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Abstract

The LHCDb experiment at CERN’s Large Hadron Collider (LHC) is currently taking data with a
newly developed Scintillating Fibre (SciFi) Tracker read out with multichannel silicon pho-
tomultipliers (SiPMs). The innermost fibre modules, exposed to the highest radiation, will
need to be exchanged at the end of the current run, as part of Upgrade Ib (2026-2028). For
this consolidation work and in view of Upgrade II (2032-2034) this thesis work focusses on the
development of microlens-enhanced SiPMs with increased photon detection efficiency (PDE).
A simulation study comparing the expected increase in light detection between SiPMs without
and with microlenses has been conducted to guide possible implementations, and has been
validated by a simulation based on a commercial software. Microlenses have been deposited
on available, non-customised SiPMs. The light yield of a short fibre mat has been measured
and the results of different SiPM surfaces compared. For microlens-enhanced SiPMs with a
fill factor of 50.0%, an improvement of 32% at a low overvoltage of AV = 1V over SiPMs with
aresidual layer is seen. This increase drops to 19% at a higher overvoltage of AV = 4V. For
SiPMs with a larger fill factor of 82.4% no significant difference is observed. For Upgrade 1],
cryogenic cooling is foreseen to mitigate radiation-induced ageing effects. Irradiated detectors
with an advanced technology have been tested, and a reduction in dark count rate of five
orders of magnitude between operation temperatures of —40 °C and -196 °C (liquid nitrogen)
has been measured. Customised SiPMs, combining a high PDE and low crosstalk probability

in the cryogenic technology have been produced and initial promising results are presented.
Keywords: LHCDb experiment, Scintillating Fibre (SciFi) Tracker, silicon photomultiplier arrays

(SiPMs), microlenses, light yield, photon detection efficiency (PDE), radiation-induced ageing

effects, cryogenic cooling.
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Zusammenfassung

Das LHCb-Experiment am LHC (CERN) nimmt derzeit Daten mit einem neu entwickelten
Szintillator-Fasertracker (SciFi Tracker), der von Mehrkanal-Silizium-Photomultiplikatoren
(SiPMs) ausgelesen wird. Die innersten Fasermodule, die der hochsten Strahlung ausgesetzt
sind, werden zur Konsolidierung in Upgrade Ib (2026-2028) ausgetauscht. Diese Doktorarbeit
konzentriert sich auf die Entwicklung von mikrolinsenverstédrkten SiPMs zur Steigerung ih-
rer Photonendetektionseffizienz (PDE). Diese SiPMs kommen fiir den Ersatz der SiPMs der
auszutauschenden Module in Upgrade 1b und im Hinblick auf Upgrade II (2032-2034) in
Frage. Eine Simulationsstudie, um die mégliche Verbesserung der Lichtdetektion zwischen
einem Detektor ohne und einem mit Mikrolinsen zu vergleichen, wurde implementiert und
mit einer kommerziellen Simulationssoftware validiert. Mikrolinsen wurden auf verfiigbaren,
nicht kundenspezifischen SiPMs platziert. Die Lichtausbeute einer kurzen Fasermatte wurde
gemessen und die Ergebnisse verschiedener Oberflichen verglichen. Fiir mikrolinsenverstérk-
te SiPMs mit einem Fiillfaktor von 50.0% ist eine Verbesserung von 32% bei einer niedrigen
Uberspannungvon AV = 1V gegeniiber SiPMs ohne Mikrolinsen (mit ebener Polymerschicht)
zu sehen. Bei einer hoheren Uberspannung von AV = 4V sinkt diese Verbesserung auf 19%.
Bei SiPMs mit einem grol3eren Fiillfaktor von 82.4% wurde kein signifikanter Unterschied
beobachtet. Fiir Upgrade Il ist kryogene Kithlung vorgesehen, um strahlungsinduzierte Alte-
rungseffekte abzuschwichen. Bestrahlte Detektoren mit fortschrittlicher Technologie wurden
getestet, und eine Verringerung der Dunkel-Zéhlrate um fiinf Grélenordnungen zwischen
Betriebstemperaturen von -40 °C und -196 °C (Fliissigstickstofftemperatur) wurde gemessen.
Kundenspezifische SiPMs, die eine hohe PDE und eine niedrige Crosstalk-Wahrscheinlichkeit
mit der Tieftemperaturtechnologie kombinieren, wurden hergestellt. Die ersten vielverspre-

chenden Ergebnisse werden prasentiert.

Schliisselwirter: LHCb-Experiment, Szintillator-Fasertracker (SciFi Tracker), Silizium-Photo-
multiplikatoren (SiPMs), Mikrolinsen, Lichtausbeute, Photonendetektionseffizienz (PDE),
strahlungsinduzierte Alterungseffekte, kryogene Kiihlung.






Résumé

Lexpérience LHCD située au Grand Collisionneur de Hadrons (LHC) au CERN acquiert ac-
tuellement des données avec un trajectographe a fibres scintillantes (SciFi) nouvellement
développé, lu par des photomultiplicateurs multicanaux en silicium (SiPM). Les modules
de fibres les plus internes, recevant le rayonnement le plus élevé, seront échangés lors de
la prochaine mise a jour de I'expérience (Upgrade Ib, 2026-2028). Dans le cadre du rem-
placement des SiPMs de ces modules et en vue d’'une mise a jour encore plus importante
(Upgrade 11,2032-2034), ce travail de these porte sur le développement de SiPMs améliorés
par des microlentilles pour augmenter leur efficacité de détection des photons (PDE). Une
étude de simulation comparant 'augmentation attendue de la détection de lumiere entre
des détecteurs sans et avec microlentilles a été mise en place pour déterminer les implémen-
tations possibles, et a été validée par une simulation basée sur un logiciel commercial. Des
microlentilles ont été déposées sur des SiPM disponibles et non personnalisés. Le rendement
lumineux d'un module de fibres courtes a été mesuré et les résultats de différents surfaces
comparés. Pour les SiPM équipés de microlentilles avec un facteur de remplissage de 50.0%,
une amélioration de 32% a une faible surtension AV = 1V par rapport aux SiPM sans micro-
lentilles (avec une couche de polymere) est observée. Cette amélioration tombe a 19% a une
forte surtension de AV = 4V. Pour les SiPM avec un facteur de remplissage de 82.4%, aucune
différence significative n’est observée. Pour I'Upgrade II, un refroidissement cryogénique est
prévu pour atténuer les effets dus a I'irradiation. Des détecteurs avec une technologie avancée
ont été irradiés et testés, et une réduction du taux de comptage d’obscurité de cinq ordres de
grandeur entre des températures de fonctionnement de —40 °C et de —196 °C (azote liquide)
a été mesurée. Des SiPM personnalisés, combinant une haute PDE et une faible probabi-
lité de diaphonie dans la technologie cryogénique ont été produits et les premiers résultats

prometteurs sont présentés.

Mots clés : expérience LHCD, tracker a fibre scintillante (SciFi), photomultiplicateurs en
silicium (SiPM), microlentilles, rendement lumineux, efficacité de détection de photons (PDE),

effets dus a l'irradiation, refroidissement cryogénique.
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Introduction

The Large Hadron Collider beauty (LHCb) experiment is one of the big experiments at CERN’s
LHC. It has been built to measure the parameters of CP violation of beauty (b) and charm (c)
hadrons, to study rare decays and to search for new physics phenomena. The LHCb detector
is built with state-of-the-art technology needed for exploiting the huge production of heavy-
quark hadrons, and achieving the highest precision on observables of interest. The detector
has undergone a major upgrade during the 2019-2021 machine shutdown period, and Run 3
data taking has started in 2022. One of the novel subdetectors is the Scintillating Fibre (SciFi)
Tracker, a tracking detector made of scintillating fibres with a silicon photomultiplier (SiPM)
readout, covering an active detector area of 340m?. It is the first time that the SciFi technology
has been implemented in a high-radiation environment and at such a large scale and high

granularity.

The tracker has to withstand the challenging radiation environment caused by the hadron col-
lisions. Even though the SiPMs are placed outside the acceptance region, they will experience
aneutron fluence of 4.1 x 10'1 MeV neq/cm? after an integrated luminosity of 50 fb™!. In the
current SciFi implementation, several measures, such as SiPM cooling to —40 °C, an efficient
noise rejection system, optimised detector design and neutron shielding, are taken to ensure

the required detector performance.

Eventually, after the second major upgrade of the LHCb detector (Upgrade II scheduled in
2032-2034), the rate of proton-proton collisions will increase in order to improve the statistics
and thus the precision of the measurements, leading to a dramatic increase in the detector’s
occupancy and radiation damage. The radiation will also cause a strong decrease in the light
yield of the SciFi modules. Therefore, new technologies are needed to bring the detector
into this new era. Within the scope of this thesis, I have performed R&D to improve the
photodetector’s efficiency by implementing microlenses on the SiPMs, and I studied the
effect of cryogenic cooling on irradiated devices. Additionally, I have taken part in a testbeam
campaign to evaluate the timing performance of short fibre modules, in view of improving the

tracking performance.



Introduction

An overview of the LHC and the LHCb detector is given in Chapter 1. Chapter 2 provides an
introduction to photodetectors, with a focus on the SiPM technology. The current implemen-

tation of the SciFi Tracker and its working principle are introduced in Chapter 3.

The microlens implementation is divided into two distinct work packages: in a first step, a
dedicated ray-tracing simulation based on the ROOT framework [1] (C++) has been performed
to evaluate the expected increase in photon detection efficiency of a detector with microlenses
compared to a detector with a flat residual layer. It has been used to optimise the different
microlens parameters by modelling the SiPM geometry (dead and inefficient areas) and the
angular distribution of the photons at the exit of the fibres. The parameter space has been
adapted to the possible implementation imposed by the SiPM technology. The simulation
study is described in Chapter 4.

The second work package consists of the implementation of microlenses, as presented in
Chapter 5. Two campaigns with test samples”™ provided by the manufacturer Fondazione Bruno
Kessler (FBK) [2] have been performed, and microlenses have been implemented on two pixel
geometries (with geometrical fill factors of 50.0% and of 82.4%) in two iterations. For both
iterations, the light yield of a short fibre module has been measured and the results of different
SiPM surfaces (microlenses, flat residual layer and bare SiO; anti-reflective coating) have been
compared. Additionally, the radiation hardness of the microlens material has been validated

for ten times the expected total ionising dose for future LHCb upgrades.

In Chapter 6, the developments of the SciFi technology for Upgrade II are described. In
collaboration with FBK, cryogenic cooling has been evaluated for irradiated samples and
promises a radical change in the dark count rate (DCR) of the SiPM. With the availability of
advanced SiPM technologies by FBK, new customised SiPM arrays have been produced. These
SiPMs have excellent crosstalk characteristics, and allow the operation at high overvoltage to

achieve a PDE above 60%. Additionally, they can be used in cryogenic applications.

The geometry of these samples is compatible with the one of the currently employed SiPMs
manufactured by Hamamatsu Photonics K K. (Hamamatsu) [3], so that a possible exchange of
the most irradiated modules of the SciFi Tracker is possible after Run 3 in Upgrade Ib (2026-

2028). These new modules could use new customised SiPMs equipped with microlenses.

Finally, to achieve an efficient tracking even with an increased occupancy, a SciFi Tracker
with timing information is envisioned. A dedicated telescope has been constructed and

characterised, and its efficiency and timing resolution measured.

*These test samples are not specifically developed for the LHCb SciFi Tracker.



1] LHCb experiment

CERN'’s Large Hadron Collider (LHC) is the world’s biggest accelerator and storage ring with
a circumference of 27km. The tunnel, that houses the LHC, is approximately 100m below
ground at the border region between France and Switzerland. A massive complex of an ion
source, pre-accelerators and accelerators, as shown in Fig. 1.1, injects particles into the LHC
ring, where they are circulated in opposite directions and accelerated to nearly the speed of
light. The beams are divided into up to 2808 bunches of approximately 1.8 x 10! protons
with a bunch crossing frequency of 40 MHz. At four interaction points the two proton beams
produce head-on collisions at an unprecedented center-of-mass energy of v/s = 13.6TeV.
Even though the so-called proton runs dominate the accelerator schedule, also lead and xenon

ions are accelerated during several weeks of the year with up to /s = 5.5 TeV.

The collisions are recorded by nine different experiments. The detectors of the four large-
scale experiments ATLAS [5], CMS [6], ALICE [7] and LHCD [8] are installed in caverns at
the four main interaction points, illustrated in Fig. 1.2. ATLAS and CMS are general purpose
experiments, ALICE is specialised to study the quark-gluon plasma in heavy-ion collisions,
and LHCDb is dedicated to measure rare decays and CP-violation parameters to explain the
matter-antimatter asymmetry. This experiment is described in more detail later in this chapter.
Additionally, five dedicated experiments, TOTEM [9], LHCf [10], MoOEDAL-MAPP [11], FASER
[12] and SND@LHC [13], study particles produced at the main interaction points mostly in the

very forward direction at unprecedented energy ranges and particle fluences.

The Large Hadron Collider beauty (LHCb) experiment is a single-arm forward spectrometer
specialised to detect the decay products of hadrons containing beauty (b) and charm (c)
quarks. The first version of the detector was successfully operated from 2009 until 2018.
Groundbreaking discoveries, like the first pentaquark [15] or the thus far largest CP asymmetry
measured in the BY — D[K*nTa7n*] h™ decay [16], resulted in over 600 publications in
peer-reviewed journals. During the second Long Shutdown (LS2) (2018-2021) a major detector

upgrade was installed and is in operation since spring 2022.
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The CERN accelerator complex
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Figure 1.1 — The accelerator complex providing high-energy protons to the LHC experiments.
Negative hydrogen ions get accelerated at LINAC4 to 160 MeV before they are stripped off their
electrons and enter the Proton Synchrotron Booster (PSB). The remaining protons enter the
Proton Synchrotron (PS) with 2 GeV of energy and are accelerated to 26 GeV before continuing
to the Super Proton Synchrotron (SPS). Here the protons acquire an energy of 450 GeV before
they finally enter the LHC, where they are accelerated to 6.8 TeV. Picture taken from Ref. [4].



1.1. Physics goals of LHCb

CERN
i ALICE
;1 Point 1 < Point 2

Figure 1.2 — The four interaction points at the LHC at CERN. Picture taken from Ref. [14].

1.1 Physics goals of LHCb

The Standard Model (SM) of particle physics is a theoretical model which describes the
three fundamental forces, i.e. the electromagnetic, weak and strong forces, as well as the
elementary particles that make up the known part of our universe. The discovery of the Higgs
boson in 2012 at CERN [17, 18] answered the last missing puzzle of the theory, namely the
origin of the particles’ masses. However, there are still many observations that cannot be
explained with this fundamental theory. Searches for physics beyond the SM are essential in
the physics programme of many experiments, in particular the LHCb experiment. Some of

the unexplained phenomena are [19]:

e Dark matter and dark energy: The observable matter in the universe accounts for
only 5% of the total energy. The rest is divided into approximately 27% of dark matter,
detected via its gravitational effects on galaxies and stars, and 68% of dark energy, re-
sponsible for the expansion of the universe. Following the current cosmological models,

this leaves us in the state where 95% of the content of the universe is unexplained. [20]
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¢ Neutrino masses: Neutrinos are neutral, fundamental particles interacting via the weak
force. Even though electron, muon and tau neutrinos are considered massless in the
SM, the observed neutrino flavour oscillations prove that they must have mass [21].
Measuring their properties is an important physics goal addressed by many dedicated
neutrino experiments, such as SND@LHC [13], FASERv [22], IceCube [23] or Super-
Kamiokande [24].

¢ Gravity within the SM: The universe is governed by the laws of four fundamental
interactions. However, only three of them are incorporated into the description of the
SM. The missing one, gravity, is described by the general theory of relativity published
by A. Einstein in 1915 [25]. It describes the universe with a four-dimensional, curved
space-time, in contrast to the theory of the SM which relies on quantum mechanics to
describe the elementary forces and particles. Until now a unification of the two theories

has not been successful.

¢ Baryon asymmetry: The Big Bang theory explains the creation of the universe about
14 billion years ago, and predicts that equal amounts of matter and antimatter were
produced. The universe however is predominantly made up of matter, and up to now no
large amount of antimatter has been detected. This leads to the question of the origin

and the magnitude of this symmetry breaking. [26]

The LHCD experiment [27] has been designed with an emphasis on studying the parameters
of CP violation*, which could explain the matter-antimatter asymmetry. The large production
rate of b and ¢ hadrons from proton-proton collisions in the LHC offers the unique opportunity
to study heavy flavour physics. As both, b and b quarks, are dominantly produced in the same
forward or backward cone, which is shown in Fig. 1.3, LHCb has been designed as a single-arm
forward spectrometer covering a pseudo-rapidity range of 2 < i < 5. Since its beginning, LHCb
has evolved from a dedicated heavy flavour physics to a general purpose experiment, studying
not only hadrons containing beauty or charm quarks but also performing rare kaon decay

measurements, studying heavy bosons, as well as searching directly for new particles. [28]

Even though LHCDb has produced significant results from the first two data-taking periods
(Run 1 from 2010 to 2012 and Run 2 from 2015 to 2018) there are still many mysteries left
to uncover. Additionally, many of these obtained results are limited in their precision by
statistics, calling for more data. Therefore, the detector was upgraded [29] for the current
data-taking period Run 3 from 2022-2025, allowing the operation of the experiment at higher

instantaneous luminosity. The upgraded detector features a readout system that can acquire

*CP stands for charge conjugation (C) and parity (P).



1.2. LHCDb detector for Run 3
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Figure 1.3 — The angular distribution of bb production from proton-proton collisions at
V/s = 14 TeV. The red area highlights the coverage of LHCb. Picture taken from Ref. [30].

the full data of the proton-proton interactions, opening the door to a software-based event

selection with higher efficiency and a reduction of the statistical uncertainties.

1.2 LHCDb detector for Run 3

An important parameter to describe the performance of a collider is the instantaneous lumi-
nosity £ . It is the proportionality factor between the cross section of a physics process event

and the number of interactions that have happened per unit time dN/dt:

dN < (1.1)
—=%0 . .
dt event

If the luminosity is integrated over time, it is called integrated luminosity. It is proportional to
the total number of events collected during this time. The integrated luminosity is measured

infb~1.
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The LHC can provide an instantaneous luminosity of almost 2 x 1034 cm™?s~! in Run 3. In the
previous data-taking periods, LHCb tuned the instantaneous luminosity to have a collision
rate between 1.1 and 2.5 visible proton-proton interaction per bunch crossing, collecting data

032 cm~2s7!. This allowed the collection of a

at an instantaneous luminosity of £ = 1.5 x 1
total integrated luminosity of 9 fb~! for Run 1 and 2 together [31]. In Run 3, the instantaneous
luminosity at LHCb will significantly increase (approximately ten times) aiming to collect
40 fb~! of data. The expected number of visible proton-proton interactions per bunch crossing

isincreased to u = 5. [32]

During the Long Shutdown 2 (LS2) (2018-2022) the LHCb detector was upgraded (described
e.g. in Ref. [29]) replacing all of its tracking detectors, updating the Ring-Imaging Cherenkov
(RICH) detector systems and exchanging all of the readout electronics to cope with the higher
rate that is expected in Run 3. The detector, shown in Fig. 1.4, consists of the following

subdetectors:

The VELO: The VErtex LOcator (VELO) is the detector closest to the interaction point. It
surrounds the beam at a distance of 5.1 mm for precise vertex point measurements. The close
distance is achieved by placing the detector modules in a secondary vacuum, and installing
only a thin foil to separate the beam vacuum from the VELO one. The silicon strip detectors
from Run 1 and 2 have been replaced with silicon pixel detectors to improve the VELO’s
position resolution and radiation hardness. The sensors with a pixel size of 55 pum x 55 pm are
installed on two L-shaped halves, which are mounted on movable stages. These two halves are
only closed during beam collisions to reduce the radiation exposure due to the larger beam

dimension during injection time. [33]

The RICH detectors: Two Ring-Imaging CHerenkov (RICH) detectors, one upstream and the
other downstream of the dipole magnet, use the Cherenkov effect to determine the velocity of
charged particles. Combined with momentum measurements of the tracking detectors and
the magnetic field, the RICH information allows particle identification (PID), in particular
for kaons, pions and protons. The detectors are filled with C4F( (in the case of the RICH-1)
and CF, (for the RICH-2) gases, which are adopted to optimise PID resolution in two different
momentum ranges. The produced Cherenkov light is reflected and deviated by a dedicated

optical system onto a plane of photodetectors, i.e. multi-anode photomultiplier tubes. [34]

The UT: The Upstream Tracker (UT) is a dedicated tracking detector installed in front of the
magnet. It is made of silicon strip sensors with a pitch of 95— 190pum. The sensors and the
integrated front-end electronics are mounted double-sided on supportive staves. The staves

are arranged such that they form four detector planes (x-u-v-x). [28]
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Figure 1.4 — Schematic sideview of the LHCb detector. Picture taken from Ref. [28].

The dipole magnet: LHCb’s magnet is a warm dipole magnet bending the trajectories of
charged particles in the horizontal plane with a bending power of about 4 T-m to determine
the particles’ momentum. The polarity of the magnet can be inverted to reduce systematic
errors in the tracking of the particles. This is especially important as LHCb is performing

precision CP-violation measurements. [27]

The SciFi Tracker: The Scintillating Fibre (SciFi) Tracker is placed downstream of the magnet.
It is made of scintillating fibres read out by multi-channel silicon photomultiplier arrays
(SiPMs) with a channel size of 250 pm. The whole tracker is composed of twelve detection
layers grouped into three stations (T1, T2, T3), and covers a total area of 340 m?. Each
detector plane is divided into five or six modules, which are mounted on C-frames that carry
additionally to the modules the readout electronics and the other detector infrastructure. The

SciFi Tracker is described in more detail in Chapter 3. [28]
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The ECAL: The electromagnetic calorimeter (ECAL) measures the energy of electrons, positrons
and photons. It is a sampling calorimeter, using a Shashlik technology: scintillating bars and
lead absorbers are interleaved in a sandwich structure. Wavelength-shifting fibres are inserted
to collect and transport the produced scintillating light towards photomultiplier tubes. With a
thickness of 25 radiation lengths all incoming electrons, positrons and photons will deposit

their energy in the form of electromagnetic showers. [34]

The HCAL: The hadronic calorimeter (HCAL) follows the same principle as the ECAL, but
measures the energy deposits of hadrons such as protons, neutrons, pions and kaons. Instead
of lead the HCAL employs iron in between the scintillating blocks. The thickness of the HCAL
is 6 nuclear interaction lengths, allowing the hadrons to deposit their energy as hadronic

showers. [34]

The muon system: As muons are present in the final states of many interesting decay chan-
nels, it is crucial to identify them in the LHCb detector. The muon system is composed of
four stations with gas chambers and iron walls. The chambers are multi-wire proportional

chambers, detecting the passing muon. [34]

PLUME: A new luminosity detector is installed upstream of the VELO. Probe for LUminosity
MEasurement (PLUME) is a dedicated detector system to monitor the instantaneous luminos-
ity and the visible proton-proton interactions per bunch in real time. Photomultiplier tubes
are staggered around the beampipe in a hodoscope structure. Particles from the interaction
point produce Cherenkov light in quartz tablets coupled to the entrance window of the pho-
todetectors. PLUME employs a direct particle counting technique (yes/no), which is possible

due to its small size and the thus small expected occupancy. [35]

1.2.1 Trigger in Run3

An important feature of the detector for Run 3 is the upgraded trigger system to readout the
full data at the bunch crossing frequency of 40 MHz, as described in Ref. [36]. The real-time
data acquisition (DAQ) system of LHCb builds events on customised PCle40 cards based on
field-programmable gate arrays (FPGAs). The front-end information is transmitted on optical
links and combined by a set of dedicated servers. These so-called event builders combine the
event data from all subdetectors and forward them to an event filter farm (EFF). In the EFF the
data is reconstructed, and only interesting events are stored permanently. The event selection

is done by the High Level Trigger (HLT). In the first stage (HLT1), which runs on Graphical
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Processing Units (GPUs), a partial event reconstruction with data from the tracking detectors
(VELO, UT and SciFi) is performed. The software trigger processes the expected data rate of
40Tbit/s [37]. After a first data selection, the full data is reconstructed in the second step of
the trigger (HLT2) and interesting events are sent to storage. With HLT1, LHCD is the first high
energy physics experiment employing a high-throughput GPU trigger system. The advantage

is a highly efficient event selection compared to the hardware trigger from Run 1 and 2.

