Arbeit zur Erlangung des akademischen Grades
Master of Science

Experimental and simulation studies of
crosstalk between scintillating fibres for
the SciFi Tracker of the LHCb Upgrade
Jan Broll
Juni 2018

Lehrstuhl für Experimentelle Physik V
Fakultät Physik
Technische Universität Dortmund

Erstgutachter:
Zweitgutachter:
Abgabedatum:

Prof. Dr. Bernhard Spaan
Prof. Dr. Kevin Kröninger
14. Juni 2018

Abstract
In the upcoming upgrade of the LHCb detector, the downstream tracking stations
will be replaced by the Scintillating Fibre Tracker (SciFi Tracker) for a faster
read-out and higher granularity in the tracking system. The SciFi Tracker will use
Fibremats, which consist of six layers of scintillating fibres, in combination with
silicon photomultipliers (SiPMs) as read-out devices.
This thesis focuses on the optical crosstalk in the Fibremats and its influence on the
expected light yield. To estimate the degree of occurring crosstalk, a measurement
for the attenuation length of the glue was conducted. The obtained attenuation
length stays below 10 µm over the relevant wavelength range.
It was shown, that the implementation of the attenuation length spectrum leads to a
3.5 % increased light yield compared to no crosstalk in simulations. A program was
implemented, that simulates the behaviour of the SiPMs and applies a clustering
algorithm on the simulation output. With an added 40 µm thick air layer between
Fibremats and SiPMs, the output was in good agreement with test beam results.

Kurzfassung
Im kommenden Upgrade des LHCb-Detektors werden die Tracking Stationen hinter
dem Dipolmagneten durch den Scintilllating Fibre Tracker (SciFi-Tracker) ersetzt,
um eine schnellere Ausleserate und höhere Granularität zu gewährleisten. Der SciFi
Tracker basiert auf Fasermatten, die aus sechs Lagen von szintillierenden Fasern
bestehen, und einer Signalauslese mithilfe von Silizium-Photomultipliern (SiPMs).
Im Rahmen dieser Arbeit wurden der optische Crosstalk in den Fasermatten und
dessen Einfluss auf die Lichtausbeute untersucht. Um die Stärke des Crosstalks zu
bestimmen, wurde die Abwschächlänge des Klebers in den Fasermatten gemessen.
Die ermittelte Abschwächlänge befindet sich stets unter 10 µm im relevanten Wellenlängenbereich.
Es wurde gezeigt, dass eine Implementation des Abschwächlängenspektrums zu einer
3,5 % erhöhten Lichtausbeute gegenüber keinem Crosstalk in Simulationen führt.
Ein Programm wurde entwickelt, das das Verhalten der SiPMs und das Clustering
simuliert. Mit einer zusätzlichen 40 µm dicken Luftschicht zwischen Fasermatte und
SiPM, zeigte das Programm gute Übereinstimmung mit Test Beam Daten.
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1 Introduction
One of humanity’s goals is to be able to describe and understand its surroundings
completely. With the help of the Standard Model (SM) of particle physics, we can
achieve this on the subatomic scale. The SM describes the relationship between
elementary particles, the building blocks of our universe, and incorporates three
of the four fundamental forces [1]. So far it was able to predict the existence of
numerous particles before they were experimentally observed, with the latest one
being the Higgs boson, discovered in the year 2012 [2].While all measurements up
to now agree with the SM with respect to statistical and theoretical uncertainties,
the SM in its current state cannot be considered a satisfying complete theory. This
is because of the missing inclusion of the gravitational force and the SM failing to
explain essential questions like the reason for the baryon asymmetry, also known as
matter-antimatter asymmetry, in our universe. Although the SM describes the CP
violation, the asymmetry occurring due to this invariance is not strong enough to
explain the dominant presence of matter around us [3].
To find answers to those open questions and challenge the SM in the search for
New Physics, the Large Hadron Collider (LHC) was built at CERN1 . At the LHC
protons or lead ions are accelerated close to the speed of light and brought to
collision, creating an environment, that is similar to the state of the universe shortly
after the Big Bang. One of the big experiments located at the LHC is the LHCb
experiment. It focuses on particle decays involving 𝑏-hadrons and 𝑐-hadrons for
further understanding of the CP violation and high precision measurements of heavy
flavour physics. The observation of rare or forbidden decay modes in the SM could
lead to the evidence of new sources of CP violation and physics beyond the SM [4].
An upgrade of the LHCb detector is planned for the years 2019-2020 during the
long shutdown 2 of the LHC. After the upgrade, the used instantaneous luminosity
will increase by a factor of five to 2 × 1033 /(cm2 s) and the detector will be entirely
read-out at the bunch crossing rate of the LHC of 40 MHz. This results in a higher
amount of interesting events recorded in the LHCb detector, thus lowering statistical
uncertainties and reaching a more satisfying sensitivity for new observables [5].
In order to cope with the new trigger-less read-out, the front-end electronics of
the sub-detectors have to be replaced, and a new trigger system based on a full
1
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1 Introduction
software trigger will be implemented. The higher luminosity creates a harsher
radiation environment and higher occupancy in each sub-detector, which leads to
a replacement of the current tracking system by the Upstream Tracker and the
Scintillating Fibre Tracker (SciFi Tracker).
If an ionising particle traverses a scintillating fibre, the scintillator in the core
of the fibre is excited and emits a photon in the relaxation process. Under the
correct geometrical conditions, this photon can exit through the end of the fibre and
can be detected by an adjacent photodetector. For the SciFi Tracker, these fibres
are glued together in a six-layer format, called Fibremat, to increase the recorded
signal in the photodetectors. To predict the performance of the SciFi Tracker, test
beam campaigns were conducted and results compared to simulations studies. A
discrepancy between the measured and simulated signal cluster was discovered.
An effect, which was not included in earlier simulations, is the crosstalk between
scintillating fibres in the Fibremat. The implementation led to a better agreement
between test beam data and simulation [6].
As part of this thesis, a measurement with a particular experimental setup was
conducted to determine the attenuation length of the glue in the Fibremats. The
results are implemented in an existing Geant4 single fibre simulation [7][8], which
is modified to fully describe a complete Fibremat. The influence of the attenuation
length on the amount of crosstalk is studied. A clustering algorithm is programmed
to understand the influence of crosstalk on the cluster charge and cluster size
and comparisons to test beam data are performed. Additionally, the effect of a
varying distance between the Fibremat and the photodetectors is simulated with the
clustering algorithm. The gained knowledge can be integrated into future simulation
studies to improve the performance of the SciFi Tracker.
This thesis is structured as follows: Chapt. 2 introduces the Large Hadron Collider
together with the LHCb experiment and explains the planned upgrade. Chapt. 3
focuses on the SciFi Tracker in detail with a section about the scintillating fibres and
a description of the clusterisation process. In Chapt. 4 the origin of the crosstalk
in Fibremats is explained with presentations of earlier test beam and Fibremat
measurements that display the existence of crosstalk. The measurement of the
attenuation length of the glue and its results are described in Chapt. 5. After that,
Chapt. 6 follows up with the simulation, its development and conclusions. In the
end, a summary and outlook are given in Chapt. 7.
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2 LHCb experiment at the Large Hadron Collider
The LHCb experiment is located at the Large Hadron Collider, the world’s largest
particle accelerator to date. Through analysis of proton-proton collisions, several
experiments try to reach a new level of understanding in particle physics and
find evidence for physics beyond the Standard Model. This chapter will give an
overview of the LHC, the LHCb detector, and the scientific motivation for the
LHCb experiment. Furthermore, the planned upgrade of the LHCb detector will be
introduced, and the necessary changes for a successful operation after the upgrade
will be discussed.

2.1 LHC
√
With a circumference of 26.7 km and a centre-of-mass energy up to 𝑠 = 14 TeV,
the LHC is the world’s largest and most powerful particle accelerator. It took over
the tunnel of the LEP1 , which was in operation until the year 2000, and is located
near Geneva, Switzerland. In 2008 the LHC was able to produce its first particle
collisions after 13 years of preparation. In the LHC proton beams are accelerated
in two parallel aligned rings and brought to collision with an instantaneous designluminosity of up to 1.2 × 1034 /(cm2 s) [9]. The reachable luminosity is next to the
collision energy the most critical parameter of a collider because it is proportional to
the number of events generated and therefore a measure for the statistical accuracy
expectable in a run. In a later upgrade after the year 2020, it is planned to increase
this luminosity by another factor of ten when quadrupoles near the detectors are
replaced with new quadrupole triplets and additional crab-cavities [10]. To preserve
circular trajectory of the particle bunches,superconducting dipole magnets apply a
magnetic field on the beam with a peak field strength of 7.74 T. Before entering
the LHC, the protons pass several pre-accelerating structures to reach an energy of
0.45 TeV. In total, the LHC is filled with 2808 bunches for operation with a bunch
distance of around 7.5 m or 25 ns [9]. After accelerating the bunches to the desired
energy, the beams are brought to collision at four interaction points.
1
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The four largest experiments of the LHC and their detectors are located around
these points: the ATLAS2 experiment, the CMS3 experiment, ALICE4 and LHCb
experiment5 . A schematic overview of the LHC, including the accelerator complex
and the locations of the different experiments, is shown in Fig. 2.1.

Figure 2.1: Schematic design of the LHC and its full accelerator complex including
the four large experiments ATLAS, CMS, ALICE and LHCb [11].

The ATLAS experiment and the CMS experiment are using general-purpose detectors
to search for physics beyond the SM, which could be, for example, the experimental
evidence of supersymmetry. An achievement accomplished by those two experiments
was the discovery of the for several decades postulated Higgs boson. Due to its
high mass and its coupling characteristic, it was not possible to gather enough
statistical evidence for its existence with any accelerator before the LHC. Based on
the discovery, the two experiments will collect further data to perform precision
measurements on the properties of the Higgs boson [12][13]. ALICE is mainly using
heavy-ion collisions to research the theory of the strong interaction through the
study of a state called the Quark-Gluon Plasma. This state is believed to have
A Toroidal LHC ApparatuS
Compact Muon Solenoid
4
A Large Ion Collider Experiment
5
Large Hadron-Collider beauty
2
3
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been present in the universe milliseconds after the Big Bang and is recreated inside
heavy-ion collisions [14]. The LHCb experiment, which is a crucial point to the
motivation of this thesis, will be explained in the following sections.

2.2 Motivation for the LHCb experiment
With the discovery of the Higgs boson, the existence of the last missing elemental
particle postulated by the SM was confirmed [2]. As it includes all elementary
particles found so far and all data analysations fall into its predictions, the SM
could be considered a successful theory. However, the problem of the SM is that it
inhabits inadequacies and fails to incorporate various observations such as a missing
integration of the gravitational force. Furthermore, there is no explanation for
neutrino oscillation, the presence of dark matter in our universe and its connection
to dark energy [15]. Another primary unanswered question, which gives motivation
to the search for physics beyond the SM, is the observed asymmetry between matter
and antimatter in our universe. Andrei Sakharov proposed three requirements for
this phenomenon to be able to occur in 1968 with C-symmetry and CP-symmetry
violation being one of them [16]. Although all the proposed requirements are present
in the SM, the degree of CP violation arising through the asymmetry in the CabibboKobayashi-Maskawa matrix is not suﬃcient to explain the degree of asymmetry in
our universe.
The LHCb-experiment focuses on high precision measurements of heavy flavour
physics, concentrating on the study of decays of 𝑏- and 𝑐-hadrons. The aim is to
observe non-SM effects, possibly finding evidence of new sources of CP violation,
by looking for rare or forbidden decay modes in the SM. High precision studies on
various parameters of the SM allow for a more strict comparison with the theory
and could also lead to physics beyond the SM [5].

2.3 LHCb detector
The information presented in this section is mainly provided by Ref. [4] and Ref. [5].
The LHCb detector is designed as a single-arm forward spectrometer, covering an
angular area from 10 mrad up to 300 mrad in the bending plane, with a pseudorapidity range of 2 < 𝜂 < 5. This corresponds to a geometrical coverage of 4% of
a spheres angle. Because a significant fraction of the B hadrons is produced in a
small angle relative to the beam axis, the LHCb detector can observe around 24%
̄
of 𝑏𝑏-pairs
produced through collisions at a centre-of-mass energy of 14 TeV [17]. A

5
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schematic layout of the detector together with the chosen coordinate system for the
experiment is shown in Fig. 2.2. While the z-axis lies parallel to the beam axis, the
y-axis is the vertical component orthogonal to the beam pipe. The not shown x-axis
is respectively the horizontal component orthogonal to the beam pipe. A description
of the different sub-detector systems and electronics follows with a general division
into tracking, particle identification, and the trigger.

