation maps are
an indispensable part of the Boole framework, comparative studies of different
models and maps that also describe systematic uncertainties of the LYAMs were
carried out in this thesis.
The additional attenuation due to radiation is mainly dependent on the amount
of radiation and the radiation damage model. The detector is expected to collect
an integrated luminosity of 50 fb−1 . It is anticipated that this size could vary, so a
comparison with the double dose map for 100 fb−1 is necessary in order to assess
the effect of a possible higher dose. This double dose map also gives the systematic
uncertainty on the Fluka map. Moreover, there are two radiation damage models,
the linear and the power-law model, which were discussed in section 3.3. The linear
model can be seen as a worst-case approximation of the radiation damage model.
The differences between these models for different positions at the detector are also
studied in this section.
For these studies, the attenuation is regarded as a function of the distance to the
SiPM. The 2d-plots can provide information about the change in attenuation along
the fibre for direct and reflected photons. The attenuation coefficient is strongly
dependent on the radiation dose. For an irradiated detector, the coefficient and
its progression are much different close to the beam pipe compared to the edge of
the detector. In order to compare the different regions of the detector, the two
𝑥-columns of bins which contain full-length fibres and have the largest difference
among each other are studied. The column of bins right next to the beam pipe
𝑥-bin 6 (𝑥 = 125 - 150 mm), which is called the worst-case 𝑥-bin, is compared to
the column of bins on the right edge of the detector quarter 𝑥-bin 120 (𝑥 = 2975 3000 mm).
In Fig. 5.3, it can be seen that the attenuation coefficient of the unirradiated
detector is independent of the 𝑥-position for full-length fibres. For the fibres closer
to the beam pipe the additional attenuation due to radiation is stronger. Especially
for the bins close to the mirror, this can be observed. The light yield for the position
next to the beam pipe is almost half of the light yield at the edge of the detector.
As expected, the attenuation coefficient for the double dose model, which shows the
systematic uncertainty on the Fluka map, is for all positions lower than for the
50 fb−1 .
In Fig. 5.4 the linear and the power-law model for 100 fb−1 are compared. For the
direct photons in 𝑥-bin 6 the attenuation coefficient for the linear model is higher
than for the power-law model, except for the position directly at the mirror. For
reflected photons, it is the other way round. In 𝑥-bin 120 the linear model always
has a higher coefficient. The differences originate in the different dose profiles which
are traversed by the photons. For low doses, the linear model results in a higher
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Figure 5.4: The attenuation as a function of the distance to the SiPM is shown
for 𝑥-bin 6 (left) and 120 (right). Furthermore, the linear and the power-law model
for the radiation damage for 50 fb−1 are compared.
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light yield. For higher doses, the power-law model results in a higher light yield.
The dose profile the reflected photons in 𝑥-bin 6 traverse is higher than for the other
shown options. That is why here the power-law model predicts a higher attenuation
coefficient. The fact that for different positions one of the two models has a higher
coefficient is also reflected in the systematic uncertainty of the radiation damage
model that was described at the end of section 5.2.
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Figure 5.5: The attenuation as a function of the distance to the SiPM is shown
for 𝑥-bin 6 (left) and 120 (right). Furthermore the linear model for 100 fb−1 and
the power-law model for 50 fb−1 are compared.

Figure 5.5 compares the linear model for 100 fb−1 and the power-law model for
50 fb−1 . It can be seen that the two progressions for 𝑥-bin 120 are very similar with
a slightly lower attenuation coefficient for the linear model with 100 fb−1 . For 𝑥-bin
6 the attenuation coefficient of the linear model with 100 fb−1 is almost half of the
coefficient for the direct photons close to the SiPM and the reflected photons of the
power-law model with 50 fb−1 . This shows that for the position next to the beam
pipe, the systematic uncertainty due to the radiation damage model and the exact
radiation dose is the highest.
Figure 5.6 shows the total attenuation coefficient for direct and reflected photons
combined with a mirror reflectivity of 75 %. For 𝑥-bin 6 the linear model has always
a lower attenuation coefficient than the power-law model. For x-bin 120 this is the
other way round. The reason for this is the relevance of the dose profile along the
𝑥-bin which was discussed before.
In Fig. 5.7 the ratio of the total attenuation coefficient for different LYAMs to the
0 fb−1 map is shown. Thereby a statement is made about the loss in light yield after
irradiation. For 𝑥-bin 6, the light yield directly at the SiPM is about 90 % after
irradiation, with no major differences between the models. Directly at the SiPM,
the drop in light yield ranges from 61 % for the power-law model with 50 fb−1 down
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Figure 5.6: The total attenuation coefficient for direct and reflected photons
together with a mirror reflectivity of 75 % is shown for 𝑥-bin 6 (left) and 120
(right). The linear and the power-law model for 50 fb−1 and 100 fb−1 are compared
to the values of the 0 fb−1 map.
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linear and the power-law model for 50 fb−1 and 100 fb−1 .
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to 39 % for the linear model with 100 fb−1 . For 𝑥-bin 120, the light yield for all
models does not drop below 85 % and no major differences can be observed.
All in all, the linear model and the double dose model can be used to approximate
the systematic uncertainties. The linear model is a measurement for the maximal
systematic uncertainty caused by the radiation damage model. A positive uncertainty
stands for a lower light yield. The uncertainties of the power-law model compared
to the linear model range from −6.4 % to 11.7 %.
The double dose model gives a systematic uncertainty on the Fluka map. The
uncertainties that are given by this map range from −0.1 % to 23.7 %.
When combining the linear radiation damage model and the double dose map the
uncertainties range from −1.2 % to 40.7 % when compared to the single dose map
with the power-law model. [37]
These studies show the relevance of the used radiation damage model as well as
the dependency on the exact radiation for the additional attenuation. The linear
radiation damage model and the double dose map are both used as a worst-case
approximation and give a systematic uncertainty on the used single dose map with
a power-law radiation damage model. The uncertainty is especially high for the
regions close to the beam pipe which is also the region of the detector that is most
affected by radiation.

