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Abstract

The LHCb detector located at the large hadron collider (LHC) at CERN will undergo a major
upgrade in 2019-2020. The detector will be prepared to operate at an increased instantaneous
luminosity and to read out full events at 40 MHz. This requires many changes in the detector
hardware as well as the full software implementation of the event selection. A large tracker
has been developed and will be installed for particle tracking downstream of the magnet. It
is based on 2.5 m-long scintillating fibres (SciFi) with 250 pum diameter read out by silicon
photomultiplier (SiPM) multichannel arrays. A significant R&D effort has been devoted to
tailor the technology to the large dimension and the radiation environment.

I have developed the instrumentation for the characterisation of SiPMs with a focus on the mea-
surement of the radiation-induced damage. We achieve a precision of 3% on the measurement
of the gain and photon detection efficiency (PDE) of SiPMs irradiated to 6- 101 1 MeV Neq/ cm?,
equivalent to the expected accumulated radiation in the LHCDb SciFi tracker. The SiPM pho-
todetector selected for the SciFi tracker features very low correlated noise (enabling a wide
operation range) and a high PDE. The radiation damage is characterised by a dramatic increase
in the dark count rate (typically 35 MHz/mm? at AV = 3.5V and —40°C for a device irradiated
to 6-10'! 1 MeV neq/cm?) which is counteracted by cooling (-40°C), short signal integration
time length (40 MHz read-out) and an efficient noise suppression algorithm (clustering). No
significant change in gain, correlated noise and PDE due to irradiation has been observed.
The expected light yield given by the fibres at the end of lifetime together with the estimated
SiPM noise are in agreement with the required hit detection efficiency.

The beam-gas vertex (BGV) detector is an instrument dedicated to beam profile measure-
ments at the LHC. A demonstrator based on the SciFi technology, installed in 2015, provides
promising results and validates this detector concept for the high-luminosity LHC project.

Keywords: LHC, LHCDb, Scintillating fibres, Silicon photomultipliers, Characterisation methods,
Radiation-induced damage, Beam instrumentation.
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Le détecteur LHCD, situé au grand collisionneur de hadrons (LHC) au CERN, sera mis a
niveau en 2019-2020 afin de pouvoir prendre des données avec une plus grande luminosité
instantanée et extraire les événements a une fréquence de 40 MHz. Plusieurs changements au
niveau des composants du détecteur sont prévus, ainsi que I'implémentation de la sélection
des événements purement en software. Un systeme permettant la mesure de trajectoire des
particules sur une grande surface en aval de I'aimant sera installé. Son fonctionnement repose
sur des fibres scintillantes (SciFi) d'une longueur de 2.5 m et d'un diameétre de 250 um et des
photomultiplicateurs en silicium (SiPMs). Un effort considérable a été essentiel afin d’adapter
cette technologie a la grande taille du détecteur LHCb et a ’environnement de radiation
auquel il sera exposé.

J’ai développé I'instrumentation nécessaire pour la caractérisation des SiPMs et en particulier
pour la mesure des effets dus a la radiation. Les setups de mesures permettent de déterminer
le gain et I'efficacité de détection des photons (PDE) avec une précision de 3% pour des
détecteurs irradiés 2 6- 1011 1 MeV Neq/ cm?, correspondant a la radiation accumulée dans le
détecteur SciFi. Le SiPM sélectionné pour le détecteur se distingue par un trés bas niveau de
bruit corrélé et un haut PDE. Leffet le plus important de l'irradiation est une augmentation
considérable du bruit aléatoire (typiquement 35 MHz/mm? 2 AV = 3.5V et —40°C pour un
photodétecteur irradié a 6 - 101 1 MeV Neq/ cm?). Pour contrer ce type bruit, les SiPMs seront
refroidis a —40°C, la fenétre d’intégration du signal sera minimisée (lecture du détecteur a
40 MHz) et un algorithme efficace de suppression du bruit sera implémenté (clustering). Les
mesures présentées dans ce travail montrent que le gain, le bruit corrélé ainsi que le PDE ne
changent pas de maniére conséquente apres irradiation. La quantité de lumiere a la sortie des
fibres a la fin de vie du détecteur ainsi que les estimations du niveau de bruit venant du SiPM
permettent d’envisager le fonctionnement du détecteur avec I'efficacité de détection requise.

Un instrument consacré a la mesure du profile des faisceaux de protons du LHC a été déve-
loppé. Un démonstrateur basé sur la méme technologie que le détecteur SciFi a été installé en
2015. Les résultats prometteurs obtenus permettent de valider le concept de cet instrument
pour le projet du HL-LHC.

Mots-clés : LHC, LHCD, Fibres scintillantes, Photomultiplicateur en silicium, Méthodes de
caractérisation, Effets induits par la radiation, Instrumentation du faisceau.
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Introduction

The LHCDb experiment is located at the large hadron collider (LHC) at CERN. It studies the
physical processes involved in collisions of high energetic particles using a complex detector
system made of a combination of state-of-the-art technologies. The detector provides particle
identification as well as the measurement of energy and momentum for all collision products.
The particles present in the final state can originate from the decay of short-lived particles
whose identification plays an important role in understanding the physical processes involved
during interaction. Therefore, a detector is placed close to the interaction region and measures
the trajectory of charged particles with high precision. The decay time of short-lived particles
can be measured using vertex reconstruction. The trajectory of charged particles in a magnetic
field is measured with several tracking detectors and allows to calculate the momentum. The
energy is provided by the calorimeters which are sufficiently massive to stop the high energetic
electrons, photons and hadrons by producing electromagnetic or hadronic showers. Finally, to
improve the distinction between proton, pion, kaon and muon, the LHCb detector comprises
a system based on the Cherenkov effect and a muon system.

The focus of my PhD work is the development of a detector technology based on scintillating
fibres (SciFi) for particle tracking. I have contributed to the R&D and the construction of SciFi
modules for the upgrade of the LHCb tracking system and for a new LHC beam monitoring
system called the beam-gas vertex (BGV) detector. In chapter 1, I give a summary of the
current experimental setup of the LHCb detector, the plans for the upgrade in 2019-2020 and
a short introduction to the SciFi tracker. Chapter 2 presents a review on the photodetectors
commonly used in high energy physics and describes in detail the silicon photomultiplier
(SiPM) which is the technology used in the SciFi tracker. An overview of the LHCb SciFi tracker
and its working principle is given in chapter 3. In the two next chapters 4 and 5, I describe
various characterisation techniques for single- and multi-channel SiPMs and give the most
relevant results. Finally, chapter 6 is dedicated to the BGV detector and my contribution to
this project.






The LHC is CERN'’s and the world’s largest particle accelerator and storage ring with a circum-
ference of 27 km. It is situated in an underground tunnel between 50 and 175 m depth below
the Swiss and French territory near Geneva. It is designed to accelerate two beams of protons
in opposite direction from 450 GeV to 7 TeV energy. Lead or xenon ions can be accelerated
instead of protons up to 2.8 TeV per nucleon. The particles are grouped in bunches separated
by 25 ns and the two beams enter in collision with a frequency of 40 MHz at four interaction
points. Four experiments, ATLAS, CMS, ALICE and LHCD, are devoted to study the collisions.

The LHCb experiment is optimised to study b- and c-hadrons and to find evidences for new
physics in CP violation and rare decays [1]. At the LHC collision energy, most of the b- and
b-hadrons are produced in the same forward or backward cone with small opening angle
with respect to the beam axis. This consideration has led to the conception of a spectrometer
optimised for b-physics in forward direction. It is instrumented only in a fraction of the solid
angle around the interaction point.

The LHCb detector has been operated during two data taking campaigns in 2011-2012 (Run
1) and 2015-present (Run 2). The instantaneous luminosity has been levelled down with
respect to the nominal LHC design value by tuning the transverse overlap of the beams at the
interaction point. The reduced luminosity has the advantage of decreasing the probability of
multiple proton-proton (p-p) interactions per bunch crossing called the pile-up. This results
in a lower detector occupancy. The experiment has collected data with a total integrated
luminosity of 6.7 fb~! from p-p interactions with centre-of-mass energy (v/s) of 7 and 8 TeV
(Run 1) and 13 TeV (Run 2). This chapter gives a short overview of the subsystems composing
the detector with a focus on the tracking system as well as their upgrade planned for 2019-2020.

1.1 The LHCDb current detector

The LHCb detector is a spectrometer covering a forward angle from 10 mrad to 300 (250) mrad
in the bending (non-bending) plane [1]. Its layout is displayed in figure 1.1. For momentum
measurement, the trajectory of charged particles is bent in the horizontal plane using a warm
dipole magnet. The tracking is implemented with several devices. The vertex locator (VELO),
surrounding the region close to the interaction point, provides a precise measurement of the
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Figure 1.1 — Schematic side view of the LHCb detector. Image from [1].

track coordinates. It enables to identify the displaced secondary vertices which are distinctive
features of b- and c-hadron decays [1]. The silicon tracker (ST) is composed of the tracker
turicensis (TT) with two stations upstream of the magnet and the inner tracker (IT) with three
stations close to the beam pipe downstream of the magnet. Each station comprises four
detection planes. Finally, the outer tracker (OT) is situated downstream of the magnet and
covers the outside of the acceptance not covered by the IT. The three stations after the magnet
made of the IT and the OT are called the T-stations (T1-T3).

The other subsystems allow for particle identification and energy measurement. Two ring
imaging Cherenkov detectors (RICH1 and RICH2) are employed to measure the velocity of
charged particles using the Cherenkov effect in a mixture of silica aerogel and C4F;( gas. In
combination with the momentum measurement, this system enables to identify particles, in
particular pions, kaons and protons. The calorimeter system consists of a scintillating pad
detector (SPD), a preshower detector (PS) and the electromagnetic and hadronic calorimeters
(ECAL and HCAL). All subsystems are made of multiple successive layers of scintillator and
absorber (lead for ECAL and iron for HCAL). The SPD and PS are separated by a 1.5 cm-thick
lead converter and are used to distinguish between electrons and photons. The ECAL stops
electrons and photons but not the hadrons which are stopped in the HCAL. The total thickness
of the calorimeters is 25 radiation lengths for ECAL and only 6 nuclear interaction lengths
for HCAL (constrained by the space available). The high energy muons cannot be contained
within the detector. Since they are present in many final states of b-hadron decays, their
identification is a key ingredient for the measurement of the associated CP asymmetry and
oscillation of mesons. They are detected by five muon stations (M1-M5). [2]

The data is sampled and stored on the on-detector front-end electronics. The events are
filtered from the rate of 40 MHz to a maximum of 1.1 MHz by the level-0 trigger (LO) which is
implemented in hardware. The b-mesons often decay in large transverse momentum (pr)
muons or large transverse energy (E7) hadrons. The goal of the L0 trigger is to select events
based on a high E7 hadron, electron or photon detected in the calorimeters or high pr muons
in the muon chambers. The distinction between electrons and photons is very important at
the trigger level and, therefore, the information from the SPD and PS is integrated in the LO
trigger. In addition, two VELO upstream layers are used to estimate the number of primary
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Figure 1.2 — View of a cross-section of the VELO detector in the horizontal plane at y = 0. Image
from [1].
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Figure 1.3 — Front view of a R (red) and ¢ (blue) sensor when the VELO is in open (left) and
closed (right) state. Image from [1].

vertices and filter events with too high pile-up. After a positive decision from the L0 trigger, the
complete detector is read out and the data is transmitted to the high level trigger (HLT). The
HLT runs a simplified version of the offline event reconstruction and reduces the rate down to
approximately 2 kHz for storage. [2]

1.1.1 Vertex locator

The VELO consists of a series of modules measuring the tracks position in a (r, ¢, z) cylindrical
coordinate system with the z-axis in the beam direction. The set up is approximately 1 m long
and is divided in two sides. The arrangement of the modules along the beam axis is shown
in figure 1.2. Each module is composed of a pair of half-discs of silicon microstrip detectors
with azimuthal and quasi-radial strips. They provide the information on the position in r and
¢ (see figure 1.3). To cope with the high density of tracks, the strip pitch is as small as 38 um
in the part of the detector closest to the beam. During data taking, the radial distance of the
closest sensitive area to the beam is only 8.2 mm. At beam injection, the two sides are retracted
by 3 cm to prevent direct interaction with the beam. The VELO is mounted in a vacuum vessel
separated by a thin aluminium foil from the LHC vacuum. This enables to protect the primary
vacuum of the accelerator from possible contamination and serves also as a shield against RF
noise from the beam.

The performance of the VELO detector was evaluated with Run 1 data [2, 3]. The resolution
for the primary vertex position strongly depends on the number of tracks used for the vertex
reconstruction. With 25 tracks, it is 13 pm and 71 um, in the transverse and longitudinal
direction, respectively. The overall hit detection efficiency is 99.45% with only 0.6% of faulty
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Figure 1.4 — Schematic view of the arrangement of the TT (left) and IT (right) silicon sensors
(rectangles). The dimensions are given in cm. Image from [1, 4].

strips. The proximity of the silicon sensors to the beam resulted in a high radiation dose with
a maximum value of 1.8-10'* 1 MeV Neq/ cm? for the inner most strips after Run 1 operation.
By the end of Run 2, it is expected to accumulate an additional 2.5-10'*1 MeVneq/ cm?. [3]

1.1.2 Silicon tracker

Silicon microstrip detectors cover the region with high track density in the upstream and
downstream of the magnet. The TT and IT have a total area of 8 m? and 4 m? respectively.
Each station is divided in four detection layers arranged in x-u-v-x configuration where x are
strips oriented vertically and u (v) have stereo angle of —5° (+5°). Figure 1.4 shows the layout
of the TT and IT detectors where each rectangle represents a silicon strip sensor. The sensor
size is approximately 10 x 10 cm? with a strip pitch of 183 um for TT and 8 x 11 cm? with pitch
198 um for IT. The TT sensors are read out by sectors depicted by the different colours in the
figure. Within one sector, adjacent strips are directly bonded together. The IT sensors are
placed in four boxes at each station located around the beam pipe. Each box contains seven
detector modules and four detection layers. In the side boxes, the detector modules are made
of two silicon strip sensors bonded together. Both TT and IT mechanical supports enable to
retract the detectors from the beam line during maintenance periods.

During Run 1, the hit resolution of the TT and IT sensors was measured to be 53 and 50 um,
respectively. The intrinsic detection efficiency of the silicon strip sensors is above 99.7% for
both trackers. However, several non-working channels have affected the overall efficiency.

1.1.3 Outer tracker

The OT is a drift-time gas detector made of an array of straw tubes. As shown in figure 1.5, it is
divided in three stations with an area of 6 x 5m? each and a cut-out in the centre where the IT
is placed. As in the silicon tracker, each station has four detection layers with x-u-v-x configu-
ration. The stations are split in two half planes which are mounted on separate mechanical
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Figure 1.5 — Schematic view of the OT and its mechanical support with a zoom on a cross-
section of the straw tube assembly (dimensions in mm). Image from [5].

supports such that the detector can be retracted from the beam line for maintenance. The
drift tubes are 5 mm diameter and filled with a mixture of Ar (70%), CO> (28.5%) and O (1.5%).
The maximum drift time of the ionisation products from a crossing charged particle to the
anode wire is approximately 35 ns. The resolution of this drift time measurement provides
a position resolution of 200 pm. The detection efficiency of the straw tubes is 99.5% in the
vicinity of the wire and only 50% close to the wall [5, 6].

1.1.4 Track reconstruction

Charged particle tracks are reconstructed by combining the hits measured in the VELO, TT, IT
and OT. Different types of track are defined, depending on which subsystem is traversed, as
illustrated in figure 1.6:

VELO tracks have typically large angle with respect to the beam axis or are even backward-
oriented. They are useful for the reconstruction of the primary p-p vertex.

T tracks only have hits in the T-stations. They can be due to a secondary interaction between
a particle originating from the p-p interaction and the detector material or from the
decay of long-lived particles.

Long tracks are created from particles crossing the whole tracking system with hits in the
VELO and the T-stations (optionally also in the TT). They feature very gopod momentum
resolution.

Upstream tracks only cross the VELO and the TT and may create signal in the RICH1. They
are used to study the background of the RICH particle identification algorithm.

Downstream tracks pass through the TT and the T-stations. They allow for the reconstruction
of long-lived particles which decay outside the VELO sensitive volume.
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Figure 1.6 —Illustration of the different types of track determined by combining the information
from all tracking subsystems. Image from [7].