Figure 2.2: Schematic layout of the LHCb detector and its subsystems, viewed
from the side [5].

2.3.1 Tracking
The tracking system of the LHCb detector inhabits the Vertex Locator (VELO)
system, positioned closely around the interaction region, a tracking station upstream
of the dipole magnet, the Tracker Turicensis (TT), and three tracking stations
downstream of the magnet, called T1, T2 and T3. These tracking stations consist
of an inner part, the Inner Tracker (IT), and an outer part, the Outer Tracker (OT).
The dipole magnet provides an integrated field of 4 T m orientated perpendicular
to the beam axis. Thus, the momenta of charged particles can be deduced by the
degree of curvature in their path.
The VELO contains several silicon modules, surrounding the interaction point, each
measuring the radial distance 𝑟 and the azimuthal coordinate 𝜙 of a passing particle.
With the information of these coordinates, the primary and secondary vertices,

6
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which are displaced for 𝑏- and 𝑐-hadron decays, can be located. Because the VELO
sensors are placed close to the interaction point to maximise the number of detected
vertices, an unstable LHC beam in its injection phase could hit the VELO structure.
To prevent such occasion, the VELO is designed to be retractable by having two
halves that can move in and out and will only be brought together if the conditions
for a stable beam are fulfilled. Additionally, further monitoring is done by the Beam
Conditions Monitor (BCM), which induces a beam dump if the beam indicates
instability at any point in time.
The TT and the inner part of the tracking stations T1, T2 and T3, the IT, use silicon
microstrip sensors with a strip pitch of 200 µm and achieve a single-hit-resolution of
50 µm. The TT is 150 cm wide and 130 cm high, covering the full acceptance of the
detector. The IT in itself covers a cross-shaped area of 120 cm times 40 cm. To be
able to reconstruct the tracks of passing particles in three dimensions, every station
consists of four layers with a (x-u-v-x)-structure. The second and third layer are
rotated by u = +5° and v = −5° respectively to the outer layers with x = 0°.
The OT is positioned around the IT, reaching the full detector acceptance of 597 cm
times 485 cm in combination with the IT. It is a drift-time detector which uses
gas-tight straw-tube modules. They are filled with a mixture of argon (70%) and
carbon dioxide (28.5%) and oxygen (1.5%). The drift-tubes in the modules have
an inner diameter of 4.9 mm and reach a resolution below 200 µm with a drift
time of maximum 50 ns. Similar to the IT, the OT consists of four layers with a
(x-u-v-x)-structure in every tracking station.

2.3.2 Particle identification
For the particle identification, two ring imaging Cherenkov detectors (RICH), a
calorimeter system and five muon chambers are installed in the LHCb experiment.
The primary purpose of the RICH detectors is to separate pions from kaons in
various 𝑏-hadron decays. If a charged particle passes through a medium with a speed
that surpasses the phase velocity of light in that medium, it emits light, also called
Cherenkov radiation. Through the use of a combination of spherical and flat mirrors,
the produced Cherenkov radiation is collected and transferred outside of the detector
acceptance into Hybrid Photon Detectors. With the angle of the detected Cherenkov
radiation, the velocity of the corresponding particle can be calculated. Combined
with the obtained momentum in the tracking stations, the particle mass can be
determined. RICH 1 is located between the VELO and the TT and is optimised to
detect particles with an impulse range of 1 GeV/c0 to 60 GeV/c0 . Because particles
with a lower momentum are more strongly deflected by the magnet, it covers the
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full detector acceptance. Particles with a higher momentum propagate further near
the beam axis due to low deflection. The RICH 2, which is responsible for such
particles, covers a smaller area around the beam pipe. It is located downstream
of the magnet after the tracking stations. Therefore, the possible detection range
also starts and ends at higher momentum values, which range from 15 GeV/c0 to
100 GeV/c0 .
The calorimeter system identifies electrons, photons and hadrons, as well as providing
information about their energy and position. The two main components are the
Electromagnetic Calorimeter (ECAL) and the Hadron Calorimeter (HCAL), which
are located behind RICH2. While the ECAL mainly measures the energy of
particles that interact by electromagnetic processes, the HCAL measures the energy
of particles that interact through processes induced by the strong nuclear force.
Both of the calorimeters make use of alternating layers of scintillating material and
absorbing lead for the ECAL and iron for the HCAL. If a particle passes through the
iron layer, it produces a shower consisting of bremsstrahlung and pair production.
The created shower deposits its energy in the scintillating material. This energy is
converted to photons in a scintillation process. A wavelength-shifting fibre transports
these photons to photomultiplier, where the number of registered photons is used to
give information about the energy of the particle. Additionally, the Scintillating
Pad Detector (SPD) and the Preshower Detector (PS) are positioned right before
the ECAL. Both consist of layers of scintillators. Because photons only shower in
the ECAL, and electrons deposit energy in both the ECAL and the SPD, the SPD
helps to distinguish between photons and electrons. A 12 mm thick lead converter,
that is sandwiched between the SPD and PS, induces a shower in passing electrons
with a high probability, while the respective probability for hadrons to shower is
low. Thus, the PS helps to differentiate between electrons and hadrons.
The muon system consists of a muon station, M1, upstream of the calorimeter
system and four stations, M2 to M5, downstream. The stations are built of 1380
chambers in total, each filled with a mix of various gases. If a passing myon causes
a reaction, the logical pad, connected to the respective chamber, switches to a
”true”-state, signalising a myon detection. The stations M2 to M5 are interleaved
with 80 cm thick iron absorbers, so that the muons can be categorised into different
energy levels.

2.3.3 Trigger
While the design luminosity of the LHC is 1 × 1034 /(cm2 s), the instantaneous
luminosity used at the LHCb detector is reduced to 2 × 1032 /(cm2 s) by not completely overlapping the two proton beams at the interaction point. This reduces
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the radiation damage taken by the detector and electronics and also reduces the
pile-up to ensure low channel occupancy and a proper reconstruction of each event.
Furthermore, a trigger-system consisting of two trigger levels, the L0-trigger and
the High-Level Trigger (HLT), reduce the data-storing-rate from the LHC bunch
crossing rate of 40 MHz down to 2 kHz to make the storage of data feasible and
allow slower read-out electronics. The goal is to store as many events that include
attractive decays, as possible, while rejecting all background events. First, the
L0-trigger, that is entirely integrated into hardware, reduces the incoming rate of
data from the bunch-crossing rate down to 1 MHz. The L0-trigger bases its decision
on data received from the calorimeters, the muon system and a pile-up system
integrated into the VELO, which estimates the number of primary interactions
in each bunch-crossing. It preferably selects events with high transverse energy
and momentum. The HLT incorporates the fact that all detector elements can be
read out with the reached frequency of 1 MHz. In its first stage, the HLT partially
reconstructs the events selected by the L0-trigger with data of the VELO and the
tracking stations, further reducing the data rate to 30 kHz. Certain thresholds are
set on the kinematic and impact parameters, as well as the transverse momenta. In
the second stage, the HLT performs a full offline-like event selection on the particles
that passed the first thresholds to reduce the data rate to the final 2 kHz.

2.3.4 Upgrade of the LHCb detector
After the successful Run I and Run II showed the functionality and potential of the
LHCb detector, an upgrade is scheduled for the Long Shutdown 2 of the LHC in
2019 and 2020. The goal of this upgrade is to extend the physics reach of the LHCb
experiment and achieve a satisfying sensitivity on crucial flavour physics observables,
which were not reachable yet. An increase of the used instantaneous luminosity by
a factor of five from 4 × 1032 /(cm2 s) to 2 × 1033 /(cm2 s) is planned, resulting in
a pile-up of 𝜂 = 7.6. This leads to higher occupancy and higher irradiation in the
detector. Also, the full detector will be read out at the bunch-crossing rate of the
LHC, which requires read-out rate of 40 MHz for every sub-detector. An upgrade
and in some cases a full rebuild of several detector elements is needed. A schematic
view of the upgraded LHCb detector can be seen in Fig. 2.3.
After the upgrade, a 40 MHz trigger system will replace the current system, so that
every bunch-crossing will go through a full software trigger. Thus, the hardware
L0-trigger becomes obsolete. Also, the first muon station M1, the PS detector and
the SPD are removed due to being partly obsolete and possible diﬃculties with the
higher occupancy in the detector after the upgrade. The required read-out rate
of 40 MHz also makes it necessary to replace all front-end electronics. Due to the
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Figure 2.3: Schematic layout of the LHCb detector after the upgrade, seen from
the side [5].

higher luminosity and pile-up, the irradiation and number of particle tracks in the
detector increases. Therefore, the tracking detectors need a higher granularity to
be still able to differentiate between two different particles. The existent VELO
will be replaced by an upgraded Vertex Locator consisting of hybrid pixel sensors
with a pixel size of 55 × 55 µm2 . The TT will be replaced by the Upstream Tracker
(UT). The reasons are the high amount of radiation, that would result in a necessary
replacement of the silicon sensors before the end of Run III, an insuﬃcient detector
occupancy and an incompatibility with the required 40 MHz read-out rate. The UT
will use single sided silicon micro-strip devices, that will be capable of enduring the
harsh radiation environment while having a satisfying granularity.
Similar to the TT, the OT is not expected to cope with the planned high level of
luminosity after the upgrade and would not reach the needed hit eﬃciency. Together
with the IT, the two sub-detectors will be replaced by the Scintillating Fibre Tracker
(SciFi Tracker). The SciFi Tracker will use scintillating fibres, which are read out
by silicon photomultipliers, to reconstruct the momentum of passing particles. The
concept and design will be thoroughly explained in the next chapter.
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At the moment, the LHCb detector is using two sub-detector systems in the tracking
stations T1, T2, and T3. The outer area is made out of large straw detectors, and
the inner area is covered by a silicon micro-strip detector. To be able to cope with
the higher collision rate and increased luminosity at the LHCb detector, these two
systems will be replaced by the SciFi Tracker. This sub-detector is based on the
concept of using scintillating fibres to detect the traversing particles, a detection
method that has not been realised yet at this scale. This chapter will introduce the
SciFi Tracker, explain the demanded properties and build a basis for the motivation
of this thesis. The information that is provided in this chapter is mostly based on
Ref. [5].

3.1 Requirements for the new tracking system
The new tracking complex, which consists of the Upstream detector before the magnet
and the SciFi Tracker downstream of the magnet, needs to provide highly precise
measurements of the momentum of charged particles. So far the IT reaches a spatial
resolution of 50 µm with a hit eﬃciency higher than 99 %. While the OT reaches a
hit eﬃciency of 99% as well, its spatial resolution is limited to 200 µm. Overall, the
tracking system has a momentum resolution 𝛥𝑝/𝑝 of 0.4 % for an energy of 5 GeV/c0
and 0.6 % at 100 GeV/c0 . This is achieved by optimising the tracking system for an
instantaneous luminosity around ℒ ≈2 × 1032 /(cm2 s) to 5 × 1032 /(cm2 s). Studies
have shown that the planned increase to ℒ ≈ 2 × 1033 /(cm2 s) would increase the
occupancy in the OT and harm the track finding eﬃciency [18]. Adding to this, all
read-out electronics of the IT and the OT would need to be replaced to enable a
readout at 40 MHz for the new software-only trigger. Based on this information, it
was decided to replace the IT and OT at the tracking stations T1, T2 and T3 by
the SciFi Tracker.
The SciFi Tracker is designed to achieve a hit detection eﬃciency of 99%. At the
same time, the noise cluster rate at any position in the detector needs to be below
10 % of the signal rate. Even though the spatial resolution will not reach the 50 µm
of the IT, it will be lower than 100 µm in the full bending plane of the magnet. The
material in the detector should interact with the traversing particle enough to fully
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reconstruct its track, while also keeping its interaction to a minimum to reduce the
occurrence of multiple scattering. In general, this condition is considered as fulfilled
with a radiation length 𝑋/𝑋0 smaller than 1 % per detection layer. New readout electronics will enable data collection at 40 MHz. Because potential radiation
damage will decrease the performance of some detector elements, it is critical that
the detector can fulfil these requirements over the whole Run III and Run IV of the
LHCb upgrade up to an integrated luminosity of 50 fb-1 . Especially the area around
the beam pipe will undergo massive radiation damage with an estimated dose of
25 kGy. As it is also the region in the detector with the highest number of events, it
is necessary that irradiated scintillating fibres continue to produce enough photons,
so that passing particles can be detected with the above-mentioned eﬃciency of
99 %.