5.4 Comparison of simulation and fibre mat measurements
A simulation that perfectly describes the structure and material of a detector could
be used interchangeably with measurement results. In order to test how good
the simulation describes real fibres and tune the simulation to these measurement
results, comparisons of simulated and measured attenuation data are needed. First,
unirradiated and then irradiated mats are compared with the simulation. The
simulated attenuation data that is used for the studies in this section is obtained
from the Single Fibre Simulation which was described in section 5.1. The measured
light yield data is measurement results from the SciFi working group at Aachen
University [52].
In order to measure the attenuation of produced fibre mats, four positions along
the mat were chosen at which the fibres were excited by means of a 90 Sr source [53].
With these positions, the attenuation of the fibres can be estimated. The points
A-D are 2230 mm, 1430 mm, 815 mm and 105 mm away from the SiPM. There were
in total 248 fibre mats that were measured at those four points at the time of this
study. For each point, the light yield was measured at the SiPM. The length of a
real fibre mat is 2424 mm, while in the simulation, the length is set to 2500 mm.

36

5.4 Comparison of simulation and fibre mat measurements
For the comparison, the simulation results are therefore shifted by the difference
between these two lengths.
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Figure 5.8: Light yield of all mats that are used for the comparison with the
simulation. The excitation point for the measured light yield was point A which is
2230 mm away from the SiPMs. The dashed orange line indicates the separation
between newer and older mats.

As can be seen in Fig. 5.8 there is is a clear difference in the mean light yield for
older and newer mats. This difference can be observed for all four points but is
shown as an example for position A. The general light yield distribution is similar
for all four measurement points. For older mats, until mat 41 the light yield is
around 10.5 p.e. and for newer mats around 11.5 p.e. This difference is driven by the
quality of the fibres. The pre-series production fibres have in general a lower light
yield than the main series production fibres. In order to compare the simulation to
the newer fibres which are also relevant for the production, a cut between older and
newer mats has been made. For the further comparisons, both groups of mats are
looked at separately.
The mats are studied with and without a mirror. For the simulation, the reflectivity
is set to 75 %. This value is used in Boole and is within the scope of the results of
mirror reflectivity measurements [44]. For each of the four measurement points, the
mean value out of all mats is calculated. The measurement position is assumed to
be exact and for the light yield the standard deviation is calculated and shown.
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The simulation provides only the attenuation at each position and not a specific
light yield value. In order to compare the simulated and measured light yield data,
the simulated data is scaled, so that it matches the measured data at point A, which
is closest to the mirror. Point A is also the position where the simulation is tuned
to the test beam. So the comparison does not provide information about a specific
light yield value but about the attenuation process in general.
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Figure 5.9: Comparison of the light yield between the simulation and measurement
results for mats without a mirror.

The light yield of older fibre mats measured without a mirror is shown in Fig. 5.9a.
The simulated light yield values for point B and C are slightly overestimated and
point D matches the simulation curve. The newer fibre mats measured without a
mirror are shown in Fig. 5.9b. It can be seen that the simulated light yield values
at points B, C and D are all slightly overestimated compared to the measurement
data. For fibre mats without a mirror the simulation matches the older mats better
than the newer ones since the simulation has been adapted to measurements of old
fibres so far.
The light yield of older fibre mats measured with a mirror is shown in Fig. 5.10a.
The simulated light yield value for point B is slightly overestimated and for point D
slightly underestimated. Point C matches the simulation curve. The newer fibres
measured with a mirror are shown in Fig. 5.10b. The simulated light yield values for
points B, C and D are all slightly overestimated compared to the measurement data
but within the error bar of the measurement results. This shows that for fibre mats
with a mirror the simulation matches the older mats better than the newer ones.
This is again due to the fact that the simulation has been adapted to measurements
of old fibres.
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Figure 5.10: Comparison of the light yield between the simulation and measurement results for mats with mirror.