To find long tracks an algorithm starts by searching for straight lines in the VELO with at least
three hits in both R and ¢ sensors. Using the magnetic field map, this trajectory is extrapolated
to the T-stations and different algorithms are applied to match the observed hits with the
track. Finally, corresponding hits in the TT are eventually added to improve the momentum
resolution. In the momentum range [5,200] GeV/c, the track finding efficiency was measured
to be above 96% and the momentum resolution ¢ p/p between 0.5 and 1%. [2]

1.2 Upgrade conditions and new requirements

A first phase in the LHCb experiment’s physics programme will end in 2018. The objective of
the next phase is to exploit the luminosity of the LHC and to reduce the measurement error
of CP violation observables down to the theoretical uncertainty level. For that purpose, the
detector will undergo a major upgrade during the long shutdown 2 (LS2) in 2019-2020. The
detector will be prepared to operate at an increased instantaneous luminosity (2103 cm™2s™!
namely five times higher than in the current detector) and with a flexible trigger implemented
all in software. The beam energy will be raised to the LHC design value for collisions with
v/$ = 14 TeV centre-of-mass energy, resulting in increased cross-sections. The L0 trigger will
be removed so that the full detector information will be read out and processed at 40 MHz in
software. In this way, the event selection will be improved for the physics processes of interest
and many signal yields will rise by typically one order of magnitude. The operation of the
upgraded detector is planned for 50 fb~! of collected data (about five times the amount taken
during the first phase) for a data taking period of up to ten years. [8]

The removal of the LO trigger requires 40 MHz triggerless read-out and the replacement of
essentially all front-end electronics as well as the data acquisition system. The higher pile-up
resulting from higher luminosities and increased cross-sections will lead to an increased
occupancy and radiation damage which requires various changes in the detector hardware.

1.2.1 Hardware changes

The VELO sensors will be replaced with silicon pixel detectors (200 um thickness, 55 x 55 pm?
pixels). The acceptance closest to the beam pipe will be increased by positioning the edge
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of the innermost sensitive area as close as 5.1 mm to the beam. The choice of the pixel
technology was driven by the high granularity and the ease of pattern recognition with respect
to silicon strip detectors. After 50 fb~! of integrated luminosity, a maximum hadron fluence of
8-10'° 1MeVneq/cm? in the sensors is expected. [9]

New high granularity silicon micro-strip detectors will instrument the tracking system up-
stream of the magnet (upstream tracker UT). It is a replacement for the current TT, however
with larger coverage. To cope with the high occupancy, the innermost sensors feature a fine
segmentation with 95 pm strip-pitch, half of the pitch of outer sensors. [10]

A natural upgrade path for the T-stations would be to replace them with new OT and IT
subsystems. However, progresses in photodetector technology allow to construct a large area
scintillating fibre (SciFi) tracker giving sufficiently high spatial resolution and adequately low
occupancies replacing both IT and OT with a single detector. In this way, there is no passive
service material such as signal cables and cooling pipes within the acceptance. Furthermore,
track finding software does not deal with different tracking systems depending on the region
of phase space as before. Therefore, processing time can be reduced, which is crucial since
the trigger will be based only on software. An overview of the layout and the requirements of
the SciFi tracker is given in section 1.3. [10]

In the RICH detectors, the high occupancy will result in a too large overlap of the sparse
photons coming from different tracks. To reduce this effect, the aerogel radiator will be
removed and work with only the gas radiator. To recover the particle identification capability
atlow momentum, a time-of-flight system (TORCH) could be implemented at some later stage.
The overall structure of RICH1 and RICH2 will remain unchanged whereas the photodetectors
need to be replaced. [11]

The main changes in the calorimeter and muon systems are the removal of the SPD, PS and
first muon station M1. All these subsystems have played an important role in the LO trigger
and are not required for the upgrade. No change in the hardware components of the ECAL
and HCAL are foreseen. [11]

1.2.2 Software trigger

The new trigger architecture comprises a low and a high level trigger (LLT and HLT) imple-
mented in software. The LLT will be present only in the early period of operation when the
computing power is still insufficient to process all events. It is an evolution of the current LO
trigger, which is done in hardware, and uses limited information from the calorimeters and
muon chambers [12]. Based on selection of events containing high E7 hadrons or high pr
muons, it can reduce the rate to 15 MHz. In the HLT, the use of the computing resource is opti-
mised to bring the event reconstruction and selection as close as possible to the offline case.
The online track reconstruction searches for particles with pr > 200 MeV/c in the VELO and
UT and then extrapolates them to the T-stations where hits compatible with p7 > 500 MeV/c
are added. Next, a selection is performed based on the presence of individual tracks displaced
from the primary vertex or of secondary vertices that can be due to the decay of heavy flavour
hadrons [13]. The tunable parameters of the selection allow to reduce the rate down to approx-
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imately 1 MHz after which the more complex algorithms such as the particle identification
from the RICH detectors can be performed. Finally, based on the expected topology of the
events of physical interest, the decision to accept the event for storage and further offline
analysis can be taken. The information on the particles pr and identity as well as the eventual
presence of displaced secondary vertices are used in the decision making. The data storage
bandwidth is limited to approximately 20 kHz. [12, 13]

The time budget for each processing step in the software trigger is tight. The track reconstruc-
tion deals with a large number of hits in many subdetectors and represents consequently
about half of the budget. It plays a crucial role to reduce the rate allowing to perform more
complex and computing-resource consuming algorithms in the next stages (i.e. track mo-
mentum calculation and particle identification). In comparison with the current offline event
filtering, simulations show that the trigger algorithms foreseen for the upgrade run three times
faster per event despite the higher event complexity. To a certain extent, this achievement is
possible due to the simplified track reconstruction in the VELO and the design of the tracking
system with a single detector technology (SciFi) for the T-stations. [12]

1.3 The Scintillating fibre tracker

This section gives an overview of the SciFi tracker design and requirements. The working
principle and detailed design considerations are the subject of chapter 3. The active material
are scintillating fibres of 250 um diameter which generate light pulses from crossing particles
and transport the signal to the read-out at their extremities outside the acceptance. This
technological choice allows to cover the large area with sufficient granularity to cope with the
occupancy in the inner region without any active or cooling services in the acceptance.

1.3.1 Design overview

The three T-stations are made of two half planes mounted on separated mechanical supports
which are retractable from the beam pipe region, as shown in figure 1.7. They comprise four
detection planes oriented in x-u-v-x configuration with 5° stereo angles. Each plane is made
of staggered six-layer arrangements of fibres which are called fibre mats. The almost 5 m height
of the acceptance is covered by two 2.4 m-long mats. A mirror is glued at the one end of the
mats located in the middle whereas the photodetectors are only located at the top and bottom
of the detector. The light is detected at the other end by multichannel SiPM arrays with 250 pm
channel pitch. The SiPMs are installed in a cold box which enables their operation at —40°C
necessary to mitigate the effect of radiation damage. [10]

1.3.2 Requirements and radiation environment

In order to provide a sufficient track finding efficiency, each plane of the tracker must have
a hit detection efficiency as high as possible (~ 98%). This must go along with a low rate of
noise hits to avoid so-called ghost tracks (tracks not matched to any charged particle). The
requirement on the spatial resolution is 100 um in the bending plane of the magnet. Since the
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SiPMs and Front-end electronics
XU VX fibre mat

Figure 1.7 — Side (left) and front (right) view of one station of the SciFi tracker. The front view
shows the left and right sides of the station retracted from the beam pipe. The arrangement of
the fibre mats is shown in brown with the mirror in the middle, at the level of the beam pipe.
Image from [14].

extrapolation of the track from the VELO is dominated by multiple scattering effects, better
resolution is not needed. The material budget must not exceed a total of 1% of a radiation
length per detection plane.

The electronics must cope with the 40 MHz read-out. The time duration of the signal from a
crossing particle depends on the light generation (scintillator decay time), propagation in the
fibre, the detection in the SiPMs and the signal shaping by the detector electronics. It must
be short compared to 25 ns, the bunch crossing rate, in order to collect the signal within one
LHC bunch crossings. Signal contaminating other bunch crossings, called spillover, results in
undesired increased occupancy. [10]

The expected radiation environment after ten years of operation (50 fb~! of collected data)
has been simulated with FLUKA [15, 16, 17] . In the acceptance region, the fibres are exposed
to charged particle induced dose whereas at the photodetector’s location, the dominant
radiation effect is due to neutrons. The irradiation profile of the fibres is very inhomogeneous
and follows approximately a 1/r? distribution where r is the distance from the beam centre.
Close to the beam pipe, the maximum expected dose due to ionising radiation is 35 kGy. At
read-out side, the neutron flux mainly originates from the ECAL situated downstream. A
neutron shielding wall made of polyethylene with 5% of boron will be installed between the
T-stations and the ECAL, at the location of the current M1 station. The wall is 30 cm thick in the
inner region (from where most of the neutrons come) and 10 cm in the rest of the acceptance
representing a total thickness of X/ Xy = 60 and 20%, respectively. It enables to reduce the
neutron fluence by a factor of 2.5 and 3.4 for the SiPMs in T1 and T3 respectively, resulting in
the expected values of 3.2 and 4.4 - 10'! 1 MeV neq/cm?. From the simulation, the effect of the

@ Assumptions: collision energy /s = 14 TeV and p-p inelastic interaction cross-section of 84 mb.
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neutron shield on the calorimeters’ performance was found to be negligible. The SiPMs will
receive in addition an ionising dose of 50 and 100 Gy at T1 and T3 respectively. A 50 Gy dose
is approximately equivalent to 5.7-10' 1 MeVneq/ cm? [18]. The charged particle induced
damage represents therefore about 15% of the total damage. [10]
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Photodetectors in high energy physics

The passage of charged particles in matter can generate detectable electromagnetic radiation
in the visible or near-visible spectrum. In high energy physics experiments, this phenomenon
is exploited to provide the information on the particle type, energy and momentum. Thus,
photon detectors are a key component of particle detectors. In the past, vacuum-based
photodetectors and in particular photomultiplier tubes or hybrid photodetectors have been
the most popular sensors used. Modern solid-state devices are now available for this type
of applications and offer high detection efficiency, fine granularity, small size and design
flexibility. One of the recent technological progress in the field is the silicon photomultiplier
that can provide single photon detection, high gain, insensitivity to magnetic field and very
good long-term stability. The disadvantages of this technology are the noise, temperature
dependence of the internal amplification gain and radiation hardness. In this chapter, a review
of the main photodetectors employed in high energy physics is given and the characteristics
of silicon photomultipliers are described.

2.1 Lightsources

Light sensitive devices are extensively used in daily life applications such as cameras or optical
communication systems. Many high energy physics experiments also employ photosensors to
detect visible or near-visible light produced by charged particles. In these applications, the
photons are generated in scintillators or by Cherenkov radiation.

Scintillators are luminescent materials and are divided in two main categories: inorganic
(typically crystals) and organic (typically plastics). The electron band structure of inorganic
scintillators is at the origin of the light emission. The ionisation energy deposited by the
charged particle excites valence electrons to the conduction band and photons are produced
in the de-excitation process. To avoid direct re-absorption of the light inside the scintillator,
localised intermediate energy levels are introduced in the band gap by adding impurities
in the crystal. In this way, electrons in the conduction band are captured by the impurities
and de-excite through the emission of optical photons with lower energy than the band gap.
In organic scintillators, no band structure is present. The light emission arises from energy
transitions of electrons in the molecular excitation levels. Also in this case, the energy of the
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emitted photon is lower than the excitation energy. This explains the transparency of the
medium to the emitted light. The shift in energy is due to the absorption by the molecules
of a small fraction of the excitation through vibrations. The resulting offset between the light
emission and absorption spectra is known as the Stokes shift. In both types, the production
process typically yields 10* photons/MeV of deposited energy [19].

Inorganic scintillators have high density and are often used in calorimeter applications. Their
emission spectrum peaks in the UV or blue region. The characteristic emission time is between
10ns and 1 pus which is almost too slow for detectors at the LHC. A typical application in the
medical domain, which combines energy, position and time measurement is the time-of-flight
positron emission tomography (TOF-PET). Here, two gamma rays emitted back-to-back from
the e -e~ annihilation are identified and mapped back to the position of annihilation.

Organic scintillators are often plastics of low density and can therefore easily be shaped to
the need of a particular application. Their spectrum peaks in the blue or green. The time
of emission has typically a fast (fluorescence) and a slow (phosphorescence) component
with characteristic time of 1 to 20ns and > 100 ps, respectively. Given their fast response
and low density, they have a very wide range of applications such as sampling calorimeters,
time-of-flight (TOF) detectors and tracking systems.

Cherenkov radiation is emitted if a charged particle travels in a dielectric medium faster than
the speed of light in the medium. The emission is prompt which is useful in applications
requiring fast particle timing information. The direction of emission is at a specific angle
cosf = (n,B)_1 where 7 is the refractive index of the medium (called a radiator) and f is the
velocity of the particle. The emission spectrum is continuous but a large fraction is in the UV.
The main applications are fast particle counters (TOF detectors) and hadron identification
systems using the angle of emission (ring-imaging Cherenkov or RICH). In TOF detectors,
scintillators are replaced by Cherenkov radiators in order to improve the time resolution. In
astroparticle physics, Cherenkov radiation is used in neutrino detectors with particle tracking
in low background environment (for example Super-Kamiokande [20] and IceCube [21])
and cosmic gamma ray telescopes with the atmosphere as radiator (imaging atmospheric
Cherenkov telescopes as for example CTA [22]).

2.2 Review of photodetectors

The photodetectors are employed to convert the light to an electronic signal. To compare the
most common types used in high energy physics, we define several characteristics determining
the performance. The quantum efficiency (QE) is the probability that an incoming photon
is converted into a photoelectron. For low light applications, the sensor generally includes a
charge multiplication (gain) in order to overcome statistical fluctuations or electronic noise.
The photon detection efficiency (PDE) is the probability that the incident photon generates
a detectable electronic signal. Linearity of the signal with the number of incident photons
as well as wide dynamic range are desired in many applications. All types of photodetector
feature noise, often called dark noise or shot noise, which is signal uncorrelated with incident
light. (23, 24]
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Figure 2.1 - Illustration of a photomultiplier tube and its working principle. Image from [25].

2.2.1 Vacuum-based photodetectors

In this type of photodetector, the photon conversion occurs in a cathode via the photoelectric
effect. The produced photoelectron escapes the photocathode and is accelerated by an
electric field to an electron amplification stage. The most common detector based on this
principle is the photomultiplier tube (PMT), illustrated in figure 2.1. Material and thickness
of photocathodes are optimised to obtain high quantum efficiency. The optimal thickness
ensures high photon-interaction probability together with high electron-release probability.
Semiconductor alloys containing alkali metals and antimony with typical QE in a range of 20
to 40% are used [25]. Certain types of photocathodes use special material at the surface such
that the electron affinity (energy threshold for electron-release in vacuum) is negative leading
to a higher sensitivity but also higher thermal noise.

The released photoelectron is accelerated by an electric field and hits a first multiplication
electrode called the first dynode. The dynode surface enables a high emission rate of secondary
electrons from a single incident accelerated electron. A PMT is composed of several dynodes
which results in a gain in a range between 10° and 10”. The high voltage needed (up to several
thousands of volts) and the high reactivity of the photocathode material impose the device
to operate in vacuum. The transparency of the entrance window is crucial to allow for high
photon detection efficiency. Borosilicate glass or quartz are chosen for their low wavelength
cut-off below 300 nm. [24]

The number of electrons emitted at a dynode can be described by a Poisson statistic. The
relative statistical fluctuation introduced by each dynode stage is therefore given by 1/v§
where ¢ is the mean dynode gain. At the end of the amplification, the gain fluctuation of
the PMT is dominated by the first stage. The generally large fluctuations can limit or even
prevent single photon counting. The gain for each dynode is set with a voltage divider made
of passive resistors and capacitors and the first dynode gain is chosen to be high (typically 25)
to minimise the statistical fluctuation. Active instead of passive elements can be implemented
in the voltage divider in order to improve linearity and operation stability.