3.2 Layout of the Scintillating Fibre Tracker
The SciFi Tracker is located between the dipole magnet and RICH2 and consists
of three stations (T1, T2, T3), each composed of four detection layers. The layout
of one detection layer can be seen in Fig. 3.1. These layers are arranged in the
same (x-u-v-x)-structure as the IT priorly to enable a reconstruction of the path in
all three dimensions. One detection layer consists of ten modules for the T1- and
T2- or twelve modules for the T3 station. Modules are built with eight, 2.5 m long
scintillating Fibremats each. A Fibremat contains six layers and over 500 rows of
scintillating fibres with a diameter of 250 µm, that amount to roughly 10 000 km of
fibres used for all Fibremats in the detector [19].
The scintillating fibres produce photons, which can travel under total reflection
through the fibre. The inner end of the Fibremats, pointing inside the detector cross
section, have a mirror attached, which increases the total number of photons, reaching
the outer end of the Fibremat. Silicon photomultipliers (SiPMs) are attached to
this outer end to detect the photons emitted by the fibres. By placing the read-out
electronics outside of the detector acceptance, a low material distribution can be
achieved.
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Figure 3.1: Layout of one tracking station, displaying the arrangement of the
modules and the (x-u-v-x)-structure. The position of the mirror and the position of
the SiPM are shown as well. A hole in the centre is cut out for the beam line [20].

3.3 Scintillating Fibres
A scintillating fibre produces light through the use of energy, which is deposited
inside its core by traversing ionising particles. This energy excites the scintillating
material, which relaxes afterwards and emits a photon in the process. If certain
geometric conditions are met, this photon can propagate up to the fibre end, where
an adjacent detection device registers the photon, thus signalising that an ionising
particle just passed through the fibre. By having a high spatial resolution and a
low cooldown of lower than 3 ns [19], as well as a low production cost compared to a
silicon strip detector, scintillating fibres are well suitable for the usage as tracking
detector component for the LHCb upgrade. The SciFi Tracker uses multi-cladded
plastic scintillating fibres of the type SCSF-78MJ from Kuraray [21]. A general
concept of the fibre in the SciFi Tracker can be seen in Fig. 3.2.
The fibre consists of a core and two consecutive claddings with an overall diameter
of 250 µm. The two claddings are taking up 6% of the diameter, corresponding to
7.5 µm each. The core uses polystyrene, an organic scintillator material, as a base
with a refractive index 𝑛 of 1.59. Due to the high relaxation time and low light yield
of the polystyrene the fibre is doped with p-Terphenyl, an organic fluorescent dye
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Figure 3.2: The scintillating fibre with its two claddings and the respective
material and refractive index.

with a concentration of around 1 %. Additionally, the wavelength shifter tetraphenylbutadiene (TPB) is added to the core, making up approximately 0.1 % of the mass
of the core. The inner cladding is made of polymethylmethacrylate (PMMA) with a
refractive index 𝑛 of 1.49 and the outer cladding is made of a fluorinated polymer
with a refractive index 𝑛 of 1.42 [7].
When a traversing particle deposits a few electronvolts of energy in the core, the
polystyrene can excite, though the high relaxation time in the range of microseconds
would lead to no satisfying light yield. However, the excitation energy can be
transferred from the polystyrene to the added p-Terphenyl with a much lower
relaxation time via a non-radiative dipole-dipole transmission. This process is called
Förster Transfer and takes place in under 1 ns [22]. It is expected that 8000 photons
per 1 MeV of deposited energy can be created and emitted in the core isotropically.
Geometrical optics can explain the path of the photons inside the fibre since the
diameter of the fibre is large compared to the wavelength of the created photons.
Because of the declining refractive index from the core to the second cladding,
photons can total reflect either at the boundary between the core and the first
cladding or between the first and second cladding. The minimal needed angle at
which total reflection occurs can be calculated by Snell’s law
𝛼𝑐 = arcsin (

n2
).
n1

(3.1)

If the photons meet the optical condition to perform total reflection, they propagate
through the fibre on paths that range from straight to helical, depending on the
reflection angle and their momentum orthogonal to the fibre axis. Ignoring photons
on a helical path the total trapping eﬃciency of photons reaching the end of the
fibre is estimated to be 5.34 %.
As can be seen in figure 3.3, the emission and absorption spectra of the polystyrene
and p-Terphenyl are overlapping, hence enabling the unwanted re-absorption of
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created photons. Additionally, the wavelength spectrum of the emitted photons is
not very compatible to the sensitivity of common photon detecting devices, such
as the used silicon photomultipliers. To suppress the re-absorption effect and
achieve better compatibility with photon detectors, the wavelength shifter TPB
is added as a second dopant. TPB is chosen on the basis of its good agreement
between its absorption spectrum and the emission spectra of the p-Terphenyl and
polystyrene. It increases the wavelength of the produced photons, resulting in a
shift of the wavelength spectrum from 300 nm-400 nm to 400 nm-600 nm. Because
of the possibility of re-absorption of photons by the TPB, a compromise has to be
found for the concentration of the TPB inside the core. It is desirable to reach an
average absorption path length, which covers the most photons before they reach
the first cladding while keeping the concentration to a minimum to reduce the effect
of re-absorption.

98.9%

1%

0.1%

Figure 3.3: Absorption- (red) and emission spectra (blue) of the fibre components
with the respective concentration of the component in the fibre core [7]. (modified)

Several effects reduce the light yield of the fibre and have to be taken into account
to entirely be able to calculate the expected photon count in the real experiment.
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The attenuation in the fibre, concerning the different loss mechanisms, can be seen
in Fig. 3.4. In the lower part of the wavelength spectrum, the attenuation is mainly
caused by the re-absorption of the wavelength shifter. Other contributions stem
from molecular vibrations, Rayleigh scattering, and electronic transitions. Reflection
errors can also occur at the boundaries, which leads to further photon loss [23].
Experiments did show that reflections at the boundary between the second cladding
and the medium outside of the fibre are strongly suppressed[24]. An additional
effect will reduce the light yield of the fibres, that will grow in significance over the
course of the LHCb experiment. This is the irradiation damage, caused by ionising
particles, which will influence the attenuation inside the fibres. It is estimated that
through the planned collection of 50 fb-1 the area around the beam-pipe will undergo
35 kGy of irradiation, leading to losses in light yield of up to 38 % [19]. Taking all of
these effects into account, the SciFi Tracker is still expected to reach a suﬃcient
light yield over the full Run III and IV of the LHCb experiment.

Figure 3.4: The attenuation in the scintillating fibre as function of the wavelength
with the relative contribution of different attenuation mechanisms. The strong
contribution, due to re-absorption by the wavelength shifter, can be seen for lower
wavelengths [20].
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3.4 Silicon photodetectors
The SciFi Tracker will use silicon photomultiplier to detect the photons, that exit
the adjacent end of the scintillating fibres. A SiPM is a solid-state photodetector
with aligned channels that contain in series connected pixels. The size of the channel
defines the granularity of the SiPM. A pixel is a combination of an avalanche
photodiode, operated in Geiger-mode, and a quenching resistor. If a photon hits
a pixel, the pixel can fire and trigger an avalanche inside its microcell. In the
avalanche, a large number of electrons in the magnitude of 105 − 107 are created,
which switch the analogue output signal to true or false[25]. The pixels are grouped
into channels, which can be read out. Overall, the output signal of a SiPM is defined
by the number of pixels fired in one channel in one event. As a pixel can only fire
once in a short period, two photons, hitting the same pixel in one event, have a high
probability to be mistakenly detected as one photon. This effect is minimised by
having a high number of pixels compared to the number of expected photons in one
area.
The SiPMs, chosen for the SciFi Tracker, have to fulfil the following conditions.
They need to have a high photon detection eﬃciency (PDE), a suitable wavelength
range, covering the wavelength spectrum of the photons produced in the fibres, a
high granularity for the desired spatial resolution, a short pixel relaxation time
to allow operation for a bunch-crossing rate of 40 MHz and a low noise rate. It
was decided to use SiPMs, manufactured by Hamamatsu [26]. Over the last years,
Hamamatsu developed numerous new generations of SiPMs, which have reached
higher PDEs than their predecessors. The latest version, the Hamamatsu H2017
SiPM is planned as the final version, that will be implemented in the SciFi Tracker.
However, this thesis focuses on the Hamamatsu H2015 SiPM [27], the latest version
that was used in the test beam campaign at the end of 2016 to enable a comparison
between the test beam data and simulation output, which will be presented in Chapt.
6.
The PDE of the SiPMs needs to be maximised to achieve the most reliable results
while keeping the noise rate at a tolerable level. The PDE depends on two factors.
The first factor is the geometric factor, describing the ratio between the active area
of the pixels, that can create a photoelectron, and the total area, which includes
regions with no photosensitivity. The second factor is the probability that a photon
is capable of generating an avalanche if it hits the active area of a pixel. This
factor heavily depends on the wavelength of the photon and the applied overvoltage
𝛥𝑉, which is the difference between the biasing voltage and the breakdown voltage,
prevalent in the diode [25]. The PDE of the Hamamatsu H2015 SiPMs, together
with the emission spectrum of the scintillating fibre, is shown in Fig. 3.5 for different

17

3 The Scintillating Fibre Tracker
overvoltages. It can be seen that the complete spectrum of the fibre falls into the
detectable range of the SiPMs.

Figure 3.5: PDE of the H2015 SiPM at different overvoltages 𝛥𝑉 together with
the emission spectrum of the used scintillating fibre SCSF-78. Additionally the
PDE of the former SiPM H2014 and the emission spectrum of another fibre type
are shown [19].

While a higher overvoltage provides higher values for the PDE, it also increases
the average noise rate, also called the dark count rate (DCR) of the SiPM. In the
end, it was decided to choose an overvoltage of 𝛥𝑉 = 3.5 V. The following effects
contribute to the DCR [25]:
• Thermal noise: Thermal noise is produced by the thermal movement of the
charge carriers. According to the Boltzmann distribution, a certain amount of
charge carriers have the energy needed to induce an avalanche. By decreasing
the operational temperature, the probability of thermal noise can be reduced.
A reduction of noise is especially needed in later stages of the LHCb experiment
when irradiation damage has increased the thermal noise rate.
• Pixel to pixel crosstalk: If an avalanche is triggered in one pixel, there is a
certain chance, that it also produces a signal in adjacent pixels. The crosstalk
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probability depends on the size of the pixel, the architecture of the SiPM and
the applied overvoltage. Trenches between the pixels were added to suppress
this effect.
• Channel to channel crosstalk: In the same way, as in the pixel crosstalk, a
fired pixel can fire additional pixel in adjacent channels up to two channels
apart with lower probability.
• After-pulsing: If a pixel fires, it is sometimes able to fire again, because of still
available charge in the diode. The recovery time constant of a pixel is tuned,
so that the pixel will not discharge twice in the time frame of one event, but
can discharge again in an upcoming event.
The design of the SiPMs, used for the SciFi Tracker, is displayed in Fig. 3.6. One
SiPM array contains 128 channels in total and is divided into two silicon dies with a
250 µm gap between them. The gap between two SiPM arrays has a width of 400 µm.
The width of one channel of the array is smaller than the fibre pitch (275 µm) with
250 µm. The height of the channel is 1675 µm, which leaves some tolerance for
Fibremats with varying fibre alignment and glue between the layers. A channel
consists of a 4 × 26 pixel matrix. The pixels have a size of 57.5 × 62.5 µm2 . Due to
geometrical limitations, there is an additional gap between two channels of the size
of 20 µm, which increases the area of no photosensitivity[28].