All in all, this shows that the simulation describes older mats better. Therefore the
simulation has to be tuned to the results of the newer fibres which are actually used
in the production process.
The light yield is slightly overestimated in the simulation both with and without
a mirror. If next to the mirror, the light yield is the same for simulation and
measurement and the light yield of the simulation is higher at the SiPM, then there
must be a higher attenuation in the simulation. Because the comparison is tuned to
point A that means the attenuation of the fibres is actually overestimated. This can
be adjusted in the Single Fibre Simulation.
The most relevant effect that affects the intrinsic attenuation of the fibres is radiation.
In order to predict the change in light yield due to radiation, the simulation has
to predict the additional attenuation as precise as possible. The process of fibre
radiation damage is discussed in section 3.3. In order to test the implementation
of the additional attenuation due to radiation in the Single Fibre Simulation,
measurements of irradiated mats are compared with simulation results.
An irradiation campaign at the CERN IRRAD PS facility has been carried out in
July 2016 in order to resemble the radiation environment of the SciFi Tracker close
to the beam pipe. For this radiation campaign, a single fibre mat has been placed
into a structure comparable to the structure of a SciFi module and was irradiated
with 24 GeV protons. The irradiation dose corresponds to the expected integrated
luminosity of 50 fb−1 and results in up to 40 kGy for the region closest to the mirror
and around 100 Gy for the readout region of the module. The dose profile of the
campaign along the fibre mat is shown in Fig. 5.11. [54]
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radiation dose / Gy

In order to compare simulation and measurement, the dose profile of those two
should also be comparable. The simulation uses the Fluka map as a lookup table
for the dose. The dose profile of the bins parallel to the 𝑦-axis, which are starting
right next to the beam pipe, is shown in Fig. 5.11. The column of bins in which the
full-length fibres that are affected the most by radiation are located is called the
worst-case 𝑥-bin.
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Figure 5.11: The dose profile of the worst-case 𝑥-bin (blue) and the dose profile
of the radiation campaign (orange). The data for the dose profile of the radiation
campaign is taken from Ref. [54].

As can be seen in Fig. 5.11, the dose profiles of the measurement and the simulation
match within small deviations. Therefore the comparison can be carried out.
In Fig. 5.12 the measurement data for an irradiated mat before and 35 days after the
irradiation campaign is shown. Moreover, the simulation results for a non-irradiated
and irradiated mat are shown. In order to carry out a comparison, the simulation is
scaled to the measurement data of the non-irradiated mat at point A, similar to the
previous comparisons.
The dose rate of the irradiation campaign was much higher than the rate at the
LHCb experiment will be. In order to compensate for any short-term effects of
this higher dose rate and get a realistic value for the lasting radiation damage,
measurement data of the irradiated mat measured after 35 days was used.
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Figure 5.12: Comparison of the light yield between the simulation (straight
lines) and measurement results (dots) for irradiated and non-irradiated mats. The
measurement data is taken from Ref. [55].

As can be seen in Fig. 5.12, the results for the non-irradiated mat agree with the
simulation with an average relative error smaller than 0.1 %. For the irradiated
mat, the simulation results slightly overestimate the light yield. However, only the
measurement of a single irradiated mat was used here, while the simulation was
tuned with the results of several measurements.
All in all the comparison with measurement results shows that the simulation is in
good agreement with experimental results. However, fine tuning like the adjustment
of the attenuation to the series production fibres still has to be carried out. Studies
concerning the validity of the used assumptions and influences of a more precise
photon path [56], the air gap between fibre and SiPM as well as the attenuation
length of the glue used [57] were carried out in the recent past.

5.5 Simulation of the Worst Case Fibre
Each bin in the Fluka map has a size of 2.5 cm × 2.5 cm and shows the mean dose
for this area. The worst-case 𝑥-bin, which was introduced in section 5.3, consists of
the bins at the 𝑥 position right next to the beam pipe and covers the full height of
the detector. As shown in Fig. 5.13a, the Worst Case Fibre is the fibre at the very
edge of this bin next to the beam pipe. The properties of the Worst Case Fibre
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give the upper limit of fibre radiation damage and additional attenuation due to
radiation. Even the relatively small distance between the middle 𝑥-position of the
worst-case 𝑥-bin and the Worst Case Fibre could be significant due to the steep
dose profile that can be observed in the Fluka map. For this reason, the Worst
Case Fibre is studied in this thesis.
The dose profile of the Worst Case Fibre has to be figured out in order to be able to
simulate the fibre and determine the attenuation. This was accomplished by looking
at the Fluka map and performing an interpolation between the worst-case 𝑥-bin
and the neighbouring bin. The Fluka map does not show the dose for the beam
pipe hole but the corresponding bins directly next to the worst-case 𝑥-bin, which
are located in the beam pipe hole, are still being simulated. Therefore the values of
those bins can also be used for the interpolation. Different fit models were tested by
fitting them along rows of bins and comparing their deviations. A linear and an
exponential fit between the bins yields almost the same results. So for reasons of
simplicity a linear fit was used. The resulting dose profile is shown in Fig. 5.13b.
The errors in 𝑥 direction are determined by the bin-size of the Fluka map in that
region.
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Figure 5.13: The position of the Worst Case Fibre and the worst-case 𝑥-bin right
next to the beam pipe hole is shown in (a). The dose profile is shown in (b). It was
determined by an interpolation between the dose profile of the worst-case 𝑥-bin
and the 𝑥-bin to its left.