PMTs are sensitive to magnetic field because of the deflection of electrons. To operate PMTs
in a magnetic field, a shield made of high permittivity metal and optimised alignment angle
between the PMT axis and the magnetic field are used. PMTs exist also with special dynode
configurations for better electron collection efficiency, shorter transit time and improved
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Figure 2.2 - Microchannel plate structure (left) and electron multiplication inside a microchan-
nel (right). Image from [25].

magnetic field tolerance. In the latest developments, compact devices called flat panel PMTs
use very thin metal electrode structures and segmented anodes for the photon position
sensitivity. [24, 25]

Another type of vacuum-based photodetectors with similar working principle as a PMT is the
microchannel plate (MCP). In this case, the electron multiplication occurs in a thin glass plate
(~ 1 mm-thick) with 6 to 20 pum-diameter cylindrical capillaries (called channels), as illustrated
in figure 2.2. The MCP is placed in an electric field between the photocathode and the anode.
The channels inner wall act as a continuous dynode with a gain of up to 10*. Placing multiple
MCPs one after the other enables higher gain. Operation in magnetic field is possible due
to the small size of the device (only ~ 5 mm between cathode and anode). The anode can in
addition be segmented (multianode) to measure the position of the incident photons. The
main drawback of MCPs is the limited lifetime due to degradation of the photocathode. The
residual gas present in the tube is ionised during the amplification process and migrates to the
photocathode under the effect of the electric field leading to degradation. Two solutions exist
to reduce this effect. Two MCPs can be placed one after the other with channels inclined with
respect to the electric field’s direction. An aluminium foil between the two MCPs or the first
MCP and the photocathode can also be used to absorb the ions. This second solution results
however in a reduced quantum efficiency. [24, 25]

Applications PMTs are very popular in RICH systems where single photon sensitivity to-
gether with low noise is required. To add spatial resolution, standard PMTs are replaced by
multianode PMTs (MA-PMTs) or MCPs. An example of such an implementation is the detector
of internally reflected Cherenkov light (DIRC) of the BaBar spectrometer at SLAC [26]. In the
LHCDb upgrade, flat panel MA-PMTs and MCPs with fine anode pitch are used in the RICH
and the TORCH detectors ¢, respectively [11, 27, 28]. The particle identification detectors of
the Belle II barrel is also instrumented with MCPs [29]. The good radiation hardness of PMTs
and MCPs makes them suitable for calorimeters as for example the LHCb calorimeter system.
Miniaturised MA-PMTs have been used in a small scintillating fibre tracker to measure the
LHC absolute luminosity at the interaction point of ATLAS (ATLAS ALFA) [30].

@ The installation of the TORCH detector is planned for the LHCb phase 2 upgrade.
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2.2.2 Solid-state photodetectors

Solid-state detectors can be built extremely compact. They are manufactured with the sub-
micron semiconductor technology and allow therefore um-size features. They can reach PDE
beyond 50% and are insensitive to magnetic field. On the other side, they feature high noise
and are sensitive to radiation-induced damage. The following discussion focuses on silicon
devices which are the most common ones.

All semiconductor photodetectors are based on a p-n junction structure. At the junction, an
electric field and a depleted zone are formed due to the alignment of the Fermi levels. The
depletion allows to clear the zone from free thermal charge carriers. Light absorbed in the
depleted region produces electron-hole (e-h) pairs which drift in the electric field and induce
a measurable current. The minimum photon energy to create an e-h pair is equal to the band
gap of silicon and corresponds to 1.1 um wavelength (infrared). The sensitivity of the device
is nevertheless challenged by several phenomena. The large refractive index of silicon in the
visible spectrum (7 > 3.5) leads to a substantial loss of light due the Fresnel reflection (31% at
normal incidence). An antireflective coating is applied on the surface in order to reduce this
effect. The photon absorption length in silicon varies by five orders of magnitude from UV to
infrared (10 nm to 1 mm respectively) which strongly affects the quantum efficiency. Once the
photon is absorbed, charge carrier recombination can occur due to defects in the silicon. To
reduce this, a passivation layer is applied to the surface.

The basic semiconductor device is the photodiode made of a single p-n junction where a
reverse bias is applied in order to increase the thickness of the depletion zone and therefore the
sensitive volume. A thicker depletion zone can be obtained by sandwiching a thick intrinsic
silicon layer between two heavily doped layers at the electrodes (PIN diode). PIN diodes
have low capacitance and fast response. Their main disadvantage is the absence of internal
amplification. In order to produce a measurable signal, order of a thousand photons are
needed.

In avalanche photodiodes (APDs), the doping profile is modified such that a high electric field
is obtained, as shown in figure 2.3. In the zone called avalanche layer, charge carriers are
accelerated and produce additional ionisation, called impact ionisation. Under the effect of
the high electric field, the original and the additional carriers are accelerated and an avalanche
is generated. In silicon, the ionisation rate of electrons is about three times larger than the one
of holes. As a consequence, the doping profile is optimised to ensure that the electrons (rather
than the holes) cross the entire avalanche region. The APD structure is adapted to specific
wavelengths of incident light. Red and blue light sensitive devices have different structures
to cope with the absorption depth. Figure 2.3 presents the cross-section of a typical APD
optimised for infrared light detection. As shown, the photons absorbed inside the avalanche
zone undergo incomplete multiplication. Consequently, the gain of APDs is wavelength
dependent which affects the photon detection efficiency. Typical values for the gain are in
the range between 50 and 200. The avalanche process is very sensitive to the electric field
and therefore depends on the bias voltage (V},s). Furthermore, the thermal-induced lattice
vibrations limit the gain in energy of electrons and therefore the impact ionisation. Thus,
the gain strongly decreases with temperature [31]. The avalanche introduces large statistical

17



Chapter 2. Photodetectors in high energy physics

Long Short
. o wavelength  wavelength . o
Carrier multiplication Carrier multiplication
is high. is low.

Electric field strength E

f High voltage
Figure 2.3 — Cross-section of an avalanche photodiode (near infrared type) with depiction of
the electric field strength across the diode. Image from [31].

fluctuations preventing single-photon sensitivity [32, 33].

APDs are operated at a bias voltage sufficient to enable impact ionisation from the electrons
but not from the holes. If ionisation from the holes occurs, the avalanche becomes self-
sustaining. The threshold voltage for self-sustaining avalanches is known as the breakdown
voltage (Vgp). APDs operated above Vgp are called Geiger-Miiller APDs (GM-APDs) or single-
photon avalanche diodes (SPADs). To terminate (quench) the self-sustaining avalanche,
Vbias must be reduced below Vgp. This is usually done with a passive serial resistor (called
quench resistor Rq) or with an active quenching circuit. The gain of GM-APDs is in the range
of 10° to 10’. The signal is extremely rapid which makes GM-APDs good timing devices
with a resolution better than 100 ps. A large drawback for this detector is the noise which
is produced by thermal charge carriers (typical rate in the order of 100 kHz/mm?) and is
indistinguishable from signal produced by light. Another inconvenience is the absence of
photon counting capability because the number of carriers generated in the self-sustaining
avalanche is independent from the number of incoming photons. [24]

To enable photon counting, an array of GM-APDs can be connected in parallel. These devices
are called silicon photomultipliers (SiPMs). Each GM-APD, called pixel or microcell (typical
size of 10 x 10 to 100 x 100 umz), has its own quenching circuit. The signal is the sum of the
individual pixels’ signal. For low intensity light, the signal is proportional to the number of
photons detected.

Applications Solid-state photodetectors are competing with vacuum-based devices for
many existing applications [23]. Some of their advantages are the insensitivity to magnetic
field, the robustness and the compactness, the fine granularity and the possible operation
at relatively low voltage. PIN diodes are used for the read-out of high light yield scintillating
crystals in calorimeters [24] as for example in the BaBar electromagnetic calorimeter [34].
Despite their high PDE, large dynamic range and good linearity, they are also sensitive to the
ionisation produced by charged particles. APDs with thinner depletion layer can reduce this
effect and provide a better sensitivity to low light intensity. They are applied for example in
the CMS calorimeter [35]. A combination of photodiode and APD has been implemented for
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example with BGO crystals in the calorimeter of the CALET experiment on the international
space station. It enables to measure the energy of cosmic electrons and gamma rays over six
orders of magnitude [36].

A clear trend in the last ten years is the use of SiPMs in many particle physics applications
such as TOF detectors, calorimeters and fibre trackers. SiPMs optimised for low thermal noise
are also potential candidates for RICH systems. Low noise can be achieved by a short signal
integration time window and by reducing the active surface [24]. The latter can be realised by
focusing the light with microlenses implemented on top of each pixel. Given their extremely
fast response, SiPMs are also excellent candidates for applications with time resolution below
100 ps. An example is the timing detector under investigation for the CMS detector phase 2
upgrade [37].

2.2.3 Hybrid photodetectors

Hybrid photodetectors (HPDs) combine the technology of vacuum-based and solid-state
devices. The photon conversion is implemented in a photocathode whereas the photoelectron
amplification and detection occurs in a pixelised silicon sensor. In this way, a large area can be
covered with the cathode and good spatial resolution can be achieved. Using a high electric
field between the photocathode and the silicon sensor, the photoelectron is accelerated to
the sensor where it creates a few thousands e-h pairs. Further amplification can be achieved
using an APD instead of a simple photodiode (HAPD) reaching a gain of 10°. The electric field
can be shaped to focus the photoelectrons from the cathode onto a small area sensor. This
configuration is called "fountain-focused" as opposed to "proximity-focused" where one-to-
one mapping from cathode to sensor is implemented. As in the case of PMTs, special care
must be taken for the operation of HPDs in a magnetic field. HPDs have excellent individual
photon separation and timing resolution of 50 ps on single photons is achievable [38].

Applications HPDs are very flexible in their design and implementation. Fountain-focused
HPDs typically offer to cover a large area with high sensitivity and good granularity. Examples
are the HPDs of the LHCb RICH detector [39]. Proximity-focused HAPDs are applied in the
new aerogel RICH of the Belle II spectrometer [40]. Such photodetectors are also under
consideration for the next generation of massive Cherenkov detectors such as the Hyper-
Kamiokande project [41].

2.2.4 Gaseous photodetectors

Two types of gaseous photodetectors exist. In the first, the photon conversion occurs in
a solid photocathode whereas in the second, it occurs in the gas mixture itself. The usual
photosensitive gas mixtures are tetrakis dimethylamine ethylene (TMAE) and triethylamine
(TEA) and are only sensitive to UV or extreme UV light. Small concentration of oxygen alters
the quantum efficiency of the gas mixture and therefore very high gas purity is required on
the long term in order to maintain good performance. The photoelectron produced in the
solid photocathode or the gas travels to the anode where a high electric field is present and
enables the generation of an avalanche. The electrical signal is dominated by the drift of the
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ions created during the avalanche and travelling all the way to the cathode. Due to their low
mobility in the gas, the ions are not substantially affected by the presence of a magnetic field.
As aresult, this type of photodetector can cope with high magnetic fields. Another advantage
is the low cost which enables large area coverage. [23, 24]

Applications Gaseous photodetectors have been applied in RICH detectors because of their
large area. An example is the ALICE RICH system which uses multi-wire pad chambers with
Csl photocathode to detect Cherenkov light [42].

2.3 Silicon photomultipliers

As introduced in section 2.2.2, the SiPM is composed of an array of GM-APD pixels connected
in parallel. This section first explains the working principle of these photodetectors. Second,
it discusses in detail the main properties of SiPMs such as signal pulse shape, noise, photon
detection efficiency and radiation effects.

2.3.1 Working principle

The working principle of a pixel of an SiPM is illustrated in the current-voltage diagram of
figure 2.4. Initially, the diode is non-conductive and can be regarded as a capacitor Cyq charged
at a voltage Vpias > Vap (point 0). When an e- pair is generated, the electron has a probability
Py; (known as turn-on probability or avalanche triggering probability) to reach the high-field
zone and trigger an avalanche. Due to the avalanche, the diode becomes conductive (point
1) with resistance Rq representing the avalanche micro-plasma [43, 44]. The diode capacitor
Cq discharges from V5 down to Vpp producing an exponentially decreasing current. A
quenching circuit is implemented in series, for example a passive serial quench resistor Rq.
The current due to the discharge of Cy flows through Rq which leads to a voltage drop across
Cq. If the current reaches a sufficiently low level, known as the latch current I, (point 2),
the statistical fluctuations reduce the number of carriers in the high-field zone to zero. At this
point, the avalanche is quenched (point 3). The probability of such a fluctuation is known as
turn-off probability Py. It becomes significant for a current below 10 — 30 pA. This poses a
strict constraint on the possible values for R (2 100 k) and the operation voltage Vyias — VD
(< few volts). Once the avalanche is terminated, the diode is non-conductive and it recharges
to Vhias With a characteristic time called the recovery time 7. (point 0). [45]

Figure 2.5 shows a simplified view of a cross-section of an SiPM pixel. Short wavelength
light (blue) is absorbed very close to the surface (< 1 um) whereas long wavelength (red)
can penetrate deeper. Using a p-on-n structure, the electrons from blue light and the holes
from red light drift to the high-field zone. The avalanche triggering probability is higher for
electrons than for holes because of a higher ionisation rate. As a result, a device with the
p-on-n structure is more sensitive to blue light. The above considerations are inverted for the
n-on-p structure which has therefore a higher photon detection efficiency for red light. [46]

An example of the detailed implementation of an SiPM with several GM-APDs connected in
parallel is displayed in figure 2.6. In this example, the quench resistors are placed on the side of
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Figure 2.5 — Simplified schematic view of the cross-section of an SiPM pixel. The p-on-n
structure (left) is preferred for blue light detection while the n-on-p structure (right) is better
for red light. In actual devices, the substrate is typically 300 um thickness whereas the epitaxial
layer is in the order of 1 pm. Image inspired from [46].

the pixel which reduces the sensitive area. Trenches in the silicon between neighbouring pixels
are also present. As it will be discussed later, they enable to reduce pixel-to-pixel cross-talk.

2.3.2 Breakdown voltage

The breakdown voltage is the voltage above which the diode undergoes a self-sustaining
avalanche upon the generation of an e-h pair. The relevant voltage of an SiPM is the so-called
over-voltage defined as AV = V},5 — Vgp. Many SiPM characteristics depend on AV rather
than V5. As a consequence, a good knowledge of Vgp is crucial. Due to the increase of
ionisation rate in silicon at low temperature, Vgp decreases when reducing temperature. The
dependency is non-linear and follows the prediction calculated in reference [48] for an abrupt
p-njunction [49]. In the range from —50°C to room temperature, Vgp varies approximately
linearly as a function of temperature. The temperature coefficient K can be used to calculate
Vap at temperature T based on the value at Tj:

Vep(T) = Vep(To) + K7 - (T — Top). (2.1)
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Figure 2.6 — Typical micro-structure implementation of SiPMs. Image from [47].
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Figure 2.7 — Equivalent circuit of an SiPM with one pixel firing. The charging of the capacitor
from the avalanche current is shown in green. Image inspired from [50].

2.3.3 Pulse shape and gain

To model the pulse shape, an equivalent electrical circuit, shown in figure 2.7, can be used [45,
50]. The diode is represented as a capacitor with a junction capacitance Cq in series with Rq
and its parallel capacitor Cq. The model accounts also for the NV — 1 inactive pixels as well as
the parasitic "grid" capacitance Cg resulting from the connection between the pixels and the
terminal. When a photoelectron is generated, the avalanche is modelled by a current source
in parallel with C4 and in series with the micro-plasma resistance Ry. The current source
delivers a Dirac delta pulse I,y with charge Q. Cq and Cq are charged by currents in opposite
directions to a voltage of approximately AV. The current through Cy, is divided through the
rest of the detector and the load resistance of the read-out electronics Ryyaq. It charges Cg and
the inactive pixels to AV/(N —1). The charging time is 74 = Rq - (Cq + Cq) and corresponds
to the signal rise time. Once the avalanche is terminated, the switch in the model is open.
The capacitors will discharge with a different time constant leading to the falling edge of the
pulse. The fast falling component is dominated by the inactive pixels and Cg discharging
through Rypaq with decay time Tghore = Rioad * Ctot Where Cior = Cg + N - (Cg + Cq) is the total
detector capacitance. In the active pixel, C4 and Cq are almost completely charged to AV and
their discharge, going through R, is characterised by a decay time of Tjong = Rq - (Cg + Cq).
The active pixel has recovered once Cq and Cq, are discharged. The time it takes to recover is
therefore equal to the long decay time: Trec = Tiong = Rg - (Cq + Cq).
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Note that the routing line to the read-out electronics can suffer from a parasitic serial induc-
tance Lparasitic Which often produces oscillations, called ringing, in the pulse shape. It can be
observed after the fast falling edge ”. The pulse shape changes with temperature since Rqis
temperature-dependent. For resistors made of poly-silicon (most of the devices), R decreases
with temperature by typically —2.4 kQ/°C [51].