Figure 3.6: Photograph of a 128-channel SiPM bonded to a flex-cable. The gap
between the two dies is visible in the centre of the SiPM. The right side is zoomed
in on the gap. One channel is highlighted with a red boarder [20].
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3.5 Detector modules
A module of the SciFi Tracker consists of an arrangement of two rows of four
Fibremats. The inner ending of the Fibremats, which points inside the detector
cross section, has a mirror attached to increase the overall light yield. At the other
end, the SiPMs are positioned inside Read-out Boxes together with the front-end
electronics, where the SiPMs are cooled down to −40 ∘C to reduce the DCR. A
module will be 4.8 m tall and 0.5 m wide [19]. The Fibremats use scintillating fibres,
which are arranged into a total of six layers. To secure a regular positioning of
each fibre in the Fibremat, a winding machine was developed (see Fig. 3.7). The
fibre is guided from a spool on to a threaded winding wheel, passing a dancer roller
arrangement and a positioning spool, that controls the tension of the fibre and
the position relative to the winding wheel. The winding wheel is threaded with a
pitch of 275 µm, so that small diameter fluctuations of the nominal 250 µm thick
fibre will not hinder the winding process. Because of the thread, the first layer can
reliably be created by the continuous winding of one fibre onto the wheel. After the
thread of the winding wheel is entirely laid out with fibre, the fibre is cut off and
fixated at the side of the wheel. The following layers use the previous layer as a
positioning guide, which creates a shift by half of the pitch between layers in the
mat. Before the winding of the first layer and after reaching the end of each layer
glue is applied to bind the fibres together. The glue is an epoxy mixture, called
EPOTEK-301-2[29], blended with titanium dioxide. It needs 24 hours to cure, so
the wheel has to continue rotating for another day to create no unbalance of glue
thickness in the mat. The titanium dioxide is added to the glue for two reasons. It
improves the visibility of the glue, hence making it easier to apply the glue evenly.
Also, the titanium dioxide has a high attenuation factor, which suppresses possible
crosstalk in the Fibremat. Additionally, little holes are engraved in the wheel, which
are filled with the same glue during the winding process of the first layer.
After the glue is completely cured, the mat is cut orthogonal to the direction of the
fibres and detached from the wheel. The glue in the holes has transformed into pins,
which are later utilised to align the mats along the fibre direction in the module. As
a result of applied stress on the fibres in the winding process, the mat is bent after
the release from the wheel. In a tempering process, the mat is heated up to 40 ∘C,
while pressure is applied evenly from the top to straighten out the curvature. In its
current state, the mat is still fragile and susceptible to damage during handling and
support. As a countermeasure, the mats are laminated from both sides with a 25 µm
thin polyimide foil to increase the robustness. Furthermore, plastic pieces are glued
to both ends to ease the application of the glue and mounting of the SiPM. Next, a
diamond cutter will precisely cut the Fibremat along the end pieces. A view of the
cross-section of a finished Fibremat is shown in Fig. 3.8. Lastly, the Fibremat is cut
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Figure 3.7: The winding machine for the Fibremat production. The fibre is
guided from the spool (marked with red) to the winding wheel[19].

longitudinal with saw blades to create the desired width. The finished Fibremats
are placed in supporting panels, which need to have a low material budget and high
firmness. It was decided to use a sandwich structure of honeycomb and carbon
fibre with endings made of aluminium. The endings, called end-plugs, serve as a
connection to the C-frames and read-out box. The read-out box houses the SiPM
and the front-end electronics. To be able to cool the SiPM down to −40 ∘C, without
cooling the FE electronics, the box is divided into two sections [5].
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Figure 3.8: Cross section of a six-layered finished Fibremat, when excited with
UV-light[30].

3.6 Clustering
To enable a read-out speed at the bunch-crossing frequency, the signal, provided by
the SiPM, is formed into a cluster. A cluster is the grouped signal of the adjacent
SiPM channels, which have fired a certain amount of pixels in one event. While it
can be assumed, that ionising particles with a relative angle to the Fibremat surface,
fire pixels in more than one SiPM channel, particles with no angle relative to the
Fibremat also have a high probability of activating more than one channel. This
happens because of the shift of half the fibre pitch between the fibres of different
layers, due to the winding method. As a result, the majority of the scintillating fibres
can send photons to two SiPM channels. More so, the photons travel through an air
layer before they reach an epoxy layer that guards the pixel against environmental
damage. Because of the lower refraction index of air compared to the core, the
photons are refracted away from the normal. Depending on the thickness of the
air- and epoxy layer and the exit angle of the photons, when leaving the fibre, it
is possible that photons fire pixels of channels even further away from the actual
position of the fibre. Another contributing factor to errors is the dark count rate of
the SiPMs. As previously mentioned, the DCR creates a signal in the SiPM, which
is identical to a signal, produced by the photons of the scintillating fibres [25].
To reduce the influence of the noise and spreading effects, the signal has to pass
certain thresholds to get recognised as a real cluster. At first, a channel is needed with
a signal that surpasses the seeding threshold. After such a channel is found, adjacent
channels are added to the cluster, if their signal is higher than the neighbouring
threshold. This continues until an adjacent channel cannot reach the neighbouring
threshold, or the maximum number of channels in a cluster is reached. As for
the final condition, the total charge of a cluster has to exceed the sum threshold.
Additionally, if one channel reaches a higher intensity than the high threshold, it
automatically surpasses the sum threshold. The height of the different threshold
levels stands in direct relation to the expectable light yield and noise level of the
SiPMs in the detector. A compromise has to be made between the reduction of
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noise and the decrease in the hit eﬃciency. After the successful creation of a
cluster, the position of the traversing particle is determined by calculating the
mean position of all the channel that contributed to the cluster with respect to
the reached thresholds[5]. This process is illustrated in Fig. 3.9 together with the
different thresholds for the clusterisation process. Combining the information of
the clusters in all four layers of a detector station makes it possible to recreate the
position of the detected particle in the station. Together with the data gathered
at the other stations, the track of the particle, along with the momentum, can be
reconstructed.
ADC value
Cluster

Cluster
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threshold
Seeding
threshold
Neighboring
threshold

SiPM channel

: Position of SiPM channel
: Track of ionizing particle
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Figure 3.9: Visualization of the clustering progress and different thresholds. The
influence of the pitch between fibres and the angle of the particle beam is visible in
the increased cluster size due to a larger number of channels, which create a signal.

The clusterisation process takes place in the front-end electronics, which are located
right next to the SiPMs in the read-out box. As the first step, the SiPM signal is
sent to an application-specific integrated circuit (ASIC) with the name PACIFIC1 .
The PACIFIC amplifies the signal and uses a fast shaper to minimise spill over
1

low Power Asic for the sCIntillating FIbre traCker [31]
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and uncertainties in the signal, due to a varying signal arrival time. Through an
integrator, the analogue signal of the SiPM is transformed to a pulse with height, that
corresponds to the number of activated pixels in one channel. At last, a non-linear
2-bit ADC compares the pulse height of every channel with the three thresholds.
The resulting data of these comparisons is received by field programmable gate
arrays (FPGAs), which apply the clustering algorithm to the dataset. Only the
successfully created cluster and its characteristics are forwarded to the back-end
electronics to reduce the amount of data.
The most important characteristics of an accepted cluster, which will also be used
later in the thesis for comparison of simulation and test beam data, are the cluster
size and the cluster charge. The cluster size is the total number of channels in one
cluster. The cluster charge is the summed up charge of all channels belonging to the
cluster. In the real detector, only a lower limit can be given for the cluster charge,
due to the ADC in the PACIFIC only giving information about which threshold was
reached for each channel. Therefore, SPIROC2 front-end boards were used in the
test beam campaign, that can give full information about the number of fired pixels
in each channel of a cluster[6]. As the read-out speed of the SPIROC is slower than
the needed 25 ns for the SciFi Tracker, it can only be used for special occasions like
the test beam campaign.

2

SiPM Integrated Read-Out Chip[32]
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As mentioned in the previous chapter, scintillating fibres and respectively Fibremats
are the main components of the Scintillating Fibre Tracker. It is essential to gain
full knowledge of the different optical aspects in the Fibremats and their influence
on the resulting light yield in the SiPMs to predict cluster properties correctly and
set the different thresholds for the clustering algorithm accordingly. One of these
aspects is the crosstalk between the scintillating fibres. In the following chapter, an
introduction to crosstalk and its dependence on the attenuation length of the glue is
given. A more in-depth explanation of different optical processes, responsible for the
attenuation in the glue, follows. At last, the impact of crosstalk on the clustering
algorithm is discussed and previous measurements, which show the possible existence
of such crosstalk, are presented.

4.1 Origin of crosstalk
Inside the scintillating fibre, photons are either produced by a scintillation process
of p-Terphenyl or by a followed absorption and emittance with a higher wavelength
through the wavelength-shifter TPB. Both of the two processes emit the photon
isotropically in the core of the fibre. The estimated trapping eﬃciency of roughly
5 % [5], i.e. only a small fraction of the produced photons is created with a suitable
momentum vector to allow total reflection at the different boundaries inside the
fibre. Because the glue in the Fibremat has a higher refractive index than the second
cladding, no total reflection is occurring at this boundary [29]. Photons, which are
not reflected, leave their respective fibre of creation and continue to travel through
adjacent fibres. Through scattering and absorption processes, the orientation of
the photon can change, possibly enabling total reflection in a fibre, which was not
passed by an ionising particle.
The dominating scattering process in the fibre is Rayleigh scattering, which affects all
photons dependent on their wavelength. As the chance of its occurrence is relatively
low compared to the absorption probability, it is not expected to contribute significantly to the crosstalk in the fibre [7]. Previous simulation studies have shown that
the main contribution stems from the absorption by the wavelength shifter TPB [8].
Since the absorption and emission spectrum of TPB overlap, the concentration is
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kept low to avoid an increased attenuation in the fibre due to re-absorption. Because
of the low concentration, direct energy transfer between the p-Terphenyl and the
TPB is not enabled compared to the Förster transfer between the p-Terphenyl
and the polystyrene. As a consequence, photons are emitted by relaxation of the
p-Terphenyl and propagate through the fibre until absorption by the TPB. The
mean free path length of the photons, emitted by the p-Terphenyl, is long enough
to enable the propagation outside of the core for a share of the photons without
being shifted by the TPB. After reaching the core of a neighbouring fibre, they
can be absorbed and emitted by the TPB under a new angle, which could allow
the propagation inside of the fibre. This way, fibres, which were never passed by
an ionising particle can contribute signal to the SiPMs. The concept of these two
processes is visualised in Fig. 4.1.

Ionizing particle
Scintillator
Wavelength shifter
Rayleigh scattering

Figure 4.1: Simplified visualisation of the crosstalk in scintillating fibres, occurring
by absorption of the TPB, after leaving the fibre of origin or Rayleigh scattering
in adjacent fibres.

The glue used in the production of the Fibremats is EPO-TEK 301-2 (E301) from
the company Epoxy Technology. On request, Epoxy Technology provided their
corresponding measured data for the attenuation noted in the datasheet of E301 [29].
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The attenuation spectrum is illustrated together with the emission spectra of the
p-Terphenyl and TPB in Fig. 4.2. Compared with the fibre distance of a few

Figure 4.2: Spectra of the attenuation length of the glue 301-2 (left scale) and of
the emitted photons (right scale) inside the fibre by the scintillator p-Terphenyl
and the wavelength shifter TPB [29][7].

micrometres, it is reasonable to assume that the attenuation would not be suﬃcient
to suppress the occurrence of crosstalk. Therefore, titanium dioxide (TiO2 ), a
pigment known for its high attenuation in the UV-range [33], was added to the glue
with a concentration of 20 %.