Momentum measurement and tracking

The momentum of charged particles is measured using their deflection in the magnetic field.
The position before and after the dipole magnet is determined by the tracking detectors, and
the momentum is calculated using the deflection angle. For short-lived neutral particles, the

momentum of the decay products is used, relying on momentum conservation.

Figure 1.5 shows the possible track types in the experiment. In the HLT1, the first event
selection is performed on particle tracks with hits in the VELO, UT and the SciFi Tracker. These
tracks are called long tracks and have the best quality for physics analysis, due to the well
defined information of the interaction point and the very high momentum resolution given
by the information before and after the magnet. T tracks are detected by the SciFi only. They
are used as input to reconstruct downstream tracks, by adding hits in the UT and the SciFi.
Downstream tracks are the daughter tracks of long-lived particles, for which the decay occurs
outside the VELO. Particles that are bent by the magnet out of the detector acceptance are
reconstructed as upstream tracks. Finally, VELO tracks are tracks seen only by the VELO, and

are usually incorporated at a later stage in long or upstream tracks. [28]

Upstream track

T1 T2 T3
uT /
VELO Long track
i
VELO track Downstream track
Ttrack

Figure 1.5 - Different track types in the LHCb experiment. Picture taken from Ref. [28].
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1.3 Radiation environment

In high-energy particle collisions many different particles are produced. Depending on the

particle, its energy loss when interacting with matter can either be ionising or non-ionising.

Charged particles produced directly at the collision or as secondary decay products deposit
energy in matter via Coulomb interactions with electrons, by excitation and ionisation of the
atom [38]. Photons with sufficient energies (above the UV spectrum) can also cause ionisation
when interacting via the photoelectric and Compton effects. The damage can be directly

related to the irradiation, i.e. the dose, expressed in Gray (Gy).

Neutral and low-energy charged particles can interact with the nucleus of the surrounding
material. In a semiconductor, this results in the energy dissipation by the atom in the form
of phonons or in the atom’s displacement [39]. Displaced atoms are called interstitials, and
create a vacancy in the crystal structure. The mobility of interstitials is strongly temperature
dependent, which allows produced vacancies to be refilled, resulting in so-called annealing.
However, if the lattice vacancy is bound by other atoms, it can form a stable defect which will

have an impact on the macroscopic properties of the material.

For a SiPM two different types of damage can be observed. Ionising energy loss (IEL) will
cause surface damage, which changes the electric field and increases the leakage current. Bulk

damage, caused by non-ionising energy loss (NIEL), increases the dark count rate (DCR). [40]

Radiation effects of different particles can be scaled linearly to the resulting radiation damage.
This is referred to as NIEL scaling [41]. As described in Ref. [42], the fluence of particles ®
crossing the material is scaled to the equivalent damage induced by 1 MeV neutrons using
a hardness factor k(E) = D(E)/D(n), where D(E) is the displacement damage function for

particles with energy E and D(n) for 1 MeV neutrons:
Deq = k(E)- . 1.2)

The equivalent fluence @ is given in 1 MeV neq/ cm?. In Fig. 1.6, the hardness factor in silicon

is shown for different particles.

All LHCDb subdetectors are heavily exposed to the harsh radiation environment. To ensure
the operation and detector performance throughout the lifetime of the detector, simulation
studies in FLUKA [49, 50] have been performed to evaluate this radiation environment for
every subdetector. This was crucial for the design choices of the subdetectors. The results
for the VELO, the SciFi Tracker and the ECAL are listed below to provide an overview of the

expected irradiation levels in LHCb.
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Figure 1.6 — The hardness factor in silicon of different particles. The data has been normalised
to 1 MeV neq/ cm?. The data, summarised by Ref. [43], is based on Ref. [44-47]. Picture taken
from Ref. [48].

VELO

As explained in Ref. [33], the VELO is exposed to the highest radiation dose as it is the sub-
detector closest to the interaction point. The simulation in FLUKA shows that an integrated
luminosity of 50 fb~! corresponds to a maximum integrated fluence of 8 x 10'° 1 MeV neq/cm?
in the region around the interaction point. Figure 1.7 shows the full estimated integrated dose
per fb~! of the covered detector radius r versus z position, which is the direction along the
beam line. [33]

5.0 x 10"

—_
=)
g 2
=
- s
=
5
<
~
10—
5
\ . , LHCb Sin}ulation Vs =14 TeV
-200 0 200 400 600 800
z [mm)]

Figure 1.7 - Simulated integrated dose in the VELO region per fb~! using FLUKA. The vertical
lines represent the locations of the VELO stations. Picture taken from Ref. [33].
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Figure 1.8 — Simulated ratio of the radiation environment with and without the neutron
shielding for the SciFi Tracker using the FLUKA framework. The shielding is made of 95%
polyethylene and 5% boron. Picture taken from Ref. [51].

SciFi

The radiation level was simulated in FLUKA for the SciFi stations T1 and T3 after an inte-
grated luminosity of 50 fb~! and a proton-proton total cross-section of 84mb, as detailed
in Ref. [51]. The main radiation source at the position of the SiPMs are neutrons backscat-
tering from the calorimeters. This will lead to a maximum fluence around the beampipe of
8.1 x 10! 1 MeV neq/cm? for T1 and 14 x 10 1 MeV neq/cm? for T3. An efficient neutron
shielding has been designed and installed in front of the ECAL, reducing the fluences by factors
of 2.5and 3.4 down to 3.2 x 10" 1 MeV neq/cm? and 4.1 x 10! 1 MeV neq/cm?, respectively.
The expected radiation environment is shown in Fig. 1.8. The absorbed ionising dose will
be 40 Gy at T1 and 80 Gy at T3 at the SiPMs’ position. For the scintillating fibres the highest
radiation is seen close to the beampipe, where an ionising dose of 35 kGy for T1 and 25 kGy for
T3 is expected. [51]

ECAL

The highest radiation dose is expected at the front of the ECAL and in a horizontal region at the
level of the beampipe. The ECAL was designed to withstand radiation up to 2.5kGy per year for
ten years. A simulation study in FLUKA as well as measurements with Alanine sensors' were
performed in 2011 and 2012, and are compared in Fig. 1.9. They show a maximum dose of
roughly 1kGy and 2kGy in the innermost region, respectively. The total dose for an integrated
luminosity of 50 fb~! amounts to approximately 50kGy. [52]

fAlanine sensors are used as dosimeters to measure radiations between 1 Gy and 120kGy [52].
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Figure 1.9 — Radiation dose on the front of the ECAL, simulated using FLUKA. The colour scale
represents the ionisation dose in kGy. The simulated values (green column) for a /s = 8 TeV
are compared in the tables to selected measurement positions (white squares) of the radiation
dose measured by Alanine sensors (blue column) for Run 2. Picture taken from Ref. [52].

1.4 Future upgrades of the LHCb detector

The currently foreseen timeline of the next major LHCb detector upgrades is shown in Fig. 1.10.
LHCDb Upgrade Ib is scheduled during the Long Shutdown 3 (LS3) in 2026-2028, and Upgrade II
during .54 in 2032-2034, both described in Ref. [53].

1.4.1 UpgradelIb

After Run 3, the works on the LHC accelerator for the high-luminosity upgrade will be finalised.
With this upgrade the LHC’s instantaneous design luminosity will be increased by a factor
of five. LS3 provides the opportunity to perform preparatory installations for the LHCb
Upgrade II. Additionally, consolidation works can be performed on the central SciFi modules
with the fastest ageing due to radiation. Depending on the observed degradation of the hit
detection efficiency in Run 3, the central modules will be entirely replaced (fibres and SiPMs).
This allows the installation of new SiPMs with an enhanced photon detection efficiency (see
Chapters 4 and 5). Moreover, a part of the inner region of the SciFi Tracker may be converted

to a silicon pixel detector in a proof-of-concept installation for Upgrade II. The combination of
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Figure 1.10 — The expected time schedule of the LHCb experiment. Picture taken from Ref. [31].

SciFi technology and silicon pixel detector envisioned for Runs 5 and 6 is known as the Mighty

Tracker, and will improve the tracking efficiency in the region with the highest occupancy.

Finally, a new tracking detector inside the dipole magnet is planned to be installed [53]. The
new subdetector system will measure low-momentum particles that are deflected by the
magnetic field outside of the acceptance. As shown in Fig. 1.11, four panels will be placed
inside the magnet. 5 mm-thick, rhomboidal-shaped scintillating bars read out by green
wavelength-shifting fibres are grouped into four layers per panel. Clear plastic optical fibres
transport the light from the scintillating bars to SiPMs stationed outside the magnet. All the
electronic equipment is also placed outside the acceptance region in order to keep the material
budget low. [53]

1.4.2 UpgradeIl

In Run 5, LHCDb is aiming to operate the detector at up to ten times higher instantaneous

2 571, planning to reach a five times higher total integrated

luminosity of 1.5 x 103* cm~
luminosity of 240 fb™! (see Fig. 1.10). This will put a significant strain on all the subdetectors in
terms of occupancy (increase of a factor of ten) and radiation (increase of a factor of five). The
tracking detectors will therefore be completely replaced to maintain a high tracking efficiency.
The Mighty Tracker (with an Inner and Middle Tracker made of silicon pixels and an outer
tracker made of scintillating fibres) will replace the current SciFi Tracker downstream of the

magnet. [53]
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Figure 1.11 - Placement of the Magnet Stations inside the dipole magnet. Picture taken from
Ref. [53].

The Mighty Tracker combines the SciFi Tracker with silicon pixel detectors in the region
around the beampipe. The design of the Mighty Tracker can be seen in Fig. 1.12. The silicon
detectors will be installed on six of the twelve layers of the tracking stations, covering a total of
approximately 18 m?. The prototype of the MightyPix sensors is based on MuPix10 [54] and
ATLASpix3 [55] sensors and uses a High-Voltage CMOS (HV-CMOS) technology. In the current
version, the sensors have a pixel size of 55 um x 165 pm. They are mounted double-sided on
a Kapton flex-circuit and grouped into modules of size 20 cm x 54 cm. 28 modules of silicon
sensors and cooling pipes form one silicon layer. A schematic picture of a module is shown in
Fig. 1.13. The monophase liquid cooling allows the operation of the sensors at 0 °C to cope
with the high radiation. [53]

Due to the high radiation environment the DCR of the SiPMs is expected to increase to a
level far beyond the acceptable rate of = 10 MHz per channel, even while cooled to —40 °C.
Therefore cryogenic cooling is envisaged, which will keep the DCR at the level of tens of
kHz per channel. First studies on irradiated SiPMs have been performed in this thesis for
Upgrade II, and are discussed in detail in Sec. 6.2. For the operation at cryogenic temperatures,
the SiPMs have to be installed in a vacuum environment. This can only be achieved either via
an intermediate optical interface made from clear fibres, or with a direct feed-through of the
scintillating fibres into the vacuum box. In the first case, a loss in light of approximately 20% is
expected, whereas in the second case longer fibre mats are needed (increase of = 15cm) with
a negligible impact on the light yield. For both options, the installation of SiPMs with a higher

detection efficiency is crucial to counteract the degradation of the scintillating fibres due to
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Figure 1.12 - Design of the Mighty Tracker. The outer part (brown) is made of SciFi modules.
The Inner Tracker (pink) and the Middle Tracker (blue) are made of silicon sensors. A part of
the Inner Tracker may already be installed during LS3 in a proof-of-concept installation. The
complete Mighty Tracker will be installed in LS4. Picture taken from Ref. [53].
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Figure 1.13 — Cross-section of the sandwich structure of the silicon module. Picture taken from
Ref. [56].

the higher radiation exposure. This can be achieved by implementing microlenses on the
SiPM pixel surface to deviate light into the active area, effectively increasing the geometrical
fill factor and therefore the PDE. The results of a simulation and prototyping campaign are
detailed in Chapters 4 and 5 of this thesis.
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Y4 Photodetectors

Photodetectors are devices dedicated to the detection of incoming light and its conversion
into an electric signal. In high energy physics, photosensors are mainly used together with
scintillators or to detect Cherenkov radiation. Typical materials are photocathodes, made from
alkali materials such as cesium iodide (Csl) or gases like tetrakis dimethyl-amine (TMAE), and

semiconductors, where silicon (Si) is the most used. [57]

This chapter provides an overview of photodetectors employed in high energy physics, such
as vacuum-based, gaseous-based and solid-state devices. Here, the most common detectors
work in a spectral range from vacuum-ultraviolet (VUV) [58] to near-infrared (NIR) [59]. In
this range the photon has an energy of a few electronvolts (eV). Therefore, photodetectors rely
on the photoelectric effect to detect incoming light. In this type of process, the photon energy
Ey, = hv is higher than the binding energy of the electron Ey;,, and the photon will transfer all
of its energy to the electron. The electron will be ejected from the atom with an energy equal

to Epe. = hv — Epin.

One distinguishes conventionally between the internal and the external photoelectric effects.
The internal photoelectric effect is used in semiconductors. When absorbing the photon,
an electron is moved from the valence to the conduction band, and can from then on be
considered as a free electron. The external photoelectric effect is used with a metal surface or

a photocathode, extracting the electron from the surface or the cathode. [60, 61]
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2.1 Overview of photodetectors

As described in Ref. [57], the most common photodetectors can be categorised as follows:

¢ Vacuum-based photodetectors employ the external photoelectric effect to produce
a free electron. Typical detectors are photomultiplier tubes, hybrid photodetectors
and microchannel plates. They all have an electron amplification stage specific to the
detector type.

* Gaseous-based photodetectors either use photosensitive gas molecules or a solid pho-
tocathode to release the primary electron via external photoelectric effect. The released
photoelectron moves towards the anode and, due to the high electric field, triggers the
avalanche in the gas. The produced ions have a low mobility in the gas, and thus these
types of photodetectors can be operated in a magnetic field. They are typically employed
in Cherenkov detectors instead of vacuum-detectors due to their cost-efficient large
coverage. Additionally, they have a lower noise level and a higher gain than solid-state
devices [62]. A prominent example of this technology is the ALICE RICH detector, where
segmented photocathodes are coated with Csl, and used in a multi-wire proportional
chamber [63].

¢ Solid-state photodetectors employ semiconductors to detect incoming photons. The
internal photoelectric effect will create the primary electron and, depending on the
photodetector type, create an avalanche amplification (e.g. in avalanche photodiodes or
SiPMs) or not (PIN-diode). The most commonly used material is silicon, due to its high
quantum efficiency in the visible spectral range, thermal range, availability in nature

and its wide use in industry.

Ideally, photodetectors would show a linear response to the incoming photon flux and detect
all incoming photons. However, they have limited linearity and a detection probability smaller
than 100%. Additionally, the detected signal shows statistical fluctuations, which is especially

important for low-light detection applications [64].

One of the most important features concerning detection probability is the quantum efficiency,
which is defined as the ratio between the number of generated photoelectrons (PE) Npg over

the total number of incoming photons Nyt [57]:

_ Npg

QE = —PE
Niot

2.1
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As can be seen in Fig. 2.1, the QE is wavelength dependent. For the emission spectrum of the
LHCD SciFi Tracker peaking at a wavelength of A = 450nm, shown in Fig. 2.2 for several fiber

lengths, silicon is clearly outperforming any photocathode materials, with a QE of more than
80%.
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Figure 2.1 — Quantum efficiency of several different photocathodes compared to silicon. The
vertical line at A = 450nm indicates the wavelength of the peak emission of the LHCb SciFi
Tracker. Picture taken from Ref. [65].
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Figure 2.2 — Emission spectrum at different fibre lengths of the scintillating fibre SCSF-78M]J
used in LHCb SciFi Tracker. Picture taken from Ref. [28].
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Figure 2.3 — Schematic design of a PMT with a ten dynodes structure. Picture taken from
Ref. [66].

2.2 Photomultiplier tubes

One of the most common photodetectors used in particle physics is the photomultiplier tube
(PMT). It is described in detail in Refs. [66, 67], both used as basis for this section. A typical
structure is shown in Fig. 2.3. The photon enters the tube through the entrance window, which
can be made of different materials, e.g. lime glass, quartz or beryllium, depending on the
spectral range of the incoming photon. After the entrance window, the photon interacts with
the photocathode via external photoelectric effect and produces a photoelectron. The electron
will then be focussed by an electrode onto the first of several so-called dynodes, which are
used to create an avalanche of electrons. Each dynode acts as an electron amplifier. The final

signal after the last dynode is read out on the anode.

A high bias voltage (typically several thousand volts) is applied to the full device for electrons’
acceleration. Voltage dividers are used to apply the voltage to the photocathode and dynodes.
After creation, the photoelectron is accelerated towards the first dynode and creates secondary
electrons due to impact ionisation. The secondary electrons are in turn accelerated towards
the following dynode, and the process continues until a gain of up to 107 is reached [67]. The
rise time of a signal pulse is usually in the ns range. The efficiency of a PMT is given by the

product of its QE, the collection efficiency and the multiplication probability.

PMTs are widely used as photon detectors in high energy physics (HEP) because of their large
active area, high radiation tolerance and low dark noise. Dark noise is the detected current
produced in the dark by e.g. thermal electron emission from the photocathodes [67], and the

average rate of the detected dark pulses is called dark pulse rate.

One example where PMTs are employed is the LHCb luminosity detector PLUME. The pho-

todetectors are used to detect Cherenkov light produced by particles crossing quartz tablets
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Figure 2.4 — QE of PMT type R760 as function of wavelength. The QE peaks at around 400 nm,
and has a QE of 15% for the Cherenkov light emitted by the quartz window in PLUME (below
200 nm). Note that below 200 nm the quantum efficiency is expected to decrease (not increase
as is the case in this figure), which has been previously shown in Fig. 2.1. Data taken from
Ref. [33].

coupled to the PMT quartz entrance window. The light is emitted in the UV-spectrum, where
PMTs generally have a relatively high QE. The QE of the R760 PMTs produced by Hamamatsu,
which is installed in PLUME, is shown in Fig. 2.4, and exceeds 15% at 200 nm. The PMTs
are also sufficiently radiation hard, showing acceptable change in the dark pulse rate at an
irradiation with photons up to 200 kGy and with a neutron fluence of 2.7 x 104 cm 2. The

dark pulse rate will still stay below 10 kHz, allowing single photon detection. [33]

A disadvantage of a PMT is the low gain of the first dynode, which introduces statistical fluctua-
tions following a Poisson distribution. Another important factor to consider when using PMTs
is their sensitivity to radiation and the accompanying ageing effects, i.e. decrease in sensitivity
due to the transmission loss of the entrance window and additional noise production [66].
Both effects are highly dependent on the chosen entrance window material. Additionally, their
sensitivity to the magnetic field, their size as well as the complicated mechanical design make

solid-state photodetectors often a more favourable option.

2.3 Semiconductors

The bandgap of a material, as shown in Fig. 2.5, determines the conductivity of a material [68].
In a semiconductor, the conduction and valence bands are separated by a bandgap of low

value (as compared to insulators), which is for silicon, germanium and gallium arsenide
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Figure 2.5 — Schematic representation of the band structure of an insulator, semiconductor
and a conductor. The Fermi levels for each are indicated.

1.12 eV, 0.66 eVand 1.42 eVat T = 300K, respectively [69]. The bandgap for insulators like
glass is usually much larger and cannot be easily crossed by thermally excited electrons. For
conductors like metals the bandgap is non-existent due to the overlapping of the valence and

conduction bands, or the highest energy band is only partly filled.

The Fermi level is the highest energy level which electrons can occupy at absolute zero temper-
ature [68]. For semiconductors and insulators it lies in the bandgap, whereas for a conductor
it is inside the overlap of conduction and valence band. Typically, the aforementioned semi-

conductors silicon, germanium and gallium arsenide are used in photodetectors.

2.3.1 p-njunction

The following section is based on Refs. [69-71]. Silicon can be doped to increase the number
of free charge carriers. Atoms of the chemical group III are introduced to increase the number
of free positive charge carriers (holes). These atoms are called electron acceptors, and create
a p-doped silicon. Usual elements to use are boron, aluminium and gallium. To produce
negatively (n) doped silicon, atoms from group V such as nitrogen, phosphorus and arsenic
are introduced in the lattice structure. These atoms are then referred to as donors, and have
an additional free electron in the structure. The free charge carriers for both types of doped

silicon (electrons for n-type and holes for p-type) are referred to as majority carriers. Holes
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Figure 2.6 — Band structure of a p-n junction at equilibrium. Diffusion and drift currents for
electrons (light grey) and holes (dark grey) are shown. A thermally generated electron-hole
pair is shown on the right side of the junction. Picture inspired from Ref. [72].

in the n-doped and electrons in the p-doped silicon are referred to as minority carriers. Very

highly doped materials are denoted by p* and n*.

The Fermi level in the n-doped silicon is close to the conduction band, whereas for the p-doped
side it is close to the valence band. If p-type and n-type silicon structures are joined, they form
a p-n junction at which the Fermi levels of the p- and n-doped regions will align. This modifies
the band structure of the material as shown in Fig. 2.6. Due to the concentration gradient,
electrons from the n-type region will diffuse towards the p-doped region, and recombine with
holes. The same is happening in the p-type region, with holes diffusing towards the n-side
and recombining with electrons. The diffusion process creates ionised atoms at the border,
where a negative charge in the p-region and a positive one in the n-region are created. This

is known as space charge region or depletion region, which is now depleted of free majority

charge carriers.
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An electric field is formed as a result of the built up charge distribution in the depletion region.
Electrons from the p-side drift towards the n-side and holes to the p-side. The drift current

will counteract the diffusion current until they are equal and an equilibrium is reached.

Statistically, as described for example in Refs. [73, 74], some majority carriers will manage to
diffuse and will become minority carriers upon crossing the junction. This is why a small
diffusion current remains. Minority carriers that reach the junction’s edge will drift due to the
electric field, which results in a small drift current. At equilibrium, diffusion and drift currents

from both electrons and holes cancel each other out.

An applied external voltage can modify the size of the depletion region. When a positive
bias voltage is applied between the p-side and the n-side, the depletion region is reduced
and the diode is said to be forward-biased. In this state it is easier for electrons and holes
to cross the junction from the n-type and p-type, respectively. When the electrons arrive at
the junction edge of the p-side, they diffuse towards the other end due to the charge carrier

density difference. The same applies for holes on the n-side.

A reverse bias voltage will increase the size of the junction, preventing the diffusion of the
majority charge carriers. In this mode, only the minority carriers are able to cross the junction
by diffusion and drift across the junction, resulting in a small current. This current is called

reverse bias saturation current Ig.

In a first approximation the behaviour of the current of an ideal diode Ip with respect to the

applied bias voltage Vp is described by the Shockley equation [71]:

aVp

Ip = Is(e™sT —1), (2.2)

where g is the elementary charge, kg is the Boltzmann constant, T the temperature and 7 is
the ideality factor (which is 1 for an ideal diode, but is between 1 or 2 in a typical diode). In

areverse biased diode, Is is one of the components of the so-called leakage or dark current

Tdark” -

At a high reverse bias voltage V}qs, the junction enters into a multiplication mode not de-
scribed by Eq. 2.2. The high electric field will accelerate the charge carrier so much, that
it causes secondary impact ionisation. At a voltage above the so-called breakdown voltage

VgD the avalanche is self-sustained.

*Additional parameters of I,y are (band-to-band or trap-assisted) tunnelling current Iyppeling, and thermal
generation and recombination of charge carriers [75].
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Figure 2.7 — The three operational voltage regimes of a p-n junction under reverse bias. Picture
taken from Ref. [76].

Depleted p-n junctions are the base of solid-state photodetectors. The different operational
regimes of a reverse biased semiconductor photodetector are shown in Fig. 2.7. The regions
are named after the most common detectors that operate in these bias regimes, namely the

photodiode, avalanche photodiode and SiPM.

2.3.2 PIN-diode

Introducing an additional intrinsic (undoped) or very lightly n~ doped region into the p-n
junction improves the photon absorption probability and thus the creation of charge carriers
because of the enhanced depletion region that reaches into the intrinsic region. The thick
intrinsic region also decreases the diode’s capacitance. The structure of a PIN-diode is shown
in Fig. 2.8. [57]

When used as photodetectors, PIN-diodes are reversely biased in order to increase the deple-
tion region, for which only a low bias voltage of a few volts is required. They are insensitive to
magnetic fields, and show only a small temperature dependence due to the gain being equal to
one. However, the signal is very small due to the lack of an amplification region, thus requiring

an external amplification. [57]

PIN-diodes are for example used in the BELLE II electromagnetic calorimeter, where they are

coupled to CsI crystals and read out the scintillating light produced by charged particles [78].
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Figure 2.8 — Schematic view of a PIN-diode. Picture taken from Ref. [77].