The dose profile of the Worst Case Fibre can be compared to the dose profile of the
worst-case 𝑥-bin. The relative difference between Worst Case Fibre and worst-case
𝑥-bin is:
• The mean dose of the Worst Case Fibre is 4 % higher
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• The peak dose of the Worst Case Fibre is 14 % higher
The dose profile of the Worst Case Fibre is used in the Single Fibre Simulation in
order to determine the attenuation of the Worst Case Fibre. For an excitation at
the end of the fibre, the light yield fraction compared to a non-irradiated fibre is:
• Worst-case 𝑥-bin: 61.99 %
• Worst Case Fibre: 61.55 %
The Worst Case Fibre has 1 % less light yield than the worst-case 𝑥-bin when
compared to a non-irradiated fibre. This gives an upper limit for the reduction of
light yield due to radiation for a full-length fibre.
This difference is not very significant due to the general uncertainty of the LYAMs
that was discussed before. That means that the binning size that is used for the
attenuation maps is sufficient because the differences within a bin are negligible.
In the following studies, the worst-case bin is looked at for an estimation of the
detector part that is most affected by radiation. This is the lowest 2.5 cm × 2.5 cm
bin of the worst-case 𝑥-bin.
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6 Interpolation of light yield attenuation maps
The process of creating a light yield attenuation map (LYAM) was described in
section 5.2. The maps describe the attenuation of the scintillating fibres of the
detector with certain irradiation dose profiles. These lookup tables are a crucial part
of the simulation. The main challenge concerning the LYAMs is the computational
power and therefore the time that is needed to create them. A map consists
of 120 × 101 bins which are each simulated with Geant4 using the Single Fibre
Simulation. Hence, it will take some time to create such a map. Furthermore, studies
for different integrated luminosities are very time-consuming. LYAMs for any given
LHC runtime should be available. In order to create these maps, especially for small
integrated luminosity-steps, a simulation approach would take too much time, so
an interpolation between the available maps is studied in this thesis. The goal is
to find a function that can use parameters for each bin to calculate an attenuation
map for any given integrated luminosity. To enable this, a parameter map with
a certain amount of parameters for each bin is calculated. These parameters and
the corresponding function have to be determined by an interpolation between the
existing LYAMs. In section 6.1 the basis for an interpolation that allows for the
calculation of a LYAM with an arbitrary dose value is laid out. In section 6.2
this approach is extended to include the age of the used fibres. In section 6.3 the
interpolation method is put to use in order to study a possible replacement of the
inner module.

6.1 Radiation damage
As a basis for the interpolation, LYAMs for 0, 1, 10, 25, 50 and 100 fb−1 were used.
Direct and reflected photons were looked at separately, so that the timing and the
reflection of the photons can be adjusted. The maps for 0 fb−1 and 50 fb−1 were
already shown in Fig. 5.1 and 5.2. For the other four integrated luminosities, the
maps are shown in Fig. 6.1. Here the maps are a combination of reflected and direct
photons with a reflectivity of 75 %.
An interpolation between those LYAMs gives a function that describes the additional
attenuation due to radiation. From first principle, a linear function could be assumed,
but as described in section 3.3 the correlation between the additional attenuation
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Figure 6.1: Combined LYAMs representing the maps for the different luminosities
which are used for the interpolation.
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6.1 Radiation damage
due to radiation damage and the dose is already more complex. The attenuation
maps are created based on a number of complex simulated parameters. Therefore
effective fit models were tested in order to find a function that describes the LYAMs
with the smallest uncertainty.
The main criterion for the quality of the fit was the deviation of the function from
the existing data points. This deviation varies for all bins but should not show any
systematic irregularities for a specific part of the detector because that would be
an indicator for a systematic error. Another method for the validation of the fit
function is to omit a data point during interpolation and then check how well it can
be predicted with the fit model.
All those methods led to a function that best describes the attenuation for a given
integrated luminosity, which in turn specifies a certain dose distribution using the
Fluka map. For a given integrated luminosity 𝐿 the light yield attenuation 𝐴 can
be calculated with:

(6.1)

attenuation coefficient

𝐴(𝐿) = 𝑎 ⋅ 𝐿 + 𝑏 ⋅ exp(−𝑐 ⋅ 𝐿) + 𝑑
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Figure 6.2: Interpolation between LYAMs for 0, 1, 10, 25, 50 and 100 fb−1 .
The given numbers indicate the 𝑥- and 𝑦-position for the respective bin.

The parameters 𝑎 to 𝑑 are saved for each bin and for direct and reflected photons
separately in parameter files which can then be used for the calculation of the
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LYAMs. The interpolation functions for five different bins are shown in Fig. 6.2.
The bins are named after their 𝑥 and 𝑦 position. As can be seen, the course of the
curves differs, but the fit model describes the data points with a small deviation.
These five bins have been selected to represent the different areas of the detector
which are all irradiated with a different dose.
As mentioned above, the main criterion for the effective fit model is the deviation of
the function from the data points. For every of the 120 × 101 bins, a function is
fitted that can be compared with the values of the LYAMs for a specific integrated
luminosity.
The relative error between the expected and the calculated value is shown for direct
photons in Fig. 6.3 and for reflected photons 6.4 with an integrated luminosity of
50 fb−1 . The mean of the absolute value of the relative error for direct photons is
0.3 % and for reflected photons 0.4 %. It can be seen that there is a homogeneous
error distribution for both types of photons.
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This relative error can be calculated for all LYAMs that have been used for the
interpolation. The relative error of the 50 fb−1 map is a typical example for the
order of magnitude. The mean of the absolute value of the relative error is for all
maps smaller than 1 %.
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Figure 6.3: Relative error of the calculated 50 fb−1 LYAM compared to the
expected LYAM for direct photons. The mean of the absolute value of the relative
error is 0.3 %.