In the first SiPMs, Cq was only a parasitic capacitance and the fast component was not present.
However, in modern designs, it is an important tunable parameter because it allows for the fast
transient pulse. Cq is adjusted to enhance the fast pulse and suppress the slow component in
a controlled manner. This is of particular importance in timing applications.

The charge released by an avalanche is Q = AV - (C4 + Cq) and therefore the gain is defined
as G = AV -(Cq + Cq)/e where e is the electron charge. Cq + Cq is dominated by Cq which is
proportional to the pixel area and inversely proportional to the avalanche region thickness.
G/AV, which only depends on the two capacitors, is independent of temperature. The Vgp
temperature dependence introduced in relation (2.1) gives rise to the following relative gain
variation:

§GIG _8Vp/AV _ Kr
5T 6T AV’

(2.2)

Temperature influence can be reduced by high AV operation or small Kr. Temperature
stabilisation and/or bias voltage compensation are needed to keep the gain and therefore the
detector response constant.

We call one photoelectron (1 PE) the mean amplitude (charge or voltage on Rjy,q) of a single
pixel discharge. In the following, we will express the signals in units of 1 PE.

2.3.4 Dark count rate

Dark counts are random pulses caused by charge carrier pairs thermally generated in the
depleted region of the diode. The free charge carriers undergo amplification and produce
an avalanche indistinguishable from the one induced by a converted photon. The thermal
generation of free e-h pairs can be due to several mechanisms illustrated in the band diagram
of figure 2.8. At room temperature, the e-h pairs are produced by lattice defects and impurities
where the presence of an intermediate energy level in the band gap enhances the probability
to reach the conduction band. This mechanism is called the Shockley-Read-Hall process. In
the avalanche zone, the high electric field deforms the band structure. Free charge carriers
can be produced by direct band-to-band tunnelling. This mechanism becomes dominant at
temperatures below 200 K. [49]

Dark count rate (DCR) is proportional to the active area and increases with temperature. For
applications requiring very low noise, cooling is an effective means. DCR is measured by the
frequency of random pulses exceeding a threshold of 0.5 PE in the dark and is denoted fpcg.
Concerning the temperature dependence above 200K, it can be well described by a single

b gee figures 4.1 or 4.5a for the pulse shape of the LHCb SciFi tracker SiPM with visible ringing.
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Figure 2.8 — Generation of free charge carriers depicted in a simplified band diagram of the
avalanche zone.

exponential as:

Jocr(T) = o(T=T0)/ a2

2.3
Jocr(To) (23)

where T is a reference temperature and T}/ is the temperature difference for which DCR
doubles. With small T3, cooling is more effective to reduce DCR. The value of T;,» depends
on the SiPM technology and is typically 8°C [31, 52]. DCR also increases with AV due to the
dependence on the avalanche triggering probability Py, .

2.3.5 Photon detection efficiency

The PDE of SiPMs can be factorised as:
PDE=QE- Egeometry Py;. (2.4)

The quantum efficiency QE is the probability that the photon penetrates into the silicon
and produces an e-h pair in the depleted region. The term €geometry is the geometrical fill
factor defined as the ratio of the active to the total area. One can see in figure 2.6 that the
space needed between the pixels for connections, quench resistor and trenches restrain the
achievable fill factor. The dead space is independent of the pixel size and therefore egeometry
increases with pixel size. It can be as high as 70% [53] with 50 um pixels. To gain space,
Hamamatsu has implemented the quench resistor by a thin metal film (instead of poly-silicon)
placed in the active area reaching transmittance above 80% for wavelengths A > 300 nm [51].
Metal quench resistors have also the advantage of a reduced temperature dependence with
respect to poly-silicon (typically —0.5 and —2.4 kQ/°C, respectively). Another solution to break
the fill factor limit is to illuminate a fully depleted device from its backside, the routing lines
and Rq being on the front side [54]. The photoelectrons, produced close to the surface, drift
through the depleted volume to the cathode situated on the other side. The electric field is
shaped to guide the photoelectrons to the centre of the pixel where the multiplication zone
is implemented. This allows to reduce cross-talk between microcells (cross-talk is explained
in the next section). Nevertheless, the cross-talk remains large in back illuminated SiPMs
unless they are operated at low gain. Finally, Py, is the probability that the generated charge
carriers initiate an avalanche. It is larger for electrons than for holes because they have a
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higher ionisation rate. As explained before, SiPMs are of type n-on-p with thick depletion layer
for red/green light detection and p-on-n for blue light. [24]

The wavelength dependence of the PDE is due to the QE and, to a smaller extent, to Py; since
the probability that the photoelectron reaches the avalanche zone depends on the photon
absorption depth. Given that Py is strongly affected by the electric field, the PDE changes
with AV. It grows asymptotically and reaches a plateau at high AV because of the saturation of
charge carrier ionisation rates at high electric field. Changes in PDE with temperature are also
observed [49]. This can be related to the factor Py; through the changes in photon absorption
depth, carrier mobility and, at very low temperature, the onset of carrier freeze-out.

Inefficiency due to the recovery time of the pixels can influence the PDE. During the recovery
time (7rec ~ 100 ns), the over-voltage on the pixel increases from zero to the nominal value.
The pixel suffers therefore from a low Py;. For devices with large pixels (long recovery time
and high DCR per microcell), this effect can be important.

Under illumination by pulsed light, the SiPM sensitivity is affected by the finite number of
pixels and its resulting saturation. With N incident photons and Npjyels number of pixels,
the saturation is caused by several photons hitting simultaneously the same pixel and can be
described by:

Nfired pixels = Npixels * (1 - e_PDE'NY/NpixelS) ) (2.5)
where Nfyed pixels is the number of fired microcells. This is of particular importance in calorime-
ter applications where a wide dynamic range with linear response is required.

2.3.6 Correlated noise

Related to a primary avalanche, either photo-generated or thermally generated, correlated
subsequent avalanches are called correlated noise. We distinguish three categories, each
related to the different origins:

Direct optical pixel-to-pixel cross-talk (DiXT): Luminescent photons are emitted in the ava-
lanche multiplication process with an efficiency of 3- 107> photons (mostly in the in-
frared) per carrier crossing the junction [55]. For large gain devices (large pixels), a
significant number of photons (~ 100) can be generated and reach the depleted region
of neighbouring pixels. Upon creation of an e-# pair, they can subsequently initiate
a secondary avalanche. This phenomenon is called optical pixel-to-pixel cross-talk
(denoted DiXT in the following) and results in pulses produced simultaneously (or with
small time delay of a few 100 ps) with respect to the primary avalanche. The DiXT can
be approximated by a linear function of the gain (G « AV). In addition, it depends on
Py; introducing a non-linear dependency on AV. Temperature dependency has not
been observed [49]. For large gain devices, trenches around the pixel active area, filled
with opaque material, can be implemented to reduce optical cross-talk. However, cross-
talks due to photons reflected at the interface between the high-field region and the
substrate or the entrance window are still present. For the optimisation of a device, one
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can choose between small pixels and trenches where both solution result in a limited
achievable fill factor and therefore PDE.

Delayed pixel-to-pixel cross-talk (DeXT): Cross-talk is also observed with significant delay
compared to DiXT. This phenomenon can be explained by avalanche photons absorbed
deep in the substrate of the neighbouring pixels [56]. The released electron diffuses
out of the substrate before drifting to the amplification zone. The secondary pulses are
significantly delayed in time (order of 20 ns).

After-pulse (AP): In a pixel undergoing an avalanche, charge carriers can be trapped at im-
purities or lattice defects in the active layer and released with some delay or undergo
the same process described as DeXT. In both cases, the carriers can initiate a secondary
avalanche within the same pixel and create a so-called after-pulse (denoted AP). The AP
has typically lower charge than the primary pulse depending on the recovery state of the
pixel. Measurements show that AP is constant with temperature down to ~ 100 K taking
into account the temperature dependency of Rg. Below 100 K the probability of AP rises,
probably due to new traps becoming active [49]. The AP probability depends on the
trap capture probability as well as Py, and shows, as a result, a (AV)? dependence.

Effect of correlated noise Due to correlated noise, dark noise pulses can reach values well
above 1 PE. As a consequence, high thresholds are required for noise discrimination. Since
correlated noise strongly depends on AV, it is the limiting factor for the operation range and
hence the achievable PDE.

Statistical model of optical cross-talk generation Inasimple model of the generation mech-
anism of optical cross-talk (DiXT and DeXT) [57], the primary avalanche produces a Poisson
distributed random number of new avalanches in neighbouring pixels. These secondary
avalanches can in turn fire new pixels, following the same Poisson distribution. This is called
a branching Poissonian process. The cross-talk generation cascade stops (after a random
number of steps) if the mean of the Poisson distribution is smaller than 1 [58]. After a pixel
fired, the total number of produced cross-talks 7 follows the Borel distribution [57] ©:

[A-(n+1)]" e~ (1+DA

Pporel (1) = i ) (2.6)

where A is the Borel distribution parameter. This model will be needed for the interpretation
of the measurements of gain and photon detection efficiency presented in the next chapter.

2.3.7 Radiation damage

At the microscopic level, the damage caused by radiation in SiPMs is the same as in standard
silicon junctions and is due to ionising and non-ionising interactions. The result is the
displacement of atoms out of the lattice site (point defects) and large disordered regions. The
radiation damage is proportional to the fluence and depends on particle type and energy. The
non-ionising energy-loss hypothesis (NIEL), which assumes that any radiation effect scales

¢ The expression is slightly modified with respect to reference [57]. n represents here the number of cross-talks,
as opposed to the parameter k in [57] that represents the total number of microcells that fired (k= n +1).
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linearly with the energy imparted in displacing interactions, allows to compare the radiation
damage caused by different particle types and energies [59]. In this work, the irradiation
fluence unit used is the equivalent fluence of 1 MeV neutrons (1MeV ngq/ cm?).

Defects in the silicon lattice introduce new generation centres for thermal charge carriers. In
SiPMs, this leads to a radiation damage induced DCR which is proportional to the fluence. This
type of DCR can be reduced by cooling with a characteristic coefficient Tlr?g that is in general
larger than the Tj,, for the DCR described in section 2.3.4. It has been observed that SiPMs
with higher Vgp have smaller Tlr';‘;1 [60]. At high irradiation fluence (~ 1041 MeV Neq/ cm?),
in addition to the DCR increase, change in V3p and reduction in gain and PDE were also
observed. Extremely high DCR will eventually saturate the SiPM and the recovery time will
reduce the overall sensitivity. This effect can be mitigated by small pixel size [61]. The rate of
after-pulses is expected to increase after irradiation due to the introduction of additional traps

whereas optical cross-talk is expected to be constant.

Some of the defects introduced in silicon are mobile and can gather at impurities or form
larger stable defect complexes. They can also annihilate with their counterpart (for example a
recoil atom with a vacancy) decreasing in this way the defect concentration. Therefore, some
of the radiation damage can be recovered by annealing, namely heating for a certain time. [59]
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The SciFi tracker measures the trajectory of charged particles in the LHCb detector down-
stream of the magnet. This chapter starts with a description of the SciFi technology and its
working principle and continues with a short summary of various aspects of the design of
the SciFi tracker. The precise characterisation of long fibre modules was performed with test
beams and is presented in appendix A.

3.1 The SciFi technology

Scintillating fibres have been used for applications in high energy physics since the 1980’s.
The technology combines fast scintillators and fine granularity achievable by plastic fibres. It
enables the design of fast and low mass detectors with the possibility to adapt shape and size.
In the last decade, the introduction of SiPMs for the light detection has boosted the interest
and the potential applications. The technology has reached the maturity for implementation
in the environment of LHC experiments with the requirements on the read-out rate, the fine
granularity, the large scale and the harsh radiation environment. [62]

3.1.1 Scintillating fibres

The role of the fibre is two-fold. It produces the scintillation light from the energy deposition of
a charged particle and transports the signal to the photosensor. The amount of light produced
is the dominant characteristic defining the hit detection efficiency. In a plane made of a single
layer of fibres, the light intensity is proportional to the particle path length in the fibre and
therefore to the fibre diameter. In a first approximation, the spatial resolution is given by the
pitch between fibres divided by v/12. In order to obtain a sufficient signal and preserve a fine
granularity, the SciFi tracker uses a multilayer staggered arrangement of fibres (see figure 3.3).
The resolution is improved beyond the v/12-limit by choosing the fibre diameter equal to the
channel width.

The fibre chosen for LHCD is the SCSF-78M] blue emitting double cladded plastic fibre (250 um
diameter) from Kuraray “. It is the only fibre available that combines a sufficiently fast light

@ Kuraray Co. Ltd., Ote Center Building, 1-1-3, Otemachi, Chiyoda-ku, Tokyo 100-8115, Japan.
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Figure 3.1 — Electronic transitions leading to the emission of scintillation light in a fibre (left).
Absorption (logarithmic scale) and emission spectra of the fibre compounds (right). Right
image from [65, 66].

emission with a high scintillation yield and low attenuation. It is composed of a core polymer
(polystyrene) doped with a primary scintillator (p-terphenyl PT, ~ 0.10% by weight) and a
wavelength shifter (tetraphenyl-butadiene TPB, ~ 0.05% by weight). The scintillation light
is generated through a multistep process illustrated in figure 3.1. The ionisation energy
is absorbed by the core polymer molecules [63]. Polystyrene has a high efficiency for the
transfer of absorbed energy to the primary scintillator. The concentration of the primary
scintillator molecules is optimised such that the energy is transferred through local non-
radiative dipole-dipole transmission which is called Forster transfer. The efficiency of this
particular type of energy exchange drops as the distance between the resonating molecules
increases. The primary scintillator releases subsequently the excitation energy in the form of
photons within a short time (< 1 ns). The large Stokes shift prevents the direct re-absorption
of emitted photons. The emitted photons are in a wavelength region where polystyrene has
poor transmission properties. The second scintillator is a wavelength shifter with an emission
spectrum peaking in the blue where the fibre is more transparent. The overall time spread of
the created photons depends on the relaxation decay time of the primary scintillator and of
the wavelength shifter (the Forster transfer is much faster). The characteristic time of emission
for the SCSF-78M], 2.8 ns, is dominated by the relaxation time of the TPB. Note that an R&D
has also been carried out for fibres with faster scintillator based on covalent bonding of the
activator and the wavelength shifter (so-called NOL fibres) [64]. These fibres have not been
considered for the final design of the LHCb SciFi tracker due to the lower light yield. However,
even at this early stage of the R&D, they are already competitive for applications requiring
time information. [10, 62]

Scintillation light is emitted with random directions inside the fibre. Only a fraction is trapped
in the fibre by total internal reflection. As shown in figure 3.2, the light capture is improved by
using two cladding layers with decreasing refractive index. The fibres in the mats are glued
together with an epoxy-based glue with refractive index of 1.53. Thus, no internal reflection
occurs at the interface between the second cladding and the glue. Overall, 10.7% of the light is
trapped inside the fibre [68]. The light propagation operates via different modes. On average,
the propagation time is 6 ns/m and results from the different path lengths inside the fibre.
Helical modes are strongly suppressed due to the many internal reflections and the long path.
The light output as a function of the distance from the source can be described by the sum
of two exponential functions modelling the short attenuation of the helical modes and the
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Figure 3.2 — Scintillating fibre schematics. The light is trapped and propagates within the fibre
through total internal reflection. Image from [67].
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Figure 3.3 — Illustration of the signal formation of a particle crossing the fibre mat and its
detection in the photodetector. This example is taken from a simulation of the LHCb SciFi
tracker.

longer attenuation of straight paths. For the SCSF-78M], the characteristic distance of the
short and the long attenuation component are 0.1 and 3.3 m, respectively. As shown in the
bottom right plot of figure 3.1 (TPB), the emission spectrum ranges from 400 to 600 nm with a
peak at 450 nm. [10]

3.1.2 Working principle and clustering

The signal generation in the SciFi tracker is illustrated in figure 3.3. A particle crossing the fibre
mat produces scintillation from the energy deposited in the fibres core. The light captured is
transported to the fibre end where the read-out is done by sections of 250 um width using a
multichannel photosensor based on silicon photomultipliers. Due to the staggered geometry,
the signal from a single particle at normal incidence is typically spread over two to three
channels and can be increased for other incident angles. In reality, we observe larger spread
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with respect to the geometrical expectation due to cross-talk between adjacent fibres ” and
large exit angle of the photons from the fibres¢. The crossing position of the particle is
estimated by the centre-of-gravity of the signals over all affected channels.