2.3.3 Avalanche photodiode

An avalanche photodiode (APD) has a similar structure to a PIN-diode, but has in addition
to the intrinsic region two strongly doped ones (p* and n*) [57]. An incoming photon will
create an electron-hole pair in the intrinsic region. The electron is accelerated in the strong
electric field, and produces secondary impact ionisation. This results in a gain of up to 1000 is
achieved. The structure of an APD is shown in Fig. 2.9. In high energy physics, APDs have been
employed in calorimeter read-out systems of crystals (cm? size), where a large dynamic range
is required. An example where APDs are employed in HEP is the electromagnetic calorimeter
of CMS [79]. In general however their strong temperature dependence and radiation sensitivity

makes them less attractive than modern SiPMs.

Long Short

wavelength  wavelength
Carrier multiplication Carrier multiplication

is high. : is low.

Figure 2.9 — Schematic view of a near-infrared avalanche photodiode. Picture taken from
Ref. [80].
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2.4 Silicon photomultipliers

This section mainly references Refs. [75,76,81,82]. Silicon photomultipliers (SiPMs) work in the
non-linear amplification region of a p-n junction, sometimes also denoted as Geiger-Miiller
region in analogy to gaseous detectors. The photodetectors are pixelised devices, consisting of
arrays of single photon avalanche diodes (SPADs) connected in parallel. They are operated in
reverse bias with a voltage V5 exceeding the linear amplification region. At the breakdown

voltage Vpp the avalanche regime changes from the linear to the self-sustaining mode.

In a single SPAD, an arriving photon will create an electron-hole pair, which is accelerated by
the high electric field and will trigger an avalanche in the depletion region, creating additional
charge carrier pairs along its way. The resulting self-sustaining avalanche has a fast rising
current and is only stopped using a technique called quenching, by either reducing the voltage
across the diode (active quenching) or by limiting the current below a critical value in the
order of few pA (passive quenching). In the latter, a serial resistor called the quenching resistor

Rq is used. The working principle of a SPAD is illustrated in Fig. 2.10. [81, 83]

The avalanche process is strongly temperature dependent as the mobility and the ionisation
rate of charge carriers decrease with increasing temperature. Therefore a higher electric field
is needed leading to an increase of Vgp with temperature. The temperature dependence is
linear and expressed with a temperature coefficient. The value of this coefficient depends
on the SiPM technology, and typical values are in the range of 20 — 60 mV/K [76]. Many
characteristics of SiPMs depend on the difference of ;55 and Vgp, which his called the excess
bias or overvoltage AV:

AV = Vpias — VBD (2.3)

Geiger-Miiller region

Current

ON

Quenching

v Recharge i OFF
() > ()
Y ”

Y
Vid Viis  Yoltage

Figure 2.10 — Steady state diagram of a SPAD cell. A photon-induced avalanche results in a
current in a cell biased at V45> Vap. Picture inspired from Ref. [83].
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The electrical model

The electronic circuit of a SPAD is shown in Fig. 2.11. As a current is only produced when a
photon is absorbed, the state of the diode can be represented by an electrical switch. When
the switch is open, the diode capacitance Cq is charged to the applied reverse bias V5. Once
a photon is absorbed, the switch is closed. The consequent current produces a voltage drop on
Rq, which reduces in turn the voltage across the diode. The diode capacitor Cy is discharged by
the diode resistance R4 until Vgp is reached. In modern SiPM cells a capacitor Cq is introduced
bypassing Ry to allow for a fast signal pulse. This results in a pronounced fast component of

the pulse shape. The discharge time 74 is then given by:

T4 = Rq-(Cq+ Cy). (2.4)

The discharge time corresponds to the rise time of the signal with the current following
1 -e~Y74, Once the avalanche is quenched, the switch is reopened. Quenching occurs at the
so-called latch current lizich = (Vhias— VBD)/ (Rq+ Rq). Typically in a passive-quenching circuit,
the avalanche is terminated when a current of approximately 20 A is reached [84]. As the
current drops, the voltage across Rq reduces, and the Cq is recharged through Ry to Vpi,s once

the recovery is complete. The recovery time 7. of the SPAD can thus be calculated with:

Trec = Rq- (Ca+Cq) - (2.5)
--------------------------- cathode
quenching R, C, _J__
--------------- ‘;:" — Vbu\
: Ry
SPAD Cq =
Iavalanche
v

anode

Figure 2.11 — The electronic circuit of a SPAD (single SiPM cell). Picture inspired by Ref. [81].
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Figure 2.12 — SiPM readout scheme. The SiPM, illustrated by the photodiode, is connected to a
filtered power supply and a readout amplifier.

The current decreases exponentially with e~"/7ec, Figure 2.12 shows how a SiPM with one

channel (SPAD) is attached to a readout amplifier.

A SiPM is made up of many SPAD cells, i.e. APD in Geiger-Miiller mode, connected in par-
allel, with the corresponding electronic circuit shown in Fig. 2.13. The signal of a SiPM is
characterised by its rise time (typically of the order of a ns), and the fast and slow part of the
recovery time. The fast signal discharge is determined by the product of the load resistor
Ry and the total capacitance of Ny cells Cior = Niot - (Cq + Cg) + Cq, with Cg being the grid

capacitor resulting from pixel connectors. The fast component is:
Tfast = RL* Ctot - (2.6)

The slow component is given by the full recharge of the capacitors C4 and Cq through Ry in
the active pixel(s), and therefore 750w = Trec. When the SiPM is connected to the readout
electronics, a parasitic serial inductor L, can cause a ringing effect in the slow component of
the signal. A typical SiPM waveform is shown in Fig. 2.14 showing the fast and slow component

of the signal.
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Figure 2.13 — The electrical circuit of a SiPM array for one active and n passive pixels. The total
number of cells is given by Niot = n + 1. Picture inspired from Ref. [76].
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Figure 2.14 — A typical waveform recorded with an oscilloscope of a SiPM used in the LHCb
SciFi Tracker. The fast and the slow component of the recovery time are indicated. The ringing
in the slow component is caused by the Kapton flex cable, which is used to connect the SiPM

to the readout electronics.
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2.4.1 Gain

The gain (G) of a SiPM pixel is equal to the number of charge carriers created in an avalanche
process, and the charge Qis given by Q = G - e, where e = 1.602 x 107'9 C is the elementary
charge. The transported charge corresponds to the reduction of the voltage on Cq by AV, and

the gain can then be expressed by:

_ (Vbias — VBD) - Cq _ AV-Cq

G (2.7)
e e
The gain can also be written using the latch current ljach and 7,ec = Cq - Rq:
G= Batch * Trec ’ 2.8)

e

From Eq. 2.7 it follows that the gain is in general linearly dependent on the overvoltage.
However, for some devices a progressive depletion of the epitaxial layer (beneath the p-n
junction) can occur, causing a deviation in the linear behaviour [81]. In the operation region

of the detectors studied in this work, a linear behaviour of the SiPMs has been verified.

In reality, the gain is determined by the bandwidth and shaping time of the front-end elec-
tronics. In the LHCb SciFi Tracker, a portion of the slow part of the signal is not integrated
due to the fast shaping time (~ 20ns) and a slow component cancellation circuit (pole-zero),
effectively reducing the gain. Note that for fast shaping times a high signal-to-noise ratio is

difficult to achieve.

The gain can be determined by measuring the delivered charge of a signal produced by a single
photon G = [ dt/e. The delivered charge is determined by numerical integration of the

voltage pulse measured on an oscilloscope. This leads to the relation

G:;-fUdt, 2.9)
Ripad - Gamp - €

where Rjoaq is the input impedance of the pre-amplifier and Gamp the pre-amplifier gain. The
pre-amplifier is necessary to optimise the amplitude resolution of the oscilloscope in the
required dynamic range. This gain measurement is performed for several bias voltages and the
linear fit allows to determine the Vgp and dG/dV. This method is used with low-intensity light
pulses. Note that the numerical integration and Gamp depend on the pulse shape (bandwidth,

sampling rate), and will lead to small differences.
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A different method is to calculate the gain from a measured dark current I, and the measured
DCR:
Ijark =DCR-G-e. (2.10)

Also this method has some limitations. It is crucial to correct the DCR by the contribution of

the direct crosstalk probability and afterpulse, which are explained in detail in Sec. 2.4.3.

Finally, the gain can also be obtained by determining the distance between photon peaks
in a charge spectrum recorded by an integrating charge sensitive amplifier. This method is
described in Sec. 5.4.2.

2.4.2 Photon detection efficiency

The photon detection efficiency (PDE) is the ratio of the detected number of incoming photons

to the total number of photons. For SiPMs, the PDE can be expressed by the product:
PDE = QE - Payalanche - GFF. (2.11)

QE is the quantum efficiency and depends on the wavelength A of the incoming photons. It
represents the probability that the photon generates an e-h pair in the depletion region. GFF is
the geometrical fill factor, i.e. the ratio between the active and total detector surface. It depends
on the pixel layout, and will vary with the implementation of Ry, insulation trenches and
electrical routing. In general, it is higher for larger pixels. Finally, Payalanche is the probability
that an e-h pair produces an avalanche. It depends on the electric field and is thus a function
of Vpias- At high overvoltages P,yaianche Saturates because of the saturation of the charge carrier
ionisation rate. The effect can be observed as a plateau at the PDE graph at high AV shown in
Fig. 2.15.

The silicon layers of a SiPM can be customised to optimise its efficiency to the incoming
photon’s wavelength, as shown in Fig. 2.16. The longer the wavelength, the further it will travel
in the silicon until it interacts. Therefore, photons in the blue region will interact close to
the surface, whereas photons with a longer wavelength will interact much deeper inside the
silicon. Additionally, as electrons have a higher ionisation probability than holes, it is more
efficient for the photon to interact in the p-doped layer. This results in a n-on-p structure for
green and red photons, whereas a p-on-n structure is favoured for photons in the blue and UV

regime. [86]
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Figure 2.15 - The PDE of a SiPM used in the LHCb SciFi Tracker. The PDE saturates at AV = 6V
for a wavelength of A = 475nm. Picture taken from Ref. [85].
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Figure 2.16 — The structure of the p-n junction determines the efficiency of the SiPM to the
incoming photon. On the left, a SiPM for efficient blue light detection is depicted, whereas the
SiPM on the right is efficient for red light detection. Picture taken from Ref. [85].

2.4.3 Noise in a SiPM

A SiPM pixel can be triggered not only by an impinging primary photon, but also by e.g.
secondary photons or trapped charges. Two different types of noise can be distinguished:

primary dark noise also called uncorrelated noise, and correlated noise.

Dark noise

Primary dark noise counts are random signals, where an avalanche is triggered by thermal

excitation of a charge carrier, by (trap assisted or band-to-band) tunnelling, or by diffusion
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Figure 2.17 — DCR as a function of the temperature at two values of overvoltage for two SiPM
technologies by FBK. SF (LF) refers to a SiPM with a standard (low) electric field in the near-
ultraviolet high-density (NUV-HD) technology implementation. Picture taken from Ref. [88].

from the bulk region. The produced signal is uncorrelated to any photo-induced signal and
the amplification process is the same, thus dark pulses cannot be distinguished from signal.
Dark count pulses are distributed in time according to Poisson statistics. They are used to

characterise SiPMs, e.g. measuring gain, correlated noise and Vpp.

The dark count rate (DCR) is strongly temperature dependent. At room temperature, dark
noise charge carriers are dominantly produced by lattice defects and impurities in the silicon,
which introduce intermediate energy levels and reduce the required energy to reach the
conduction band. This is described by the Shockley-Read-Hall (SRH) mechanism [87]. At
lower temperatures, tunnelling effects become dominant, and are especially important for
cryogenic applications. At temperatures below 150 K, the DCR reduction is less pronounced,
which can be seen for SiPMs produced by FBK in Fig. 2.17.

The DCR is proportional to the active area and is linearly dependent on AV for a limited range.
At high AV, the DCR increases quadratically due to increase of correlated noise probabili-

ties [75].

Correlated noise

Pulses that are correlated to a primary avalanche are called correlated noise. They are divided
in direct crosstalk (DiXT), delayed crosstalk (DeXT) and afterpulse (AP). An illustration of the

three different types of correlated noise is shown in Fig. 2.18.
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Figure 2.18 — The different types of correlated noise caused by a primary avalanche event.
Direct crosstalk (DiXT), delayed crosstalk (DeXT) and afterpulse (AP) are shown. Picture
inspired by Ref. [89].

* Direct crosstalk: The avalanche in a pixel emits infrared photons by interband recom-
bination or transitions [90]. These photons have a low absorption coefficient in silicon
and can therefore travel over a large distance. Optical opaque trenches are commonly
implemented in large devices to absorb these photons. The number of produced pho-
tons in a pixel is proportional to the gain of the pixel. Thus also the probability of these
photons triggering another pixel is proportional to G. The time delay between the two
avalanches is given by the travel time of the infrared photon (< 1ps) and the drift time
of the produced e-h pair towards the amplification region, and is typically below 1 ns.
This can be seen in Fig. 2.19a. The peak amplitude of the signal can be between 1 and

2 PE, depending on the arrival time.

* Delayed crosstalk: If the produced infrared photon is absorbed in the silicon substrate,
the minority carrier will drift into the depletion region, starting an avalanche in another
pixel. This is called delayed crosstalk. An alternative process of DeXT is the production
of a free charge carrier by the drifting charge liberated by a primary avalanche. Both of
these processes result in a signal delayed by a few tens to hundreds of ns as shown in
Fig. 2.19b. In general, DiXT and DeXT events can be distinguished by their time delay.
The peak amplitude of a DeXT event is 1 PE.

» Afterpulse: Charge carriers released by an avalanche can be trapped by impurities or
lattice defects in the silicon. These carriers are released only after a delay, and produce a
second avalanche in the same pixel. The time delay between primary and the afterpulse
is typically a few hundreds of ns. This is illustrated in Fig. 2.19c. The AP amplitude is
between 0 and 1 PE, depending on the recharge state of the pixel. AP can also occur due
to incomplete quenching of the avalanche. This leaves free charges in the avalanche
region producing AP. Incomplete quenching limits the stable operation range of a SiPM,

especially at high AV.
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Figure 2.19 — Three types of correlated noise measured with a NUV-HD device by FBK. The
waveforms were recorded with an oscilloscope. DiXT is shown in (a), where one event with an
amplitude bigger than 2 PE can be seen, which corresponds to two DiXT pulses. The ringing
between 2 and 5 ns is due to the electronic connector (Kapton flex cable). In (b) DeXT events
are shown, where some are secondary crosstalk caused by a primary event with DiXT. Events
with AP are depicted in (c). The exponential fit over the afterpulse amplitude returns the
recovery time of the pixel.
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The excess noise factor (ENF) is the ratio between the total number of detected output pulses
and the single input signal. At the breakdown voltage the ENF is typically equal to one, and
increases with higher overvoltage. For SiPMs with low correlated noise, the ENF remains
close to one [76]. The excess charge factor (ECF) describes the additional charge produced by
correlated noise, and is given by the average of the measured charge divided by the average
charge produced by the primary pulse. ENF and ECF are equal when the total noise is only
made up of crosstalk, i.e. DiXT and DeXT. If there is also AP occurring, the ECF diverges at
high AV while the ENF remains proportional to the AP. The ECF can hence be considered an
approximate upper limit for the ENF [91]. Equation 2.10 can be rewritten with ECF to:

Ijark = €+ G-ECF-DCR. 2.12)

2.4.4 Timing performance

SiPMs have become widely used in particular because of their excellent time resolution. A
good timing is for example important in time-of-flight positron emission tomography (TOF-
PET) [82,92], tracking in particle detectors to speed up the search algorithm, and light detection

and ranging (LiDAR) applications in the automotive sector [93, 94].

The single photon time resolution (SPTR) of a SiPM is the width of the distribution of the
time interval between a trigger and the detection of the signal. It is caused by the jitter, i.e.
fluctuation, of the detection time of the signal, which is dependent on the system compo-
nents, e.g. electronics, light source and data acquisition system. The SPTR has an impact
on the achievable time resolution of a whole detector system, influencing also directly the
coincidence time resolution (CTR), which is the time resolution of a true coincidence event
measured by two SiPMs. Therefore it is important to decouple the intrinsic SPTR for a mea-
sured SiPM. The SPTR is typically measured with a pulsed laser, where the laser trigger is
used as start signal. Figure 2.20 shows the result of an intrinsic SPTR evaluation of several
SiPMs by different manufacturers, reported in Ref. [95]. Intrinsic SPTR values reach from 70ps
FWHM for the FBK NUV-HD device to 130ps FWHM for the Hamamatsu HPK S13360-3050 at
AV =5V.

To determine the CTR, two SiPMs of the same type are usually coupled to a plastic scintillator
or a crystal (e.g. LYSO). The leading edge of the first arriving photon (or of a higher threshold)
is determined for both, and the difference between the two time measurements is plotted.
The width (FWHM) of the distribution is equal to the CTR. As described in Ref. [96], the CTR

depends on the rise time 7, and decay time 74 of the scintillator, on the number of photons
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Figure 2.20 — Intrinsic SPTR of different SiPMs. Picture taken from Ref. [95].

detected Nph and the time variance of the i-th emitted photon var(i):

TyTqd
ph

CTR = 3.33 - , /var(i) - (2.13)

The factor 3.33 comes from the transformation of the standard deviation into the full width at

half maximum in coincidence 2-v/2-In(2) - /2. For the first arriving photon, Eq. 2.13 simplifies

to:
TyTd
CTRystph = 2.18+ [ —. (2.14)
Nph

2.4.5 Radiation damage of SiPMs

This section is largely based on Ref. [40]. As briefly mentioned in Sec. 1.3, radiation damage in
a semiconductor can be caused by two processes: NIEL and IEL. NIEL damages the crystalline
structure of the silicon, mostly important for the noise induced avalanche generation in the
pre-amplification region, whereas IEL causes mostly surface damage in the silicon-oxide
(§i0y) layer and at the interface SiO»-Si. The focus of the following sections will be on the

radiation damage induced by neutrons, protons and X-rays.
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IEL-induced surface damage

Photons and charged particles (typically with an energy below 300keV [40]) can ionise the
atoms in the SiO, layer and the SiO,-Si interface region. The electron diffuses (when no
electric field is present) or drifts (with electric field) into the SiO, layer, where charges are
accumulated. At the SiO,-Si interface layer, deep traps are generated, where holes are prone to
be trapped. When the SiO,-Si interface is depleted, additional surface currents are produced,

which increase the dark current.

As stated in [40], IEL-induced radiation damage was studied exposing a device to high-
energetic X-ray radiation (20 MGy). The dark current increased due to the higher surface
current by three orders of magnitude (below breakdown), while the DCR (above breakdown)
increased by only one order of magnitude. The difference in dark current and DCR can
be explained by the fact that only a fraction of the produced surface current reaches the

amplification region.
NIEL-induced bulk damage

High energy charged particles, high energy photons (gammas) and neutrons can cause damage
in the silicon lattice by displacement of an atom. This is called NIEL damage. The minimum
energy required to displace an atom in silicon amounts to 25 eV. Electrons will mainly produce
point defects while neutrons and high-energetic particles can produce point as well as cluster

defects.

One of the effects common to radiation-induced bulk damage is the increase in leakage
(below Vgp) and dark current (above Vgp). This is caused by new energy levels with an energy
close to half the bandgap energy, at which charge carriers can easily reach the conduction
band already at room temperature. The leakage and dark currents are either produced by
the diffusion of minority carriers into the depleted region, by the creation of charge carriers
due to defects or, at high electric fields, by band-to-band or trap-assisted tunnelling. The
dark current can be reduced by a factor two for every ten degrees of cooling (reported e.g. in
Ref. [97]). At temperatures below 100 K, the DCR saturates and is dominated by band-to-band

or trap-assisted tunnelling.

Another common result of radiation damage is the decrease of the charge collection efficiency,
caused by additional trapping centres that have a long de-trap time, thus part of the charge
carriers are lost for the signal. Finally, in low-doping concentration regions (typically for silicon
strip detectors), a change in effective doping concentration caused by defect states can occur.
At higher levels of irradiation (> 10!2 1 MeV Neq/ cm?) this can have an impact on the electric

field in the amplification region of a SiPM.
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Irradiation with high-energy photons, electrons and positrons: Photons with an energy
higher than 300 keV can produce surface as well as bulk damage, and similar effects are
expected from electrons and positrons with energy > 300 keV. A SiPM shows a significant
increase in DCR when irradiated with gammas up to 1 kGy. At a dose higher than 1 kGy, a
distinction of single photo-electron peaks is no longer possible at room temperature. Tests
with electrons and positrons (reported in Refs. [98,99]) also show an increase in DCR, without

impacting the PDE.

Irradiation with hadrons: At hadron irradiation up to alevel of ®eq ~ 2 x 102 1 MeV neq/cm?
PDE, crosstalk and AP remain the same, whereas the DCR is dramatically increased. This is
the expected level for SiPMs in the SciFi Tracker at LHCb Upgrade II. At higher fluences up
t0 Deq = 2 x 10'*1 MeV neq/cm?, the SiPM current can reach a level where the dark current
leads to power dissipation in the form of self-heating. The measurement of gain, PDE and
crosstalk becomes difficult due to self-heating, a change in Vgp and DAQ saturation. In general,
thinner avalanche regions show a less significant shift in Vgp. At this level of irradiation, Rq
implemented in poly-silicon shows a high fluence dependency, whereas for thin films (used

by Hamamatsu) this is not expected.

2.4.6 Implications on future SiPM developments

One of the biggest challenges is the increasing DCR with the high radiation exposure. Operat-
ing the SiPMs at cryogenic temperatures decreases the DCR by several orders of magnitude,
which is at the current state the most effective countermeasure to the increase in DCR. All
experiments with radiation exposure will have to evaluate the operation temperature. For
IEL-induced radiation damage, another possibility is to limit the surface current from reaching
the multiplication region by careful surface design. For NIEL-induced damage the reduction
of the diffusion from the non-depleted substrate and a field-shaping of the depletion region

can minimise the DCR.

PDE is reduced by the high pixel occupancy after high radiation exposure. The problem can
be mitigated by smaller pixels to increase the cell density. This reduces the cell capacitance,
which has a positive effect on the recovery time, gain and crosstalk. However, as small cells
have a lower GFE this compromises the PDE. A method on how to achieve small pixel sizes
and at the same time a high PDE is described in this thesis in Chapter 4. Microlenses at the
pixel level can be used to deviate the light from the dead to the active area, increasing the

effective GFE as is one goal of this thesis.
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Current manufacturers

Three companies have provided SiPMs for LHCb SciFi R&D in the past years, namely Hama-
matsu (Japan), FBK (Italy) and Broadcom (US), previously KETEK (Germany). Hamamatsu
and KETEK have both produced SiPM prototypes for the SciFi Tracker for Run 3. After an
extensive evaluation procedure the customised photodetectors by Hamamatsu (referred to as

H2017 or via Hamamatsu internal ID S13552) were chosen for production.

One of the biggest challenges for future applications of SiPMs in HEP is the photodetectors’
tolerance to radiation. FBK is evaluating customised SiPM designs for improving the radiation
hardness, actively studying the changes in characteristics caused by radiation damage of

different particles.

A possibility to cope with the increase in DCR caused by high radiation exposure is to cool the
photodetectors down to cryogenic temperatures (< 100 K). Until the dedicated technologies
for cryogenic temperatures were developed, the SiPM operation range was limited by the high
AP at low temperatures (below 150 K). FBK has produced NUV SiPMs for the DarkSide-20k
experiment [100], which are planned to be operated at 87 K, as well as VUV SiPMs developed
for a potential use at the nEXO experiment [101]. The low afterpulse probability is achieved
by dedicated electric field engineering. For the LHCb SciFi Tracker, the NUV samples of
FBK provide a good base for future R&D efforts due to the emission spectrum of the fibre.
Hamamatsu has also developed SiPMs with VUV-technology (down to 120 nm) for experiments

which employ liquid argon or xenon to detect Cherenkov radiation (e.g. MEG II [102]).

For several years, isolation trenches are added mainly for large pixels (> 25 um) to reduce
pixel-to-pixel crosstalk with a reduction of PDE as a consequence. The trench technology has
been greatly improved, where a collaboration between FBK and Broadcom has successfully
produced a novel metal-in-trench (MT) technology [103], efficiently reducing crosstalk. The
disadvantage of the GFF decrease and the accompanying reduction of the PDE is overcome
by the improved characteristics of low crosstalk, bringing the option of a higher AV and

increasing the operational range.