4.1.1 Attenuation through TiO2
Titanium dioxide in the crystal form rutile is utilized for additional attenuation in
the glue. It is a photo-responsive material with a high refraction index of 2.73 for
particles with a wavelength of 590 nm, further increasing for lower wavelengths, and
a theoretical particle size 𝑑 of approximately 0.3 µm [34][35]. The TiO2 is typically
used as protection against UV-light in coatings and paint [36]. The actual process
behind the blockade of the UV-light through TiO2 is still not fully understood with
different studies stating the reflection or the absorption as the deciding factor [33].
In the glue, various optical effects can contribute to the occurrence of attenuation,
due to the present TiO2 molecules:
• Reflection: Reflection can happen at boundaries between two materials with
different refractive indices. Using the Fresnel equations and assuming the
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case of normal incidence at an even surface, the probability that a photon is
reflected follows to
2

𝑛 − 𝑛2
𝑅=∣ 1
∣ ⇒ 𝑅Air→TiO2 = 0.21 and 𝑅EPO→TiO2 = 0.08.
𝑛1 + 𝑛 2

(4.1)

• Absorption: Photons that are not initially reflected at the surface of the TiO2
molecules can be absorbed instead. The TiO2 is a semiconductor oxide with a
band gap of 3.0 eV [37]. If a photon with an energy higher than the band gap
(𝜆 < 410 nm) hits a TiO2 molecule, the electrons inside the molecule absorb
the photon and excite to cross the band gap [33].
• Scattering: Photons that are neither reflected nor absorbed are scattered,
when passing the TiO2 . With higher angle and a more significant difference in
refractive index, the light is more likely to be scattered in a different direction.
Under right geometrical conditions, the photon path can change enough to
face in the opposite direction, so that the photon leaves the glue similar to a
reflected photon on the entering side [36]. Depending on the particle size 𝑑 of
the TiO2 and the wavelength 𝜆 of the photon, different scattering processes
become dominant. In the case of 𝑑 < 0.1𝜆, Rayleigh scattering is dominant.
The scattering intensity is proportional to 𝑑6 and inversely proportional to the
number of particles [33]. For Rayleigh scattering the amount of photons that
are scattered to the front and back is symmetrical. If the particle size is in the
same range as the wavelength of the photon, the intensity of Mie scattering is
at its peak. In this form of scattering, photons are more likely to be scattered
in the forward direction [33][38]. For particles with dimensions larger than the
wavelength of the light, geometric scattering becomes the dominant scattering
process. The total scattering intensity reaches its peak when 𝑑 ≈ 𝜆/2 [34].
• Diffraction: If a photon passes an object with dimensions in the same order
of magnitude as the wavelength of the photon, diffraction occurs. Same as
for the refraction, the particle path can change so that the particle leaves the
glue on its entrance side. Because the photon does not need to pass the TiO2
directly to diffract, the scattering cross-section of the TiO2 can be considered
four to five times larger than the geometric cross section [34].
The geometrical properties of the TiO2 are deeply connected to the degree of
successful dispersion in the mixing process with the other glue components. During
the manufacturing of TiO2 , unwanted agglomerates form between TiO2 molecules.
The finished product reaches the customer as a powder that needs special handling
to achieve evenly distributed TiO2 molecules in the glue with a minimised presence
of agglomerates (see Fig. 4.3). At the Fibremat production facility, the glue
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components and the TiO2 are stirred together three times for five minutes each.
While the size of the agglomerates decreases, it is expected that the energy provided
by the stirring is not suﬃcient to overcome the attractive forces between the particles
and break up the agglomerates completely. In addition, flocculation can occur, so
that clumps of TiO2 molecules stick together inside the not fully cured glue. The
clumps dissolve by increasing the number of stirring cycles, but without constant
application of mechanical energy, the clumps will quickly form again. As a result,
the amount of diffraction and the scattering eﬃciency are expected to decrease,
which leads to a weakened attenuation in the glue [34].

Figure 4.3: TiO2 as powder, that is used for the Fibremat production (left) and
TiO2 inside fully cured glue seen under the microscope with 40-fold enlargement
(right). The formation of agglomerates is visible as the white stains in the picture.

4.2 Crosstalk in previous measurements
In November 2016, a test beam campaign was conducted at the CERN SPS test beam
facility. The acquired data helped to gain further understanding of the expectable
performance of the modules and the respective light yield measured in the SiPMs.
Additionally, it was possible to verify or adjust various detector simulations, which
are used to predict the performance characteristics of the detector over the span of
the LHCb experiment [6].
In the experimental setup, a beam that consisted of a mix of pions and muons was
directed on to unique test beam Fibremat modules with attached SiPM arrays. In
contrast to conventional modules, the SiPMs were read out by a SPIROC front-end
board [39]. They have the advantage of transmitting the actual signal strength,
contrary to the PACIFIC board, which transmits the highest threshold reached in
each channel. Data were taken for different orientations of the Fibremat to the
particle beam with the help of a rotary device.
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The changes in cluster size and cluster charge for different angles between the
traversing beam and the Fibremat were studied. For a larger angle, the particle
has to fly a longer path through the Fibremat and can deposit more energy. Also,
more SiPM channels are covered, which also leads to an increase in cluster size and
charge for higher angles. Simulation studies about the expectable cluster charge
and cluster size were carried out in the E5 working group at TU Dortmund and
compared to the collected data of the test beam for clusters with a maximum charge
of 25.5 photoelectrons [6]. The results are shown in Table 4.1. Even though the
simulation achieved a good agreement with the recorded cluster charge in the test
beam, the test beam data showed a higher mean cluster size over all recorded angles.
It was concluded, that the simulation was not describing an authentic Fibremat and
an effect that is responsible for an increase in the cluster size was not considered.
So far crosstalk was not included in the simulation as it was assumed that the
added TiO2 would lead to an ignorable amount of crosstalk. The main limitation
for implementation of crosstalk in the simulation is the missing knowledge of the
attenuation length of the glue. An arbitrary attenuation length of 1 mm was added
to the glue in the simulation, which resulted in approximately 19 % of light produced
through crosstalk [8]. As can be seen in Table 4.1, the mean cluster size in the
simulation reached a good agreement with the test beam after the integration
of crosstalk. Motivated by these results, two Fibremats were produced without
titanium dioxide for a comparison of the light yield with usual Fibremats at the
Fibremat production facility in Aachen. In the histograms in figure 4.4 it can be seen
that the mean light yield measured in these two mats was higher than the mean light
yield of every ordinary mat produced so far. In total values the mean of the normal
mat distribution lies at 19.97 photoelectrons compared to 22.60 photoelectrons for
the mats without TiO2 , which translates to an increase of 23 %. Given that this
calculated increase is based on a limited number of Fibremats without TiO2 , the
provided value inhibits a considerable uncertainty and should be treated with caution.
However, both of these studies suggest that TiO2 actually reduces the amount of
crosstalk in the Fibremats. Considering that the the attenuation length of the
glue E301 itself is noted below 1 mm in its datasheet [29], the actual attenuation
length with 20 % TiO2 is very likely to be lower than implemented in the simulation.
Another effect, missing from calculations so far, which can lead to an increase in
cluster size, is an air layer between Fibremat and SiPM. Especially in the test beam
environment, a gap up to 150 µm, due to misalignment, cannot be ruled out [40].
Such an air gap could change the necessary amount of crosstalk for an agreement of
simulation studies and test beam data.
In the next chapter, an experimental setup for the determination of the attenuation
length is introduced, and results of the measurement for different concentrations
of TiO2 are presented. The obtained results are implemented into a simulation
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together with a flexible air layer, which enables a comparison to test beam results
for additional validation of the measurement data, in Chapt. 6.
Table 4.1: Mean cluster charge and size in the non-irradiated region of the
Fibremat, read out with an H2015 SiPM for different incident angles of the particle
beam together with simulated data with and without added crosstalk [6].

angle
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2.131
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Figure 4.4: A histogram, displaying the mean light yield of Fibremats with TiO2
and without TiO2 produced at RWTH Aachen. The two mats without TiO2 reach
a higher mean light yield than every other Fibremat with TiO2 [41].
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Comparisons between test beam data and simulations have shown a discrepancy
in measured and simulated cluster size [6]. One possible reason for this difference
is the crosstalk in Fibremats, which was presumed to be non-existent due to the
high attenuation of TiO2 . Later measurements of Fibremats without TiO2 further
underlined the occurrence of crosstalk as mentioned in 4.2. The knowledge of the
attenuation length of the glue is necessary for the calculation of the actual crosstalk
in order to accurately estimate clusterisation thresholds and desired to have for
further projects on the basis of scintillating Fibremats. This chapter starts with
an explanation of the measuring setup and the needed preparation, followed by a
section about the measurement. At last, the results are displayed and discussed.

5.1 Production of glue samples
The basis of the glue used in the Fibremats is EPO-TEK® 301-2 from the company
Epoxy Technology. The company states that the glue is an optical and semiconductor
grade epoxy with low viscosity and good handling characteristics. It consists of
two components, that are stirred together under vacuum condition [29]. After the
stirring process, a day rest at room temperature is necessary for the glue to be fully
cured [29]. For the curing process, the glue is filled into a plastic tube, which had
its inside treated in advance with a release agent to allow easy separation of the
tube and the glue afterwards without damaging the glue sample. As shown in Fig.
4.2 in the previous chapter, the attenuation is not suﬃcient to suppress the travel
of photons to other fibres. Therefore, TiO2 is added with a concentration of 20 %.
Because of the low light yield that was observed in first measurements, samples
with 0, 5, 10 and 15 % concentration were also produced to create the possibility to
analyse the behaviour of the glue for increasing concentrations of TiO2 . While not
being visible in the 20 % samples, cured glue with a lower concentration of TiO2
showed a gradient of TiO2 concentration along the vertical plane (see Fig. 5.1). A
new batch of samples had to be produced, and new measurements were conducted
after assuring an evenly distributed concentration in the sample. This is achieved
by strapping the PVC plastic tube to a wheel that keeps rotating for the time of
the curing process. Additionally, the appliance of constant mechanical force helps
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to prevent the creation of agglomerates and flocculation. One disadvantage of this
method is that air can get trapped inside the tube when the tube is being sealed
off to prevent leakage under the rotation. Depending on the amount of air trapped
in the tube, air bubbles form inside the sample, making further production steps
and usage of the sample inaccessible. As a countermeasure, the tube was gradually
filled with the glue until surface tension alone prevented dripping and was sealed
afterwards. Still, a small amount of air is expected to be trapped inside of the tube
and create porous parts in the sample.
After the curing completed, the glue has formed into a cylindrical shape (see Fig.
5.1), which is cut into thin slices for the actual measurement. In early measurements,
this was done by cutting off layers with a fine saw blade. With this method, a
thickness of 230 µm could be reached. The analysis of the measurements of samples
created by this method showed that much thinner samples are needed to gain
qualitative results, due to relatively low light yield compared to the background
noise. It was also observable that through the pure pressure of the saw blade,
the sliced samples would hunch as shown in Fig. 5.2. A heating test resulted in
the discovery that the glue loses its solid state and becomes flexible at around
40 ∘C. Another downside of this method is that an uneven surface in the samples is
created by the irregular cutting motion of the saw blade, which presumably leads to
additional scattering effects. Samples, which were measured from different sides,
resulted in incomparable transmittance rates, which leads to the necessity of a
different cutting method.
Because the glue is nearly unaffected by propanol, a slow polishing method can be
used, that results in little stress on the sample and a smooth surface structure. The
slow and gentle polishing allowed to create samples as thin as 20 µm. Samples with
a lower thickness were not able to withstand the force of the polishing rotation and
would rip apart. The cutting and polishing were processed with the help of the
preparation laboratory of the physics department at TU Dortmund.
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Figure 5.1: Two glue samples after the release out of the plastic tube. The left
sample has a visible gradient of TiO2 concentration and was produced before the
addition of a rotational force. The right sample was cured under constant rotation
and has no gradient. However, air entered the plastic tube and air bubbles formed
in the curing process.

Figure 5.2: Three glue samples after being cut or polished. The left picture
displays a sample, that was cut with the saw blade and deformed under the heat
and pressure. In the middle picture, the sample was not being kept under rotation
and agglomerates formed in the centre. The right picture shows a finished sample
with even concentration and even surface, which was later used for measurements.

5.2 Data acquisition
The earliest measurements were conducted with the spectrophotometer Cary 6000i [42].
The wavelength range of the produced light signal and the detectable range of the
spectrophotometer cover the complete spectrum of the light, emitted by the scintillating fibres. A unique mounting device was custom-built and 3D-printed for easy
installation of the samples in the photon beam. The 3D-blueprint of the device can
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be seen in the Appendix A.1.
The first measurements were done with a 20 % TiO2 concentration in the sample and
a thickness of 230 µm, the lowest thickness achievable at that time. Two effects were
observed, that needed to be taken into account for a successful determination of the
attenuation length. The first effect is the strong refraction of light inside the sample.
For a visible wavelength, one could observe that the light beam was strongly refracted
inside of the sample. Because the actual detector is positioned in some distance to
the sample in the Cary 6000i, the amount of detected light does not resemble the
actual amount of transmitted light. In this case, a comparison to the simultaneously
recorded reference light beam is not possible, and the actual transmittance rate
cannot be calculated. The second effect is the substantial attenuation of the light
in the sample, which leaves a detected signal that was not distinguishable from
the background noise. It was decided to abandon the Cary 6000i and develop a
different experimental setup with the assistance of the chair E2 at TU Dortmund.
The schematic of the setup is presented in Fig. 5.3. Pictures of the setup are shown
in the Appendix ??.