48

2.5

3.0 × 10

2

2.0

2.0 × 10

2

1.0 × 10

2

1.5

0.0 × 100
1.0

1.0 × 10

0.5
0

0

0.5

1.0

1.5

x/m

2.0

2.5

3.0

relative error

y/m

6.2 Time-ageing of the fibres
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Figure 6.4: Relative error of the calculated 50 fb−1 LYAM compared to the
expected LYAM for reflected photons. The mean of the absolute value of the
relative error is 0.4 %.

6.2 Time-ageing of the fibres
In addition to attenuation due to radiation 𝑎irrad , which was discussed in section
3.3, there is a further attenuation factor 𝑎time due to the natural ageing process of
the fibre. This effect occurs because of the slow oxidation of polystyrene, which
forms the core of the fibre. The oxidation leads to a decrease of the produced
light and a deterioration of light transmission [58, 59]. The detector is affected
by both factors over time. Therefore they are both known as ageing processes.
In this thesis, the natural ageing process is therefore conceptually introduced as
time-ageing. Accordingly, the total attenuation of a fibre consists of the initial
attenuation 𝑎0 , attenuation due to radiation-ageing 𝑎irrad and attenuation due to
time-ageing 𝑎time .

𝑎total = 𝑎0 + 𝑎irrad + 𝑎time

(6.2)

The light yield is directly correlated to the attenuation. Therefore the LYAMs
have to be calculated with the age of the fibre mat and the amount of radiation as
input parameters in order to account for all additional attenuation factors. This
was implemented by extending the interpolation of the LYAM, that was discussed
above.
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Figure 6.5: Extrapolation of the additional attenuation due to time-ageing with
two different models. The fit models result in 1.3 % time-ageing per year (left)
and 1.7 % per year with an initial eight month phase of no time-ageing (right).
[60]

In Fig. 6.5 measurement data for non-irradiated scintillating fibres is shown. The
fit function in Fig. 6.5 (left) is a linear regression and indicates a time-ageing
effect of 1.3 % per year. If no additional attenuation due to time-ageing for the
first eight months is assumed, which is shown in Fig. 6.5 (right), the time-ageing
effect is 1.7 % per year. The time-ageing effect is relatively small and cannot be
artificially accelerated, so measurements are very time-consuming. Therefore, the
measurements have not been completely conclusive yet and different time-ageing
models are being discussed. In the following studies, the 1.3 % model is used when
not otherwise stated.
With the calculated attenuation coefficient of the interpolation 𝛼Interpol , the timeageing factor 𝑘Age , the path length that the photon travelled 𝐿Path and the age of
the mat 𝑡, the age-dependent attenuation coefficient 𝛼ly can be calculated. The
path length 𝐿Path is approximated for the direct photons as distance to the SiPM
and for the reflected photons as distance to the mirror plus the total length of the
fibre. The time-ageing factor 𝑘Age is the slope of the curves shown in Fig. 6.5, which
results in 𝑘Age, 1.3 = 3.89⋅10−6 and 𝑘Age, 1.7 = 5.56⋅10−6

𝛼ly (𝑡) = 𝛼Interpol ⋅ exp(𝑘Age ⋅ 𝐿Path ⋅ 𝑡)

(6.3)

For the studies of the effects of time-ageing on the SciFi Tracker, the 01/01/2018
is taken as the starting date for the time-ageing process. If modules are to be
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considered individually, then the time-ageing process of the contained fibres would
be considered from the date of the light yield measurement onwards. The detector
will be exposed to an integrated luminosity of 50 fb−1 during Run 3 and 4. Moreover,
it is assumed that the luminosity is increasing linearly during these two Runs. In
order to get comparable values for the light yield, the worst-case bin of the 0 fb−1
map is set in accordance to test beam results to 18.5 p.e. The light yield of the
remaining detector is scaled by a corresponding factor.
In order to investigate the influence of time-ageing, two exemplary things are
considered here: the most severely affected location of the detector, which is the
worst-case bin, and a weighted average value over the entire detector quarter. The
parts of the detector, which are most affected by radiation are also the most relevant
because the amount of radiation is correlated to the number of hits. In order to get
a more meaningful value for the light yield, the average value of the attenuation
map is weighted with the dose map as an approximation for the number of hits.
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Figure 6.6: The figures show the normalised and weighted mean attenuation
coefficient of the LYAMs with a certain age and integrated luminosity. The values
are shown for the whole detector quarter (left) and the worst-case bin (right).