The radiation environment in the LHCb SciFi tracker induces a drastic increase of DCR in
the photodetector. Noise hits from the DCR must be avoided for fast pattern recognition
and track finding. The rate of noise hits can be reduced by the optimisation of the three
following parameters. The SiPM can be cooled, the time window for signal collection (called
the integration time window) is minimised and the signal can be discriminated from the noise
using a threshold-based algorithm. This algorithm is called the clustering and is illustrated in
figure 3.4. It combines neighbouring channels and forms units called clusters. It comprises
the three following steps [72]:

1 Identify channels with signal above a seed threshold (seed channels).
2 Identify channels with signal above a neighbour threshold (neighbour channels).

3 Form clusters from adjacent seed channels and, at maximum, one neighbour channel
on the left and one on the right. Finally, accept the cluster if the total signal inside the
cluster (called the cluster sum) exceeds the sum threshold.

Typical thresholds used in the SciFi tracker to suppress the noise from irradiated SiPMs are
seed/ neigh/sum=2.5/1.5/4.5 PE. The thresholds have a strong influence on the hit detection
efficiency and noise rejection. The rate of clusters due to noise for a 128-channel SiPM array,
called the noise cluster rate (NCR), is typically 100 times lower than the DCR. Sources of noise
clusters are the SiPM correlated noise and, at very high DCR, the overlap of DCR pulses in the
integration time window.

The mean cluster position %, calculated as the average of the channel positions x weighted by

b Simulation studies show that the main contribution to fibre cross-talk comes from UV photons emitted by the
primary scintillator (PT) and absorbed by the wavelength shifter (TPB) in another fibre. [69, 70].

¢ Most of the light from a fibre is emitted in the form of a cone with approximately 40° opening angle [71]. Since
the SiPM entrance window includes a 100 pm epoxy layer, the light can travel laterally by roughly half a channel.
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their signal amplitude s, gives the estimation of the hit position:

X= M for channels i in the cluster. 3.1
> s(i)

Note that, in the LHCb SciFi tracker, a modified algorithm is used for a simpler implementation
in the read-out electronics. More details will be given in section 3.2.3.

3.1.3 Lightyield

For a thin layer of matter ¢, the deposited energy by a charged particle follows a Landau
distribution. In a first approximation, the number of photons detected by the SiPM (cluster
sum) is proportional to the deposited energy. In reality, it is affected by the following aspects:

Low signal: A convolution with a Poisson distribution arises due to the small number of pho-
tons and the associated statistical fluctuations (scintillation, transmission, attenuation
and detection).

Geometrical aspects: The non-homogeneous cross-section of a fibre mat leads to different
path lengths inside the fibres depending on the injection point and incident angle.

Clustering: If the average number of photons is close to the threshold values (seed and
neighbour), a significant fraction of the cluster sum can be lost at the edge due to the
cuts. This shifts the distribution towards smaller values. The sum threshold introduces
a minimum cutoff.

SiPM noise: Random dark noise pulses occurring during the integration time and correlated
noise contribute to the cluster sum. The contribution of the random noise depends
on the DCR and the integration time and can be significant, especially in irradiated
SiPMs. The input from direct cross-talk can be obtained from the cross-talk probability.
The contribution from delayed correlated noise depends on the probability and the
integration time.

SiPM pixel saturation: High signals in the distribution are affected by pixel saturation, as
described in equation (2.5) in the previous chapter.

Electronics non-linearity: The electronics used for the measurement can have non-linear
response or show saturation effects.

Figure 3.5 presents the typical cluster sum distribution obtained for a short mat (30 cm long
fibres) with five layers of fibres. The light yield is an important figure-of-merit defined as
the most probable value (MPV) of the distribution and found by fitting the peak region with
a Gaussian function. It is the dominating characteristic for the tracking performance of
the SciFi technology. Inefficiencies (lost signal clusters) are due to low cluster sum rejected
by the algorithm. The tail in the small signal region of the cluster sum distribution allows
to estimate the number of lost clusters. As shown in the figure, one way to increase the
light yield and therefore the detection efficiency is to operate the photodetector at higher

d A SciFi detection plane has a thickness in the order of 1% of a radiation length and can be regarded as a thin
layer of matter in this discussion.
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Figure 3.5 - Light yield of a short fibre mat (30 cm) measured at different SiPM bias voltages and
with VATA64 electronics. More details on the measurement method will be given in chapter 5.

over-voltage with the consequence to increase the noise cluster rate at the same time. This
consideration illustrates one of the most challenging aspects of the SciFi technology: finding
the best compromise between hit detection efficiency and noise cluster rate. The optimisation
parameters which can be adjusted are: the design of the fibre mats (e.g. number of fibre
layers), the SiPM technology and the threshold settings for the clustering.

For the LHCD SciFi tracker, the number of fibre layers is limited to six in order to minimise
multiple scattering. Most of the particles traverse the detector in the central region close to
the beam pipe far from the photodetector read-out. A mirror is placed to increase the light
yield and ensure high detection efficiency. The gain from the mirror is approximately 75%
for particles crossing at the mirror end (80% mirror reflectivity minus 5% Fresnel reflection
already present without mirror) [73]. The disadvantage is an additional lateral dispersion
of the light and the spread of the photons’ arrival time (especially for particles far from the
mirror) that can lead to spillover effects. The performance of fibre modules for the LHCDb SciFi
tracker is discussed in appendix A.

3.2 Detector design and fabrication

The SciFi covers a total active area of 320 m? and is composed of independent modules. The
large size, the mechanical stability and the precision positioning are in contradiction with the
low mass requirement. The detector is a complicated system including SiPM cooling, precision
alignment, modular design and electronics read-out. A large fraction of the manufacturing
steps require custom solutions.
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Epoxy glue SiPM channel size

Figure 3.6 — Cross-section of a fibre mat. The fibres’ position and diameter is measured by a
quality control software (green circles) in order to detect defects. An SiPM channel is drawn at
the same scale. The pitch between fibres is 275 pm. Image from [75].

3.2.1 Fibre module fabrication

Each fibre mat covers an area of 0.13 x 2.40 m? and has an active thickness of 1.35 mm (1.6 mm
including the epoxy glue on top and bottom). Eight mats are assembled to a module of
dimension 0.53 x 4.85m?. The fabrication is shared between the participating institutes of the
project and comprises three main steps which are shortly described in the following.

Fibre quality assurance After a tendering process in 2015, a contract was signed with Ku-
raray for the procurement of 12’500 km of fibres and the delivery was completed in 2017. A
quality assurance process has been performed at CERN. The procedure comprises the ver-
ification of the fibre performance as attenuation length, scintillation light yield and, for a
small sample, radiation damage studies. A scan of the fibre diameter was performed using a
custom-made scanner and large diameter fluctuations were automatically shrunk by a heat
and pull process. [68, 67]

Mat winding The qualified fibres are distributed to four institutes (RWTH Aachen University,
TU Dortmund, EPFL Lausanne and Kurchatov Institute Moscow) for the fabrication of mats.
Approximately 1000 are needed to equip the full SciFi tracker. A custom machine was devel-
oped to wind the fibre onto a threaded wheel with sufficient precision allowing to stack many
staggered layers. The layers are fixed together during the winding with a TiO,-loaded ¢ epoxy
glue. The mats are then unformed from the wheel, a polycarbonate precision piece is glued to
each end, a thin Kapton foil is laminated onto the mat for mechanical stabilisation and light
tightness, the two ends are cut to obtain a clear optical interface and a mirror is glued at one
end. For the quality assurance, an optical scan is performed, as displayed in figure 3.6. The
software allows to measure the fibres’ diameter and position with respect to reference points
on the end-piece and ensure the alignment with the photodetector. The final check is a light
yield scan performed with a 908r source. [67, 74]

Module assembly The 128 modules are assembled in two institutes (Rupert-Karls University
Heidelberg and NIKHEF Amsterdam). The mats are aligned using precision pins incorporated
during the winding process and, to make a module, eight mats are sandwiched between two
panels made of 20 mm thick honeycomb and carbon fibre sheets. The ends of the module are

¢ This additive allows to reduce optical cross-talk between adjacent fibres and to diffuse part of the escaping
light back into the fibre.
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rigidified with metallic endplugs containing also a light injection system for calibration of the
photodetectors. Special modules with the beam-pipe cut-out are also fabricated. [67]

3.2.2 Silicon photomultiplier multichannel array

The customisation of SiPMs from Hamamatsu/ for applications with scintillating fibres started
in 2011 in the context of a balloon-borne experiment named PEBS [76, 77] and continued
through 2018. From 2013, KETEK $§ has also produced prototypes for the SciFi tracker and
several devices from both manufacturers were evaluated. The detector from Hamamatsu was
selected to equip the SciFi tracker and 5500 multichannel arrays were ordered (3840 needed).

Packaging The SiPM package delivered by Hamamatsu is displayed in figure 3.7. The mul-
tichannel array has a total active area of 32.540 x 1.625 mm?. The package is made of two
silicon dies (64 channels each) mounted on a common PCB. The channel is 230 um active
width (250 um pitch between channels) and contain 104 pixels of size 57.5 x 62.5 um?. The
quench resistors are implemented by transparent thin metal films put on top of the pixels.
Non-sensitive areas in the package include a 220 pm gap between the two dies and a 160 pm
gap at each side. The optical window and the bond wires are protected with a 105 um thick
epoxy layer. The large pixels were chosen to optimise the fill factor. To mitigate the relatively
large resultant optical cross-talk, isolation trenches are implemented between pixels.

The SiPM array is soldered on a Kapton flex PCB. This manufacturing step is subcontracted to
three different companies: Cicor " (flex PCB and stiffener manufacturing), PacTech ! (SiPM
laser balling) and Valtronic/ (component assembly, inspection and testing). The flex cable
allows to bias the two silicon dies separately and route the signals out from the SiPM located
in the cooling system to the front-end electronics. The flex is made of three copper layers (one
for the ground plane and two for signals). Its low heat conductivity allows to minimise the
cooling power needed for the SiPM operation and to avoid condensation outside the cooling
enclosure. On the backside of the flex close to the SiPM, an AIN  stiffener is glued which
ensures rigidity and high heat conductivity. A Pt1000 sensor is also soldered on the backside to
monitor the temperature with a precision of +1°C. Capacitive coupling between neighbouring
signal lines on the flex results in a negative cross-talk between closest even or odd channels of
approximately 8%.

Serial production and quality assurance Throughout the production phase, the SiPM and
flex assembly undergoes several inspections and quality assurance tests. Upon delivery from
Hamamatsu, the photodetectors are optically inspected using a microscope. This procedure
has two objectives: the rejection of samples with defects on the optical surface or in the epoxy
entrance window and the cleaning of the optical surface in case needed. A small fraction (0.4%)

f Hamamatsu Photonics K.K., 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka Pref., 430-8587,
Japan.

& KETEK GmbH, Hofer Str. 3, 81737 Miinchen, Germany.

h Cicorel SA, Route de I'Europe 8, 2017 Boudry, Switzerland.

I Pac Tech - Packaging Technologies GmbH, Am Schlangenhorst 7 -9, 14641 Nauen, Germany.

J Valtronic Technologies (Suisse) SA, Route de Bonport 2, 1343 Les Charbonniéres, Switzerland.

k This material has approximately the same thermal expansion coefficient as silicon.
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Figure 3.7 — Pictures of the SiPM array package. Photodetector assembled on a flex PCB (left).
Zoom on the active area close to the gap between two silicon dies (top middle) and on the
pixels (top right). Side view of the SiPM mounted on the flex (bottom right).

of the detectors (called QA samples) are randomly selected for complete characterisation
(correlated noise, PDE, Rq, DCR).

At Valtronic, all devices (SiPM+flex assembly) are temperature cycled (three cycles —40 to
80°C) to provoke early failure. This is followed by optical and electrical inspections. The
latter consists in detecting disconnected or shorted channels by measuring the forward bias
current and comparing with the value expected from the quench resistance. At this point, the
connectivity of the temperature sensor is also tested.

To assure the quality of the device at the end of the production line and a smooth integration
into the SciFi tracker, a final series of tests is performed at EPFL. At the integration in the
electronic and cooling systems, four photodetectors are glued on a cooling pipe and connected
to one bias voltage supply. Therefore, groups of four arrays are formed according to the total
thickness and the breakdown voltage. Adjacent SiPMs on the cooling pipe with the same total
thickness ensure a good optical interface (without air gap) with the fibres. The thickness is
measured using a microscope by focal point adjustment without any mechanical contact. The
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Figure 3.8 — Schematic views of the SciFi tracker modules. Half station mounted on a C-frame
(left), read-out electronics, cold-box and module assembly (centre) and cross-section of the
cold-box (right). Images from the LHCb SciFi collaboration.

breakdown voltage is measured with a setup based on the method explained in section 5.3
and optimised to test automatically eight arrays (1024 channels) simultaneously in less than
10 minutes. The groups of SiPMs are chosen such that Vpp variations are below 0.5V allowing
for an accurate bias voltage compensation at the front-end electronics. Finally, a small sample
of the final devices are irradiated and the DCR, NCR and light yield are measured to control
the performance after irradiation.

3.2.3 Read-out electronics

The front-end electronics for the read-out of SiPMs is custom-designed to meet the SciFi
tracker requirements. It provides a read-out at 40 MHz with short signal integration time. The
data transmitted to the LHCb detector back-end electronics is zero-suppressed and only con-
tains the hit position. The clustering explained in section 3.1.2 is used for the zero-suppression.
The algorithm is however adapted to the limitations imposed by the fast read-out and data
rate. Instead of the condition on the cluster sum, the cluster is accepted either if it contains
more than one channel (at least a seed plus a neighbour) or if the single-channel signal is
above the high threshold. The clusters are also limited in size (four channels maximum) to
allow for the most efficient data compression.

A schematic view of the front-end electronics assembly on the SiPM cooling system and the
modules is shown in figure 3.8. The electronics is composed of three elements [78]. The
Pacrric ASIC [79] includes a preamplifier, a shaper, an integrator and a digitiser. The conver-
sion from analogue to digital is based on three comparators configured with the neighbour,
seed and high threshold, respectively. The output of the comparators is encoded into a 2-bit
information as described in table 3.9. One PACIFIC chip processes the data of 64 channels.
The fast shaper includes a pole-zero cancellation to filter the slow component of the SiPM
pulse. It is tuned to provide a very short output signal (5 ns FWHM) thus minimising the
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Table 3.9 - Encoding of the comparators output in the PACIFIC.

Analogue signal s Digital output
neigh > s 00
seed > s > neigh 01
high > s > seed 10
s >  high 11

effect of spillover and random pulse overlap. The shaper output is integrated by a dual in-
terleaved gated integrator. It allows to maximise the charge collection while avoiding dead
time as one integrator collects the signal and the other can reset. The cluster-finding and
zero-suppression is done in the second front-end electronics element called the clusterisation
board. It hosts two FPGAs and processes the data of four PACIFIC chips. In the cluster mean
position computation of equation (3.1), the signal amplitudes s(i) are replaced by configurable
values representing the weight attributed to the channel when the neighbour, seed or high
threshold is reached. The weights can be tuned to optimise the resolution. The clusterisation
board plays a central role in the data reduction. The algorithm allows to suppress the dark
noise from the SiPM while retaining and transmitting the relevant hits from particles. The
last element of the front-end electronics is the master board. It provides power and control to
the front-end and to the light injection system. It serialises the cluster data and sends it out
through gigabit (optical) transmission (GBT) [80].

3.2.4 Cooling and mechanical infrastructures

The SiPMs are operated at —40°C but to benefit from thermal annealing, heating to 30°C
during technical stops is foreseen. Given the dimension of the tracker, the cooling system
is the result of a complex engineering work done at NIKHEE Amsterdam, and at CERN. The
integration of SiPMs in the cooling system comprises their alignment (based on an optical
system) and gluing on a titanium cooling pipe, the mounting in an isolated cold enclosure
named the cold-box and finally the assembly on the fibre module. The Ti pipe and the isolation
enclosure are 3D-printed. The photodetectors are pushed against the fibres using springs
incorporated in the cooling pipe. It was checked that the small movements during the thermal
cycles do not damage the optical surface of the fibres and the SiPM. As shown in the right
image of figure 3.8, the cold volume is kept very small in order to minimise the surface to
the outside. The inside of the cold-box is flushed with nitrogen in order to avoid icing due to
humidity. The cooling is based on a liquid circulator (Novec 649 monophase) connected to a
chiller via a heat exchanger. The chiller is shared with the VELO and UT cooling systems. To
limit heat losses, the distribution pipes are vacuum-insulated.