Figure 5.3: The experimental setup with the main components. The neutral filter
decreases the light intensity and the diaphragm limits the beam size.

The light source of this setup is an EQ-1500 from the company Energetiq [43]. The
advantage of this lamp is a continuous high light yield over the whole wavelength
range of the photons produced in the scintillating fibres. A diaphragm focuses
the light on the glue sample, that is attached to a plane vertical surface with a
light-guiding fibre embedded concisely in the centre. The fully coated fibre is directly
attached to the spectrometer and prevents any light that did not pass the sample
from entering the spectrometer. This enables a comparison to the actual light
spectrum created by the EQ-1500 as the detection is artificially placed directly
behind the sample. The light is detected by the spectrometer SpectraPro-2500i
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from the company Acton [44]. By the use of a grating turret that consists of three
gratings and a focal plane, the spectrometer can give information about the amount
of detected photons for a wavelength range in real time. Because the grating is
modifiable, the centre of the detectable wavelength range can be chosen freely. A
disadvantage of this detection device is that the detectable wavelength range cannot
be larger than 175 nm. Therefore two series of measurements were conducted that
have overlapping boundaries with a total range of 300 nm to 600 nm. For the lower
wavelength measurement, the intensity of the EQ-1500 is adjusted to peak close to
the highest detectable intensity in the limitations of the spectrometer. Because the
intensity of the lamp increases with higher wavelengths, a neutral filter, here the
NC-8 from the company Elektrosteklo, has to be added in front of the diaphragm
for the later measurement series. The benefit is that it absorbs enough light to
prevent any damage to the spectrometer, so the general experiment is not needed
to be modified, besides the addition of the filter (see Appendix A.3 for the complete
recorded spectrum of the lamp).

5.3 Calculation of attenuation and error estimation
The remaining beam intensity after it travelled the distance 𝑥 inside a medium is
given through the Beer-Lambert law:
𝑇 (𝑥) = exp (−𝑥/𝜆) .

(5.1)

In this formula the parameter 𝜆 is called the attenuation length. It is the distance
travelled at which the intensity of a particle beam has dropped to the value of 1/𝑒.
For the aforementioned experimental setup, the remaining fractional intensity of
the light beam 𝑇 after passing the glue sample is calculated by the expression
𝑇 =

𝐼S − 𝐼BG
,
𝐼L − 𝐼BG

(5.2)

where 𝐼S is the signal measured with the spectrometer after passing the sample. The
value 𝐼L is the original spectrum provided by the lamp and 𝐼BG is the dark count
rate of the spectrometer, which is determined by covering the entrance of the fibre
with an obstacle while collecting data. Because the initial loss of intensity through
reflection at the sample surface is unknown, the attenuation length 𝜆 cannot be
easily calculated through the use of 𝑇 for one sample with a known thickness 𝑥. An
exponential fit of the form
𝑇 (𝑥) = 𝐴 ⋅ exp (−𝑥/𝜆)

(5.3)
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is necessary with the factor 𝐴 as the fraction of the beam, that is not initially
reflected at the surface for a number of samples with differing thickness 𝑥. While
the spectrum of the light 𝐼L is recorded for every sample thickness, 𝐼L and 𝐼S
cannot be measured at the same time. To account for small fluctuations, each
spectrum was recorded with 1000 consecutive 200 µs long measurements. For the
determination of an error on 𝐼L , that occurs due to a change in intensity over a
small period of time, 𝐼L was recorded once every minute ten times in a row. Due to
time constraints, the dark count rate 𝐼BG was only measured in larger time intervals
during the experiment. Shown in Fig. 5.4 is the absolute value of the difference of
two consecutive measurements divided by the intensity of the earlier one.
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Figure 5.4: Relative change of light intensity for consecutive measurements of
the lamp for different wavelengths.

Differences up to ±0.13 % occur for the intensity of the light 𝐼L with the mean
deviation being 𝜎time = 0.034 % between two measurements. A similar measurement
was conducted for the background 𝐼BG with larger time frames between data
collection. It resulted in an error of 𝜎time = 0.024 %. The error 𝜎time is combined
2
2
with the statistical error 𝜎stat. by using 𝜎total = √𝜎stat.
+ 𝜎time
. To account for
irregularities in the concentration of TiO2 in the sample and the possible existence
of bigger agglomerates, each sample thickness was measured three times from both
sides at different positions. The error on 𝐼S is calculated as the standard deviation
of the average value of these six measurements. The formula for the error on 𝑇
follows from the Gaussian error propagation.
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5.4 Results: 0 % TiO2 concentration

Transmitted light T

In order to measure the small attenuation of the glue without TiO2 concentration,
which was anticipated by the provided data from EPO-TEK[29], samples in a range
from 1.98 mm down to 0.05 mm were produced for the experiment. An exponential
fit together with the recorded data points of each thickness is shown in Fig. 5.5 for
a representative wavelength of 375 nm.
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Figure 5.5: The exponential fit for an exemplary wavelength of 375 nm for no
TiO2 concentration, shown with a logarithmic y-scale. The red crosses symbolize
the different transmission rates 𝑇 recorded for each sample thickness 𝑥.

Problematic for the fit is the poor attenuation of the glue, that leads to a higher
influence of the surface structure on the transmitted light. Before polishing the
samples, the uncut cylindrical glue is entirely transparent to the human eye, suggesting small light losses to reflection or absorption in the visible spectrum. While
the polishing creates a smooth surface on the samples, they are also tarnished by
the use of the propanol. The degree of the tarnish varies depending on the time
needed to finish the polishing. The samples with a thickness greater or equal to
1 mm are only shortly polished to create a smooth surface after already being cut to
the correct size. Therefore the respective data points show a higher transmittance
and are excluded from the fit.
The complete attenuation length spectrum together with the dataset provided by
EPO-TEK [29] can be seen in Fig. 5.6. Compared to the EPO-TEK data, the
measured spectrum has an overall longer attenuation length. This can be contributed
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to the reflection losses that were not considered in the EPO-TEK data, where only
one sample with a certain thickness was measured. Therefore, the provided dataset
should be interpreted with caution. No studies were conducted so far about the
refractive index of the glue in relation to the wavelength. However, the fit showed
that the factor 𝐴 that describes the ratio of photons that are not reflected decreases
for lower wavelengths (see Appendix A.4). It can be assumed that this is caused by
an increasing refractive index in that range. As the EPO-TEK data does not take
reflection losses into account, the increasing difference for lower wavelengths can
therefore be justified by this effect. The dip around 300 nm can also be explained
by a sharp increase in the refractive index, which would also agree with the trend of
the parameter 𝐴, which also has a dip in this wavelength range.
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Figure 5.6: The attenuation length for the recorded spectrum in the measurement
with glue without TiO2 as the function of the wavelength. For comparison, the
data provided by EPO-TEK is plotted as well. In the dark red area, the two
measurements with different gratings overlap.

5.5 Results: 20 % TiO2 concentration
In contrast to expectations, the obtained data from the glue with 20 % TiO2
concentration did not show the expected exponential decrease in transmitted light,
but would rather be described as a trend that is similar to the superimposition of
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two exponential functions. Therefore the chosen function for the fit is
𝑇 (𝑥) = 𝐴 ⋅ (𝐵 ⋅ exp (−𝑥/𝜆1 ) + (1 − 𝐵) ⋅ exp (−𝑥/𝜆2 )),

(5.4)

where the factor 𝐵 stands for the ratio between the two exponential functions
for their accountable attenuation of the light. Fig. 5.7 presents the collected
data points for the wavelength 375 nm and the corresponding fit. It can be seen
that the trend of the data points is well described by the fit function. The first
exponential function describes the strong attenuation until 𝑇 dropped to around
10−4 . For lower transmittance rates, the second exponential function describes
the in comparison continuing weak attenuation. The complete attenuation length
spectra of both exponential functions are shown in Fig. 5.8. Because the transmitted
light of samples with a greater thickness is near the intensity of the dark current
in the spectrometer, the errors are relatively large for these samples. This leads
to a higher uncertainty on the second exponential function, which describes the
weaker attenuation, especially for lower wavelengths, where the reflection at the
surface 1 − 𝐴 and the first exponential function is even stronger. It would seem
that the attenuation length resulting from the weaker exponential function can
be compared to the trend of the refractive index. The refractive index increases
for lower wavelengths up to its maximum near the band-gap, which lies at around
410 nm and decreases for even lower wavelengths again [33][37]. This is due to the
fact that with an increased refractive index the amount of refracted photons also
increases. Therefore more photons are refracted successfully and will not reach the
end of the sample. This effect is resembled in the trend of the second exponential
function. The drop of the attenuation length for lower wavelengths in the first
exponential function starts around 410 nm, which corresponds to the necessary
energy to overcome the band-gap. Photons, which have higher energy, have a chance
to excite an electron on their path if they hit a TiO2 molecule and will be absorbed
before passing the sample. Even though the fit describes the data points accurately,
the reason for two complimentary exponential functions cannot be explained easily.
Usually, the effects of absorption and reflection should be multiplicative and not
additive. A cross-check with the attenuation spectrum of glue with lower TiO2
concentration could give a better perspective to understand the reason behind this
phenomenon. The result of this cross-check is shown in the next section.
Nevertheless, the second exponential function only starts to become relevant after
the light already travelled around 50 µm in the glue and lost 99.9 % of its intensity.
It can thus be suggested that the first exponential function is solely relevant for the
majority of the fibre crosstalk. As hypothesised, the obtained evidence for strong
attenuation implies that earlier estimations of an attenuation length of 1 mm were too
high and that the effect of crosstalk in the Fibremat is momentarily implemented too
strong in the detector simulations. This strengthens the assumption that additional

41

5 Measurement of the attenuation of the glue

Transmitted light T

effects have to be responsible for higher cluster sizes. Simulation studies revolving
around this topic are shown in the next chapter.
10

1

10

2

10

3

10

4

10

5

10

6

mean
single datapoint
20% TiO2 Fit
error

0

50

100
150
200
250
Sample thickness x / m

300

Figure 5.7: Fit with two exponential functions for an exemplary wavelength of
375 nm for glue with 20 % TiO2 concentration, shown with a logarithmic y-scale.
The green crosses symbolize the transmission rates 𝑇 recorded for each sample.
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Figure 5.8: The attenuation length of glue with 20 % TiO2 concentration for both
exponential functions of the fit. The distribution of the attenuation length of the
first exponential function resembles the expectable absorption spectrum in the
glue. The distribution of the attenuation length of the second exponential function
resembles the course of the refractive index of TiO2 .
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The obtained datasets of the samples with different TiO2 concentrations were also
fitted with Eq. 5.4. Similar to the 20 % TiO2 concentration, the transmission rates of
the different concentrations seems to follow two complimentary exponential functions
(see Fig. 5.9). Two Figs. 5.10 and 5.11 display the attenuation length calculated by
using either exponential function for each concentration for the measured wavelength
spectrum.
The fit results of the different concentrations show the same trend with different
degrees of attenuation, which are in agreement with the respective amount of TiO2
in the different concentrations. The different attenuation lengths, resulting from the
contribution of the second exponential functions, all have a noticeable dip around
the wavelength of the band-gap (410 nm). For lower concentrations of TiO2 the
position of the dip shifts slightly to higher energies and gains relative strength. A
possible explanation for this are the agglomerates or flocculates that have a higher
chance to be present in samples with more TiO2 . As a result, the scattering process
of the photons is hindered and the effective refractive index changes [34][36]. The
significant decrease in attenuation length of the first exponential function that was
visible in the 20 % fit below 410 nm loses its strength for lower concentrations of
TiO2 with the 5 % concentration displaying an even larger attenuation length in this
range. It is plausible to assume, that the attenuation caused by the absorption of
photons with energies larger than the band-gap is not as significant as the number
of photons that are not scattered away because of the lower refractive index in
this energy range for lower concentrations. For higher concentrations the amount
of photons, that can be absorbed by the electrons, as well as the mean number
of scattering at TiO2 molecules increases. Both of these effects lead to higher
attenuation and would explain the visible differences in this wavelength range for
the different concentrations.
While the data of the different concentrations do not show a trivial correlation
between the concentration of TiO2 and the calculated attenuation length, the fit
model containing two exponential functions is applicable to every concentration.
It is plausible that a number of limitations might have influenced the obtained
results. The first is the polishing method with the propanol, which could have
influenced the surface structure of the glue with deeper range inside the surface
than estimated. The second is the low light yield obtained from thicker samples,
which leads to significant errors in the transmittance 𝑇. An additional limitation is
the inability to create even thinner samples for a better fit of the first exponential
function. Still, physical motivation has to be given to the chosen fit model as these
two exponential functions have to describe a different combination of attenuation
effects. It is also necessary that either attenuation only affects a certain amount
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Figure 5.9: The transmission rate 𝑇 in regard to sample thickness 𝑥 for different
TiO2 concentrations and an examplary wavelength of 375 nm. A fit with two
exponential functions is applied, that shows a good agreement with the datapoints
for all TiO2 concentrations.