In Fig. 6.6 the mean light yield attenuation values for a possible runtime of 12 years
and an integrated luminosity of up to 50 fb−1 are shown. For each bin, the LYAMs
with the corresponding age and integrated luminosity were calculated using the
interpolation which was discussed above. Afterwards, the weighted mean value of
the map was calculated by using the Fluka map. For an easier comparison, the
values are normalised. As can be seen in Fig. 6.6, the light yield of the detector
quarter drops to 72 % and for the worst-case bin to 55 % for a runtime of twelve
years and a maximum luminosity. Furthermore, it can be observed that the radiation
has a much higher influence on the attenuation than the natural ageing process. For
the worst-case bin, this is even more extreme than for the detector quarter due to
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the high radiation dose.
In the case that the LHC schedule is adhered to as stated in the timetable from
Ref. [61], Run 4 will be finished by the end of 2029. The detector will see a total
integrated luminosity of 50 fb−1 during those two Runs, which for theses studies
is assumed to increase linearly. The course of the normalised and total light yield
with the assumed parameters, which were already used before, is shown in Fig. 6.7
and 6.8. In order to observe the differences between the two different time-ageing
models which were introduced before, both models and the area between them is
visualized.
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Figure 6.7: Averaged normalised light yield for one detector quarter (left) and
the worst-case bin (right). The relevance of the bins is weighted with the dose
map. After Run 4 the light yield for the detector quarter has dropped to 69–75 %
compared to the initial light yield. For the worst-case bin, the light yield has
dropped to 52–55 % compared to the initial light yield.

As can be seen in the figures above, the different time-ageing models that are
discussed directly affect the determined light yield. After the initial phase of no
additional attenuation for the 1.7 %-model, this ageing-model has a higher overall
effect on the light yield after about two years. At the end of Run 4, the light yield
for the whole detector quarter is 4 % lower for this model. For the worst-case bin,
the light yield is even 5 % lower compared to the 1.3 %-model.
Compared to no time-ageing effect the detector quarter has an 8 % lower light yield
and the worst-case bin a 6 % lower light yield for the 1.3 %-model.
As discussed in section 5.2 the double dose is given as the systematic uncertainty of
the Fluka map. In order to investigate the upper limit for the drop in light yield
due to radiation, the interpolation is used. In Fig. 6.9 the single and the double
dose model are compared.
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Figure 6.8: Average light yield for one detector quarter (left) and the worst-case
bin (right). The relevance of the bins is weighted with the dose map. After Run 4
the light yield has dropped for the detector quarter from 22.7 p.e. to 15.7–16.4 p.e.
For the worst-case bin, the light yield has dropped from 18.5 p.e. to 9.6–10.1 p.e.
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Figure 6.9: Normalised light yield for one detector quarter (left) and the worstcase bin (right) compared for 50 fb−1 and 100 fb−1 . The relevance of the bins
is weighted with the dose map. The single dose and the double dose model are
compared.
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6 Interpolation of light yield attenuation maps
At the end of Run 4, the light yield of the whole detector quarter for the double dose
would be almost the same as for the single dose with 1.3 % time-ageing. When timeageing is included, the light yield would drop to around 62 %, which is comparable
to the single dose model for the worst-case bin. The light yield of the worst-case bin
drops for the double dose to 49 % and around 42 % when time-ageing is included.

6.3 Replacement of the inner module
As seen in the studies and the LYAMs above, the area close to the beam pipe
hole is much stronger affected by radiation than other areas of the SciFi Tracker.
So considerations were made to replace the inner module after Run 3. The fibres
of the new module would have the same age as the original modules because
the replacement-modules consist of mats that are also produced during the serial
production.
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In order to study the effects of such a replacement, a program was created that can
change the integrated luminosity of a specific module. In Fig. 6.10, the resulting
attenuation map with an exchanged inner module is shown after Run 4.

2

2

Figure 6.10: LYAM for one detector quarter with a replaced inner module at the
end of the detector-lifetime. The new module occupies the area up to 𝑥 = 0.5 m
at full height.
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6.3 Replacement of the inner module
In Fig. 6.11 and Fig. 6.12, the course of the light yield with a replacement of the
inner module after Run 3 is shown. The two different time-ageing models which
were discussed in the section before are also shown in these figures.
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Figure 6.11: Averaged normalised light yield for one detector quarter (left) and
the worst-case bin (right). The relevance of the bins is weighted with the dose
map. After Run 4 the light yield for the detector quarter has dropped to 72–75 %
compared to the initial light yield with a replaced module. For the worst-case bin,
the light yield has dropped to 61–69 % compared to the initial light yield with a
replaced module.

As already observed, the different time-ageing models clearly influence the expected
light yield. The replacement of the inner module leads to a 4 % higher light yield at
the end of the detector-lifetime for the whole detector quarter. The worst-case bin
has a 15 % higher light yield at the end of the detector-lifetime if the inner module
is replaced.
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Figure 6.12: Average light yield for one detector quarter (left) and the worst-case
bin (right). The relevance of the bins is weighted with the dose map. After Run 4
the light yield for the detector quarter has dropped from 22.7 p.e. to 16.3–17.0 p.e.
with a replaced module. Light yield for the worst-case bin. For the worst-case bin,
the light yield has dropped from 18.5 p.e. to 11.3–11.8 p.e. with a replaced module.