The fibre modules with their cold-boxes and read-out electronics are mounted on a mechanical
support (C-frame) to form a half station (see left image of figure 3.8). To cope with the
achievable mounting tolerance of such large objects, a 1 mm-gap between adjacent cold-
boxes is foreseen. The reduction in the overall tracking efficiency due to this gap is estimated
to be 0.4%. The C-frame is fixed to a rail via carriages so that the tracker can be retracted from
the beam-pipe for maintenance. It contains all services as pipes and cables.
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Silicon photomultiplier
characterisation

A detailed and accurate characterisation of SiPMs is required to understand their signal and
noise in many applications. The collected information is a valuable feedback in the attempt to
improve the device technology. During the R&D phase of the LHCb SciFi tracker, we developed
experimental methods for the determination of all important SiPM characteristics. In this
chapter, we review the principle of methods and the results obtained for a version of the
SiPM used in the SciFi tracker (H2017) including also irradiated devices. To measure pulse
shape, correlated noise, gain and photon detection efficiency, we use statistical analyses of
waveforms recorded by an oscilloscope. Breakdown voltage, dark count rate and quench
resistor are determined from current-voltage (IV) scans.

In the next chapter 5, we describe complementary methods using very different equipment
and approach for the characterisation of multichannel arrays. In addition, results from previ-
ous versions of SiPMs (H2014, H2015), KETEK prototypes and single-channel devices from
other suppliers are shortly summarised in appendix B.

4.1 Experimental methods overview

We have developed two complementary setups for the characterisation of single-channel
SiPMs (or one channel of an array). The first one uses a digital oscilloscope and allows to
collect the data for the waveform analysis, the gain and the PDE measurements. The data,
recorded at different V},4, consists in time-dependent voltage pulses and pulse frequencies.
The second setup allows to measure the IV characteristics in forward and reverse direction for
the determination of the breakdown voltage, the DCR and the quench resistor value.

The characterisation of SiPMs is performed at constant temperature. Temperature dependent
parameters such as fpcg or Vgp can be corrected if the measured temperature deviates from
the nominal value. For devices with high fpcr (due to irradiation or very large surface),
the operation temperature can be lowered in order to reduce the probability of random
overlapping dark pulses. Constant temperature operation can be achieved either by stabilising
the temperature with a cooling system or by recording all measurements in a short time.
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Irradiation studies The radiation effects on SiPM prototypes was measured throughout the
R&D phase of the SciFi tracker. Irradiation with neutrons was performed in a nuclear reactor
in Ljubljana ¢ b [81]. The neutron fluence was checked with PIN diodes and the estimated error
is 10% [82]. Irradiation with 18 MeV-protons was done in the Bern Swan Cyclotron facility [83]
with an estimated error on the dose below 10% [84]. Irradiations were performed at room
temperature and without bias voltage on the detectors apart from one test in Bern during
which we monitored in real time the current as a function of the received dose. We observe
identical radiation damage whether the SiPM is biased or not during irradiation.

Right after irradiation, the SiPM leakage current as a function of the time behaves as a sum of
negative exponentials, describing the effect of different defects that anneal with individual
temperature-dependent time constants. After four days of annealing at 40°C, the dark current
reaches a plateau at a level of about two to three times lower than the initial value. [85]

Except for the PDE measurement, the methods that will be described in the following can
be used to characterise irradiated SiPMs. An alternative measurement method for the PDE
will be discussed in chapter 5. Due to the large increase in DCR, irradiated detectors must
be operated at low temperature for their characterisation. To verify that the high DCR and
low temperature operation do not bias the results, we use a non-irradiated reference sample
of the same type. This detector is operated in the same conditions and a high frequency of
random pulses is injected using a continuous light source, producing similar bias current as
for irradiated devices. This procedure allows to distinguish between effects due to radiation
damage and effects only related to the high DCR.

4.2 Waveform analysis and correlated noise measurement

The waveform analysis allows to measure the correlated noise probabilities as direct cross-talk,
delayed cross-talk and after-pulse as a function of AV. It also gives a statistical measurement
of the most important time constants of the pulse shape and the noise: long pulse component
decay time, recovery time, delayed cross-talk mean lifetime and after-pulse mean lifetime.
The results are important ingredients for the optimisation of the SiPM performance in touch
with the manufacturers. They are in addition needed for the PDE measurement to introduce
precise corrections for correlated noise. The method provides such corrections with high
accuracy over a large range of AV.

The principle is to acquire on an oscilloscope a large number of triggered dark pulses. Wave-
forms of fample = 200 ns duration around the peak of the pulse are recorded (see examples in
figure 4.1). The statistical analysis, based on the ROOT analysis framework [86], is performed
offline and includes a peak finding algorithm in order to detect and classify pulses produced
in correlation with the primary dark pulse.

We developed this method for small size SiPMs with an area of 0.4 mm? and fpcr < 50 kHz
at room temperature. In this case, fpcr is sufficiently small to have low probability of a

@ The spectral composition of neutrons is 37.9% thermal neutrons (< 0.625 eV), 29.4% epithermal neutrons
(0.625 eV to 0.1 MeV) and 32.7% fast neutrons (> 0.1 MeV). The total neutron fluxis 1.175-1013 lMeVneq/cmZ/s.
b We received financial support from the H2020 project AIDA-2020, GA no. 654168.
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Figure 4.1 — Waveforms recorded with an H2017 detector. The voltage amplitude is scaled with
respect to the amplitude of 1 PE pulses. Different types of correlated noise are shown.

second random dark pulse falling in the sampling window (ps] dgark = 200ns/20 pus = 1%). The
method can be extended to larger devices with higher fpcr by performing the tests at reduced
temperature. Effects introduced by very high random pulse frequency will be discussed
with the case of irradiated detectors. Similar methods have been proposed for example in
references [87, 88, 89]. After the description of our method and the discussion of the results,
we give a short comparison with these other works (see section 4.2.5).

4.2.1 Measurement setup and analysis method

The setup is made of a shielded box to protect the SiPM against electromagnetic interference
(EMI) and the detector is read out by a high bandwidth preamplifier (2.5 GHz, 20 or 40 dBV)
and a digital 1 GHz oscilloscope (10 GS/s) ¢. The excellent signal-to-noise ratio achieved in this
way allows to operate and characterise the detector over a large range of operation voltages
without being dominated by the electronic noise. The fast component of the SiPM pulse has
typically a rising edge shorter than 1 ns which imposes to the mounting, cabling and read-out
system to cope with high speed signals. A low serial inductance is also required to avoid the
associated ringing. The bias voltage filtering is provided by a serial 1kQ resistor and two
parallel ceramic capacitors (100 nF and 1 uF) mounted close to the detector. The setup is
equipped with a cooling system which allows to reach —40°C reducing the DCR by typically
more than a factor 100 compared to ambient temperature operation. The bias voltage source
meter ¢ and the oscilloscope are controlled and read using Python routines.

¢ Preamplifier: FEMTO, HSA-X-2-20, HSA-X-2-40. Oscilloscope: LeCroy, WAVERUNNER 104MXI
d Keithley 2400
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Figure 4.2 — Dark pulse amplitude distribution for three different bias voltages and determi-
nation of A; pg using a fit with a Gaussian function (left). Calculation of Vzp using the A; pg
obtained at different V4,5 (right).

Breakdown voltage measurement The first step in the analysis of waveforms is the computa-
tion of Vgp. The procedure is illustrated in figure 4.2. For each V,s, the 1 PE pulse amplitude
A1 pg is extracted from a Gaussian fit of the amplitude distribution of the dark pulses. The
obtained values are fitted with a linear function. Using the assumption A;pg ox AV, Vgp is
calculated from the extrapolation of the fit function to zero. Since the duration of the mea-
surement is sufficiently short to avoid any temperature changes, the Vgp obtained in this way
can be used to calculate the AV without further temperature compensation. We call Vl’:];n P the
breakdown voltage obtained with this method. Measurements were taken and repeated on
several detectors in order to estimate the reproducibility and the uncertainty on Vé\gl P The
robustness of the procedure was evaluated by injecting random light on the detector. The
increased rate of random pulses does not affect the Vé\];n P measurement. The reproducibility
is found to be better 5 mV and the uncertainty is below 50 mV.

Instead of the pulse amplitude, one can use the charge computed from a numerical integration
of the 1 PE-pulse waveforms. The breakdown voltage found in this way is denoted Vé%t.
Comparing a large number of measurements performed on H2017 QA samples, we observe a
systematic difference of 400 mV on average between Vﬁgl P and Vé‘l‘)t. This offset is linked to
the fast pulse component in the V]?l;n P measurement. At AV lower than 0.3V, the linearity of
Aj pg as a function of V5 does not hold. In contrast, the slow pulse component and the pulse
charge (dominated by the slow component) is linear over the full range. For the following

discussion, Vé%‘ is used as a reference since it fulfils the relation Gox AV.

Correlated noise classification In the next step of the analysis, an algorithm finds all peaks
present in the waveform. The peaks are identified as direct cross-talk, delayed cross-talk or
after-pulse using conditions on the time and amplitude. Typical values optimised for the
H2017 detectors are 1.17 PE in a time window 0 to 1 ns for DiXT, 0.85 PE with times > 1 ns
for DeXT and 0.25 PE with times > 10ns for AP °. The 10 ns time window discarded for AP
detection is needed to avoid misidentification of the ringing following the fast transient.

¢ To compare the AP probability with the manufacturer specification, the threshold should be set to 0.5 PE.
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As shown in figure 4.1, each waveform may contain only the triggered dark pulse (clean event),
or a single or several correlated noise pulses. Every waveform containing correlated noise
peaks is classified as DiXT, DeXT or AP, according to the nature of the first correlated noise
peak. If, for a single recorded waveform, more than one correlated noise peak is detected, the
additional peaks are counted as higher order correlated noise. For a large correlated noise
probability, the higher order noise is significant. The probability of correlated noise of the
kind X (DiXT, DeXT or AP) is the ratio of the number of classified waveforms (/Nx) to the total
number of waveforms (Ney): px = Nx/ Ney. In the bottom example of figure 4.1, the waveform
is classified as DeXT. The two following pulses (DeXT and AP) are simply classified as higher
order noise peaks. In the case of high correlated noise probabilities, the overlap of consecutive
pulses can lead to a substantial shift of the baseline. The robustness of the peak-finding
algorithm allows however to count the higher order correlated peaks even in extreme cases.

Pulse misidentification and contributions neglected The increasing amplitude of APs can
reach the threshold set for DeXT. At this point the pulses are classified as DeXT. This effect is
typically small since the occurrence probability of APs decreases exponentially with the time
delay. Also, random dark count pulses arriving in the sampling window are accounted as DeXT,
since they fulfil the amplitude and time conditions.

For detectors with pronounced fast pulse component, the amplitude of DiXT pulses rarely
reaches 2 PE. A small delay of 100 ps is sufficient to reduce significantly the summed amplitude.
The detection of multiple DiXT cannot be achieved by an amplitude selection because they
rarely add up to a fast component larger than 2 PE. Consequently, a single threshold is used
and multiple DiXTs are not differentiated from a single DiXT. The probability ppixr represents
an effective cross-talk probability. It is related to the parameter A of the Borel distribution
introduced in equation (2.6) as:

PDIXT = PBore1 (11> 0) = 1= Ppora(n=0)=1—e %, 4.1)

Note that, in principle, multiple cross-talks could be distinguished using the integrated pulse
charge.

The amplitude of delayed 1 PE pulses is shifted by the slow component of the primary pulse.
Due to this amplitude offset, DeXT pulses can reach amplitudes higher than 1 PE and even
exceed the threshold for DiXT detection. To ensure the robustness of the algorithm, DiXTs on
delayed pulses are therefore not taken into account. The expected error scales with ppixr

(PAP + PDeXT)-

4.2.2 Results for H2017 detectors

The composition of correlated noise for an H2017 detector is shown in figure 4.3a. Significant
contributions from all three correlated noise sources (DiXT, DeXT and AP) are seen. Higher
order noise represents an important contribution if the total primary correlated noise exceeds
20%, as shown in figure 4.3b. The number of DCR pulses present during the measurement
is evaluated using a technique which is explained later. Figure 4.4 shows the distribution of
correlated pulses in amplitude and arrival time. DiXTs are composed of single and multiple
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Figure 4.3 — Correlated noise composition for an H2017 detector as a function of AV (left).

The AP probability is measured with a threshold of 0.5 PE. Total primary and higher order
correlated noise (right). The fraction of pulses attributed to DCR is also shown.
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Figure 4.4 — Amplitude and time delay of classified correlated noise pulses for an H2017
detector operated at AV = 4.8V. The detection threshold for APs is set here to 0.25 PE. Note
the logarithmic scale of the x-axis.

simultaneous DiXT (up to 3 PE is reached) and show a spread in amplitude resulting from
small time delay. The figure also shows the effect of the ringing on the amplitude DeXTs.
Delayed pulses with amplitude well above 1 PE are caused by DiXT from DeXTs or APs.

Long pulse component time constant Clean waveforms are used to obtain the time con-
stants of the pulse shape. The time constant associated with the fast falling edge cannot be
accurately determined due to the ringing and the bandwidth limitation introduced by the
acquisition system. The slow falling edge of the pulse is fitted with an exponential function to
find 7)ong, as illustrated in figure 4.5a.

Recovery time constant The pixel recovery time constant 7. is measured from AP wave-
forms. The AP amplitude is linked to the recovery state of the pixel and assumed to follow the
-1y

relation 1 — e wec, where tj is the time needed for the recovery to start. A correction to the
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Figure 4.5 — Determination of the long decay time constant using the average pulse shape of
clean waveforms (left) and the recovery time using after-pulses (right) for an H2017 detector.

amplitude is introduced to compensate for the slow component of the primary pulse. The fit
function is:

-1y L

At = Avps- (1= €77 )+ Agou- € o, (4.2)

where Agow is the amplitude of the slow component of the SiPM pulse. The two parameters
Aslow and Tiong are given by the fit of the long pulse component and f is fixed to the average
observed value (4 ns for H2017). An illustration of the fit is shown in figure 4.5b where the
waveform of hundred AP events are superimposed.

AP and DeXT mean lifetime The AP mean lifetime 74p is calculated with an exponential fit
of the arrival time distribution as shown in figure 4.6a. Knowing 7ap and 7. and using a
numerical integration, one can calculate the fraction of missed APs due to the amplitude and
time thresholds applied. For a threshold of 0.5 PE, the fraction of missed APs is 93%.

An exponential function is also used to describe the arrival time of DeXT pulses and allows
to obtain the mean lifetime 7pext as shown in figure 4.6b. The offset from the baseline
is measured and attributed to random dark pulses present during the measurement. In
this particular example, 204 delayed pulses are attributed to dark pulses for a total of 50k
waveforms. This corresponds to 5.6% of the detected DeXT pulses and 0.4% of all detected
delayed pulses. The fraction of delayed pulses attributed to DCR is monitored in figure 4.3b.

Time constants and the SiPM model The measured time constants (Tiong, Trec) TAP) TDeXT)
are consistent within the uncertainties over a wide operation range (AV =1 to 8V). We obtain
Trec = 841s and, using Rq = 503 kQ obtained from the IV measurement (see section 4.5), we
can compute the gain G/AV = (Cq + Cq)/e = Trec/ (Rg - €) = 1.05-10° V™1, This is in good
agreement with the value of 1.02-10° V™! found with an independent method described
in section 4.3. In contrast, the value obtained for the long time constant 7jong = 671ns is in
contradiction with the prediction of the model 7ong = Trec. The results are compatible with
Tlong = R - Cq where Cq = 136 fF and Cq = 34 fE
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Figure 4.6 — Mean lifetime determination and dark pulse contribution estimation from the
arrival time distribution of AP (left) and DeXT (right).

Results on a large sample The correlated noise was measured on a large number of devices
for the quality assurance of SiPMs in the context of the SciFi tracker. We have measured a
difference between the first delivered lot (500 devices) and the second one (5000), as shown in
figure 4.7. From device to device within each lot, the variations of ppixt, ppext and pap are
in the order of +£1%. The time constant 74p is similar for all devices whereas the variations
in Tjong and Trec are explained by the differences in the quench resistor value. The delayed
cross-talk mean lifetime 7pext has changed from approximately 18 ns to 9 ns (first and second
lot, respectively).