For future R&D efforts of the LHCD SciFi, FBK has provided SiPMs for the first tests of microlens-
enhanced SiPMs (explained in Chapter 4), and has also produced in 2022 a prototype of cus-
tomised SiPM arrays that combines the MT technology with optimised cryogenic temperature

technology (detailed in Sec. 6.2).
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8] Scintillating Fibre Tracker for LHCb

The Scintillating Fibre (SciFi) Tracker was installed during the Long Shutdown 2 (LS2) as
the new downstream tracker in the LHCb experiment. 11000km of scintillating fibres are
grouped together into three detector stations, and are read out by 4096 SiPM arrays. It is the
first time this type of technology is employed on such a large scale, covering a total of 340 m?
active detector area, and in such a harsh radiation environment. This chapter is based on the

technical design report in Ref. [28], which describes the SciFi Tracker in detail.

3.1 Requirements and implementation

The SciFi Tracker was designed with the following requirements:

* Efficiency and noise: The hit detection efficiency is the most important quantity for
the overall tracking efficiency. A high hit detection efficiency requires a sufficiently high
signal, which is closely linked to the material budget. Additionally, the noise cluster rate
should be below 10% of the signal cluster rate to limit the number of ghost hits. A higher
noise cluster rate increases the occupancy, and therefore the track reconstruction time.
This lead to an implementation with a 95% efficiency at the end of the lifetime of the
detector at the worst location. The inefficiency due to the dead time of the pixels is
below 1.6% [97].

* Material budget: The material budget (X/Xy) is an important characteristic of every
tracking detector. Lightweight support structures and thin detectors are required to
avoid multiple scattering and the production of secondary particles inside the tracker.
The material budget for the current implementation is below 1% per layer. Secondary

particles generate approximately 60% of the SciFi hits.
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¢ Resolution: The single hit spatial resolution in the horizontal bending plane should be
better than 100 pum, whereas a 1 mm resolution in the vertical y direction is sufficient.
The fibres are mostly vertical to achieve the resolution in the horizontal x direction.

Stereo angles are used to reach the resolution in the vertical direction.

* Electronics: The front-end electronics is designed to readout the detector at the bunch
crossing rate of 40 MHz. A zero-suppression algorithm, based on SiPM channel clus-
tering (explained in Sec. 3.5), is reducing the data rate and allows for a compact data

format for transmission to the event building PCs located on the surface.

» Radiation tolerance: The SciFi Tracker has to withstand a total integrated luminosity
of 50 fb~! over the course of the Run 3 and 4 data—taking periods. This means that the
fibres close to the beampipe have to withstand an ionising dose of 35 kGy, whereas the
SiPMs outside of the acceptance region will receive an ionising dose of 50 Gy and a
neutron fluence up to 4.1 x 10’11 MeV neq/cm?. The highest ionising dose for the fibres
is around the beampipe in the first station (T1), whereas the highest neutron fluence is
expected at the SiPM position in the central part of the third station (T3) closest to the

calorimeters.

3.2 Tracker design and technology

With these constraints, the tracker was designed as follows: twelve planes of SciFi mats are
grouped into three detection stations shown in Fig. 3.1a. Every station has four layers (x-
u-v-x), perpendicular to the beam axis z and with vertical fibres tilted by 0°,+5°,—-5°,0°,
respectively. The x-layers provide a single hit spatial resolution below 100 um, whereas the
two stereo layers (¢ and v) give a resolution in y of about 1 mm. As the tracking is dominated

by multiple scattering in the upstream subdetectors a better resolution is not required.

A fibre mat is composed of six layers of staggered scintillating fibres of type SCSF-78M]J
produced by Kuraray [104]. The emitted scintillating light, which is peaking in the blue
spectral region, is detected on one end of the fibre mat outside of the acceptance region by
SiPMs (referred to as H2017) by Hamamatsu. A mirror is placed on the other side to increase
the detected light. The photodetectors are optimised to have high photon detection efficiency
(PDE), low correlated noise and the best achievable dark count rate (DCR) performance after

irradiation.
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mirror

(a) (b)

Figure 3.1 — The three SciFi stations in between the dipole magnet and the RICH2 detector (a)
and the front view of one SciFi station (b). Pictures taken from Refs. [28] and [105].

3.2.1 Working principle

The typical signal of a fibre tracker module is illustrated in Fig. 3.2. When a charged particle
traverses the fibre mat, it deposits (ionising) energy along its trajectory, and creates photons in
several fibres. The photons, that are emitted within the acceptance angle described in Sec. 3.3,
travel along the fibre to the photodetectors. The photons are then detected by several pixels.
The signal is distributed across several channels, and neighbouring channels are grouped
into so-called clusters. Clusters represent the particle’s position and provide amplitude-time
information in a tracking layer. In the clustering algorithm, described in detail in Sec. 3.5, the
signal amplitude is compared against three thresholds: seed, neighbour and high. In the SciFi
Tracker a typical cluster size is 2-3 channels. The mean cluster position x can be calculated as
the weighted mean position of the channel position x; and the signal amplitude s; for every i

channel of the cluster:

2 (xi-si)
s

x= (3.1
The weights used in the cluster algorithm are proportional to the mean charge of the signals
that pass that threshold. The cluster sum is the sum of the total photoelectron (PE) signal
inside a cluster ) s;. The most probable value (MPV) of its distribution, which follows a Landau
distribution, gives the light yield (LY) of the tracker. The light yield can also be understood
as the total number of detected photons per SiPM cluster for a minimum ionising particle

traversing the fibre mat perpendicularly.
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Figure 3.2 - A GEANT4-simulated event of an ionising particle traversing a six-layer fibre mat.
The clustering of the SiPM channels with fired pixels, represented as yellow squares, along the
particle’s trajectory is shown on the top. Picture taken from Ref. [85].

The light yield is influenced by the thresholds set for the clustering algorithm. Thresholds
which are chosen too high can cause inefficiencies in the tracking performance as low-light
clusters might be removed. At the same time, the thresholds have to be sufficiently high to
suppress noise cluster. Noise clusters can be produced by correlated noise in the SiPM or,
at a sufficiently high DCR, by randomly overlapping dark pulses, which is especially critical
for irradiated photodetectors. The right balance between noise suppression and detector

efficiency is one of the most crucial operating elements of the SciFi Tracker.

3.3 Scintillating fibres

The plastic optical fibre SCSF-78M]J by Kuraray is a double-cladded fibre emitting scintillating
light in the blue spectral region as seen in Fig. 2.2. The emission of scintillating light happens
in a multi-step process shown in Fig. 3.3. When an ionising particle crosses the fibre, it excites
a molecule of the polymer core, which is made of > 98% of polystyrene (PS). The activator
p-Terphenyl (PTP) is added (1 — 2% by weight) to couple to the PS via exchange of a virtual
photon. Like this, the de-excitation process happens via non-radiative dipole-dipole coupling,

called Forster Resonance Energy Transfer (FRET), allowing for a relaxation time in the sub-ns
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Figure 3.3 — The multi-step scintillating process of the SCSF-78M]J fibre. Absorption is shown
in red, while the spectral emission intensity is shown in blue. The data for core material
polystyrene (PS), the activator p-Terphenyl (PTP) and the wavelength shifter tetraphenyl-
butadiene (TPB) refer to solutions in cyclohexane and are obtained from Ref. [106]. Picture
taken from Ref. [107].

level. However, the emitted photon is in the UV spectral range, which can only travel a few
pm in the plastic. Thus the second scintillator tetraphenyl-butadiene (TPB) is added (0.1% by
weight) to act as a wavelength shifter. The UV photons are therefore absorbed and re-emitted
in the spectral range. The total scintillator decay time is dominated by the TPB, and amounts

to 2.8 ns.

The scintillating fibre has a diameter of 250 pm, including the two claddings. The inner
cladding (IC) and outer cladding (OC) are used to increase the trapping efficiency as scintil-
lating light is emitted isotropically inside the fibre. The polymer core has a refractive index
of ncore = 1.59, while the refractive index of the claddings is decreasing to n;c = 1.49 and
noc = 1.42, respectively. The fibre has a high light yield of 8000 photons per MeV of deposited
energy, which corresponds to an average of 300 photons for a minimum ionising particle
traversing one such 250 um-thick fibre in the centre. 5.35% of the light is captured by internal
reflection in both directions, as shown in Fig. 3.4. Due to the fibres refractive indices, the
maximal exit angle of photons in air specified by the manufacturer is 45.7°. This is especially
important for the implementation of microlenses described in Chapters 4 and 5. The fibres
have an attenuation length of 3 —3.5m before irradiation, which reduces to less than 1 m at
the worst location after irradiation. Due to the non-homogeneous irradiation profile (o< 1/7)
in LHCb, a reduction of the light output at 50 fb~! is expected. For the central modules with

the highest radiation exposure, the light loss for photons produced close to the mirror is
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Figure 3.4 — Schematics of the scintillating fibre SCSF-78M]. Note that the angles 26.7° and
17.6° correspond to the angles at which total internal reflection occurs for the core and first
cladding. Picture taken from Ref. [108].

expected to reach up to 40%. Finally, the light travels along the fibre with an average speed of
150mm/ns. This is an important characteristic for timing applications as the travel distance
inside the fibre has to be compensated. The measurement of the time resolution of a short

fibre mat is described in Sec. 6.1.

3.4 SiPMs

The scintillating light is detected by customised multichannel SiPM arrays produced by Hama-
matsu. 4096 arrays of SiPMs are used to equip the full LHCb SciFi Tracker. A SiPM array, shown
in Fig. 3.5, consists of 128 channels and covers a total area of 32.540 mm x 1.625 mm. The array
is built with two separate silicon dice, each with 64 channels, mounted on a common PCB. The
dead area between the dice is 220 um. Every channel has a width of 230 um, and is connected
via individual bond wires. 104 pixels with a size of 57.5 um x 62.5 um and a GFF = 65% form
one channel. The pitch between channels amounts to 250 um. A feature of this detector is
the transparent thin metal film implemented as quench resistor, which transmits 80% of the
light and thus reduces the dead pixel area. A 105 pm thick transparent epoxy entrance window
protects the silicon and the bond wires from environmental and mechanical damage. Deep
trenches between pixels decrease the optical crosstalk. The PCB is soldered onto a Kapton flex
cable, and is stabilised with a ceramic stiffener. A PT1000 temperature sensor is integrated on

the flex PCB, and allows to measure the temperature with an accuracy of +1°C.
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Figure 3.5 — A H2017 SiPM array for the LHCb SciFi Tracker. The two silicon dice are bonded
onto a Kapton flex PCB (left). The SiPM consists of 128 channels, with bond wires alternating
on each side for signal collection.

The SiPMs have been fully characterised at EPFL and the results are reported in detail in

Refs. [85,97]. The most important features for these photodetectors are listed below:

Low noise: Noise clusters can be produced by correlated noise or random overlap of DCR
pulses in the integration window. The noise has to be low to achieve the hit detection efficiency
of > 95% for the full SciFi Tracker at the end of lifetime. The correlated noise probability of the
H2017 is shown in Fig. 3.6a. At the operational voltage of AV = 3.5V the technology shows a
total correlated noise probability of less than 10%, and is independent of the radiation at this
level. The DCR is in general strongly affected by irradiation. The SiPMs were thus optimised
to provide an acceptable rate of dark counts after irradiation of 4.1 x 1011 MeV Neq/ cm? to

achieve the required detection efficiency.

51



Chapter 3. Scintillating Fibre Tracker for LHCb

AV V]
X aof ‘ S _F I 209 <19
S 30 E [ Total primary noise o S 50 F Shatis oy o3
v I ] Direct cross-talk / E A , M% " 43 : g
RZ) [ ] After-pulse 8 P e +49 5.
g 2 E:I Delayed cross-talk / E R 40 E wa v\\:;\.\.% 6.9 .
:§ " ] / / ] ¥ i ooy ”\Q\\:\“\%é
BN e ] 30 £ e k'\‘:-‘;\.' i
S 1of // 25k .
55 B /ﬁ(/ /// 2 i WMM i
ok e ] 15 .
2 4 6 8 400 Ts0 e
AV [V] Wavelength [nm]
(@ (b)

Figure 3.6 — Correlated noise as a function of AV (a) and PDE as function of wavelength (b) for
the H2017 detector. Pictures taken from Ref. [85].

High PDE: The PDE is the figure of merit for the photodetector. High PDE allows for high
signal thresholds without efficiency loss. The pixels of the H2017 were chosen to be big to have
the highest possible PDE without compromising the detector in other requirements such as
gain, recovery time or DCR. The PDE (shown in Fig. 3.6b) reaches up to 45% at the operating
overvoltage AV =3.5V.

Short recovery time: The recovery time influences the dead time of the detector, thus 7yec
should be as small as possible to ensure small dead time at the full 40 MHz data rate. For a

H2017 detector, the average recovery time is 84 ns [85].

3.5 Readout electronics

The data is read out by customised electronics at an event rate of 40 MHz. In the first step,
an application-specific integrated circuit (ASIC) called PACIFIC* acquires the signal from
the SiPM channels, and processes it using threshold-level discriminators. The amplitude

information is used to form clusters.

Clustering algorithm: A typical signal is distributed over several neighbouring SiPM channels.
A threshold-based algorithm groups neighbouring channels into clusters to suppress noise. At
LHCD SciFi clustering is based on an algorithm with three thresholds (2-bit digitisation). The
data is then transmitted from the ASIC to a closely attached Field-Programmable Gate Array

*low-Power Asic for the sCIntillating FIbre traCker (PACIFIC)
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(FPGA). The three thresholds are: seed, neighbouring and high threshold. To suppress random

noise, a cluster is only formed if:

1. at least one channel exceeds the seed threshold and at least one adjacent channel

reaches the neighbouring threshold, or
2. three single channels reach the neighbouring threshold, or

3. asingle channel exceeds the high threshold.

The maximum cluster size is limited to four channels. In clusters exceeding four channels, the
first four channels are flagged as "large", and the last channels (up to four) are flagged as the
end of the large cluster. The decoding then either merges these clusters again as a single large
cluster (smaller than eight) or creates two or more clusters with widths up to four channels
each. The values for the seed, neighbouring and high thresholds are typically 2.5, 1.5 and 4.5
photoelectrons. These thresholds are the result of an optimisation process taking into account
the light yield of the detector, the acceptable noise cluster rate, the required efficiency of the
detector and the correlated noise characteristics of the SiPMs in use. Further parameters are
the integration and shaping time of the front-end electronics (as e.g. described in Ref. [85]).
The parameter set is adjusted during the lifetime of the detector to account for the increase
in DCR (ageing). The clustering algorithm is illustrated in Fig. 3.7. The zero-suppression is

optimised to reduce the data bandwidth.

The threshold information is digitally encoded and sent to the clusterisation board. This board
houses two FPGAs, on which the clusterisation is performed. Only the cluster position, cluster
size and cluster quality bit is transmitted to the off-detector processor. The master board
collects all data from the clusterisation boards and sends them to the data acquisition (DAQ)

system.

The DAQ system (shown in Fig. 3.8) consists of three logical stages: event readout, event build-
ing and event filtering. In the event readout, the front-end information of the subdetectors is
transmitted to the event building network via optical links. The data is then sent back to the
event builder PCs. In the final step, the event selection is performed by the HLT as described

in Sec. 1.2.1, and only selected events are stored. [109]
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Figure 3.7 — The three threshold-based clustering algorithm of the LHCb SciFi Tracker. Formed
clusters are coloured in dark blue. Channel 14 is not included in the cluster as it is not a
neighbour to a seed.

3.6 SciFi Tracker modules

For the SciFi Tracker at LHCb, a dedicated development lead to the fibre mat construction
process called fibre winding. Single fibres are wound on a wheel with a thread and fixed with
glue loaded with TiO, to minimise the spread of photons produced by ionisation between
fibres. The mats are produced with a customised winding wheel, which defines the pitch
between fibre centres of 275pum. One single mat is 130.80 mm wide, and has a length of 2.424m
and a thickness of 1.35mm. At one end of the fibre mat a thin mirror is glued to increase the

light yield. Each mat surface is covered with a thin Kapton foil for mechanical stabilisation.

Eight fibre mats are grouped together to form a module of a size 0of 0.53m x 4.85m. The mats
are carefully aligned and sandwiched between two carbon fibre sheets with a honeycomb
structure and a thickness of about 20mm, leading to a total module thickness of 42mm.
Endplugs are placed at the module end containing a light injection system for SiPM calibration

and provide mechanical support and alignment for the SiPMs.

Four SiPM arrays are grouped together according to their thickness and breakdown voltage
(variation of less than 0.5V) to allow for a common bias voltage. The SiPMs are then firmly
pressed against the optical interface of the SciFi mat. A thermal isolation box surrounds the

photodetectors and ensures gas tightness and the stable operation of the SiPMs at —40 °C..
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Figure 3.8 — The LHCDb data acquisition system for Run 3. Events are built by combining data
from all LHCb subdetectors, and are then forwarded to an event filter farm where the event
reconstruction is done. Only selected events are stored. The Time and Frequency Control
(TFC) ensures that all readout electronics and the event builder network run synchronous to
the LHC bunch crossing frequency. Picture taken from Ref. [109].

The modules are mounted on C-frames, where one C-frame contains one half of the 0°-layer
(x-layer) and one half of a 5°-layer (u- or v-layer). The other matching halves are on a second
C-frame, such that two SciFi layers are made of two C-frames. In a C-frame half of a layer
is made of five or six modules. Additionally to the SciFi modules, the C-frames contain the
services, which include the dry gas, optical readout links, vacuum-insulated cooling pipes,
high and low voltage cables, and the front-end electronics boxes. The C-frames are mounted
on rails, allowing for the opening and closing of the halves for maintenance and operation.

Altogether the tracker consists of twelve such C-frames, forming the twelve layers of the SciFi.

3.7 Radiation damage of the SciFi Tracker

The radiation environment described in Sec. 1.3 will cause significant ageing in the SciFi
Tracker. Firstly, the fibre’s attenuation length is decreased and will cause a reduction in
light yield by up to 40% in the worst central region. Secondly, the DCR of the SiPMs would
dramatically increase at standard temperatures. The SiPMs are thus cooled to —40 °C, as the
DCR decreases approximately by a factor of two every 10 K. The expected DCR after irradiation
of 4.1 x 101 MeV neq/cm? (corresponding to 50 fb™!) is therefore limited to 10MHz per
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channel [110]. The combination of the ageing effects of the fibres and the radiation effect of
the SiPMs will decrease the average signal per cluster from 20 to 12 PE, with the noise cluster

rate reaching up to 2-3 MHz per SiPM array.

Since the start of the new data taking period Run 3 in spring 2022, the SciFi Tracker has been
exposed to an estimated radiation of approximately 1.05 fb~!. Figure 3.9 shows the analysis
of the average DCR (calculated from the measured current) for a single SiPM channel with
respect to the integrated luminosity of the first layer of every SciFi station (T1, T2, T3). The
data has been taken at a temperature of 23.5 °C . The DCR increases from 6.6 MHz at 560 pb~!
to 10MHz 1040 pb_1 for station T1, from 8.9 MHz to 13.2MHz for T2, and from 9.3MHz to
14.3MHz for station T3, which is the one closest to the calorimeters. Annealing has taken
place during beam absence, and can be seen in the decrease of the DCR. The most visible
example is at around 790 pb~!, where the DCR decreased approximately 1 MHz for all three
stations. Note that the two data points at 780 pb~! and 800 pb~! were taken a few weeks apart.

Scaling the measured DCR to the irradiation level of 50 fb~!and to —40 °C, assuming that the
DCR is halved every 10K, the DCR per channel is approximately 8MHz for T1, 10MHz for T2
and 11 MHz for T3. This is in very good agreement to the expected DCR of 10MHz.

DCR vs Int Lumi @ 23.5 °C
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Figure 3.9 — The average DCR of one SiPM channel of the SciFi Tracker as a function of the
integrated luminosity cumulated from October to November 2023. The blue line is the DCR
for SciFi station T1, the orange for station T2 and the green for station T3. For each station,
the SiPMs are selected to be in the centre of the first layer. The detector has been operated at
a temperature of approximately 23.5 °C for this measurement. The significant decrease in
DCR at around 790 pb~! and 950 pb~! shows that annealing of the SiPMs has taken place in
periods of beam absence. Picture taken from Ref. [111].
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3.8 Other applications

The SciFi technology developed for LHCDb is also employed in other applications and experi-
ments, of which a short list is given below. As the requirements are different from those of the
LHCD SciFi Tracker, R&D is performed in different areas, for example the implementation of
timing information and the extension of the detector response for ion detection in different
energy regions. It is important to take these other applications into consideration when it

comes to the customisation and optimisation process of detectors (e.g. packaging options).

SND@LHC: The SND@LHC experiment [13] is dedicated to identify and measure the three
types of standard-model neutrinos produced in the very forward region of the pp collisions
at LHC. The detector has been installed in 2021, and the data—taking started with Run 3. The
target region of the detector consists of emulsion walls (alternating tungsten and emulsion
films with micrometric spatial resolution) and SciFi planes oriented in x-y direction. The SciFi
planes are used to provide the event timestamp, and determine the energy as well as spatial
information. The fibre mats are composed of six layers of 250um-thick fibres (SCSF-78M]),
and form 40cm x 40cm big modules. They are read out by H2017 SiPMs, identical to the ones
of the current LHCb SciFi Tracker. Different read-out electronics than in LHCb are used. The

SciFi tracker at SND@LHC can achieve a time resolution of 200 ps for one x-y station.

BGV: A Beam-Gas Vertexing (BGV) demonstrator, described in detail in Ref. [85], was built as a
non-invasive beam-monitoring device for the LHC in 2015. The installed prototype consists of
a gas tank and two SciFi stations for charged particle tracking. Each station is composed of two
modules placed above and below the beam pipe, and oriented to obtain x and y information.
One module is made of two fibre mats oriented at 0° and 2° for ghost suppression. The mats
are made of four or five layers of SCSF-78M] fibres, and cover an active area per plane of
260mm x 340mm. The readout SiPMs are H2014 detectors manufactured by Hamamatsu, a

previous prototype version of the H2017.

HERD: The High Energy Cosmic Radiation Detection (HERD) experiment [112] is a future
space experiment, with a planned start around 2027, and will measure cosmic rays in unprece-
dented energy regions. The detector will be equipped with four scintillating fibre walls for
tracking, described in Ref. [113]. The fibre mats are made of six layers of scintillating fibres
(type SCSF-78M]) oriented in x and y direction. The width of a mat is 97.8 mm. The used
SiPM S13552-10 by Hamamatsu is a variant of the H2017, but with 10um square pixels, which

extends the linearity range needed for particle identification of ions.
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Chapter 3. Scintillating Fibre Tracker for LHCb

Mu3e: The Mu3e experiment [114] , which is currently under construction at the Paul Scherrer
Institut (PSI), uses a SciFi detector in combination with a scintillating bars tracker to provide
very precise timing information for the search of the lepton flavour violating decay u* —
e*e*e”. The fibre mats are made of three layers of staggered 250 um thick scintillating fibres
(SCSE-78M]J). H2017 photodetectors are used for the fibre read-out. The SciFi detector provides
a time resolution of 250 ps when read out with the dedicated MuTRiG ASIC [115].
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Simulation study of microlens-
enhanced SiPMs

The radiation environment in Run 3 and 4 will cause significant ageing effects in the SciFi
Tracker. The light yield of a minimum ionising particle traversing the fibre mat will decrease
from approximately 20 to 12 photoelectrons [28]. Additionally, the DCR of the photodetectors
will dramatically increase making tighter noise cuts necessary to comply with an acceptable

noise cluster rate.

An efficient way to mitigate these radiation-induced ageing effects is to increase the PDE of
the photodetectors. The central point of this thesis is to study the feasibility of implementing
an optical focusing system consisting of microlenses on the pixelised SiPM surface. The
focusing is used to avoid dead and inefficient pixel regions, increasing the effective ratio of the
active-to-total area. A dedicated simulation study using the ROOT framework was performed
to evaluate the feasibility of such a system for the LHCb SciFi Tracker. Its results are described

in this chapter.

4.1 Light propagation through the optical interface

The light propagation from the fibre to the SiPMs involves several media with different re-
fractive indices. A light ray exiting the fibre core will pass through air and a polymer, i.e. flat

coated layer or implemented microlenses, before reaching the silicon, as shown in Fig. 4.1.