56

7 Radiation damage model
By using the radiation damage model, the additional attenuation and therefore the
LYAMs could be calculated by simply using the radiation dose along the fibre, that
can be taken from the Fluka map. As discussed in section 5.1, the simulation is in
many aspects more precise and takes into account a greater variety of effects, like
the exact path length, reflections and angle of the photons. But a simple calculation
of the attenuation coefficient would save a lot of computing time because the LYAMs
could be calculated directly. Therefore studies are carried out that test the validity
of this method.
The light intensity 𝐼 at the end of the fibre depends on the attenuation before
irradiation 𝑎0 and the additional attenuation along the fibre due to radiation damage
𝑎𝑟 . In order to calculate the intensity at the end of the fibre, the exponential functions
for all bins along the fibre have to be multiplied. An exponential functions for each
bin has to be used because the dose and therefore the additional attenuation is
dependent on the position along the fibre. The product of the exponential functions
corresponds to a sum over the attenuations that are occurring in each bin.
𝐼 = 𝐼0 ⋅ ∏ exp (−(𝑎0 + 𝑎r ) ⋅ 𝛥𝑥)
= 𝐼0 ⋅ exp (− ∑(𝑎0 + 𝑎r ) ⋅ 𝛥𝑥)

(7.1)
(7.2)

The correlation between the additional attenuation and the radiation dose 𝐷 along
the fibre can be described by a power-law model, which is introduced in section 3.3.
The model also shows that the additional attenuation is wavelength dependent.
For this study, direct and reflected photons are looked at separately. The total
attenuation is separated in 1 nm wide wavelength intervals between 350 and 650 nm.
As can be seen in Fig. 3.4a, this is the wavelength interval corresponding to the
emission spectrum of the scintillating fibres. To get the additional attenuation of
a bin for the whole spectrum, the results for all wavelength intervals are summed
up.
As can be seen in Fig. 7.1 (right), two methods are used to calculate the additional
attenuation. An effective model, which just fits the data, and the introduced
theoretical model. For the validation of these methods the additional attenuation
for 50 fb−1 relative to 0 fb−1 is looked at.
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𝐼50 fb-1
= exp (−𝛥𝑥 ∑(𝑎0 + 𝑎r ) ⋅ +𝛥𝑥 ∑(𝑎0 ))
𝐼0 fb-1

(7.3)
(7.4)

= exp (−𝛥𝑥 ∑(𝑎r ))
= exp (−𝛥𝑥 ∑(0.4 ⋅ 𝐷0.8 𝑒

−3.01⋅10−2 (𝜆−450nm)

(7.5)

))

(7.6)
Because the LYAM data is separated in wavelength bins, the correlation that is
considered here is basically:
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Figure 7.1: Correlation for reflected photons of all wavelengths (left) and photons
with a wavelength between 450 and 460 nm (right). The photons with a smaller
path length along the fibre are blue and the photons that travel the furthest are
red.

The correlation which was introduced above is shown in Fig. 7.1 for all wavelengths
combined (left) and for the wavelength between 450 and 460 nm (right). The
comparison of these two figures also visualises the wavelength dependency of the
attenuation. When all wavelengths are looked at together, a systematic difference
between the different y-positions of the detector, i.e. the path length of the photons,
can be observed. This is due to the dependence of the mean wavelength of the
photons on their path length. The different mean wavelengths of the photons
for different positions result in different additional attenuations. Therefore the
attenuation is calculated wavelength dependent.
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An effective fit yields better results but needs LYAM data as a base for calculation.
It, therefore, does not result in any new information. A real advantage results
only when using the theoretical model because then the dose, that is given by the
Fluka map and the 0 fb−1 map are the only inputs needed for the calculation of
the additional attenuation.
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Figure 7.2: Calculated LYAMs for direct (left) and reflected photons (right) with
wavelength 𝜆=350–650 nm and 50 fb−1 .
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Figure 7.2 shows the calculated LYAMs for direct and reflected photons. When
compared to the maps shown in Fig. 5.2, which were created by using the simulation,
horizontal dashes on the map can be observed. This is due to the fact that the
calculation is based on the 0 fb−1 LYAMS shown in Fig. 5.1, which have the same
attenuation coefficient for all x-positions for fibres of the same length at one yposition. The actual deviation from the simulated LYAMs is shown in the following
figures.
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In Fig. 7.3 the ratios between the simulated and calculated LYAMs are shown. For
reflected photons, a systematic difference between the fibres close to the beam pipe
and the rest of the detector can be observed. The absolute value of the ratio is
nearly the same but the ratio itself has different signs for those two regions.
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Figure 7.4: Relative error of calculated LYAMs for direct (left) and reflected
photons (right) and 50 fb−1 . The mean error is 0.9 % for direct and 3.2 % reflected
photons.