The difference between the two lots cannot be understood without knowing the details of
the changes implemented by the manufacturer. We have observed large AP probability in a
previous prototype version (H2015, see appendix B) which was not expected even from the
low quench resistor value. We suspect that, between the 2015 and 2017 versions, some effects
on the silicon purity, doping or manufacturing process were not well under control.

4.2.3 Correlated noise at —40°C

The correlated noise composition was measured at —40°C for an H2017 detector (first lot).
Figure 4.8 shows that only the AP probability changes substantially, with a reduction by a factor
of 2 at —40°C. The DiXT is unchanged whereas the DeXT is increased by approximately 14%
only at AV >4V, The time constants Tjong and Trec are increased by approximately 40 to 45% at
low temperature due to the quench resistor temperature dependence (see section 4.5.3). The
AP and DeXT mean lifetimes 7p and Tpext are also increased by 30 and 10%, respectively. The
changes in 7. and 7pp lead to a modification of the AP time distribution which affects the
computation of pap at the fixed detection threshold of 0.25 PE. Using the amplitude and time
distribution of APs (obtained from the fits illustrated in figures 4.5b and 4.6a), a numerical
integration can be performed to calculate the fraction of missed after-pulses and therefore the
total AP probability. We estimate a reduction of the total AP probability by a factor 2.3 between
room temperature and —40°C.
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Figure 4.7 — Correlated noise average (top) and distribution at AV = 3.5V (bottom) of H2017
detectors measured with QA samples from the first lot (left) and the second lot (right). The
after-pulse is measured with a threshold of 0.5 PE. The uncertainty band (top plots) correspond
to the RMS between all measured devices.

4.2.4 Direct cross-talk of irradiated detectors

The application of the waveform analysis to irradiated detectors yields valid results apart from
the measurement of delayed correlated noise which is dominated by the high DCR. Some
precautions must nevertheless be taken in the data acquisition and the interpretation of the
results. The high DCR produces a large baseline fluctuation from overlapping dark pulses
which alters the Vgp and DiXT measurements. This is mitigated by implementing a veto time
interval (400 ns) before the trigger in the oscilloscope data acquisition.

Non-irradiated detectors illuminated with continuous light (injected random pulse frequency
fiight) are used to verify that no systematic error is introduced by the analysis. The calculation
of the breakdown voltage using the pulse amplitude is found to be very robust. The obtained
value is almost independent of the noise level (maximum 50 mV deviation for fijght ~ 10 MHz
with respect to the reference without light).

The DiXT probability is measured in a very short time window (1 ns) from the trigger time.
In high DCR conditions, there is a significant probability that two random pulses occur very
close in time such that their overlap fulfils the DiXT detection condition. The occurrence of
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Figure 4.8 — Correlated noise at room temperature and at —40°C for an H2017 SiPM. The
uncertainty band corresponds to the min-max difference between the three tested channels.
The AP probability is measured with a threshold of 0.25 PE.

random dark pulses in a time interval At follows a Poisson process where the A parameter is
given by A = At fpcr. Therefore, after the primary pulse, the distribution of secondary pulse
arrival time is expected to be characterised by a e~//ock decay. Figure 4.9 shows an example of
such distribution. From an exponential fit, the expected number of dark pulses in the DiXT
time window can be computed and subtracted to the number of detected DiXT events. This
procedure was tested with non-irradiated H2017 and H2014 detectors over a wide range of
operation voltages and with random light illumination up to fiight = 15 MHz. The obtained
DiXT is compatible with the measurement without illumination within less than 10%. A 10%
relative uncertainty is therefore adopted for the DiXT measurement of irradiated detectors.

The results for irradiated H2017 SiPMs is displayed in figure 4.10. No trend in the dependence
of the DIiXT probability as a function of irradiation level can be extracted. The difference
between each curve is compatible with the 1%-variation expected from one device to another.

4.2.,5 Qualitative comparison with other works

In this section, we shortly describe and compare the other characterisation methods of refer-
ences [87, 88, 89] based on waveform analysis. In these works, the tested SiPMs feature high
DCR (0.1 -10 MHz) due to the large surface. To cope with the high frequency of random pulses,
different strategies providing robustness and precision are reported.

A fast acquisition system very similar to our setup is used in [87] where 1 ms-long waveforms
are recorded with a random trigger. The measurement of correlated noise is based on the
analysis of two distributions: pulse amplitude and time interval between consecutive pulses. A
special algorithm called differential leading edge discriminator (DLED) [90] is used to filter the
slow tail of pulses/. It enables to suppress overlap and assign correct amplitude to all pulses

f The DLED algorithm was originally developed and optimised for timing measurements with SiPMs coupled
to scintillators.
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even in the case of short time delays. From the amplitude distribution, the total DCR and
the DiXT probability are computed. On the other hand, the time interval distribution is fitted
using a Poissonian model to describe the random generation of DCR pulses. The deviations
from the model, visible at small time interval, can be counted and are attributed to DeXT and
AP, Pulse shape and gain are determined using the original waveform, before filtering.

In [88], the reduced bandwidth and low sampling rate of the setup (125 MHz, 250 MS/s) does
not allow to observe the fast pulse component. Waveforms of 4 us duration in response to a
fast, low intensity light pulse are recorded. The offline waveform processing is rather complex
and includes a moving average algorithm for smoothing. For pulse detection, a zero-pole
cancellation is implemented in order to retain only the fast rising edge. The DCR and DiXT
probability are obtained from the number of random pulses present before the light pulse
and their amplitude distribution. The AP probability is computed using pulses delayed in
time with respect to the light while DeXT is not considered. The complicated processing and
analysis are validated using a simulation.

Reference [89] focuses on the measurement of DiXT to test different generation models. Using
an analogous setup as ours, long waveforms in the dark (400 us) and short ones under low
light illumination (200 ns) are recorded. The analysis is optimised to measure accurately the
pulse height. The detection of peaks involves a zero-pole cancellation and only well resolved
peaks are considered (> 20 ns time separation). Cuts on amplitude allow in addition to reject
APs. The baseline before each pulse is fitted with an exponential function and the peak height
is computed using the extrapolation of the fit to the peak time. Large statistic is acquired in
order to reduce the uncertainty on the measurement of multiple simultaneous cross-talks.

Our setup and method have been developed and optimised to characterise SiPMs with pro-
nounced fast component and low DCR: acquisition system with high bandwidth and sampling
rate, minimisation of ringing, EMI shield. The discrimination between correlated noise types
only requires sets of thresholds and time windows. This allows to measure the occurrence
probabilities with very high precision also when the correlated noise is at the per cent level.
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The uncertainty only arises from the statistical error which is determined by the number of ac-
quired waveforms. Missed pulses due to the amplitude and time thresholds can be accounted
using the comprehensive analysis of time and amplitude distribution of noise.

The setup is equipped with a cooling system which allows to characterise large-surface SiPMs.
This is illustrated in appendix B where recent 1 x 1 and 3 x 3 mm? devices are tested and the
influence of DCR is kept below 4%. As discussed previously, our method is however limited
in the case of very high DCR such as in irradiated devices. For the measurement of delayed
correlated noise, we suggest to employ the method described in [87] using long waveforms
and the distribution of time interval between consecutive pulses. For detectors with very low
DeXT and AP probability, the uncertainty on the measurement will be dominated by the fit to
the Poissonian model.

4.3 Gain measurement

The gain is independent on the primary source of the avalanche (optically or thermally gener-
ated e-h pair) and can therefore be measured with either light or dark noise. It is proportional
to AV and can be expressed in units of elementary charge as G = AV - (Cq+ Cq) /e. In the
following we use G/AV which has the dimension V~! and only depends on the detector ca-
pacitance Cq + Cq. The latter is dominated by Cyq which is the pixel capacitance proportional
to the pixel active surface and inversely proportional to the avalanche region thickness. The
measurement of Cq allows to compare the avalanche region thickness of different devices and
technologies. Two independent methods to determine the gain are explained.

Voltage pulse time-integration The gain can be obtained from the charge delivered by single
photon pulses as G- e = [ Idt. With the waveform analysis presented in section 4.2, we can
evaluate this charge from a numerical integration of the voltage pulses [ Udr after selection
of single-pulse events. The gain is computed as G = [1/(R10ad *GAmp * e)] - [Udt, where Rjgaq
is the preamplifier input impedance and Ganmy is the gain of the acquisition chain. In order
to avoid any systematic error, Gamp must be calibrated. For the fast H2017 signals, it proved
difficult to calibrate Gamp to a good level of precision because the system’s input bandwidth is
non-linear with signal amplitude and speed. As a result, we use this method only for relative
gain measurement for example to compare the gain between devices having comparable pulse
shape.

Current and pulse-frequency measurement The most accurate gain measurement is based
on the dark current I and the pulse frequency f:

I=f-EQ), (4.3)

where E(Q) is the expectation value of the pulse charge. In the absence of DiXT and AP, it is
simply given by G - e. The probability of having n DiXTs is expected to follow the Borel distri-
bution from equation (2.6) with the parameter A being found from equation (4.1). Therefore,
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taking DiXT into account, the actual expectation value of the charge, is, in units of G- e:

E(Qpixr)/(G-e)
—— = Y (n+1)-Pgoret(n) = 1+ ), 1+ Ppore1(n) = 1+ Wpixr - PoixT (4.4)
G-e n=0 n=1

where E(Qpixr) is defined as the expectation value of the charge from DiXT events and wpixr
is a weight attributed to DiXT pulses such that E(Qpixt)/ (G- ) = wpixT * ppixt- At low DiXT
probability, it is a good approximation to use wpixr = 1. The error introduced by this simpli-
fication grows rapidly with ppixr. For ppixr = 10% and ppixt = 20% a calculation using the
Borel model shows that wpixt = 1.20 and 1.45 respectively.

The pulse frequency is measured with a statistical function on the digital oscilloscope. We
employ a statistical method counting peaks in a large interval of 100 pus with an adjusted
threshold. Note that, calculated in this way, fpcr contains all the delayed cross-talks but only
a small fraction of the after-pulses, since most of the APs are produced early and therefore
with small amplitude. A correction for the contribution of the small APs to the current can be
computed from the mean lifetime and recovery time.

Note that the assumption of a linear relationship I < G is only valid for a restricted operation
range. The so-called incomplete quenching effect, related to a too low R value or high AV
operation, leads to an additional current.

4.3.1 Results for an H2017 detector

The contribution of DiXT and after-pulse to E(Q) can be accurately determined from the
waveform analysis introduced in section 4.2. For the H2017 detector, some simplification
can be done due to the low pap and ppixt. The effect of AP is neglected and, given that
ppixt < 10% up to AV = 8V, we use the approximation wpixt = 1. The gain is found to be
perfectly linear up to AV = 8V. For the same device as the one presented in section 4.2.2, we
find G/AV = (1.02+0.01)-108 V-1 which is in perfect agreement with the value calculated from
the recovery time. We observe a small difference between devices of the first and second lot
produced by the manufacturer: G/AV = (1.09 +0.02) - 10% and (1.02+0.02) V1, respectively.

4.3.2 Relative gain of irradiated detectors

To measure the absolute value of the gain for irradiated devices, the current and pulse-
frequency method is not applicable. Counting the number of pulses on the oscilloscope
fails due to the overlap of random dark pulses. The relative gain measurement based on
numerical integration of the waveforms is however still valid. The difficulty with this method
at high DCR is that clean events with a single dark count are rare. By plotting the distribution
of charge, several peaks corresponding to the number of dark pulses present in the waveform
are observed. The charge of 1 PE-pulses (Q; pg) 8 is precisely determined from a fit of the first
peak in the distribution with a Gaussian function. Figure 4.11 shows the charge distribution as

& Note that, in the waveform analysis, Q pg from the numerical integration has unit [V-s]. The charge in [C]
can be obtained by Q; pg/Rjoad-
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Figure 4.11 — Pulse integral as a function of integration time 7, for an H2017 detector at
AV =3.5V without (left) and with (right) continuous light injection ( fhght ~ 13MHz). The 1 PE-
charge in red is calculated for each 7, from a fit of the first peak in the charge distribution.

a function of the integration time window 7i,;. The precision on the determination of Q; pg
can be improved using short Tiy.

The validation of this technique was performed with non-irradiated H2017 and H2014 de-
tectors operated between AV = 1.5 and 4.5V illuminated with random light with fjign; up to
15 MHz. The method does not introduce any systematic error due to the high DCR. The relative
uncertainty on the charge value is obtained to be 3%.

The results for irradiated H2017 devices are shown in figure 4.12 for two different 7j,. Using
Tint = 10 ns, the Q; pg can be determined up to the highest irradiation level tested. For longer
Tint, too many dark pulses are present in the time window at 12 - 101 1 MeV Neq/ cm? and Q; pg
cannot be computed. The slope of Q; pr as a function of AV, found from a fit with a linear
function, is proportional to G/AV. We observe a reduction of G/AV larger than 5% which
cannot be explained by the expected variations from one device to another (typically below
2%). A very small dependence on the irradiation level is seen (5, 6 and 7% reduction for
3,6and 12-10'' 1 MeVneq/cm?).

4.4 Photon detection efficiency

The measurement of the absolute PDE requires a precise determination of the gain and the
correction for correlated noise. In the following, two independent methods providing the
PDE as a function of wavelength and AV are described and the corrections discussed. The
first one uses the photodetector’s current under illumination and requires the determination
of the gain. The second method is based on counting the pulses in a similar way as for the
gain measurement method described in section 4.3. It is well suited for small-area devices
(low fpcr). The measurement method based on the current is preferred for high fpcr devices
because it is not affected by the overlap of random pulses.
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Figure 4.12 - Single-photon pulse integral as a function of AV for irradiated H2017 detectors at
—40°C measured with an integration time of 7, = 10 (left) and 180 ns (right), compared with
anon-irradiated detector operated in the same conditions. A fit is performed with a linear
function of the form Q; pg = @ - AV (dashed lines). The uncertainty band corresponds to the
min-max difference between three channels.
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Figure 4.13 — Sketch of the PDE measurement setup. Image from [91].

4.4.1 Measurement setup

A schematic view of the PDE measurement setup is displayed in figure 4.13. We use a continu-
ous light source composed of a Xe lamp and a monochromator controlled by a step motor. The
monochromator allows to select a narrow wavelength region (+1 nm) of the Xe lamp spectrum
(from 200 nm to 750 nm). The light is injected into an optical fibre (550 um diameter) using
a collimator. The light beam is made homogeneous using a light diffuser. The calibration of
the luminous power surface density Py, is made by a calibrated photodiode sensitive in the
range of 160 to 900 nm. Its current is measured by a picoampere-meter ”. The adjustment of
the light intensity is made such as to provide sufficient optical power to the photodiode for
the calibration and to avoid saturation of the SiPM.

The relationship between Py, and the rate of incident photons (R) is: Py, = (R/ A) - (hc/A),

h Keithley 6485
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where A is the sensitive area, & is the Planck constant, c the speed of light and A the wavelength.
The luminous power density can also be calculated from the measured photodiode’s current
using the relation I = S+ A- Py, where S is the radiant sensitivity, given by the photodiode
calibration. The radiant sensitivity is related to the quantum efficiency as QE=S- (hc)/(A-e).
In our setup with a distance of 200 mm and the surface of the photodiode A = 83.3 mm?,
the resulting P}y, is in the range of 1.2 to 5.0 pW/mm? depending on the wavelength. The
maximum variation in the uniformity of the light intensity at the SiPM was found to be 1%
over the active surface. The light beam can be displaced on a xy-positioning stage and the
position with maximal intensity is used as reference.

To test detectors with small pixels, the PDE measurement can be performed in an EMI-box
in order to reduce the noise. In this case, only a relative PDE measurement is done due to
space constraints. The light is transported with an optical fibre inside the box and motorised
linear stages allow for the alignment between the diffuser and the detector (adjustment of the
position to the peak luminous power).

4.4.2 Method based on the current

The measured current I, .., ! of an SiPM in a light beam is the sum of the photocurrent Il?ght
and the dark current, I3, . Both contributions can be corrected for any type of correlated
noise by a correction factor (1 — r¢yrr). DeXT contributes to the current with pulses of 1 PE
and AP with a fraction of 1 PE pulses. To correct for the variable amplitude of AP, we define
the weight wap such that wap - pap is equal to the total charge released from AP (wap and
pap depend on the detection threshold). DiXT contributes to the current with one or several
additional 1 PE-charges. As discussed in section 4.3, we can attribute a weight wpixr to ppixt

in order to account for multiple DiXTs.