5% TiO2 first exp.
10% TiO2 first exp.
15% TiO2 first exp.
20% TiO2 first exp.

Attenuation length / m

35
30
25
20
15
10
5

300

350

400

450
500
Wavelength / nm

550

600

Figure 5.10: The attenuation length spectrum of the first exponential function
for different concentrations of TiO2 as function of the wavelength.
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Figure 5.11: The attenuation length spectrum of the second exponential function
for different concentrations of TiO2 as function of the wavelength.

of photons so that the second exponential function describes photons not affected
by the strong attenuation component. If the TiO2 is responsible for the strong
attenuation in some form, the ratio of photons that are strongly attenuated should
not change for different concentrations. Fig. 5.12 shows the 𝑦-axis intercept of the
second exponential function. It corresponds to the percentual amount of light that
is not attenuated by the first exponential function. The values for the different
concentrations are in good agreement with each other, demonstrating that there
is indeed an attenuation effect originating in the TiO2 , that is not affecting the
complete light source.
Following is a possible explanation for this somewhat contradictory result of two
additive attenuation processes. It was already mentioned earlier, that the attenuation
of the stronger exponential function resembles a trend that can be associated with the
attenuation occurring due to absorption, especially with the lower attenuation length
for photons with energies higher than the band-gap. The other optical phenomena of
attenuation, the refraction and reflection, are more strongly visible in the attenuation
spectrum of the weaker exponential function. Thus, it can be hypothesized, that
the photons, which are described by the second exponential function, either wield a
specific condition, that is not allowing the same degree of absorption as for the other
photons, or that the probability of absorption inside the glue decreases rapidly after
a certain amount of TiO2 was passed by the light. Because complementary research
about the attenuation in this glue or similar substances with a low concentration
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of TiO2 is missing, no similar occurrence of two additive attenuation processes
could be found for validation or cross-checking. As this is only an assumption, it is
important to stress the fact that further research about the attenuation in a mix of
EPO-TEK glue and TiO2 is necessary to determine the exact way the TiO2 affects
the attenuation in the glue.
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Figure 5.12: 𝑌-axis intercept of the second exponential function, that describes
the weaker attenuation. The 𝑦-axis intercept shows what ratio of photons are
described by the second exponential function.
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6 Simulation studies
In this chapter simulation studies are presented about the influence of the measured
attenuation length of the glue on the crosstalk in Fibremats and the clusterisation
process. The simulation of the Fibremat is based on a modified version of a singlefibre-simulation [7][8][45], that will be introduced in the first section. The necessary
changes to the simulation will be explained, and results will be shown for crosstalk
simulations with various attenuation length spectra. Additionally, a program was
developed, that simulates the clusterisation process. Information and ideas for this
program were taken from Ref. [6] and Ref. [46]. The results of this simulation
are compared to test beam data from the 2016 test beam campaign for further
validation of the simulation and the obtained attenuation length.

6.1 Single fibre simulation
For the investigation of various characteristics of the scintillating fibres, which are
not easily measurable, a single-fibre-simulation was developed at the working group
at TU Dortmund with the software Geant41 . The simulation enables to study the
interaction of different ionising particles with the scintillating fibre and documents
the respective creation and propagation of photons inside of the fibre.
The fibre is implemented accordingly to the description given in Sect. 3.3 with
the corresponding refractive indices, geometrical dimensions and emission and
absorption spectra of the different dyes in the core of the fibre. Most of these
attributes are provided to the simulation via a parameter file, which allows easy
handling and administration of the simulation by the user. Identically to the real
detector modules, a mirror is placed at one end of the fibre with an adjustable
reflectivity. Measurements regarding the expectable reflectivity in the Fibremats
have shown that around 80% of photons are successfully reflected [48]. At the other
end of the fibre, a detection volume is placed with the material properties of either
air or polystyrene. If air is chosen as detector material, the photons that leave
the fibre, are refracted once more at the end, similar to real photons that travel
1

Geant4 is a toolkit, that was developed at CERN. It allows the user with the support of
Monte-Carlo-methods to simulate the propagation of particles through matter[47].
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through a small air gap before reaching the SiPMs. While the medium outside of
the fibre is also defined as air, the chance of reflection at the boundary between the
second cladding and the air is set to zero. This is assumed to be the case because of
the poor surface quality of the real fibre and has been verified in previous single
fibre measurements[24]. The simulation allows choosing the starting point and
momentum vector of the traversing particle, enabling the crossing of the fibre at
different angles and positions. The number of photons that are created for 1 MeV
of deposited energy is set to 8000. As there is no reference for the actual amount of
created photons per MeV for the used fibre type, this parameter is only a guideline
from older references and has to be adjusted later on. Additionally, photons can be
created directly inside of the fibre with the corresponding emission spectrum of the
scintillator, which is helpful in the Fibremat simulation for the calculation of the
crosstalk.
The simulated events are saved inside of a Root file [49], that inhibits four Root
TTree objects. In the TTree object DetectedPhotons all photons are stored, that
were able to reach the detector volume. Sorted by the eventId, several parameters
can be assigned to every single photon. The relevant parameters for this thesis are
the exit position, the exit momentum, the wavelength and the number of reflections
at the boundary of the core and the first cladding. For the coordinate system in the
simulation, the same configuration as in the LHCb detector is used with exchanged
𝑥- and 𝑦-axis and the origin being set to the centre of the fibre. Further information
regarding the single-fibre-simulation can be found in Ref. [45].

6.2 Fibremat simulation
The single fibre simulation has to undergo a number of modifications for a successful
description of a complete Fibremat. In a previous study of the crosstalk between
fibres, first necessary changes were made, that included the implementation of
additional fibres in a six-layer format. Also, a new medium was created between
the fibres that has the refractive index of the glue E301 and a dummy value for the
attenuation length [8]. Further changes were made in the course of this thesis, that
will be explained in this section.
The scintillating fibres of the first layer of the Fibremat are positioned with a pitch
of 275 µm, arising from the thread in the winding wheel. Due to imperfections in the
thread and an uneven glue application on the wheel, the exact position of the fibre
can vary up to 12.5 µm in both directions. Optical scans of the fibre cross-section
showed a discrepancy with a standard deviation of around 5 µm [50]. Therefore
a deviation is implemented in the simulation with the assumption of a normal

48

6.3 Influence of the attenuation length on crosstalk
distribution for the placement of each fibre. Directly connected to a fluctuation
in the horizontal axis is the deviation in the vertical axis, because of the curved
form of the thread. The simulation estimates a linear relationship between both
deviations. Additional displacement is created by the applied glue after each layer
in the Fibremat. In a measurement regarding the tolerance of the mat thickness for
the SiPM channels, the distance of two layers was determined to be approximately
211 µm [50]. By applying the geometry of the Fibremat, it can be calculated that a
2.43 µm thick glue film has to exist between adjacent fibres of different layers. This
film is taken into consideration for every new layer in the simulation when placed
on the previous layer with a shift of half the pitch width. The index of refraction
of the glue E301 is mentioned in the complimentary datasheet to the glue with a
value of 1.53 for a wavelength of 589 nm [29]. For the same wavelength TiO2 in the
form of rutile is stated to have a refraction index of 2.76 [33]. While various sources
mention the wavelength dependence of the refraction index of TiO2 , no reliable,
complete source could be found for either of the two materials [33][36]. A constant
refractive index for all wavelengths based on the values for a wavelength of 589 nm
was calculated and implemented using the formula
𝑛12 = 𝜙1 𝑛1 + 𝜙2 𝑛2 = 1.77,

(6.1)

with 𝜙 being the respective concentration of each material in the glue of the
Fibremat [51].
A new line in the parameter file is installed for the inclusion of the attenuation
spectrum of the glue in the simulation, that is added to the material properties
of the glue in the compilation process. There, a linear interpolation is performed
between the provided data points, so that the simulation can work with a continuous
spectrum. For possible further research on the attenuation and other effects caused
by the glue, the output-file of the simulation is created with an additional TTree
object called AttenuationLengths. This tree saves all photons that were absorbed
in the attenuation process together with the energy of the photon, and the length
travelled in the glue.

6.3 Influence of the attenuation length on crosstalk
In order to study the influence of different attenuation lengths in the glue on the
amount of occurring crosstalk in the Fibremat, a central fibre in the mat is excited
with UV-photons that match the emission spectrum of the scintillator, shown in Fig.
4.2. The position in the fibre is chosen to be close to the mirror side in 1.1 m distance
to the centre, which matches the excitation position in the test beam campaign.
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Because the simulation is not considering reflection losses at the inner boundaries of
the fibre, they have to be applied to the simulation output before the actual data
analysis. The probability to lose a photon due to reflection was obtained through
simulation studies in a previous thesis [23] and was determined to be 𝑝S = 5 × 10−5 .
The probability of a photon surviving all of the reflections 𝑛refl follows to
𝑝survival = (1 − 𝑝S )𝑛refl ,

(6.2)

with 𝑛refl representing the sum of the number of reflections between core and the
inner cladding and between the inner cladding and outer cladding. With the output
of the simulation, the number of photons, which are detected outside of the original
fibre, namely the crosstalk, can be calculated. The ratio of crosstalk to all detected
photons is shown in Fig. 6.1. The significance of the crosstalk is rapidly increasing
in the lower micrometre range and saturates around 18% for attenuation lengths
larger than 1000 µm. The same simulation is performed for the actual attenuation
length spectrum of the glue with TiO2 , with and without the estimated uncertainty,
and for the glue without TiO2 . Table 6.1 displays the relative amount of crosstalk
for the different attenuation spectra. The conclusion can be drawn, that the actual
crosstalk in the Fibremat contributes to a higher light yield, but is much lower than
assumed so far. This result reinforces the assumption that an additional effect has
to be responsible for the larger cluster sizes, which were measured in the test beam
campaign.
Table 6.1: Relative amount of crosstalk occurring in the simulation for glue without
TiO2 , glue with 20 % TiO2 concentration, and with additional error obtained in
the fit of the measurement.

Crosstalk / %

50

no TiO2
17.56 ± 0.17

with 20 % TiO2
3.46 ± 0.08

with 20 % TiO2 and error
3.83 ± 0.08

Crosstalk

6.4 Clusterisation simulation

0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

0

500

1000

1500

2000

attenuation length / µm
Figure 6.1: Ratio of crosstalk to total number of photons registered in the
simulation in relation to the attenuation length of the glue.