In Fig. 7.4, the relative error between the simulated and calculated LYAMs is shown.
For reflected photons, the error is in general higher than for direct photons but
overall relatively small.
LYAMs with an integrated luminosity >0 fb−1 have been calculated by using the
radiation damage model. The mean error for LYAMs with 50 fb−1 is 0.9 % for direct
and 3.2 % for reflected photons. A systematic difference between the fibres next to
the beam pipe compared to the others is visible when the ratio is looked at. The
theoretical model works worse for the reflected photons than for the direct photons
as expected due to a higher integrated dose. This systematic difference shows that
the calculation or the model has to be improved.
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8 Summary and outlook
The LHCb detector will be upgraded during the years 2019 and 2020 in order to extend its research capabilities. The upgrade includes an increase of the instantaneous
luminosity, which requires a change of back-end electronics and detector components.
The new requirements for the tracking detector lead to a replacement of the old IT
and OT with the SciFi Tracker. For the development of this tracker, simulations
play a crucial role in order to predict and improve future performance. Tuning
and improving the simulation, in particular with respect to the effects caused by
radiation, is an important part of the ongoing research. In this thesis, the simulation
was compared to the latest measurements and has been extended so that more
comprehensive studies were made possible.
Studies of built mats and modules were carried out in order to assess the usability
of the grades to describe the properties of the mats in the simulation more precise.
Apart from the light yield, which has a high influence on the hit efficiency of the
detector, the graded properties cannot be implemented in the simulation. However,
the light yield grades are not conclusive and the measurements at the different
locations are not comparable enough to use them. Therefore it is necessary to use
the module light yield measurements, which will be carried out for all modules before
the installation of the detector, to weight the detector modules in the simulation.
Comparisons between simulation and measurement were performed to check the
correspondence between those two. When examining the measurement results of
the mats, a difference in quality between pre-series production and main series
production fibres was noticed. Since the simulation had been tuned on the basis of
the old fibres, the simulation will have to be adapted to the attenuation behaviour
of the fibres used in the main series production.
Apart from the intrinsic attenuation of the fibre, there is additional attenuation due
to radiation damage and the natural ageing of the fibres. The additional attenuation
due to radiation damage is taken into account by separate light yield attenuation
maps (LYAMs) for specific integrated luminosities. LYAMs are an elementary part
of the detector simulation. The bin size of these maps was tested by looking at
the Worst Case Fibre. The simulation showed a difference in light yield of 1 %
compared to the entire bins containing the Worst Case Fibre. Therefore the bin
size is sufficiently small.
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8 Summary and outlook
In order to be able to make a more precise statement about the different models
that LYAMs are based on, studies were carried out which dealt with the differences
in the influence of the radiation damage model and the total amount of radiation
dose. The studies also gave upper limits for the systematic uncertainties of these
influences. Especially the region close to the beam pipe, which is affected most by
radiation, shows a strong dependency and high systematic uncertainties.
The simulation of a single LYAM takes a lot of computing power and time. A
high number of different maps and a variable adaptation for different studies is
therefore not feasible. As a solution to this problem, an interpolation between maps
of different integrated luminosities has been carried out. The interpolation and
extension of LYAMs lead to a function that allows for the calculation of a map with
certain age and radiation dose. Since the variation to the previously used simulated
LYAMs is negligibly small, this function represents a simplification and acceleration
of the simulation. The parameter file which contains the four variables for each bin
and the function that takes the integrated luminosity and the age of the fibres as
input parameters has been included in the simulation framework Boole and is used
for recent simulation studies.
This work allowed for the calculation of the change in light yield until the end of
Run 4. For the whole detector quarter 72 % and for the worst-case bin 55 % of the
initial light yield will be available when a time-ageing factor of 1.3 % per year is
assumed. However, the time-ageing factor has to be measured more precise because
the magnitude of the effect varies depending on the different time-ageing models.
This calculation of the attenuation based on age and irradiation for each position also
allows certain properties to be implemented location dependent. For example, the
age and radiation dose can be varied for different modules. One field of application
for this extension resulted from the consideration of replacing the inner modules
of the SciFi Tracker because they are much stronger affected by radiation than
the others. The light yield of the whole detector quarter would be 4 % higher and
the light yield of the worst-case bin 15 % higher at the end of Run 4 due to the
replacement. Based on these results, studies are conducted on the hit efficiency of
the detector with replaced inner modules.
Furthermore, the calculation of additional attenuation due to radiation damage was
studied. A radiation damage model that is based on measurements was used in order
to simply calculate LYAMs based on the intrinsic attenuation and the radiation
dose that is given by the Fluka map. The variation from simulated maps for the
50 fb−1 map is 0.9 % for direct and 3.2 % for reflected photons. The calculations
showed a systematic dependence on the position of the fibre inside the detector and
therefore have to be investigated further.
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Figure A.1: Relative error of the calculated 0 fb−1 LYAM compared to the
expected LYAM for direct (left) and reflected (right) photons.
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Figure A.2: Relative error of the calculated 1 fb−1 LYAM compared to the
expected LYAM for direct (left) and reflected (right) photons.
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Figure A.3: Relative error of the calculated 10 fb−1 LYAM compared to the
expected LYAM for direct (left) and reflected (right) photons.
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Figure A.4: Relative error of the calculated 25 fb−1 LYAM compared to the
expected LYAM for direct (left) and reflected (right) photons.
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Figure A.5: Relative error of the calculated 100 fb−1 LYAM compared to the
expected LYAM for direct (left) and reflected (right) photons.
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