The light propagation is described by the Fresnel equations for transmission and reflection of
a plane wave. The angle of reflection is equal to the incident angle 8;, whereas the angle of

transmission f; can be determined with Snell’s law between two media:

nisin(6;) = nsin(6y), 4.1)
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Neore = 1.59 Nair = 1 ny = 1.52 Neore = 1.59 Nair = 1 nuL = 1.52

(a) flat coated layer (b) microlenses

Figure 4.1 — Schematics (not to scale) of the path of the light propagating from the fibre core to
the silicon without and with the addition of microlenses, indicating the refractive indices and
the angles between the different media: fibre core, air, microlens material (uL) and silicon (Si).
An anti-reflective coating may be present on top of the silicon.

where n; is the refractive index of the medium of the incident angle and 7; of the transmitted

one. The effective reflectivity of unpolarised light, like the light from the fibre, is given by [116]:

1 2

Reff:E(

nicos(6;) — nycos(6y)
nijcos(8;) + nicos(6;)

njcos(6;) — nicos(0;) 2)

njcos(6;) + nccos(6;)

(4.2)

The reflection probabilities of a light ray between the different media were calculated according
to Egs. 4.1 and 4.2 for a flat coated layer, and are listed in Table 4.1. From these formulas,
the largest possible value of the exit angle in air is 89.57°. In the case where microlenses are
implemented on the silicon surface, the calculation has to be performed using the vector of
the incoming photon and the normal of the lens. This has been done in the simulation study;,
described in Sec. 4.5.

However, the double-cladded fibre used in the LHCb SciFi Tracker (see Sec. 3.3) is designed
to maximise the light trapping efficiency with a numerical aperture of 0.71. The numerical
aperture corresponds to the sine of the maximum angle for which total internal reflection
occurs between the core and the fibre cladding. Therefore, the maximum angle inside the fibre
core is limited to @ = 26.75 ° to provide total internal reflection between core material and the
second cladding, capturing a minimum of 5.35 % of the produced light in each direction (see
Fig. 3.4). This corresponds to a maximum exit angle in air to f = 45.7°. In contrast to these
fibre propagation properties, exit angles up to 55° have been observed. They can be explained
by helicoidal modes, where light rays propagate without crossing the fibre axis, i.e. spiralling

along the fibre as described for example in Ref. [117].
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4.2 Scintillating fibre exit angle distribution

With a spherical lens, a parallel incident (perfectly collimated) light beam can be focused into
one point. This principle has been prototyped on small surface SPADs to increase the GFF

and consequently the PDE for low-light imaging applications [118].

For the LHCD SciFi Tracker, however, the light exiting the scintillating fibre has an angular
distribution determined by the numerical aperture, resulting in partially collimated light.
This exit angle distribution is crucial to evaluate the efficiency of a focusing system made
of microlenses. Therefore a simulation study and a measurement have been performed to

determine this distribution.

4.2.1 Simulation of the fibre exit angle distribution

The light propagation in the fibre and the exit angle in air have been simulated [119] using
the GEANT4 framework [120,121]. GEANT4 is the standard simulation package used in high-
energy physics for detector simulation. It provides the implementation of the scintillator and
directly includes the light propagation in solids. The simulation is based on the single fibre
simulation for the LHCb SciFi Tracker described in Ref. [107].

In the LHCD tracking detector, the majority of particles are expected to act like minimum
ionising particles (MIP-like), and the particles detected in the SciFi Tracker are indeed MIP-like.
Therefore, in this simulation, a double-cladded 2.4 m long fibre is excited by 2 GeV muons to
mimic MIP-like particles passing the detector at a distance of 1.8 m from a detector placed at
the fibre end. The number of photons and the angular distribution is measured. The refractive
indices correspond to the ones specified by the manufacturer in Sec. 3.3 and the scintillation

yield is set to 8000 photons/MeV according to manufacturing specifications for the SCSF-78M]

Table 4.1 — Reflection probabilities for the transitions between the different media for the case
of a flat coated layer. The maximum angle (also known as critical angle) for which light can
exit the fibre core material is @ = 38.97°.

a(®) B Refair %) ¥ () Reprur (%) 0(°)  Refrsi (%)

5.00 7.97 5.19 5.34 3.87 1.69 26.72
10.00 16.03 5.20 10.68 3.88 3.38 26.72
15.00 24.30 5.26 16.03 3.93 5.05 26.72
20.00 32.94 5.44 21.41 4.10 6.68 26.73
25.00 42.22 6.00 26.81 4.61 8.26 26.76
30.00 52.66 7.69 32.25 6.18 9.78 26.80

35.00 65.78 14.21 37.74 12.51 11.24 26.89
38.97 89.57 95.86 42.15 95.77 12.34 27.00
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Figure 4.2 — Simulated fibre exit angle distribution in air, with a mean value of 35.6°. The
contributions of photons exiting the fibre from the core, IC and OC (taking into account
refraction possibilities at the different interfaces) are shown. The total distribution is made up
of photons exiting the fibre from the core without refraction (bright blue), from the core with
refraction at the inner cladding (green), or from the inner cladding with refraction at the core
(pink).

fibre used in the LHCb SciFi Tracker. The components are divided into photons exiting the

fibre from the core, from the inner cladding (IC) or from the outer cladding (OC).

The simulated distribution in Fig. 4.2 shows that the majority of detected photons exits the
fibre from the core, either without refraction (Fig. 4.3a) or with refraction at the IC (Fig. 4.3b).
A small contribution is given by photons exiting the fibre from the IC with refraction at the
core (Fig. 4.3c). In this case the photons propagate to the fibre end in the same way as in
Fig. 4.3b, but the refractive indices are different at the fibre interface to air. Photons that refract
or exit the fibre via the OC have no contribution to the total distribution as they are heavily
suppressed due to the large number of interface transmissions necessary for propagation. In

Fig. 4.2 these components are zero.
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Scintillating fibre Nair Scintillating fibre Mair Scintillating fibre Mair
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(a) Core (no refraction) (b) Core (refraction at IC) (c) IC (refraction at core)

Figure 4.3 — The three modes of photons exiting the scintillating fibre that make up the vast
majority of the simulated exit angle distribution of the single fibre in air.

4.2.2 Measurement of the exit angle distribution

The exit angle distribution was measured
for the very first evaluation of microlens-
enhanced SiPMs for the SciFi Tracker in
2019 [122](see Appendix A). For this microlens
simulation study it has been remeasured with

increased accuracy.

A single SCSF-78M]J scintillating fibre with a
diameter of 250um is excited with a UV-LED
at a distance of 2.4m from the fibre end, and
the light is detected with the camera Astrolu-
mina QHY5L-1I (CMOS technology) [123]. This
camera was chosen as it has a monochrome
high quantum efficiency, low noise and a high
dynamic range, which is needed for light detec-
tion at 0° and 90°. The camera was mounted
d = 140mm from the fibre end on a rotat-
able stage providing a coverage from § = 0° to
B = 90°. A schematic picture of the setup can

be seen in Fig. 4.4.

The setup was placed in a light-shielded box
and the UV-LED was operated in a continu-
ous mode. The camera’s focus on the optical
surface of the fibre end is crucial for the mea-

surement of the intensity with this camera, as

0° Camera

« Q + Aperture

X

Exit angle f

140 mm

90 °

Scintillating fibre

Figure 4.4 - Schematic setup (not to scale) of
the exit angle measurement of a scintillating
fibre in air.
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(a) (b)

Figure 4.5 — Picture of the fibre end of a (a) cut and (b) cut, polished and cleaned fibre. The
surface quality of the fibre greatly influences the exit angle distribution.

it could otherwise lead to systematic errors. Additionally the exposure time is carefully tuned
to 164 ms to avoid saturation at low angles but still detect enough light at angles larger than

50°C. The light output was scanned in angular steps over 5°.

As described in Ref. [124], the measured intensity has to be scaled by a factor g, taking into

account the camera’s aperture ¢ and the angle §:

1-cos(()

= . 4.3
cos(f—{)—cos(B+) (4.3)

g

The angular acceptance ( is limited by an aperture placed in front of the camera with a radius

of 2mm. The angular acceptance was therefore determined to be { = arctan(2mm/d) = 1.6°.

The exit angle distribution heavily depends on the quality of the fibre end, which must be very
well polished and cleaned to achieve a reproducible result. The difference between a cut fibre

and a cut, polished and clean fibre is shown in Fig. 4.5.

The fibre’s light output was measured by capturing a picture at each angle, and by summing
over all pixels in a region of interest, which was necessary as the fibre cross-section is very
small compared to the camera’s surface, and therefore noisy pixels would influence the result.
The fibre was rotated in steps of 90° around its cylindrical axis to ensure it was glued straight
into its holder. After a full 360° rotation, the measurement was repeated to reduce systematics
and verify that the fibre has not been damaged by the UV-LED. A dark frame was also captured

before each fibre rotation and subtracted from the light frame at each angle. The evaluated
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Figure 4.6 — Measured exit angle distribution of a 250 m long scintillating fibre (SCSF-78M]J) in
air (dark blue). The fibre was excited with a UV-LED at a 240 cm distance from the fibre end.
For comparison, the simulated angular distribution of photons propagating inside the core,
which is the dominating mode over large distances in the fibre, is plotted in light blue. The
measured distribution corresponds the specified maximum exit angle of 45.7°, with larger
angles coming from helicoidal modes.

uncertainties on the measurement are dominated by the preparation of the fibre sample. The
exit angle distribution in air averaged over all measurements (two times four fibre rotations) is

shown in Fig. 4.6. The statistical error on the averaged values is below 1%.

The exit angle distributions for a fibre excited at 240 cm and 14 cm have been compared, only
changing the position of the UV-LED. As can be seen in Fig. 4.7, a clear distinction between
the two distributions is observed, corresponding to a shift in the mean value from 27.9° to
34.0°. This confirms that for short travel distances modes with higher angles can still exit the

fiber and are not attenuated.

4.2.3 Comparison of simulation and measurement

The result of the exit angle measurement is crucial for the microlens implementation and
the optimisation of the microlens parameters. A large discrepancy between the simulated
and the two measured exit angle distributions is observed. Modes where the cladding is
traversed are subject to strong attenuation. The simulation poorly implements the loss at
the interfaces between the core and the claddings as photons travelling in the claddings

should be highly suppressed due to the higher attenuation coefficient, and the higher number
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Figure 4.7 — Measured exit angle distribution of a scintillating fibre (SCSF-78M]) in air. The
fibre was excited with a UV-LED at a distance of 240cm or 14 cm from the fibre end.

of reflections/refractions due to the longer path. This therefore leads to a distribution that
overestimates larger angles. These modes can only exit the fibre as helicoidal modes, which

seem to be overestimated as well.

Comparing the measured distribution (excitation at 240cm) with the simulated core distri-
bution, shown in Fig. 4.6, a difference in shape can be seen. However, the observed mean
value of the measured distribution follows in good approximation the simulated core light
propagation, i.e. 27.9° and 30.8°, respectively, suggesting that the measured light distribution
only comes from photons exiting the fibre core. The tail of the simulated distribution is due to

larger angles leading to a larger number of internal reflections.

4.3 Microlens arrangement

The goal of implementing microlenses on the SiPM surface is to deviate and to concentrate
the light onto the active area. In this section several possible arrangements of the focussing
system and their respective advantages and disadvantages are discussed. With the large exit
angle distribution of the SciFi Tracker, the primary goal is to focus the light into the active
pixel area. Even though a reduction of the sensitive SiPM area would reduce the DCR, it is not
aviable option as reducing the sensitive area of a pixel or channel by design will always lead to
a loss of detected photons.
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One possibility is to place cylindrical lenses across the full SiPM channels to deviate the light
from the dead regions along the channel edge, which was considered for the H2017 detector
as it has a 10% gap between channels. This implementation, however, will not collect light
from all the dead areas surrounding the pixels, and will focus part of the collected light on
regions in the middle of the channel including dead and inefficient areas. The improvement

in PDE is expected to be small compared to a system where all dead regions are recovered.

Another possibility is to place hexagonal lenses on every pixel of hexagonal shape. The change
from square to hexagonal pixels would be necessary as otherwise the full lens coverage of
the surface is very inefficient. As hexagonal pixels are a non-standard shape in industry, the
optimisation procedure is less advanced optimisation procedure. Additionally, dead regions
at the edges of the sensor would be introduced if they are used in the SciFi Tracker. Therefore,

this option is also not pursued.

Another possible implementation that has been considered are microlenses aligned with each
250 um-thick fibre of the fibre mat. However, this was deemed unfeasible due to manufacturing

tolerances and the fact that dead pixel areas would still be present.

The most promising option is to place microlenses on every other pixel in a checkerboard
structure as shown in Fig. 4.8. Light arriving towards dead and inefficient pixel regions is
deviated and focused onto the active area with the help of microlenses. The regions that are

left uncovered are efficient and do not require any focussing.

Figure 4.8 — Sketch of the checkerboard implementation of microlenses (in blue) on a SiPM
array. The dead regions between the square pixels are indicated as dark bands and the active
pixel areas are shown in yellow.
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4.4 Microlens simulation

A ray-tracing algorithm has been developed to optimise the parameters of microlenses placed
on a pixelised SiPM surface using the ROOTS framework (C++), and is available in an open
git repository [125]. This simulation study is an improved version of the one described in
detail in Ref. [97]. Results considering a detector with and without microlenses are compared.
The improvement obtained due to the microlenses is measured as an increase of the effective
geometrical fill factor (EGFF), which is defined as the ratio between the number of photons
arriving in an active region of the SiPM surface and the total number of photons arriving at
the SiPM surface.

The microlens simulation study uses both, the simulation and measured angular distribu-
tions for a long fibre described in Sec. 4.2 to examine the impact of different fibre exit angle
distributions. The measured exit angle distribution of a short fibre is well within the range of
the simulated and measured distribution for a long fibre module, and has not been available
before this simulation study. The microlens prototyping described in Chapter 5, however, is
based on the earlier version of the measurement of a long fibre (Fig. A.1), which has an angu-
lar distribution with a mean value of 34.8°, which is situated between the two distributions

examined in this study.

The photodetector is modelled by a 3 x 3 pixel grid
with the pixel geometry shown in Fig. 4.9. The
dead area is implemented as an inactive band sur-
rounding the active area, and is calculated from

the geometrical fill factor (GFF):

1-+v/GFF Ypixel High-field region
Xdead = Xpixel * (T , 4.4)

1-+vVGFF
Ydead = Vpixel * — | 4.5) Dead area

Xpixel
where xpixel is the pixel width and Xgeaq is the
Figure 4.9 — The geometrical fill factor of
one pixel is determined by the total active

area (high-field plus low-field region) and
rection. To take the edge effects of the electric the dead area.

width of the dead area in the x direction. The

same is applicable to ypixel and ygeaq in the y di-
field into account, an additional part at the bor-

der of the active area is implemented with a width

of 2pum and reduced efficiency.
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Figure 4.10 — The pixel layout implemented in the simulation. A pixel is made up of the active
area, which includes a low-field region with adjustable efficiency, and the surrounding dead
area.

One microlens is placed over the central pixel. The spherical lens is characterised by its height
Hiens, its radius Rjeps and its residual height Hyes, which is the thickness of its substrate layer.
Varying the residual height influences the region where the photons arrive on the silicon. A
schematic picture of a spherical microlens implemented on a pixel is shown in Fig. 4.10. The
microlens manufacturing process imposes some restrictions on the parametrisation, which

are discussed in Sec. 4.5.

The microlens is simulated as a spherical cap of height:

Hiens = Riens — R? -R2

sphere lens’

(4.6)

where Rgphere is the radius of the underlying sphere. The photons are generated randomly at a
position x and y, a polar angle 6 in the x-y plane with a 0° —360° coverage, and an azimuthal
angle ¢, which was implemented for both exit angle distributions described in Sec. 4.2. The
photons are produced in an area exceeding that of the pixel grid, such that a homogeneous
distribution across the pixel grid is achieved. The generated photon distribution is shown in
Fig. 4.11. The photons travel through air until reaching either the microlens or the substrate

layer Hies.

The Fresnel reflection of the photon crossing from air to polymer is calculated with Schlick’s
law, as it allows for a faster calculation of the reflection probability in three dimensions [126].
The photon is either transmitted or reflected, depending on the incident angle ¢ between the

unit vector 7 in the direction of the photon momentum and the unit vector 7i normal to the
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Figure 4.11 — (a) Distribution of the generated photons over a 3 x 3 pixel grid with a pixel
size of 40pm x 40pum. The photons are generated at a z-position of Hjgpg +0.01um. (b) The
y-projection of the generation shows the uniformity of the distribution.

lens surface at the point where the photon arrives on the lens. ¢ is then computed with:

4.7)

Once ¢ is determined, the reflection probability can be calculated using Schlick’s approxima-
tion [126]:

Nair — Npolymer )2 + ( 1 ( Nair — Npolymer

2
) ) x (1= cos(&))?, (4.8)
Nair + Npolymer

R(S) =(

Nair t Ppolymer
with 755y = 1 and npolymer = 1.5. If the photon is transmitted, the photon vector after

refraction 7; is calculated using Snell’s law:

~ Nair Nair

Bo= (7 (< Fix )] — 1—(

2
- ) (i x Dp) - (7 x D). (4.9)
polymer

Npolymer

In the region where only the residual layer is present, 7i can be replaced by 7ipjane = {0,0, 1}.

The number of photons arriving in the active and dead areas are counted, and the EGFF can
be calculated by the fraction of photons arriving in the active area over the total number of
arriving photons. If the photon arrives in the low-field region, it is randomly attributed to
photons arriving either at the active or at the dead area, depending on the set efficiency. This
is done for the case when no microlens is implemented, returning EGFFy, and when one

microlens is implemented on the central pixel, EGFF,. The result of EGFF is then scaled
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to 4.5microlenses, which is the average number of lenses that can be implemented on a
3 x 3 pixel grid:
EGFF, 5 = EGFFj + 4.5 x (EGFF; — EGFFy). (4.10)

Finally, the improvement in light yield (LY) is calculated as:

GLY:%—I. 4.11)
EGFE,

4.5 Simulation results

The SiPMs for the first implementation, were already available and provided by FBK. These
samples were designed for microlens implementation. They have an active die surface of
3.2mm x 3.12mm, divided into ten channels with a pixel size of 40pum x 40pum, and a fill factor
of GFF = 82.4%. Rjens, Hiens and Hyes were varied to deduce the optimal lens parameters for
such an implementation, based on a previous measurement of the fibre exit angle distribution
shown in Fig. A.1. After the first microlens implementation (see Sec. 5.5), the microlens mould
design was fixed and fabricated with a designed lens radius of Rjens/Rlensmax = 95%. The
lens height Hjepg was also fixed to Hiens = 75% Riens, based on studies of the variation of
Hiens which proved that a value below 75% of Rjeng is not feasible. This value complies with
the manufacturing constraints, as the demoulding procedure is impossible for a larger angle

between lens and residual height.

In this simulation study, different parameter options are evaluated based on the findings of
the first implementation. In addition to a SiPM with GFF = 82.4%, a smaller fill factor of
GFF = 50% has been studied. Two different exit angle distributions, namely the simulated
(Sec. 4.2.1) and the measured for a long fibre (Sec. 4.2.2), are evaluated to understand the
effect on the expected improvement of the gain in light yield for both fill factors. From the first
implementation, it has also been clear that the residual height is the most difficult parameter
to achieve, and therefore a dedicated study to evaluate the required residual height has been
performed. For all studies, the low-field region (LFR) is set to an efficiency of ey pg = 100%
when modelling the array at a high AVor to e pg = 60% at alow AV.

The effect of a paraboloid lens shape was also briefly evaluated. However, the results showed
less improvement than possible for a spherical lens and this implementation was thus not

pursued.
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4.5.1 Impact of the lens radius

Rjens is varied to evaluate the optimal relation between the lens radius and the pixel size to
deviate the highest amount of light towards the active region. The maximal lens radius in the
simulation Rjens max is equal to the half-diagonal of the pixel Lp;y/ v/2. The study was performed
for the three values Rjens/ Riensmax = {100%, 95%, 90%}, to understand how heavily the light
yield is influenced by each parameter. The radius of Rjens/ Rlens,max = 95% is in accordance
with the specified minimal distance between lenses for the production (2 —4 pm). The residual
height was fixed to Hyes = 10um. The obtained results are listed in Tables 4.2 and 4.3 for
GFF = 50.0% and GFF = 82.4%, respectively. The photon distribution of a microlens with
Riens/ Riens,max = 95% implemented on pixels with a GFF = 50.0% is shown in Fig. 4.12.

The maximum lens radius shows the least improvement for all combinations. For the pixel
with GFF = 50.0%, the smallest lens radius Rjens/ Riensmax = 90% results in the highest gain for
both angular distributions. For a partially efficient low-field region, this gain is only minimal,

whereas for the fully efficient pixel the gain becomes more significant.

For the larger fill factor with ¢ = 60%, no significant difference between a lens with radius
Riens/ Riens,max = 95% Or Rjens/ Riensmax = 90% is observed for both angular distribution. For

the fully efficient pixel, the lens with radius of 95% Rjens,max Yields the better result.

At the time this simulation study has been performed, the microlens mould has already been
fabricated with a designed lens radius of Riens/ Rlens,max = 95%. The following study on the

residual height described below is therefore performed with the radius fixed to this value.
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4.5. Simulation results

Table 4.2 — Simulation results for different microlens radii Rjeng for a 40um x 40um pixel with
GFF = 50.0%. The residual height is set to Hres = 10um. The statistical uncertainty of the
obtained EGFF, 5 and Gry values is 0.30% and 0.31%, respectively.

errr (%)  Angular distribution  Riens/Riens, max (%) Rlens (Wm)  EGFFg (%) EGFF45 (%) Gry (%)

100 28.28 44.8 65.7 46.7

measurement 95 26.87 44.7 68.2 52.5

60 90 25.46 44.7 69.5 55.5
100 28.28 44.7 62.7 40.4

simulation 95 26.87 44.7 65.0 45.6

90 25.46 44.7 65.2 45.9

100 28.28 50.0 72.9 45.9

measurement 95 26.87 50.0 75.2 50.6

100 90 25.46 50.0 75.9 51.9
100 28.28 50.0 68.6 37.2

simulation 95 26.87 50.0 70.5 40.9

90 25.46 50.0 71.5 42.9

Table 4.3 — Simulation results for different microlens radii Rjepg for a 40pum x 40um pixel with
GFF = 82.4%. The residual hight was set to Hyes = 10um. The statistical uncertainty of the
obtained EGFF, 5 and Gry values is 0.25% and 0.26%, respectively.

eLpr (%)  Angular distribution  Riens/Riens, max (%)  Riens (Wm) EGFFq (%) EGFFy5 (%) Gry (%)

100 28.28 75.5 91.6 21.3

measurement 95 26.87 75.5 93.2 23.5

60 90 25.46 75.5 92.8 23.0
100 28.28 75.5 89.0 17.9

simulation 95 26.87 75.5 90.6 19.9

90 25.46 75.5 90.4 19.7

100 28.28 82.4 95.3 15.7

measurement 95 26.87 82.4 96.9 17.6

100 90 25.46 82.4 96.0 16.6
100 28.28 82.4 93.7 13.8

simulation 95 26.87 82.4 95.1 15.5

90 25.46 82.4 93.9 14.1
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Figure 4.12 — Simulation result of the photon distribution after propagation to the (a) total
pixel area and (b) dead pixel area. The lens is implemented with a radius Rjens/ Rlens,max = 95%
and Hies = 10pum on pixels 40pm x 40um and GFF = 50.0%. The thick dashed lines show the
dead area, whereas the thin dashed lines highlight the implemented low-field region, where
the efficiency is set to 60%. The results were obtained with the measured (narrow) exit angle
distribution.

4.5.2 Impact of the residual height

The variation of the residual height was studied for both fill factors, GFF = 50.0% and
GFF = 82.4%, and the results are listed respectively in Tables. 4.4 and 4.5. The lens ra-
dius was fixed to Riens/ Riens,max = 95% according to the mould design of the first microlens
implementation, and the efficiency of the low-field region set to e;pg = 60%. The residual
height was varied for values Hies = {5, 10, 15, 20} um. The limitation from the manufacturing
process imposes a minimal thickness of approximately 8 um, which is difficult to achieve for

larger array productions.