6.4 Clusterisation simulation
In the course of this thesis, a clusterisation simulation has been implemented that
enables a comparison in cluster size and cluster charge between the Fibremat
simulation and actual test beam results recorded in 2016. This simulation performs
the SiPM read-out of the detected photons in the Fibremat simulation for each
event and forms clusters with respect to the different thresholds used in the test
beam. Different aspects, such as the PDE of the SiPMs, or the dark count rate have
to be taken into account for an authentic read-out process. Valuable insights can be
given into the clusterisation process by studying the influence of crosstalk on the
clusterisation. This can be used for the improvement of the cluster thresholds and
parametrisation of other simulations regarding the SciFi Tracker. A visualisation of
the effect of crosstalk on the detected photons and the respective SiPM channels is
shown in Fig. 6.2.
The first step in the simulation is to create the geometrical structure of the SiPM
channels with respect to the dimensions of the H2015 SiPMs used in the test beam.
One channel is divided into 4 x 26 pixels, that have a size of 57.5 x 62.5 µm2 . A gap
of 20 µm between the channels creates an additional dead area. Before a new event
starts, the simulation checks with a random number generator for any potential
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Figure 6.2: A comparison of the number detected photons in the simulation with
a particle beam in a 10° angle to the Fibremat with crosstalk for glue with 20 %
TiO2 (left) and without crosstalk (right). The total number of generated events is
2000 for both cases. The red line indicates the path of the particle beam and the
black bars symbolize SiPM channels.

noise in the pixels, which can occur with a chance of 0.3 % [40]. Next, the output
of the Fibremat simulation is loaded and processed for each individual detected
photon. Because the photons have to pass through a 100 µm thick epoxy layer before
reaching the channels [26], the new position of the photon has to be calculated. If
the photon is not lost due to reflection losses in the fibre or due to the wavelength
dependent PDE of the SiPMs (Fig. 3.5), the photon fires the pixel at its position.
As it is assumed that a pixel can only fire once per event due to dead time, a photon
that hits an already fired pixel cannot create an additional signal. When a pixel is
successfully fired, pixel to pixel and channel to channel crosstalk can occur. The
probability for a pixel to fire an adjacent pixel is 4.5 %. For channel to channel
crosstalk, the probability is 5 % for the adjacent channels and 1 % for channels that
are positioned one row further away. After all photons of one event are processed,
the number of fired pixels in each channel are saved, and the simulated detector is
reset similar to the test beam environment, where events are not affected by spillover
due to the low event rate of the beam.
The next step is to apply the clustering algorithm as explained in Sect. 3.6. . The
different thresholds for the cluster are: a seeding threshold of 2.5 p.e., a neighbouring
threshold of 1.5 p.e. and a sum-, and high threshold of 4.5 p.e. . The cluster size and
cluster charge for simulations of various attenuation spectra are shown in Fig. 6.4.
As expected, the inclusion of TiO2 and the resulting stronger attenuation of the
glue lead to a smaller average cluster charge and a smaller cluster size compared to
glue without TiO2 . The results of the simulation for the TiO2 w/ error-glue with
a higher attenuation length than the TiO2 -glue only show small differences to the
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can be assumed that the influence of the randomly generated crosstalk in the SiPMs
has a higher influence than the addition of the error in the attenuation length.
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Figure 6.4: The distribution of the cluster charges (left) and cluster sizes (right)
for simulations with different attenuation length spectra.

To allow a comparison of the simulation with the test beam data, the number of
created photons per deposited energy is modified in the simulation with the goal
to reach the same mean cluster charge as in the test beam data for an incident
angle of 0°. Similar to the Ref. [6], a difference in the cluster charge distribution
occurs for higher charges between the simulation and the test beam data. This
can be explained by the possible overestimation of channel to channel crosstalk
and pixel to pixel crosstalk, which both have high uncertainties in their values
due to not being thoroughly measured yet. Another assumption is that secondary
particles are produced in the test beam, which increase the amount of clusters with
higher charges. As a countermeasure, the maximum cluster charge in test beam
and simulation is set to 25.5 p.e. while tuning the parameter. Shown in Fig. 6.6 is
the charge distribution and the size distribution of the clusters of the test beam
and the simulation with the obtained attenuation length from the measurements
implemented for 0°. The Table 6.2 lists the mean of each distribution for different
angles. While the cluster charge is in good agreement for all angles, the cluster size
shows a tendency to be lower in the simulation. A consequence is that an additional
effect is missing in the simulation.
The implementation of an air layer between the end of the Fibremat and the
epoxy film of the SiPMs could lead to a better agreement with the test beam data.
Because of the limitations of the test beam environment, a proper alignment between
Fibremat and SiPM could not be guaranteed and an air gap of up to 150 µm is
estimated to have been present during the test beam campaign [40]. Previous studies
regarding a varying distance of the photodetector to the end of the Fibremat showed
that an increase in cluster size can be expected [52]. In Fig. 6.7 the mean cluster
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Table 6.2: Cluster charge and cluster size at different angles for test beam data
and the simulation that includes the measured attenuation spectrum of the glue.
0°

3°

10°

15°

20°

25°

14.74±0.04
14.72±0.07

14.92±0.06
14.74±0.05

15.19±0.03
14.90±0.07

15.36±0.06
15.20±0.05

15.68±0.04
15.40±0.06

16.06±0.06
15.91±0.07

1.982±0.007
2.100±0.008

2.024±0.005
2.127±0.006

2.216±0.004
2.320±0.008

2.406±0.008
2.481±0.006

2.650±0.003
2.700±0.007

2.890±0.007
2.970±0.010
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Figure 6.6: The distribution of the cluster charges (left) and cluster sizes (right)
for the test beam data and the simulation that is tuned to reach the same mean in
cluster charge as the test beam.

size is plotted as a function of the thickness of the air layer. The relationship
between the air layer and mean cluster size is consistent with the prior research.
The decrease in cluster size for an air layer greater than 700 µm can be explained
by the finite vertical dimension of the SiPM, which causes the photons to miss the
SiPM cross-section and pass it above or below the channel.
With the assistance of the implemented air layer, the simulation is tuned again with
the adjustment of two parameters this time. The 0° simulation should simultaneously
have the same cluster charge and cluster size as the test beam. After finding an
agreement in cluster charge by increasing the created number of photons inside of
the fibre, the air gap is slowly changed until an agreement is found for the mean
cluster size. Because both parameters influence each other, the two tuning processes
are repeated until both values correspond to the values of the test beam data. As
the channel and pixel crosstalk are random number generated processes, the tuning
can only proceed until the uncertainty range of the SiPM crosstalk is reached. The
tuning showed the best agreement for an air layer thickness of 40 µm. This value
lies inside the stated possible range for the test beam. Further comparisons with
the other recorded beam angles at the test beam campaign are shown in Figs. 6.8
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Figure 6.7: Mean cluster size as function of the thickness of an air layer between
Fibremat and SiPM.

and 6.9 and in Table 6.3. Due to time constraints, no results about the fluctuations
caused by the SiPM crosstalk could be gathered, but it is reasonable to assume
that the stated uncertainties in the table would increase by one magnitude with
the uncertainty of the SiPM crosstalk included. Further research is needed in this
regard, as it is an essential parameter for the clusterisation process in the simulation.
Even without taking this, the simulation results of cluster charge and cluster size are
in good agreement with the test beam data, both for the mean value and also for the
distributions. Small differences can be seen in the cluster size distributions for 15°
and 20°. Apart from this slight disagreement, the result can be taken as confirmation
of the successful reproduction of the test beam data by the simulation.
Table 6.3: Cluster charge and cluster size at different angles for test beam data
and simulation with the addition of an implemented air layer with a thickness of
40 µm.
angle
charge / p.e.
simulation
test beam
size / channel
simulation
test beam

0°

3°

10°

15°

20°

25°

14.61±0.04
14.72±0.07

14.94±0.06
14.74±0.05

15.06±0.04
14.90±0.07

15.17±0.06
15.20±0.05

15.52±0.04
15.40±0.06

15.94±0.06
15.91±0.07

2.098±0.005
2.100±0.008

2.151±0.008
2.127±0.006

2.304±0.004
2.320±0.008

2.474±0.008
2.481±0.006

2.704±0.005
2.700±0.007

2.945±0.010
2.970±0.010
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Figure 6.8: Cluster charge for different angle in the testbeam data and in the
simulation with a present air layer of 40 µm.
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Figure 6.9: Cluster size for different angle in the testbeam data and in the
simulation with a present air layer of 40 µm.
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7 Summary and Outlook
In the time frame of the long shut down at the LHC in the years 2019 and 2020
an upgrade will be conducted at the LHCb experiment that includes an increase in
instantaneous luminosity and a faster read-out rate of the sub-detectors. To be able
to cope with the harsher environment, the current tracking stations downstream of
the magnet will be replaced by the Scintillating Fibre Tracker capitalising on the
light that is created in so-called Fibremats, to reconstruct particle tracks. The light
is detected by multi-channel SiPMs and the obtained signal is formed into clusters
to allow for a faster data read-out rate. Excellent knowledge about the performance
of the Fibremats and the expected light yield in the SiPMs is necessary to set
the values for the thresholds in the clusterisation process accordingly. Therefore,
simulation studies and test beam campaigns are vital to the success of the LHCb
upgrade.
Earlier comparisons between simulation results and test beam data showed a discrepancy in the cluster size with an overall higher value for the measurements of
the test beam data. Based on the assumption that crosstalk is the contributing
factor to this effect, the attenuation length of the glue in simulation studies was
set to an arbitrary value of 1 mm instead of neglecting the crosstalk as in previous
studies. This led to an 18% higher light yield in the simulation and reasonable
agreement with the test beam data, which motivated the inclusion of this effect in
the LHCb simulation framework. To gain actual knowledge about the attenuation
occurring in the glue in between the fibres, measurements of glue samples with
different concentrations of TiO2 were conducted in the course of this thesis. It was
shown that TiO2 is actively contributing to the attenuation process in the glue with
an increasing effect for higher concentrations of TiO2 . The obtained data suggest,
that the glue for the Fibremats has an overall attenuation length below 10 µm in the
relevant wavelength range. Because the used fit model implies the existence of two
additive attenuation processes, which are still not fully understood, this value only
describes 99.9 % of all photons. A consequence of this result is that the crosstalk in
the Fibremats was overvalued in previous studies and a different effect additionally
contributes to larger cluster size. It is expected that the relative crosstalk will be
further reduced after reflections at TiO2 molecules are correctly implemented in the
simulation.
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The influence of the attenuation length in the glue on the crosstalk was studied with
a modified scintillating fibre simulation based on Geant4. Corrected refractive
indices of the glue and the possibility to import an attenuation spectrum for the glue
into the simulation were added. The implementation of the obtained attenuation
length spectrum in the measurement led to a light yield increase of 3.5 % compared to
simulations with no implemented crosstalk. A study about the correlation between
the attenuation in the glue and the resulting crosstalk showed that especially for
the range of a few micrometres the amount of crosstalk changes drastically for a
small increase in attenuation length. Therefore, the provided value for the crosstalk
in this thesis has to be interpreted with caution. Additional limitations are missing
scattering effects in the glue, that could not be implemented in the simulation yet.
It is hypothesised that correct scattering effects may increase the light yield in the
original fibre and decrease the relative amount of crosstalk overall.
For a comparison of the test beam data with the obtained degree of crosstalk, the
scintillating fibre simulation was expanded to describe a full Fibremat. A program
was implemented that could perform the clusterisation algorithm on the output
of the Fibremat simulation. As expected, the degree of crosstalk was not enough
to reach a good agreement with the test beam data. The effect of an air layer
between the SiPM and Fibremat was simulated, which showed that an increase in
the thickness of the air layer also increases the mean cluster size. The combination
of the two effects, crosstalk and air layer, delivered a good agreement with the test
beam data for an air layer of 40 µm, which points towards the idea that this distance
between Fibremat and SiPM was present at the test beam campaign. It was also
shown that the knowledge of the actual dimension of the air layer is fundamental for
future test beams for the data analysis and the actual detector when the thresholds
in the clusterisation have to be implemented.
Overall, this study is the first step towards enhancing the understanding of the
attenuation occurring between fibres in the Fibremat. The obtained attenuation
spectrum of the glue and the corresponding level of crosstalk provide essential
knowledge to the digitisation of the SciFi Tracker. Future research needs to be
carried out to verify the proposed attenuation length spectrum. The increase in
the cluster size due to the existence of an air layer will also be accounted for in
future simulations concerning the digitisation of the SciFi Tracker. It is planned
that the Fibremat simulation will be further optimised in future studies to include
scattering processes with an implementation of the glue on a molecular basis. Also,
the clusterisation program provides the basis to validate the results of these studies
by enabling the comparison to test beam data.
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A Appendix
A.1 Measurement

Figure A.1: The mounting device(right) used for the Cary 6000i and the sample
holder(left), which allows for an easy exchange between different samples.

Figure A.2: The light source EQ-1500 can be seen on the left picture. The
right picture shows a sample, that is mounted on the plane surface, that has a
light-guiding fibre embedded in the centre.
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A Appendix

Fit parameter A

Figure A.3: Spectrum of the lamp for both wavelength ranges, that were measured.
The neutral filter reduces the intensity of the spectrum in the higher wavelength
range.
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Figure A.4: Fit parameter 𝐴 for glue without TiO2 concentration as function of
the wavelength.
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