For both fill factors the improvement in light yield is greater for the measured angular dis-
tribution than for the simulated one. The light yield obtained with the simulated exit angle
distribution is more sensitive to the residual height, which means that Hies has to be kept
as thin as possible (Hres = 10pum). The light yield obtained with the measured exit angle
distribution is less sensitive to the residual height, which can be about 5 pm thicker and relaxes

the manufacturing constraints.
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4.5. Simulation results

Table 4.4 — Simulation results for different residual heights Hyes for a 40um x 40um pixel with
a GFF = 50.0%. The efficiency of the low-field region was set to e;rg = 60%. The statistical
uncertainty of the obtained EGFF, 5 and Gry values is 0.95% and 0.96%, respectively.

Angular distribution  Hes (um) EGFFg (%) EGFF45 (%) Gry (%)

5 44.6 63.1 41.5

measurement 10 44.7 68.2 52.5
15 44.7 69.9 56.5

20 44.6 67.9 52.3

5 44.6 63.4 42.0

simulation 10 44.7 65.0 45.6
15 44.9 62.1 38.4

20 44.8 58.2 29.9

Table 4.5 - Simulation results for different residual heights Hes for a 40pm x 40um pixel with
a GFF = 82.4%. The efficiency of the low-field region was set to e;pg = 60%. The statistical
uncertainty of the obtained EGFF, 5 and Gry values is 0.79% and 0.80%, respectively.

Angular distribution  Hyes (um) EGFFg (%) EGFF45 (%) Gry (%)

5 755 88.0 16.5

measurement 10 75.5 93.2 23.5
15 75.5 93.6 24.0

20 75.5 89.4 18.3

5 753 89.8 19.2

simulation 10 75.5 90.6 19.9
15 75.6 88.3 16.8

20 75.7 83.2 99

75



Chapter 4. Simulation study of microlens-enhanced SiPMs

4.5.3 Simulation outcome
According to our studies, the optimal parameters for a microlens implementation on 40pum x 40 pm
pixels with a fill factor of GFF = 82.4% are:
* Riens = 26.87pm
* Heps = 20.15pum
* Hps = 10um
These SiPM parameters correspond to the ones used for the first microlens implementation
on available SiPMs described in detail in Chapter 5.

The results have been confirmed by the microlens manufacturer Centre Suisse d’Electronique et
de Microtechnique (CSEM) [127], where another ray-tracing study with a commercial software
(Zemax OpticStudio [128]) has been performed for verification, using the exit angle distribution
described in Appendix A. Modelling the microlens with these optimal parameters, CSEM
confirmed a possible 25.4% improvement of a microlens-enhanced SiPM over a SiPM without

microlens, compared to 23.2% improvement obtained with the simulation of Sec. 4.5.
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4.6 Best projection for future implementations

In view of new available silicon, future SiPMs at the LHCb SciFi Tracker will most likely have a
pixel size between 30pm x 30pum and 40pum x 40um, with a GFF of approximately 75%. The
study described below gives a projection of the optimisation of the microlens parameters for
such an implementation with a pixel size of 40um x 40um. The angular distribution for long

fibre mats is assumed to be close to the narrow, measured distribution in Sec. 4.2.2.

The optimal microlens parameters have been determined for two lens radii and two low-field
region efficiencies, varying the residual heights. The results are listed in Table 4.6. The highest
gain is observed with a lens of Rjens/ Riensmax = 95% yielding an expected improvement of
31.2% with a residual height Hes = 15pm for a 60% efficient low-field region, and 24.7% with
aresidual height Hies = 10um for a fully efficient pixel.

Table 4.6 — Simulation results for a pixel size of 40pum x 40um with a GFF = 75%. The results
are obtained with the narrow (measured) exit angle distribution. The statistical uncertainty of
the obtained EGFF, 5 and Gy values is 0.27% and 0.28%, respectively.

€LFR (%)  Riens/Riens, max (%)  Rlens (Mm)  Hpes (um)  EGFFg (%) EGFF45 (%)  Gry (%)

26.87 10 68.4 89.7 31.0

95 26.87 15 68.4 89.8 31.2

60 26.87 20 68.4 86.3 26.0
25.46 10 68.4 89.6 30.9

90 25.46 15 68.4 88.1 28.7

25.46 20 68.4 85.1 24.3

26.87 10 75.0 93.6 24.7

95 26.87 15 75.0 93.4 24.5

100 26.87 20 75.0 90.4 20.6
25.46 10 75.0 93.0 23.9

90 25.46 15 75.0 914 21.8

25.46 20 75.0 88.5 18.0
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5] Implementation and testing of

microlens-enhanced SiPMs

The first microlens-enhanced SiPMs were produced in 2021 after positive results were obtained
from the simulation discussed in Chapter 4. The lenses were designed and deposited by CSEM
on already available multichannel SiPM arrays provided by FBK. The SiPMs have a channel
segmentation appropriate for a SciFi Tracker readout and a very high fill factor (GFF = 82.4%).
Several difficulties during the demoulding process as well as faulty electronic connections
on the SiPMs lead to only two devices that could be tested as all channels in a die need to be
working to measure the light yield: one reference die with a uniform 30 um thick (flat) residual
layer and one microlens-enhanced die. The comparison of the light yield measurement
between these two detectors showed a significant improvement of the microlens sample over

the flat one.

A second prototyping campaign was therefore performed in 2022 using the same SiPM tech-
nology but with two fill factors (GFF = 50.0% and GFF = 82.4%). The microlenses alignment
with respect to the pixel geometry for this iteration and the microlens production, in particular
the demoulding process, were improved. The light yield measurement was repeated on 16
SiPM arrays (eight with implemented microlenses, four with a flat residual layer and four with

the bare silicon surface exposed).

This chapter describes in detail the chosen SiPM samples including their characterisation in
terms of correlated noise and PDE, the microlens design and production steps, as well as the
results of the light yield comparison between SiPMs with and without microlenses for the two

iteration steps.

79



Chapter 5. Implementation and testing of microlens-enhanced SiPMs

5.1 Characterisation of FBK2019-10ch SiPMs

10-channel SiPMs of near-UV high density (NUV-HD) technology with deep trenches filled
with silicon dioxide for optical and electrical isolation [129] have been provided by FBK for
testing. They are from now on referred to as FBK2019-10ch. These devices (not customised
for LHCDb SciFi Tracker) are equipped with alignment markers necessary for a microlens
implementation. The samples have a pixel size of 40 um x 40 um and are available with two
pixel layouts: GFF = 50.0% and GFF = 82.4%. Single channels (width of 320pum and height of

3.12mm) of both fill factors are characterised in terms of correlated noise and PDE.

5.1.1 Correlated noise determination

With the waveform analysis the correlated noise probability (direct crosstalk (DiXT), delayed
crosstalk (DeXT) and afterpulse (AP)) is determined as a function of the overvoltage AV. One
SiPM channel is connected to a 20dB amplifier* and read out with an oscilloscope'. A large
number of waveforms is acquired for every bias voltage setting while triggering on dark noise
with a trigger threshold of 0.5PE.

The waveforms are analysed offline using ROOT. In the first step, the breakdown voltage Vgp is
calculated using the amplitude spectrum. For every bias voltage the 1 PE-pulse amplitude
A, pg, is fitted with a Gaussian distribution®, and is used for the calibration of the amplitude to
photoelectrons (PE). The linear extrapolation of the mean amplitudes to zero returns the Vgp,
which is shown in Fig. 5.1 for GFF = 50.0% and GFF = 82.4%.

The converted PE peaks are then categorised into DiXT, DeXT and AP according to ampli-
tude and time thresholds, which depend on the SiPM type. They need to be evaluated and
serve as input to the analysis. An example of the used parameters for the correlated noise

characterisation of FBK2019-10ch are given in Table 5.1.

*FEMTO high speed GHz amplifier series HSA with bandwidth up to 2.5GHz

TTeledyne LeCroy WavePro 254HD with 2.5 GHz bandwidth

The width of the photon peak is due to gain fluctuations between pixels on the SiPM, and is well described by
a Gaussian distribution.
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Figure 5.1 — Examples of a single channel Vgp determination of FBK2019-10ch devices with (a)
GFF = 50.0% and (b) GFF = 82.4% using the waveform analysis. The precise knowledge of
VgD is needed to compensate sample-to-sample variations and temperature fluctuations. Note
that the sample with GFF = 50.0% has a metal mask which acts as an additional capacitance
in parallel to Rqy. This enhances the fast component of the pulse shape and leads to a higher
pulse amplitude.

The correlated noise probabilities for both fill factors are shown in Fig. 5.2. The sample with
GFF = 50.0% shows a total correlated noise of 15% at AV = 6V, and has a prominent AP
contribution. The maximum operational voltage is thus set to AV = 4V, using a limit of total
correlated crosstalk of 10%. The sample with GFF = 82.4% shows already at a low overvoltage
of AV = 3Vahigh total correlated noise that reaches 20%, making the peak detection with this
threshold-based algorithm difficult. The detector is henceforth not operated above AV = 3V.
The very high correlated noise probability indicates that the fill factor of this detector has
been pushed beyond the acceptable limit, and is an example that a GFF of 82.4% with this

technology is not viable.

Table 5.1 — Typical amplitude (A) thresholds and time (#) windows for the wavelength analysis.
The time windows for the two pixel layouts are slightly different for the DeXT detection.

Correlated noise Amplitude threshold Time window Time window
both GFFs GFF = 50.0% GFF = 84.2%
DiXT 1.20PE < A 0.0ns < ¢t < 1.1lns 0.0ns < £t < 1.5ns
DeXT 0.85PE < A < 1.90 PE l.lns < t 15ns < ¢t
AP 0.60PE < A < 0.85PE  10.0ns < t 10.0ns < t
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Figure 5.2 — Correlated noise probability for FBK2019-10ch with (a) GFF=50.0% and (b)
GFF=82.4%. The correlated noise probability allows to evaluate the useful operational range,
which isup to AV = 4V for GFF = 50.0% and up to AV = 3V for GFF = 82.4%.

5.1.2 Measurement of the photon detection efficiency

The PDE is measured on single dice with a flat, 500 um thick silicone resin coating for both
pixel technologies. The method and measurement setup to determine the PDE via Eq. 5.1 are
described in detail in Ref. [130]. In contrast with a PDE measurement where correlated noise

corrections need to be applied, this measurement shows very little bias even at high AV.

As mentioned in Sec. 2.4.2, the PDE is the probability to detect the impinging photons on the
photodetector. It can be expressed by:

PDE = (L~ Np) = &, (5.1)

N Nj
where N;, and Np are the average rates of cells firing in light or dark condition, N is the rate
of cells firing not caused by correlated noise, and N; is the average rate of incident photons.
The measurement is based on the fact that in a charge spectrum the zero-photon (or pedestal)
peak is not influenced by correlated noise, and can thus be used to determine the probability

of non-firing cells in light (Pr) and dark (Pp) conditions using Poisson statistics:

_(Np)Pe™™

ol = e_NL,PD = e_ND_ (5.2)

Py,

The intensity of the LED pulse is set such that the large majority of events shows no detected

photons in a typical time integration interval of 380ns. Nj is measured with a calibrated
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Figure 5.3 — The photon detection efficiency of FBK2019-10ch used for the microlens prototyp-
ing with (a) GFF=50.0% and (b) GFF=82.4%. Note that due to the high crosstalk the maximum
overvoltage is at AV = 4V for 50.0% and at AV = 3V for 82.4%.

reference photodiode. An integrating sphere ensures a uniform distribution of the photons
across the photodiode and the SiPM, which is positioned at a calibrated distance from the

sphere. From the probabilities, P;, and Pp of non-firing pixels, Ny is calculated using:
Ng =-In(PL) - (-In(Pp)). (5.3)

Finally, the PDE is determined by dividing Nr by the average rate photons impinging on the
photodetector N;.

The PDE is measured for five wavelengths A = {400, 420, 435, 450, 500} nm, and the results
are shown in Fig. 5.3. For a wavelength of A\ = 450nm, the PDE reaches a value of 23% at
AV = 3Vfor GFF = 50.0% and 40% at AV = 3V for GFF = 82.4%.
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5.2 Microlens production

Microlenses can be produced with various techniques, depending on the chosen microlens
material. For example, microlens arrays made from fused silica are typically fabricated via
reactive ion etching, whereas microlenses made of epoxy can be produced with microjet
printing [131]. In this method, droplets are directly placed on the substrate and UV-cured. It
was explored for the first trial of microlens-enhanced SiPMs for the LHCb SciFi Tracker, as
described in Ref. [97], but failed due to the non-flat SiPM surface.

The method used by CSEM for this production relies on photolithography and thermal reflow,
and is typically used for microlenses made of polymer. With this method, microlens diameters
as small as 4um can be achieved [132]. The production process is divided into three steps,
shown in Fig. 5.4: the implementation of a masterlens array, the master mould fabrication,

and the final microlens deposition on the SiPMs.

1. The photoresist layer is placed on top of a substrate, and exposed to UV light. A mask
above the resist shields the material in places where the lenses are formed, determining
the diameter and the gap between lenses. The height of the resist equals the height of
the lens. This method constrains the height of objects to be equal for the full area. After
UV-exposure, the photoresist can be removed everywhere except where microlenses are
built, and the hardened remaining photoresist structures are melted at 150-200 °C (de-
pending on the used polymer), forming the master lens array (spherical and cylindrical

surfaces can be produced).

2. The master lens array is then pressed into a UV-curable material to form the master
mould. After UV-exposure, the master mould is obtained. The master mould can be
reused for several reproduction steps. Any damages such as scratches or misalignments

will be present for every reproduction.

3. In the final production step, the silicon substrate is covered with a UV-curable material.
The master mould is pressed onto the polymer, UV-cured and demoulded, yielding the
final microlens-enhanced photodetector. The limitation of the residual layer thickness
depends on the total mould surface and the applied force. This is a critical parameter in

the fabrication process.

The chosen material is called Lumogen OVD Varnish produced by BASE with a refractive index
of 1.52 at a wavelength of 450 nm [133]. The material has a high transmission for the spectrum
of the SciFi application and has been qualified for the radiation environment range of space

applications.

84



5.2. Microlens production

UV light Melting

UV light

Microlens ) =
| ¢
@) wem UL $E
" =

Glass
Mould master - UV light .
G) F LT 48
(=N

Silicon G AN

Figure 5.4 — The three production steps based on photolithography and thermal reflow to
produce microlenses on an SiPM. In Step 1, master lens structures are produced, which are
used in Step two to fabricate the master mould. In Step 3, the microlenses are deposited on

the SiPM using the mould master. Picture inspired by Ref. [132].

5.2.1 Microlens design

The microlens parameters for the implementation on FBK2019-10ch SiPMs were determined
by CSEM with a commercial software. The simulation was performed with an earlier version of
the exit angle distribution measurement with a mean value between the simulated (Sec. 4.2.1)
and the measured (Sec. 4.2.2) one, resulting in small variations of the optimal parameters

described in Sec. 4.5.3. The final lens parameters are as follows [134]:
* Riens = 25.78um

* Hiens = 20pm

* Hies = (8+3)um

These values are close to the ones used in Chapter 4 with Rjgps = 25.46um, Higps = 19.1pum
and Hpes = 10pm. The small difference in lens height of 1um between implemented and

simulated value is negligible compared to the lens radius which has a bigger influence on the
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improvement in light yield. Therefore these values are used for the comparison between the

outcome of the simulation and the outcome of the measurement in Sec. 5.6.

Four different microlens array structures have been implemented on different regions of the
master mould. This allowed the fabrication of the four versions shown in Fig. 5.5. The flat
layer in Fig. 5.5a is covering the complete SiPM surface and has the same thickness as the
microlenses plus the residual height (approximately 30um). This design is used for the light
yield measurement (described in detail in Sec. 5.4) as reference die (from now on referred to
as flat).

In Fig. 5.5b the complete silicon surface is covered with spherical microlenses. In the design
of Fig. 5.5¢c, two spacer regions are implemented. The spacer is implemented to protect the
microlenses from being damaged when a microlens-enhanced SiPM is pressed against the
fibre mat. The spacer has a larger surface and thus redistributes the force. It is made of
cylindrical lenses implemented on two sides covering an area of 500um x 3200um on the
top and the bottom of the SiPM. They have the same height as the spherical microlenses. A
final lens array without spacer but only with the flat residual layer is depicted in Fig. 5.5d. The
thickness of this layer corresponds to the implemented residual height thickness. It can be

designed to evaluate the need of a spacer.
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Microlenses

(c) (d)

Figure 5.5 — The four different array structures: (a) array with a uniform flat spacer, (b) full
SiPM array covered with spherical lenses, (c) array with spherical and cylindrical lenses used
as spacer, and (d) array covered with spherical lenses and a flat residual layer. Picture taken
from Ref. [134].
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5.2.2 Packaging and optical coupling

The photodetectors are wire-bonded on a carrier PCB and connected to Kapton flex cables
designed for the LHCb SciFi Tracker. The PCB (Fig. 5.6a) can accommodate four FBK2019-10ch

dice and has a couple of alignment pins at the edges to align the SiPMs to the fibre mat.

The sideview of the SiPMs coupled to the fibre mat is shown in Fig. 5.6b. A 1 mm deep wedge
is cut into the fibre mat endpiece to accommodate the bond wires present at the top edge of
the SiPM. In a future development for LHCb, a Through-Silicon-Via (TSV) technology is the
preferred option as bondwires are delicate to handle and require additional silicon areas. In
TSV, the SiPMs are bump-bonded onto the PCB, avoiding bond wires completely and thus
simplifying the packaging. Current TSV implementations by FBK however require a mm-thick

glass substrate on top of the silicon for stabilisation, which is incompatible with microlenses.

The PCB is positioned on a holder equipped with adjustment screws to apply a defined
coupling pressure for each of the four dice individually. In this way, differences in the die

thickness due to the different surfaces can be mitigated and the same optical coupling ensured.

Kapton flex

Kapton flex
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Figure 5.6 — CAD drawings of (a) the Kapton flex with a dedicated PCB for bonding four
multichannel arrays and (b) the interface between the fibre mat and the SiPMs.
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5.3 Testing of the radiation hardness of the microlens material

In view of the expected ionising dose during Run 5 and beyond, the radiation tolerance of
the microlens material has been tested in a dedicated irradiation campaign performed at
the cyclotron of Bern University Hospital [135]. The cyclotron is primarily used for medical

applications, but is also available as an irradiation facility for research.

The cyclotron provides a uniform beam of protons with an energy of 18 MeV. The protons are
extracted using a 1 cm square collimator, on which the current is measured. The remaining
proton current after the collimator is the difference between the beam current and the charge
current measured at the collimator, and it is used to calculate the dose. After a 300 um thick

aluminium extraction window, the protons have an energy of 16.7 MeV.

Two 1 mm thick samples of the BASF Lumogen OVD Varnish have been produced on a glass
substrate for the irradiation campaign. The samples have been mounted on plastic support
structures with Kapton tape. They are divided into four regions, indicated by white vertical
and horizontal lines indicated on the support structure. Each region has received a different
radiation dose of {0, 1, 10, 100} kGy. The high radiation doses have been chosen to ensure the
material can withstand a dose far beyond the expected ~ 1kGy received by SiPMs in the LHCb
SciFi Tracker at the end of Run 5.

The proton flux has been determined by dividing the remaining proton current after the
collimator by the area of the collimator. To reach the required doses, the necessary proton

fluence has been calculated using the following relation:
dose = fluence - ESP, (5.4)

where ESP is the electronic stopping power of protons in a given material. Polystyrene is used
as a reference material for the microlens substrate, with an ESP = 29.66 MeV cm?/ g for the

proton energy of 16.7MeV as provided by Ref. [136].

Figure 5.7 shows the samples after the irradiation. The blue radiographic film marks the areas
of the irradiation. A spectral transparency measurement of the microlens material has been
performed at CSEM. The relative decrease in transparency of an irradiated sample with respect
to the non-irradiated one is shown in Fig. 5.8. Note that the measured material is 30 times
thicker than the thickness of the implemented microlenses (1 mm compared to 30pum). The
measurement therefore confirms the suitability of the material in the radiation environment
at the LHCDb SciFi Tracker, with an attenuation of 5% over 1 mm at 10kGy and 450 nm. This

corresponds to 0.17% over 30um.
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Figure 5.7 — Two Lumogen OVD Varnish substrates after irradiation. The samples have been
divided into four regions indicated by the white vertical and horizontal lines on the plastic
support. Note that the colouring in this picture does not reflect the change in transparency.
The darker the radiographic film, the higher the received dose of the sample. For the sample
on the right a wrong dose was applied in one of the areas.
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Figure 5.8 — Result of the relative transparency measurement of the microlens material BASF
Lumogen OVD Varnish after irradiation at {1, 10, 100} kGy with respect to the non-irradiated
sample. The red line indicates the peak emission spectrum of the SCSF-78M]J scintillating fibre
of the LHCb SciFi Tracker. Picture plotted with data from Ref. [137].
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5.4 Lightyield measurement setup and method

The light yield (LY) for the SciFi Tracker is defined as the number of detected photons for
a minimum ionising particle. It is one of the most important parameters for the global
characterisation of a SciFi module (composed of the SciFi mat and the SiPMs) and is the

ultimate test for microlens-enhanced SiPMs.

5.4.1 Measurement setup

To compare the light yield of detectors placed at different positions of the fibre mat, a homo-
geneous and reproducible signal source is important. A light injection system does not fulfil
this condition. For this setup, an electron gun made of a small S-spectrometer with a 9°Sr
radioactive source and a solenoid coil to select electrons of 1 MeV has been used. The electron
gun provides a trigger to the data acquisition (DAQ) electronics: electrons traversing three
1mm-thick square plastic scintillating fibres and a SiPM readout will give a synchronous trig-
ger signal. In the DAQ the analog signal is converted to a digital signal with a analog-to-digital
converter (ADC). The measurement is performed in a dark room. The electron gun is mounted
on a moving stage and injects electrons across the 13 cm-wide fibre mat. The mat is made of

seven layers of scintillating fibres and a mirror is glued on the far side of the fibre mat.

The signal readout is performed with electronics based on the VATA64 front-end ASIC [138].
The charge-integrating amplifier has a linear response with respect to the input charge and a
shaping time of Tshaping = 200ns. In this setup 128 SiPM channels are read out at the same

time. Two flex PCBs, each with four SiPMs, can be coupled to the fibre mat at the same time.

The data taking consists of two steps:

1. With arandom internal trigger and unbiased SiPMs the pedestal (zero signal offset) is

recorded. It will be subtracted from the signal to define the zero-charge amplitude.

2. Using the trigger from the electron gun, the particle-induced signal of the fibre mat is

acquired.

The room temperature has been monitored during the measurement, and has been stable up
to +1 °C.

The electron gun is positioned at the middle of each 3.2 mm wide die for the duration of the
voltage scan, and is then moved to the next die on the PCB. This ensures an efficient DAQ
mode. The particle injection is done approximately 10 cm from the SiPMs to suppress highly

attenuated modes inside the fibre.
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*Fibre mat

Figure 5.9 — Setup for the light yield measurement of a short fibre mat module in a dark room.
The electron gun injects particles at several positions of the fibre mat at a 10 cm distance from
the SiPMs, which are read out with electronics based on the VATA64 ASIC.

5.4.2 Data analysis

The two-dimensional charge histogram (ADC value against the channel number) of Fig. 5.10a
shows the pedestal-subtracted data. In this case the electron gun was centred on die 1.
Fig. 5.10b shows the charge amplitude spectrum of one channel of die 1 with a vertical
logarithmic scale. The OPE peak is centred around 0ADCvalue as the pedestal is already
subtracted. Afterpulse and/or crosstalk are visible as signal to the right of each photon peak.
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Figure 5.10 — Single amplitude histogram for a data acquisition where the electron gun is
centred at die 1. The four dice are clearly distinguishable in (a). As the dice are only bonded on
one side, the ten channels are only connected to even channels on the flex PCB. The projection
of one channel in (b) is the charge amplitude spectrum.
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Gain calibration and breakdown voltage determination

The SiPM gain is calculated as the mean value of the distance between photon peaks, and is
given in ADC value per photon peak, i.e. ADC/PE. The breakdown voltage is determined by a

linear fit of the gain at different bias voltages, which is extrapolated to zero gain.

As particles induce a signal only in a few SiPM channels at a time, most channels will see
zero charge per event. The signal amplitude distribution in Fig. 5.10b is far from ideal for a
fit. For the gain calibration a laser set at low intensity is therefore used. To ensure a uniform
light injection across all ten SiPM channels, the laser is diffused and placed at a large distance.
As seen in Fig. 5.11a, the charge amplitude spectrum recorded with a laser allows for an
automated fit of the photon peaks. In contrast, the spectrum in Fig. 5.10b recorded with a
source requires manual fit parameter adjustments. With an extrapolation of the linear fit of

the ADC values against the photoelectron peaks (Fig. 5.11b), the gain is obtained in ADC/PE.

The gain in ADC/PE is then plotted against the bias voltage to determine the breakdown voltage
of each channel. The precise knowledge of the breakdown voltage allows to compensate for
temperature variations and determines the overvoltage. The breakdown voltage of one die is
calculated as the average of the breakdown voltages of all 10-channel SiPMs. The adjustment
of Wpias is performed with respect to the mean Vpp per die. The conversion between ADC
and PE is done for every channel and is used for the signal amplitude unit in the offline data

analysis (performed in ROOT).
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Figure 5.11 — Gain calibration for one SiPM channel. (a) The photon peaks are each fitted
with a Gaussian distribution. (b) The mean ADC value of the Gaussian fit as a function of the
number of photoelectrons.
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Clustering algorithm

Neighbouring signal channels are grouped into clusters with a clustering algorithm similar to
the one described in Sec. 3.5. The algorithm used here profits from an amplitude measurement,
i.e. is not only relying on thresholds but uses the amplitude. This allows a performant post-
processing of the data with different threshold settings. In a first step, all channels are scanned
to determine if they exceed the seed (middle) threshold. In this case, the neighbouring
channels are compared to the neighbouring (low) threshold. A cluster is formed if the sum of
all its channel signals, i.e. the sum of seed and neighbouring channels, exceeds the sum (high)
threshold. This means that also single channel clusters can be formed. The threshold values

used for this light yield measurement are {seed, neighbouring,sum} = {2.5,1.5,4.5} PE.

The most probable value (MPV) of the cluster sum distribution, i.e. the total number of pho-
tons in a cluster, is the light yield of the detector. The value is fit with a Gaussian distribution
around the peak center. An example of the light yield determination for one FBK2019-10ch
SiPM is shown in Fig. 5.12. The high number of low cluster sums comes from an edge effect of

the cluster, i.e. light that is not detected due to the size of the die.
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Figure 5.12 — Example of the determination of the light yield for one FBK2019-10ch SiPM at
AV = 3V. The light yield is given by the most probable value of the distribution of the cluster
sum, in this case determined with a Gaussian fit (in red).
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Error estimation

Three factors influence the light yield measurement:

* The fit of the Vgp determination described above introduces an uncertainty in the range
of £10mV for all channels. This impacts the AV calculation, as well as the gain and the
PDE.

» Temperature fluctuations influence the breakdown voltage of the SiPMs, and thus the
AV, the gain and the PDE. The temperature coefficient of the SiPMs has been measured
to be 30mV/K. The operation temperature of the light yield measurements described in
the following sections has been constant within +1°C, therefore a maximum error of
30mV on the Vp is assumed. Note that different SiPM types/modules require different

temperature coefficients.

* The systematic error of the setup, including inhomogeneity of the fibre mat and dif-
ferences in the optical coupling, has been determined by measuring the light yield of
the same SiPMs (GFF = 82.4%) at two different positions on the fibre mat. It is listed
in Table 5.2. A noticeable difference for this systematic estimation between the three
surfaces has been detected. Microlens-enhanced SiPMs have the smallest systematic
error. They are not as affected by surface flatness variations of the mat as flat or bare
dice, because the microlens surface ensures an air gap (touching only at the top of the
lens). Furthermore, a smaller systematic error for flat dice compared to bare dice is

observed.

The different contributions on the light yield uncertainty are given in Table 5.2. The total
relative uncertainty on the light yield is also listed in this table. The total error on the LY is
given by the contribution of the combination of Vgp and temperature, and the systematics
of the setup. The systematic uncertainty is smaller for a higher overvoltage due to the larger
number of detected photons and the relative uncertainty on the fit is smaller. The systematics
are the determining factor in the final result. Using the average on several independent light
yield measurements allows to decrease the systematic error. This was not taken into account
for the results in Table 5.2. For the 50.0% samples the systematic error is expected to scale

according to the LY, which is given in Table 5.5.
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Table 5.2 — Relative uncertainties given by the individual contributions of Vgp determination,
temperature fluctuations and the systematics of the coupling and the fibre mat. Note that the
total uncertainties are calculated with respect to the slope of the SiPMs in Fig. 5.22.

uncertainties AV =1V AV =3V
VBD 1.0% 0.25%
Temperature coefficient 3.0% 0.75%
systematics (uL) 2.8% 1.9%
systematics (flat) 4.2% 2.0%
systematics (bare) 5.9% 3.3%
total (uL) 3.6% 2.3%
total (flat) 5.9% 2.2%
total (bare) 7.1% 3.3%

5.5 First prototype iteration

This first prototype production has been crucial for the complete microlens study in this
thesis, as it fixed the microlens parameters to the ones described in Sec. 5.2.1. Therefore
also the mould design has been fixed, as it has been planned to be reused. This iteration
thus also limited the possibilities of the dimensions of the SiPM dice as the mould can only
be used for SiPMs with the same layout as the FBK2019-10ch devices. The first microlenses
have been produced on five FBK2019-10ch SiPMs with GFF = 82.4% in 2021. The four
microlens structures discussed in Sec. 5.2.1 have been implemented on one die and the design
of spherical and cylindrical lenses (Fig. 5.5¢) on two dice. After the microlens deposition the

dice are wire-bonded on a common carrier PCB. The final dice are shown in Fig. 5.13.

Several difficulties have been encountered during the manufacturing process. Air bubbles
were present in several regions with deposited microlenses. Moreover, the demoulding of the
master mould proved extremely difficult. This was caused by the high density of lenses with a
large radius-to-height ratio deposited on a small array, which was completely covered with
the microlens substrate [133]. These difficulties resulted in a broken corner of the SiPM with
a full microlens coverage (Fig. 5.13a), leaving the sample electrically non-functional. One of
the two samples with spherical and cylindrical lenses (Fig. 5.13c) has a very thick residual
height of up to Hyes = 28um, exceeding the requirements. This sample has additionally
several non-working channels, and has thus been excluded from the light yield measurement.
The flat residual spacer shows delamination effects (Fig. 5.13d), and has additionally two
non-working channels. It is thus also excluded from the light yield measurement. This only
leaves the reference sample (Fig. 5.13b) with a residual layer thickness of Hyes = 20pum and

one sample with spherical and cylindrical microlenses (Hes = 5um) for the characterisation
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A

(c) (d)

Figure 5.13 — The first prototypes of microlens-enhanced SiPMs: (a) full SiPM array covered
with spherical lenses, (b) array with a uniform flat spacer, (c) pixels covered with spherical
lenses and cylindrical spacers, and (d) pixels covered with spherical lenses and a flat resid-
ual spacer. The two samples (a) and (d) have defects due to difficulties in the demoulding
procedure (broken corner in (a) and delaminating flat residual layer in (d)). Additionally the
samples show several air bubbles.
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i

(b)

Figure 5.14 — Zoom on (a) the microlens structure from the first production run and (b) an air
bubble, where the misalignment of the microlenses with respect to the pixel can be seen. The
air bubble is shifted to the left. The top right corner of the pixel is not covered at all, while the
top left corner is fully covered by the air bubble.

measurement. Figure 5.15a shows the close-up of the spherical microlens structure. For all
microlens samples a misalignment of the microlenses with respect to the pixels, as shown in
Fig. 5.15b, has been observed. Such a misalignment is expected to cause a reduced light yield

as the light is not deviated symmetrically towards the pixel centre.

5.5.1 Lightyield of the first prototypes

The light yield has been measured for an overvoltage AV ranging from 1V to 2.8V in steps
of 0.3V. The light yield results are listed in Table 5.3. At low AV an improvement of 9% is
seen. Nevertheless, the light yield improvement is 1% at high AV. In the simulation the
improvement for a Hes = 5um thick residual layer and low AVamounts to 17% (19%) for the
measured (simulated) exit angle distribution. Note that for these simulation results, the lens
radius is set to Rjens/ Rlens,max = 95%, which is larger than the lenses that are implemented as

discussed previously in Sec. 5.2.1.

Possible explanations for the low measured light yield improvement are:

* The fibre exit angle distribution used for the microlens implementation is different than
the one used in the simulation. Additionally, the short fibres (14 cm) have a different
distribution than the 240cm-long fibre (see Sec. 4.2.2). At the time of the simulation
study, the distribution of a short fibre has not been available. However, taking into
account the observed difference of the gain in light yield using the simulated and
measured exit angle distributions of 19% and 17%, respectively, this effect is expected to
be small.
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Table 5.3 — Light yield results for the first iteration of microlens-enhanced SiPMs with
GFF = 82.4%.

AV (V) ILYreference die (PE) LY microlens die (PE) Gjy (%)

1.0 26.2 28.6 9
1.3 32.8 34.4 5
1.6 37.9 39.7 5
1.9 42.7 44.5 4
2.2 48.6 49.5 2
2.5 53.1 54.2 2
2.8 59.1 59.5 1

* The dominating effect from the fibre mat is its surface quality. A picture of the cross-
section of a non-polished fibre mat (as used for these measurements) is shown in
Fig. 5.15. To evaluate the uncertainty on the exit angle distribution as a function of the
surface quality a larger campaign is required and could not be performed during the

duration of this thesis.

* The alignment between microlenses and pixels will reduce the light yield, as mentioned

above.

e Sample-to-sample variations.

The measurement shows that microlenses are effective for low AV (9% at AV = 1V), confirm-

ing that it is possible to avoid the low-field region. A second prototype iteration has been

(@) (b)

Figure 5.15 — (a) Cross-section and (b) zoom of a short fibre mat used for the light yield
measurements for microlens-enhanced SiPMs.
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performed, with a focus on improving the production difficulties, and to produce a larger

number of samples.

5.6 Second prototype iteration

The second iteration has been performed in 2022 to increase the number of test samples and
improve the alignment of the microlenses with respect to the pixel structure. The second
iteration also allowed to achieve a more uniform residual height across all dice, optimising the
demoulding procedure to avoid damages on the substrate and minimising the occurrence of
air bubbles.

A total of 16 SiPM arrays have been used for this iteration, eight with GFF = 50.0% and eight
with GFF = 82.4%. The samples were tested before microlens implementation to reduce the
risk of dead channels. For both fill factors, microlenses have been implemented on four dice
according to the design in Fig. 5.5c. Two dice have been produced with a flat residual layer and
the remaining two dice were left "bare" with only the thin SiO, anti-reflective surface coating
applied by the manufacturer. The summary of the SiPMs placed on the four used PCBs is given
in Table 5.4.

5.6.1 Lightyield of samples with 50.0% geometrical fill factor

The light yield has been measured in steps of 0.2V for an overvoltage AV ranging from 1V to
4V. A torque screwdriver has been used to ensure all dice were coupled with 2cNm to the fibre

mat.

The light yield of all 16 samples is plotted against the overvoltage in Fig. 5.16. The four
microlens samples are shown in orange, the two flat coated samples in blue, and the two bare
samples in green. The average light yield of every surface (microlens, flat, bare) has been
determined, and is also included in the graph (shown as line of the corresponding surface

colour).

Table 5.4 — Prototype assembly of the SiPM chips on the PCB for the second microlens iteration.

PCBno. GFF (%) Diel Die 2 Die 3 Die 4

1 50.0 flat resin flat resin bare (SiO»)  bare (SiO3)
2 50.0 microlenses microlenses microlenses microlenses
3 82.4 flat resin flat resin bare (SiO») bare (SiO»)
4 82.4 microlenses microlenses microlenses microlenses
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Figure 5.16 — Light yield of FBK2019-10ch with GFF = 50.0%, coupled to the fibre mat with
torque of 2cNm. Three different SiPM surfaces (microlenses, flat, bare) have been evaluated.
The microlens-enhanced SiPM shows a clear improvement over flat and bare samples. The
shaded regions correspond to the estimated error of each die, and are calculated according to
Sec. 5.4.2.

Table 5.5 - Light yield results for SiPMs with GFF = 50.0%, coupled to the fibre mat with torque
of 2cNm.

AV (V) LYy (PE)  LYpat (PE)  LYpare (PE)  Grypr/fiac (%) Gryuv/bare (%)

1 18.6 14.1 13.8 32 35
2 31.4 25.3 24.1 24 30
3 41.6 34.6 32.4 20 28
4 52.8 44.2 39.9 19 32

A clear difference between the three surfaces is present at all overvoltages. The average light
yield at AV = 1V of samples with microlenses shows an improvement of approximately 32%
(35%) compared to flat (bare) surface, as listed in Table 5.5. With increasing AV, the microlens-
enhanced dice still reveals an improvement of 19% (32%). Even though the increase at low
AV is smaller than predicted by the simulation study (which yielded 56% (46%) for measured
(simulated) exit angle distribution), it confirms that microlenses are effective to increase
the GFE Possible reasons for the difference are again a slight lens-to-pixel misalignment,
the uncertainty of the exit angle distribution of the short fibre mat not introduced in the

simulation and dominantly the surface quality of the fibre mat.
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To understand and verify assumptions about coating of the silicon, external crosstalk and
optical coupling between fibre mat and SiPM, a series of measurements, described in detail
below, have been conducted on flat and bare dice. The observed differences are partially a
result of the anti-reflective coating, which has been optimised to the refractive index of the top
coating (not air) and for which interference can occur due to the structured layer, depending
on the angle of the incoming photon [139]. Additionally, external crosstalk (photons reflected
on the resin surface back into the SiPM) can potentially be the second reason for the observed

difference.

The coupling has been varied between a large air gap and the smallest possible with a high
torque of 6¢cNm, and the light yield has been measured for both types of coupling. A voltage
scan has been performed to evaluate the crosstalk using the ratio of the number of events
exceeding the DCR threshold of 0.5PE and the two-photon threshold of 1.5PE. The results
are shown in Fig. 5.17. External crosstalk is present for the flat die and can partially explain
the difference between the two curves seen in Fig. 5.16. At high AVthe external crosstalk
amounts to approximately 3.4%. The "quadratic" increase is due to the higher crosstalk (which
has a linear behaviour) and the higher PDE which increases with AV. Inefficiency of the
anti-reflective coating is likely the second effect that causes the difference between flat and

bare.
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Figure 5.17 — External crosstalk evaluation for flat and bare surfaces, with an air gap between

SiPMs and fibre mat (0cNm) and the highest torque applied (6cNm). Note the sample-to-
sample variation.
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5.6.2 Change in cluster size

The cluster size of a SiPM represents the light spread across several SiPM channels. A small
cluster size allows to operate the detector at higher track density. An example of the cluster
size of a microlens-enhanced die biased at AV = 3V is shown in Fig. 5.18a. The cluster size is
influenced by the light yield, the particle type, the optical coupling and the channel width. In
Fig. 5.18b, the cluster size is plotted against the weighted mean cluster position. Small cluster
sizes occur most often for clusters with a weighted mean position at the border (channel 0 and
channel 9). This is because these border clusters consist of fewer channels as light is spread

across the not instrumented regions, and thus have a lower light yield.

A small variation of the distance between the fibre mat and the SiPM is introduced when
comparing the bare (Opm), flat (15um) and microlens (40pum) samples. However, with such
a small distance no deterioration of the cluster sizes at the same light yield can be detected
(Fig. 5.19). This leads to the conclusion that microlenses do not increase the cluster size, but
do not improve it either. Note that the cluster size depends highly on the applied thresholds,
and therefore the evaluation of the error is difficult.
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Figure 5.18 — Example of the cluster size distribution at AV = 2V for (a) a full microlens-
enhanced FBK2019-10ch die and (b) the cluster size as a function of the weighted mean cluster
position. Small channel sizes occur most often for clusters with a weighted mean position
at the borders of the die (channels 0 and 9). For these channels the cluster consists of fewer
channels due to missed light outside the active detector region.
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Figure 5.19 — Average cluster size as a function of the light yield for FBK2019-10ch SiPMs with
GFF = 50.0%, coupled to the fibre mat with a torque of 2cNm. No difference is observed
between the different samples.

5.6.3 Coupling tests of samples with 50.0% geometrical fill factor

The coupling between SiPM and fibre mat could influence the light yield because of different
coupling media and different reflectivity (e.g. ARC coating on the silicon). To study this,
different torque values have been applied. Already at 2cNm, which corresponds to a typical
torque applied to these small size screws, the SiPMs are in firm contact with the fibre mat. The

torque was increased beyond this to {3,4,6} cNm.

For the microlenses, neither light yield (Fig. 5.20) nor cluster size (Fig. 5.21) are significantly
affected by the varying pressure. This leads to the conclusion that the microlenses are not
deformed and can withstand the applied force without the need of cylindrical spacers. This
study also confirms that the measurement is reproducible without any significant statistical

variations. Note that the results for {2, 3,4, 6} cNm are completely overlapping.
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Figure 5.20 — Light yield of SiPMs with GFF = 50.0% coupled to the fibre mat with different
torque values. The shaded regions correspond to the estimated error of each die, and are
calculated according to Sec. 5.4.2. The light yield remains constant within the systematic
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Figure 5.21 — Cluster size for torque values of {2,3,4,6} cNm for (a) microlens-enhanced and
(b) flat and bare SiPMs. Note that the cluster sizes are completely overlapping for different
torques.
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5.6.4 Lightyield of samples with 82.4% geometrical fill factor

The light yield of samples with GFF = 82.4% has been measured following the same procedure
as in Sec. 5.6.1, but is limited to a maximal overvoltage of AV = 3V. The results are listed in
Table 5.6 and shown in Fig. 5.22.

As these samples have a much larger crosstalk than the samples with GFF = 50.0% ones, as
discussed in Sec. 5.1.1, the difference in detected light yield between flat and bare samples
is increased. Additionally, the larger internal and external crosstalk will lead to a higher light
yield, which is confirmed by the measurements and confirms that the difference between flat
and bare is indeed partially due to external crosstalk. Within the precision of the measurement,
no significant improvement of microlens-enhanced over flat resin samples is observed. The
simulation with GFF = 82.4% and the measured exit angle distribution predicts an improve-
ment of 23% (erpr = 60%) and 17% (e pr = 100%). Possible explanations for this difference

are:

¢ The sample-to-sample variations for this measurement are much larger than for the
GFF = 50.0%, and amount to +5% at AV = 2V.

¢ The misalignment between microlenses and pixels is more important than for the
GFF = 50.0% and reduces the gain significantly. This is due to the fact that a small shift

in the microlens position results in a greater area not covered for a larger fill factor.

¢ The uncertainty of the short fibre mat, including the slightly different exit angle distribu-
tion, but more dominantly the effect of the non-polished fibre mat surface will result in

a lower improvement.

Therefore, the obtained result of the first prototype iteration (Sec. 5.5) of 9% cannot be con-

firmed.

However, with the dedicated production of SiPMs (described in Sec. 6.3) with pixel sizes
of 31pm x 31um and 42pm x 42um, the GFF will reach approximately 75.0% and 81.5%,
respectively. With this technology the sample-to-sample variations are expected to be smaller,
which will help to draw a conclusion about the improvement of microlens-enhanced SiPMs
with higher fill factor.
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Figure 5.22 - Light yield of FBK2019-10ch with GFF = 82.4%, coupled to the fibre mat with
torque of 2cNm. Three different SiPM surfaces (microlenses, flat, bare) have been evaluated.
The microlens-enhanced and flat SiPMs show clear improvement over bare samples. However,
an improvement between microlens-enhanced and flat dice is not seen. The shaded regions
correspond to the estimated error of each die, and are calculated according to Sec. 5.4.2.

Table 5.6 — Light yield results for SiPMs with GFF = 82.4%, coupled to the fibre mat with torque
of 2cNm.

AV LYpL (PE) LYgat (PE)  LYpare (PE) GainLY,pL/ﬂat (%) GainLY,pL/bare (%)

1 26.3 28.1 21.3 -7 23
2 43.7 43.5 36.7 0 19
3 60.7 58.9 49.9 3 22
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SciFi technology development for

Upgrade 11

For the LHCb Upgrade II, the instantaneous luminosity will increase by one order of magnitude,
leading to more than 50 visible interactions per bunch crossing. This increase in occupancy
poses a major challenge for the SciFi Tracker, as it leads to overlapping hits in space, and
the separation of hits from different particles is compromised. Already in the current data
taking period the reconstruction of the SciFi tracks requires intensive computing due to the
crossing of the particles through the magnetic field. With the future Upgrade II, the tracking
will become even more complex. One possibility to improve the track reconstruction efficiency
is by adding timing information. The time information allows narrower search windows in
the tracking algorithms, speeding up track finding and reducing ghost tracks. A testbeam
campaign has been performed in 2019 to investigate the time resolution of a beam telescope

made of short fibre mats, described in detail in Sec. 6.1.

In addition to the higher occupancy, the radiation environment will also increase approxi-
mately a factor of five in Run 5. A possibility to decrease the neutron fluence at the position
of the SiPMs is to locally improve the shielding. Dedicated studies are needed to show the
benefits of such a shielding and the possible options, and are not the focus of this thesis.
Moreover, an improved shielding would be insufficient to keep the DCR of the SiPMs at the ac-
ceptable maximal level of 10 MHz, therefore other solutions are required to operate the tracker
in this higher radiation environment compared to Run 3 and 4. As the radiation hardness
of SiPMs has not improved during the past years, cryogenic cooling is proposed as the most
effective way to keep the SiPMs’ DCR at an acceptable level. A first measurement of the DCR
of irradiated samples has led to encouraging results, and is described in Sec. 6.2. Additionally
with the help of new technologies, SiPMs are now available with smaller pixel sizes and high
GFE and can reach a PDE higher than for the H2017 SiPMs. A dedicated prototyping run has
been performed with FBK to produce SiPMs suitable for cryogenic operation and with a high

PDE, a fast recharge time and low correlated noise due to a new trench technology [103]. This
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Figure 6.1 — The telescope consists of six x-y tracking stations of scintillating fibres in the
vertical and horizontal directions, mounted on a common support structure.

potentially allows to operate the photodetector at higher AV and therefore increasing the PDE.

A description of the design and preliminary results are found in Sec. 6.3.

6.1 SciFi Tracker with timing information

The SciFi technology can be improved by adding time information to the spatial information,
which will reduce the number of ghost tracks and speed-up the tracking algorithm by minimis-
ing the track search window. For R&D purposes a beam telescope, shown in Fig. 6.1, has been
built within the thesis. It consists of six tracking stations, where each is composed of two fibre
mats oriented in x and y-direction. The 133mm x 133mm mat is made of seven fibre layers
and is identical to the one used in Sec. 5.4. Four 128-channel SiPMs (H2017) per fibre mat are
connected with Kapton flex cables to the readout boards. A light injection system, pulsed with
a VCSEL diode and a light-leaking optical fibre to illuminate the fibre mat, is placed on the
further end of the fibre mat. It is used for the time calibration of every SiPM channel in order

to eliminate time offsets.

The signal of the SiPMs is read out by the STiC3 ASIC [140]. This chip allows the measurement
of the signal time and amplitude, and uses two thresholds: the timing threshold (TTH) and
the energy threshold (ETH). The timing trigger (T-Trigger) is the digital signal obtained from
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6.1. SciFi Tracker with timing information

A
V SiPM Signal

Energy Threshold

E-Trigger

Edges measured by TDC

Figure 6.2 - Illustration of timing (TTH) and energy (ETH) thresholds of the STIC3 ASIC.Picture
taken from Ref. [141].

the rising edge of the signal once it crosses TTH. The time-over-threshold (ToT), which is the
difference between the rising and falling edges of the signal when crossing the ETH, gives the
energy trigger (E-Trigger) (see Fig. 6.2). The final time-to-digital-converter (TDC) signal is
the difference between the falling edge of the E-Trigger and the rising edge of the T-Trigger.
The timestamp of a hit is given by the sum of the coarse and fine times. The TDC frequency
runs on a coarse time frequency of 540 MHz, corresponding to a coarse time of 1.85ns. A
phase-locked-loop (PLL) is used to interpolate in 32 steps, and like this a fine timestamp of
57.5ps is achieved.

Hit detection efficiency

The hit detection efficiency € of each layer has been determined to characterise the detector. It
is defined as the ratio between the number of clusters detected N at a reconstructed position
over the total number of tracks Ny;. The reconstructed position is computed by reconstructing

a track, where one layer is excluded (DUT), using only the remaining layers as reference.

The telescope has been tested during a testbeam campaign at the Test Beam Facility at DESY
Hamburg (Germany) [142] in 2019 using electrons with an energy between 2GeV and 6 GeV.
The telescope has been moved to five positions (centre of the plane, referred to as Position 0,
and the centre of four quadrants, starting top left and going anti-clockwise) with respect to

the beam axis. The overvoltage has been varied between 3.5V and 6.5V.

A strict event selection is applied for the track reconstruction requiring only one cluster per
layer. The spatial resolution is given by the standard deviation of the residual R, which is

defined as the difference between the hit position (with a standard deviation o) and the
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Figure 6.3 — (a) Resolution and (b) efficiency of a telescope layer with data from a testbeam
campaign at DESY. The efficiency is calculated for five different positions of the telescope with
respect to the beam axis.

reconstructed hit position (with a standard deviation oyt reco). Therefore the resolution is
given by:

_ 2 2
OR=1\/Ohit + Uhit, reco’ (6.1)

If several clusters are detected, the one closest to the reconstructed position is chosen. The
detected hit is accepted if it is within 10o0R of the reconstructed hit. An example plot of
the resolution oy and the efficiency as a function of AV is shown in Fig. 6.3. The efficiency
increases with AV due to the increase in PDE. At AV = 3.5V the efficiency is at 98.1% at
Position 1 and at 98.8% for Position 0. At AV = 5V an efficiency of 99% is reached for
all boards. The uncertainty of the efficiency is estimated with the binomial distribution
02N = Niotal * € (1 — €) [143]. For the shown example, at position 0 and AV = 5V the number
of reconstructed tracks equals 9031 tracks, which leads to an error of 1%o. At a higher AV the

efficiency decreases due to a cut on the cluster size.

Coincidence time resolution

The coincidence time resolution (CTR) of two planes is given by the width of the distribution
of the time difference between two detected hits. For a system with two identical scintillators,

Eq. 2.13 can be applied, which states that CTR o< /T4, where 14 is the scintillator decay time,

and CTR « 11\1 , where Npj, is the number of detected direct photons. The rise time 7, of
ph

the SCSF-78M] fibre has been measured to be 75 ps, and the number of direct photons for a

s
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6.2. Cryogenic SiPM operation

short fibre module is assumed to be Ny, = 25 [144]. This yields a time resolution o of:

_ CTRys¢ ph

V2

o =141ps. 6.2)

The time resolution is measured for single clusters per layer. The measurement requires

several calibration and correction steps (described in detail in Refs. [145, 146]):

1. A board-to-board offset is applied after evaluating the hit time distribution of each layer.
2. A correction is applied to account for the light propagation time in the fibres.

3. A channel offset is extracted from the injection calibration. To further improve this
offset, an iterative algorithm is applied using the cluster time information of all layers

for a single track.

Applying these offsets, the best measured time resolution of the SciFi Tracker is 208 ps [145,
146].

The time resolution for the long fibre mats at LHCD is expected to be larger than the one
measured with this telescope setup. The number of direct photons is much smaller for the
long fibre mats (in average 6 to 10) and the propagation in the fibre will deteriorate the time
resolution as the propagation path for larger angles is longer for long fibres. For LHCb, the
circuit that is required to measure the time can be done with a fast clock instead of a dedicated
TDC. This will the power consumption at an acceptable level. A time binning of 1/16 of the

LHC bunch crossing (1.62ns) could be used.

6.2 Cryogenic SiPM operation

With the increase of the radiation environment by a factor of five in Run 5 (2034-2039) the
SiPM’s DCR will drastically increase. One possible way to mitigate the ageing effect is to
employ cryogenic cooling. Cooling to —40 °C is already done for the current data taking
runs to keep the DCR at an acceptable level of 10MHz per channel after the irradiation of
4.1 x 101 1 MeV Neq/ cm? expected at the end of lifetime of the detector [110]. This level of
DCR could be achieved in Run 5 by cooling the detector to —80 °C. However, this type of
cooling is not conventional (no vacuum insulation). Cryogenic cooling on the other hand will
not only allow to have a detector that is free of noise (with an expected DCR at the level of tens
of kHz per channel at 2 x 10'? 1 MeV n¢q/cm?) but will also allow the operation at a higher

AV and therefore a significantly higher PDE.
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Figure 6.4 — Drawing of a possible thermal vacuum insulation envisaged for the cryogenic
cooling of the SiPMs with LN2. The SiPMs will be connected via a clear fibre interface to the
SciFi modules. Picture taken from Ref. [149].

In the past, the operation of SiPMs at cryogenic temperatures has been compromised because
of the high afterpulse probability which increases with decreasing temperature due to the
larger de-trap time of charge carriers. However, new afterpulse-suppressing technologies
have been developed, e.g. by FBK [129] and Hamamatsu [147], keeping the afterpulse below a
few percent even at liquid nitrogen (LN2) temperature (—196 °C). This technology has been
mainly developed for dark matter experiments such as DUNE [148] and DarkSide-20k [100].
In these experiments, the SiPMs are fully submerged in liquid argon or xenon. In contrast,
for the usage at LHCb the SiPMs would be placed in vacuum to ensure thermal insulation, as
shown in Fig. 6.4. In this case, the SiPMs are in contact with a cold plate and cooled by liquid
nitrogen. This configuration requires a clear fibre interface to connect the SiPMs to the fibre
mats outside the vacuum box. This optical interface will cause an additional decrease in light
yield of approximately 20% [53]. Another possibility is to directly couple the fibre mats to the
SiPMs using a vacuum feed-through. In this case, even though a longer fibre mat (at least

15cm) is needed, the reduction for the light yield is expected to be insignificant.

To evaluate the feasibility of cryogenic cooling at LHCb, a measurement of irradiated SiPMs has
been performed in the framework of an irradiation campaign performed by FBK [150,151]. The
temperature dependence of five irradiated and one non-irradiated SiPMs has been studied.
The Imm x 1mm SiPMs are of the NUV-HD-RH type, characterised by a low field and a

fast recharge time, with a pixel size of 15um x 15pum. Note that such a small pixel size has
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6.2. Cryogenic SiPM operation

Table 6.1 — The irradiated SiPMs with their corresponding irradiation level. The fluence
expected at the end of LHCb Run 5 is approximately 4 x 1012 1 MeV Neq/ cm?.

SiPM no. Fluence (1 MeV neq/ cm?)

1 0.0 x 10°
2 1.3 x 100
3 1.2 x 101
4 2.3 x 10'2
5 1.5 x 1013
6 1.1 x 104

a significantly lower PDE due to the small GFE and is therefore not suitable for the LHCb
SciFi Tracker. The samples have been previously irradiated at different proton fluences, as
listed in Table 6.1. The fluence is generally not better known than +50% as the proton current
estimation is extremely difficult due to the production of secondaries inside the collimator
volume, which influences the final output current*. As the following sections describe a
comparison study of irradiated and non-irradiated samples, the absolute dose values are less

important than the relative ones.

6.2.1 Fluence dependence of Vgp and of the activation energy

As a first step, the breakdown voltage temperature coefficient Ky; , has been measured using
the current-voltage characteristics at different temperatures, ranging from +60 °C to —60 °C. In
Fig. 6.5, the breakdown voltage as a function of the temperature and the fluence dependence of
Ky, are shown. The maximum error on the Vp estimation is £0.15V, while the temperature
was stable within +0.5 °C. The spread of Ky, , within 32.7mV and 30.2mV is determined by
several factors such as the different thermal couplings for each sample, variable self-heating
power due to DCR variation, and the Vgp determination uncertainty. The observed difference
is therefore most likely due to sample-to-sample variation, as no trend between fluences is

observed.

The activation energy (E,), i.e. the energy needed for electrons to generate charge carrier pairs,
has been determined by studying the reverse current at different temperatures I(7), and is

extracted according to the relation [150]

Ea
I(T) x e*sT, (6.3)

*The output current is given by the difference between the synchrotron proton current and the current
absorbed by the collimator.
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Figure 6.5 — (a) The Vpp as a function of the temperature. (b) the fluence dependence of Ky ,.
Note that in (b) the non-irradiated sample was drawn at a fluence of 1.E + 06 for illustration.

where kg is the Boltzmann constant. The activation energy has been determined in a tem-
perature range between —10 °C and 20 °C to ensure thermal generation of charge carriers
is dominating over tunnelling. The result for three overvoltages is shown in Fig. 6.6. A clear
difference between non-irradiated E; = 0.63eV and irradiated E, = 0.37¢€V is seen, which
can be understood as a direct consequence of the domination of thermal DCR generation
for irradiated SiPMs [150, 151]. Note that for Sample 6 current saturation occurred in this

temperature range, and thus the E, could not be determined.

0 Lol PRt | Lol PRI | L1iin

1E+05 1E+07  1E+09 1E+11 1E+13 1E+15

Fluence (1 MeV n./cm?)
Figure 6.6 — Fluence dependence of the activation energy at three overvoltages. E, reduces for

irradiated samples. Note that the non-irradiated sample was drawn at a fluence of 1.E + 06 for
illustration.
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Figure 6.7 — DCR with respect to the overvoltage of (a) a non-irradiated and (b) an irradiated
sample with fluence 1.2 x 10!!' 1 MeV Neq/ cm?. The DCR decreases drastically with the
temperature. At —196°C the irradiated sample shows a lower DCR than the non-irradiated
one at —40°C.

6.2.2 Fluence and temperature dependence of DCR

The temperature dependence of the DCR at different irradiation levels is one of the most
crucial aspects for the use at LHCb. The DCR has been measured in a temperature range from
+40 °C to —40 °C and at LN2, using a waveform analysis (which is described in Ref. [91]). The

samples have been submerged in the liquid nitrogen for the measurement at-196 °C .

The DCR plotted against the overvoltage for the non-irradiated Sample 1 and for Sample 3 is
shown in Fig. 6.7. The DCR of the irradiated sample at AV = 5V decreases from 2x 10’ Hz/mm?
at T = 20°Cto 7 x 10°Hz/mm? at T = —196 °C. It follows the same approximate decrease as
mentioned in Sec. 2.4.5, and thus the DCR is reduced by a factor of two for every ten degrees

of cooling.

The DCR has also been studied with respect to the fluence at overvoltages of AV = 4V and
AV = 6V (see Fig. 6.8). For both lower fluence samples, the decrease in DCR amounts to
approximately five orders of magnitude at both overvoltages, going from -40 °C to-196 °C. At
the high fluence of 1.1 x 10'*1 MeV neq/cm? the DCRis 1.14MHz at AV = 4V. For AV = 6V
the DCR is likely higher than the measured value due to saturation at rates above 10 MHz.
Sample 4 is either defective, or has received a lower dose than was estimated, and is excluded

from further analyses.

In Fig. 6.9, the temperature dependence of the DCR at AV = 4V is shown. The DCR values
are obtained with the waveform analysis (represented as points) and independently from the
IV-measurement (shown as dotted lines). For the latter, the DCR has been calculated using the

gain of the non-irradiated sample at AV = 4V at 0 °C, which has been determined with the
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Figure 6.8 — DCR with respect to the fluence for different temperatures at an overvoltage of (a)
AV = 4V and (b) AV = 6V. Both plots show that Sample 4 is either defective or received a

different dose than was estimated.
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Figure 6.9 — DCR as a function of temperature at AV = 4V. The DCR values are obtained with
two independent measurements: once with the waveform analysis (shown as points) and
once via the IV-measurement (shown as dotted line). The DCR of the two samples with higher
fluences is only measured at LN2 temperature.

waveform analysis. The obtained DCR values of both methods are in very good agreement.
The difference in the slopes of the non-irradiated and the irradiated samples is explainable
due to the change in activation energy from 0.63 eV to 0.37 eV, and the fact that for irradiated
samples thermal generation of charge carriers dominates over tunnelling generation [151].
Sample 1 reaches the tunnelling plateau around —100 °C, which is a similar behaviour to the
standard-field sample previously shown in Fig. 2.17, where the tunnelling plateau is reached
at around —100 °C at a similar DCR level. For the irradiated samples, the linear extrapolation
connects to the measured value at-196 °C . For non-irradiated samples, tunnelling is expected

to dominate at LN2 temperatures.
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Table 6.2 — Comparison of the characteristics and the measured properties between irradiated
H2017 and FBK-NUV-HD-RH detectors.

Property ‘ H2017 (Hamamatsu) NUV-HD-RH (FBK)
area 0.4mm? 1 mm?
pixel size (60 pm)2 (15 pm)2
temperature -40°C -40°C
AV 3.5V 3.5V
fluence 6 x 1011 MeV neq/cm2 1.3 x 101 MeV neq/cm2
measured DCR | 14MHz 500kHz
scaled DCR 2MHz
Prospects at LHCb

The characteristics of H2017 and FBK-NUV-HD-RH SiPMs are given in Table 6.2. Some scaling
of the detector channel area, the geometrical fill factor (GFF) and the fluence is necessary
to compare the two technologies for radiation hardness. The scaled DCR of the FBK-NUV-
HD-RH sample is expected to be in the order of 2MHz, leading to the conclusion that the
technology of FBK-NUV-HD-RH results in a seven times lower DCR compared to H2017. Note
that the large difference in pixel size (GFF) favours the FBK technology, but the results are still

very encouraging.

The obtained results support the prospects of implementing cryogenically cooled SiPMs in a
future high-radiation run at LHCb. The implementation of cryogenic cooling at LHCb with an
additional clear fibre interface will reduce the light yield by 20%, and therefore the usage of

microlens-enhanced SiPMs to compensate this loss is strongly encouraged.

6.2.3 Fluence and temperature dependence of gain and correlated noise

The other important properties to study are the gain and the correlated noise of the detectors.
From the measurements of irradiated samples described in Refs. [150, 151], these properties

are not affected by radiation up to alevel of 10'® 1 MeV neq/cm?.

For the gain this observation is confirmed in the temperature range from +40 °C to —40 °C
(Fig. 6.10a). The large spread at LN2 temperatures is partially due to the increase of Rg and
a resulting change of the pulse shape. In addition, an instability of the amplifier has been
observed, causing oscillations. This also occurred for the measurements of the crosstalk and
afterpulse, and thus these data points have been excluded. Therefore, only the non-irradiated

and the two low-fluence samples have been characterised in terms of correlated noise. The
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Figure 6.10 — (a) The (a) SiPM gain, (b) total crosstalk and (c) afterpulse probability as a
function of the temperature for different fluences at an overvoltage AV = 4V. Gain and
crosstalk remain constant with temperature and fluence.

crosstalk, shown in Fig. 6.10b, remains unchanged. Note that the crosstalk for these samples
is low due to the small pixel size (thus the small gain), and the systematic error is in the
order of the observed variation. The afterpulse remains stable within the temperatures from
+40 °C to —40 °C as shown in Fig. 6.10c. As these samples have been developed for cryogenic

applications, the afterpulse probability should show only a minor increase even at —196 °C.

6.3 FBK2022 customised SiPM arrays

For Upgrade II the project requires a close collaboration with SiPM manufacturers to work to-
wards a suitable SiPM complying to the requirements, i.e. achieving a high single hit detection
efficiency (therefore having a high signal-to-noise ratio and small dead time of the SiPMs),
and the operation at the expected higher fluence levels. All these improvements require a com-
bination of several SiPM technologies. The SiPM technologies from FBK has greatly advanced
since the production of H2017 SiPMs for the LHCb SciFi Tracker by Hamamatsu.
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6.3. FBK2022 customised SiPM arrays

The improvements include:

* ahigh GFF even with small pixel sizes, improving in turn the PDE,

¢ thin insulation trench technology with efficient crosstalk suppression,
* increased stable operation range,

* cryogenic operation with low afterpulse, recovery time and DCR,

e and low Vpp spread.

All these improvements comply with the requirements for a future SiPM used in the LHCb SciFi
Tracker. Therefore, a dedicated prototype series, referred to as FBK2022, has been designed
based on the results obtained during this thesis and has been produced by FBK. The new
prototypes take advantage of the aforementioned improvements in technologies, combining a
high PDE with cryogenic applications (afterpulse suppression) and the novel metal-in-trench

technology [103] for low correlated noise.

One single die is a 64-channel device and has a die size of 16.2mm x 3.2mm and a channel
size of 1.66 mm x 0.25mm channels. The design foresees two pixel sizes of 31.3um x 31.3um
(referred to as 31 um) and 41.7um x 41.7um (referred to as 42um). The detectors are equipped
with alignment markers dedicated for microlens implementation to support precise microlens-
to-pixel alignment. The large die height of 3.2mm has been designed such that potential
spacers can be implemented, and to have enough room to accommodate the bond wires
when the SiPMs are coupled to a fibre mat, as previously shown in Fig. 5.6b. An additional
die has been designed with a channel surface of 16.2mm x 3.2mm and 15.65um x 15.65um

(referred to as 16 um) pixels, and is dedicated to readout thicker SciFi mats.

A full silicon wafer, depicted in Fig. 6.11a, is split into 120 so-called shots with one 16 um, two
31um and one 42um arrays, plus additional Imm x 1mm test structures. A close-up of a
partial shot is shown in Fig. 6.11b. Wafer splitting has been used to vary the electric field and

the implant dose.

A quench resistor of R = 500k() is implemented in all designs. The second version of
the 31 pm pixels has an additional capacitance in form of a metal mask (in parallel to Rq)
implemented, which enhances the fast peak of the cell recharge amplitude. The mask is also

implemented for the 42um pixel arrays.

Preliminary results ot the DCR, PDE, crosstalk and recovery time of one channel for all pixel

layouts are shown in Fig. 6.12. The DCR stays within the expected range, and for the 16 um pixel
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Chapter 6. SciFi technology development for Upgrade II
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Figure 6.11 - (a) View of the 11inch wafer with 120 shots. (b) A shot consisting of four arrays
and additional test structures. The arrays’ layouts have a square pixel size of 15.65um, 31.3um,
31.3um (with mask) and 41.7um (top to bottom). Pictures taken from Ref. [152].

is similar to the DCR measured for Sample 1 in Fig. 6.7. The PDE reaches very high values of
up to 60% for 42um pixels at the peak wavelength (420nm) at high overvoltage AV = 10V. At
the same conditions, the crosstalk probability stays below 2.5% for 42 um pixels. The recovery
time is approximately 7. = {60ns,35ns,30ns,10ns} for {42um,31um (mask),31um, 16 um}
pixels. From these measurements it seems that the pixel masking have a higher recovery time
than expected, and further tests need to be conducted for better understanding. Note that the
recovery time is expected to increase due to an increase in Rq of 40% going from +20 °C to

-40°C [153].
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6.3. FBK2022 customised SiPM arrays
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Figure 6.12 — First characterisation results of Imm x 1mm test structures of (a) DCR, (b)
PDE, (c) crosstalk and (d) recovery time. The samples show excellent characteristics: high
PDE, remarkably low crosstalk probabilities at very high AV, and a high operation range. The
recovery time of unmasked samples is as expected, whereas for the masked SiPM the recovery
time is higher than expected. Pictures replotted from Ref. [153].
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Conclusion and outlook

The SciFi Tracker technology, consisting of scintillating fibres and a SiPM readout, has been
studied in detail during this PhD work, with a focus on improving the detection efficiency
of the photodetectors. Microlenses have been successfully implemented in a checkerboard
structure and evaluated on 40pm x 40um pixel devices (as described in Chapter 5). For SiPMs
with a geometrical fill factor (GFF) of 50.0% a light yield improvement of 32% is achieved at
AV = 1V and of 19% at a higher AV = 4V. This confirms that microlenses can be used to
avoid the low-field pixel region, present at low overvoltage. With a higher fill factor of 82.4%
no improvement was seen. The GFF of this detector has been pushed to the limit and cannot
be operated in a large operation range thus reducing the PDE. A next step is to produce a new
iteration on customised, dedicated silicon. The effect of a better microlens-to-pixel alignment
and the exit angle distribution of long fibre mats has to be studied on a larger number of

samples to compensate sample-to-sample variations.

The developed microlens simulation described in Chapter 4 has been validated by a com-
mercial ray-tracing tool at CSEM, as well as with the results of the GFF = 50.0% samples.
For these, the simulation predicted an improvement of up to 56%. The difference between
the simulated 56% and the measured 32% can be due to the uncertainty of the exit angle
distribution, the difference between long and short fibres, the fibre mat surface quality, the
misalignment of microlenses to the pixel structure, the geometry uncertainty of the low-field
region, and sample-to-sample variations of the SiPMs. For the samples with GFF = 82.4% no
improvement is seen. The possible reasons are the larger sample-to-sample variations, the
lens-to-pixel misalignhment, which becomes more important for higher fill factors, and the

exit angle distribution.

In view of Upgrade II, several objectives were studied. The measurements with irradiated
SiPMs optimised for cryogenic applications from FBK confirm a drastic reduction in DCR
at liquid nitrogen (LN2) temperatures. Compared to the measured DCR at an operation
temperature of —40 °C the DCR at LN2 is reduced by a factor of up to five orders of magnitude.
Furthermore, the gain, crosstalk, afterpulse and recovery time remain unchanged up to

Upgrade II radiation levels.
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Conclusion and outlook

Customised SiPM arrays (FBK2022, refer to Sec. 6.3) based on the most advanced technology
were produced and the first results presented. These SiPMs are available in two pixel sizes of
31.3um x 31.3um (GFF = 75%) and 41.7um x 41.7um (GFF = 81.5%), such that a high PDE
can be reached while keeping the correlated noise, recovery time, gain and DCR at a minimum.
Indeed, at AV = 10V the samples with 42 um square pixels show extraordinary low crosstalk
and high PDE of respectively 2.5% and 60%. For Upgrade II this performance is required to
mitigate a loss in light yield of the fibres cause by the higher radiation environment. Bigger
pixel sizes lead to self-heating due to larger gain, have a longer recovery time, larger crosstalk
and only a small improvement in PDE. Smaller pixels are expected to perform better after

radiation exposure, but have not been pursued because of their lower PDE.

Finally, a telescope with short fibre mats with an active area of 133 mm x 133 mm was built to
evaluate the time resolution in a testbeam campaign using a commercial readout ASIC (STiC3).

The achieved time resolution of one layer is 210 ps.

For Upgrade II, an encoded timestamp in addition to the spatial information of a hit is foreseen
to minimise the search window of the tracking algorithm. Incorporating timing in LHCb SciFi
requires further studies on long fibre modules and the development of a suitable front-end
chip for low-light applications. For long modules a deterioration of the time resolution due to
the longer travel path (diffusion) and the lower number of direct photons is expected, with an

expected value between 1ns and 2ns.

In addition to timing studies, dedicated irradiation studies using the newly developed SiPM
arrays (FBK2022) are foreseen. The measurements will be performed in a large temperature
range, covering also temperatures between —40 °C and LN2, and at several fluences up to
1013 1 MeV Neq/ cm? to validate the results from the initial study described in Sec. 6.2. These
measurements will provide precise information on the dominating DCR contributions for
irradiated and non-irradiated samples. Conclusions on the best doping and electric field
profile for the radiation environment at LHCb are expected from the results, such that a

possible dedicated production for Upgrade II can be launched.

Additionally, another iteration of microlens-enhanced SiPMs will be started in the near future
to have a larger number of devices and achieve better statistics. This will allow to evaluate
the effects of microlenses on pixels with different fill factors, which has not been possible
due to the observed high sample-to-sample variation. The expected gain in light yield of
microlenses-enhanced over flat coated SiPMs amounts to approximately 15%. For these
samples an additional anti-reflective coating on top of the microlens material is planned to
reduce Fresnel reflections on the air-polymer interface. The light yield comparison will be
examined on polished, long fibre mats to study the effect of the exit angle distribution. A

quality assurance of the optical surface of the fibre mat needs to be performed.
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i\ First measurement of the scintillating

fibre exit angle distribution

The exit angle of the scintillating fibre SCSF-78M] was first measured in 2019 [122]. The
measurement was performed using the same measurement setup as described in Sec. 4.2.2
without an additional aperture. The fibre was excited using a UV-LED at a distance of 200 cm
from the fibre end. The exit angle distribution shown in Fig. A.1 has been used to determine the
parameters for the first microlens implementation. The linear increase and sharp drop at 45° is
the result of a saturation of the camera. Therefore, this exit angle distribution was remeasured
during the course of this thesis (see Sec. 4.2.2). For a future microlens implementation, the

new result will be used to determine the lens parameters.
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Figure A.1 — The exit angle distribution of the scintillating fibre SCSF-78M] measured in 2019.
The mean value is 34.8°. Picture taken from Ref. [122].
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