The correction for the correlated noise is accurate for high AV where correlated noise proba-
bilities are above 10%, only if higher order correlated noise is taken into account (e.g. AP of
DiXT and AP of DeXT). In the waveform analysis the higher order corrections are calculated
for this purpose (see for example figure 4.3b). The average charge wy, o in such pulses and
the probability pp'." of their occurrence are made available. The relation between the current
measured on the SiPM and the different noise contributions are expressed by the following

equation:
I" =1-[1+(ppext) + (1 wpixr - ppixr) + (wap - pap) + (Who. - Pra’)] - (4.5)

Equation (4.5) is valid for a current produced either by light or by dark noise. By inverting this
relation, we find the current produced by light via the correction factor r¢y:

light = Il?ght (1= reurr) - (4.6)

The recorded current must still be corrected by the dark current. The final expression for the

I In the following, quantities that also contain a contribution from correlated noise are marked with an asterisk.
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photocurrent is:

Ilight = (Ir*ecorded - I:ikark) “(I=Treurr), (4.7)
where I, .. and I} , are measured respectively with injected light and in the dark. Finally,

using equation (4.7), the SiPM gain G and the ratio of the active surface of the calibrated
photodiode App to the one of the SiPM Agipy, the PDE can be computed as:

Light A
PDE = QEpp - — o - —2_ 4.8)
G-Ipp Asipm
The correction factor ry,r is obtained from the waveform analysis results as:
N, delayed pulses
0.6 0.6
Feurr = + (wap —1)- pap + WDIXT* PDIXT, 4.9)
Ney + N, delayed pulses

where Nelayed pulses 1s the number of delayed pulses exceeding the threshold, Ney is the total
number of waveforms recorded and the superscript 0.6 indicates that the threshold of AP
detection is set to 0.6 PE. The first term in equation (4.9) includes all delayed noise (DeXT, AP
and higher order DeXT and AP). The APs are counted as 1 PE pulses. With the second term, we
correct for the variable amplitude of APs and account for the ones which have not reached
the threshold. The weight wgf," must be calculated using 7. and 7pp. For the H2017 device
that was presented in section 4.2.2 (7ec = 84ns and 7pp = 22ns), we find wgff =7.2. Note that
higher order APs are not corrected for their small amplitude which leads to an overestimation
of reurr. This effect scales as (p33 + ppexr) - pap and is in general small because most of the
APs have amplitude smaller than 0.6 PE. The third term enables to account for DiXT and its
variable charge, as it was already discussed in section 4.3. In case of high DiXT probability, the
weight wpixT can be calculated to correct for the large charge of multiple DiXTs, assuming that
they follow the Borel distribution. For the H2017 detectors, the weight can be approximated
by 1 since DiXT has low probability. The expression for r.yr does however not account for
DiXT on delayed pulses. The expected error is of the order of 0.5% for a total correlated noise
probability of 10%.

4.4.3 Method based on the pulse frequency

The second method for PDE measurement uses a low pulse frequency injected from the light
source such that random overlap of pulses is rare and therefore cannot significantly affect the

precision on the frequency determination. We record the frequency of pulses f, ata

ecorded

threshold of 0.6 PE. It is the sum of the light induced pulses fii*ght and dark pulses f; , . These
quantities contain contributions from the correlated noise as:

[ =f'(1+PR§+PDeXT+Pg?), (4.10)

where f is the frequency of detected primary pulses (light induced or dark count) and pg? is

the probability for higher order delayed correlated noise to occur. The frequency of primary
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photons fiight is therefore computed as:

ﬁight = fii*ght ’ (1 - rfre(]) = (fchorded - f;ark) ’ (1 - rfreq) ) (4.11)

where the parameter rq is the fraction of pulses due to delayed correlated noise. The DiXT
pulses are only counted as one pulse and do not require any correction. Precise values for rgeq
are obtained from the waveform analysis. It is computed as:

Nyelayed pul
rfreq — elayed pulses ) (4'12)
Ney + N, delayed pulses
The PDE of the SiPM can be calculated as:
ligh A
PDE = QEpy- figh  Aep_ (4.13)

Ipp/e Asipm

4.4.4 Sources of systematic and statistical errors

In both the current and the frequency methods, a source of systematic uncertainty on the
PDE is the calibration of Py,,. The photodiode calibration has a 1% precision leading to a
1% uncertainty. In addition, the accuracy of the positioning of the photodiode and the SiPM
in the light beam introduces the second major uncertainty. Along the beam axis, assuming
d =200 +2mm, a 2% uncertainty is obtained. In the perpendicular plane, the beam non-
homogeneity yields a systematic error of 1% for a position accuracy of 0.5 mm.

The systematic uncertainty introduced by r¢yrr for the current-based PDE, as already discussed,
is dominated by DiXT-related higher order pulses which are neglected (multiple DiXTs, DiXT
on delayed pulses). It increases with ppixt and AV. At ppixt = 10%, the systematic uncertainty
is estimated to be 2%. In the frequency approach, rgeq is not affected by any systematic
error. Both reyyr and req have however an associated statistical uncertainty due to the limited
number of events taken for the waveform analysis. For N, = 5000 recorded, the uncertainty is
below 0.5%.

A relevant fraction of the error for the current-based PDE is introduced by the gain measure-
ment. With the method discussed previously, the gain is determined with an accuracy of 1%.
Furthermore, assuming that the temperature is stabilised to 0.5°C over the full measurement
period, the gain fluctuation results in an additional uncertainty of approximately 1%/

For the measurement points with low pulse frequency (low light intensity), an uncertainty
arises from the small SiPM current which is present for the gain and PDE measurements. In
total, the uncertainty is estimated to be ~ 6.0% for the current and ~ 3.5% for the frequency
approach.

J For H2017 detectors operated at AV = 3.5V, using K7 = 59mV/°C in equation (2.2), a change in temperature
of 0.5°C results in a relative gain change of 0.8%.
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Figure 4.14 - PDE as a function of wavelength (left) and AV (right) for an H2017 detector. The
results are obtained with the method based on current (top) and pulse frequency (bottom). The
curves from the current method are affected by fluctuations which are due the measurement of
the current. The smaller fluctuations visible for the frequency method confirm the reduction
of the overall uncertainty for this approach.

4.4.5 Results for an H2017 detector

The PDE as a function of wavelength and AV for an H2017 detector is shown in figure 4.14.
The two methods yield compatible results. The PDE reaches a plateau at high AV, as expected
from the saturation of the charge carrier ionisation rate at high electric field.

The AV-dependent PDE curves can be well described by exponential functions as [52]:
PDE(AV) = PDEpux (1-e74Y/9). (4.14)

In the PDE (see equation (2.4)), the only AV-dependent factor (for a fully depleted device) is
the avalanche triggering probability Py;. Therefore, the factors in the above fit function can be
interpreted as follows: PDE 4y is the product of the quantum efficiency and the geometrical fill
factor whereas the second term corresponds to Py;, assuming that it approaches 100% at high
AV. Many publications from SiPM manufacturers do not show a complete saturation in the
AV -dependent PDE which is due to an underestimation of the contribution from correlated
noise.
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Figure 4.15 — Results of the AV-dependent PDE fitted with an exponential function of the form
of equation (4.14).

The results of the fit are displayed in figure 4.15. The maximum value reached by PDEax
is approximately 50% which is lower than the 60% expected from the QE (= 80%) and the
fill factor (= 65%). Hence, the result infers some transmittance losses due to the epoxy layer
(reflections). The Py, factor is described by an exponential characterised by the parameter a.
As shown in figure 4.15b, a increases with the wavelength which indicates that the plateau
isreached at higher AV. This behaviour can be explained by the larger absorption length of
photons at longer wavelength. For a device with p-on-n structure, the holes are the dominant
source for the avalanche triggering for red light. The ionisation rate of holes reaches saturation
at higher electric field compared to electrons.

4.5 Current-voltage measurements

Current-voltage (IV) measurement is a very fast, simple and robust method for characterising
SiPMs. For devices with high fpcr (from irradiation or large active area) where a continuous
overlap of pulses is present, the pulse counting method fails while the IV measurement still
provides valid results. Measuring the IV curve gives access to Rg, Vap and fpcr(AV). This
method does not require any high bandwidth data acquisition system and can therefore be
implemented with standard test equipment. We use a source meter together with a multiplexer
system ¥ to automate the measurements for multichannel devices. To avoid self-heating during
the measurement, the voltage range needs to be limited.

4.5.1 Breakdown voltage

Reference [92] presents a method to determine Vap from IV measurements. It is based on the
assumption of a polynomial current increase starting at Vgp: I (Viias) = @ - (Vhias — VBp)© where
a and ¢ are constants that determine the shape of the IV curve. Under this assumption, the

k Keithley 2612B and Keithley 3706A-NFP
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Figure 4.16 — IV curve in reverse direction (left) and parameter of equation 4.15 computed
from the IV (right) for four H2017 detectors. The breakdown voltage obtained from this
measurement is indicated with the vertical dashed lines on the IV curve.

following quantity varies linearly with the over-voltage:

din([)
dVbias

-1 -1 I
dr Vbias — V;
_ ( ) _ M x AV, (4.15)
dVhias €

where VéD denotes the breakdown voltage value obtained with this method. This quantity
is fitted with a linear function with € and VéD left as free parameters. The fit is typically
performed in the range [0.5,1.5] V above Vgp where the linear assumption holds. Illustration
of this procedure is shown in figure 4.16. The low current in this AV-range allows to neglect
the effect of self-heating due to heat dissipation. We observe in addition a non-zero current
below Vp depending on dV/dt due to the charging of the detector capacitance (I = C-dV/d¥).
This limits how fast the IV scan can be performed. Continuous illumination of the detector
allows for faster and more precise measurements without affecting the value found for VéD.

This Vgp measurement method was applied to H2017 samples in the quality assurance pro-
cedure. Overall, the VéD of all measured channels is between 51.0 and 52.6 V with min-max

variation within a 128-channel array below 0.7 V. It is also seen that this method yields dif-
ferent results compared to the method based on the gain (from pulse amplitude Vé\f)n P

pulse charge Vé%t). We observe a 320 + 10 mV offset between VéD and Vé‘ll)t. In [93], similar

differences are reported and are attributed to a shift between the p-njunction turn-on and

or

turn-off voltage.

The setup is used to measure the temperature dependence of Vap (coefficient K1 of equa-
tion (2.1)). The Vpp determination from IV measurements is very robust, fast and fully auto-
mated. A large number of channels was measured with the automated testing system using the
multiplexer in order to obtain K. The Vgp is measured between —50°C and room temperature
and a linear fit of VéD as a function of temperature is performed. We obtain K7 =59 +2mV/K
for H2017 detectors.
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Figure 4.17 — DCR as a function of temperature for irradiated H2017 detectors at AV =3.5V.
The characteristic coefficient for DCR reduction (77/2) is measured from a fit with an exponen-
tial function in the range [—40, —10]°C.

4.5.2 Dark count rate

Using the gain obtained in section 4.3, fpcr can be computed with the relation I = fpcr- G- e-
(1 + ppixr). The fpcr found in this way is the total rate of pulses present in the dark (random
and correlated). We introduce a correction for DiXTs which do not generate additional pulses.
The IV measurement is best suited for the determination of 77/, since the IV scan is fast and
can be completely automated for multichannel devices. The DCR as a function of temperature
is shown in figure 4.17 for irradiated H2017 detectors. The coefficient Tlrj‘g is extracted from a
fit with an exponential function (see equation (2.3)) in the range [-40,—-10]°C. In the higher
temperature range, the DCR deviates from the exponential trend due to the recovery time of the
pixels. Tlr?g is found to be consistent for different AV and irradiation levels. During our R&D
to find the best suited SiPM technology for the SciFi tracker, we have selected technologies
with the lowest fpcr at —40°C. The prototypes from Hamamatsu have consistently yielded an
identical Tlr‘/‘g leading to an acceptable fpcr. For other manufacturers (e.g. KETEK), we have
observed that the deviation from the exponential trend holds down to —40°C which causes

too large fpcr.

4.5.3 Quench resistor

The IV curve in the forward direction [—1,0] V shows the typical shape of a forward biased
silicon p-n junction. For higher voltages the current is limited by Rq and shows an almost
linear characteristic. The IV curve is fitted with a linear function in the region [-3.5,—-1] V.
The slope dV'/dI is related to the quench resistor of each microcell as: Ry = Npixels - (dV/d1).
The result depends on the interval used for the fit because the p-njunction introduce a small
non-linearity. For the H2017 QA samples, the quench resistor is measured to be 510 + 50 kQ2.
The temperature dependence is found to be —3 + 1 kQ/°C which is significantly higher than
the expectation from reference [51] for Hamamatsu thin metal films and cannot be explained
without knowing the details of the implementation.
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For multichannel devices, IV scan is a convenient way to verify the connectivity of all channels.
For the LHCb SciFi tracker, our industrial subcontractors have performed an approximate Rq
measurement using a multiplexer after the last assembly steps to ensure that all channels are

connected.
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SiPM multichannel array
characterisation

In this chapter, we introduce precision measurement techniques for the characterisation of
SiPM multichannel arrays and discuss in details the read-out electronics. A measurement
setup based on a short fibre module was developed and enables the determination of the gain,
breakdown voltage, PDE and noise cluster rate of irradiated SiPMs.

5.1 Lightyield measurement setup

The setup, shown in figure 5.1, consists of a fibre module prototype from the BGV detector. It
is 34 cm long and comprises five layers of fibres with a mirror. The module includes a cooling
system where the SiPMs are operated at —40°C. An electron-gun [94] is used to produce signal
in the fibres. It is a small S-spectrometer with a S-emitting %°Sr source and a solenoid coil for
energy selection. In addition, it is equipped with a trigger system which is composed of three
1 mm square plastic fibres coupled to two single-channel SiPMs. By measuring the energy
spectrum at the output, the energy loss of the electrons in the trigger fibres was estimated to be
200 keV. Electrons with kinetic energy Eyi, = 1 MeV are selected for the measurements leading
to a trigger rate of 300 Hz. The electron-gun is mounted on an xy-moving table which allows
to inject signal uniformly over all SiPM channels. The data taking consists in a scan across all
read-out channels. During this procedure, the electrons may escape the acceptance of the
system resulting in an inefficiency which is expected to show a contribution of zero-signal
detection.

5.2 Read-out of multichannel arrays

For the read-out of the SiPM arrays, we employ multichannel integrated front-end ASICs
designed for SiPMs. These chips provide charge preamplification, pulse shaping and in certain
cases also trigger functionality. Their most important characteristics are the amplifier noise
compared to 1 PE, the dynamic range and its linearity, the integration and shaping times 7y
and Tshaping-

We have used the following chips: VATA64 [95], SPIROC [96], Beetle [97] and PACIFIC [79].
VATA64 and SPIROC are designed for the read-out of SiPMs; they have a linear response with
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Figure 5.1 — Schemes and picture of the light yield measurement setup and the electron-gun.
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Figure 5.2 — Pulse shaping of different ASICs measured at the analogue output. The measure-
ments were performed with injection of SiPM pulses (VATA64, Beetle and SPIROC) or obtained
from a simulation (PACIFIC).

input signal charge and a shaping time of Tshaping > 100 ns (tunable) and Tghaping = 7018,
respectively. The Beetle chip is used for the read-out of silicon strip detectors in LHCb. It is
used for the first time for SiPM read-out in the BGV detector. The front-end electronics includes
a passive attenuator circuit based on an RC-filter to adapt the SiPM output signal to the Beetle
preamplifier dynamic range. The chip has a shaping time of 7spaping ~ 25 ns. We observe a non-
linear response with respect to the input signal. The PACIFIC is an ASIC specifically developed
for the LHCD SciFi tracker. The amplitude is encoded in a 2-bit information corresponding
to three thresholds. It is the input to the clustering algorithm described in section 3.1.2. The
integration time is Tin = 25ns and the shaping time is Tshaping ~ 10 ns. The pulse shaping for
each chip is shown in figure 5.2.

With the VATA64, SPIROC and PACIFIC, the SiPM bias voltage can be adjusted individually for
each channel. It is controlled by a digital-to-analogue converter (DAC) and provides an offset
voltage at the preamplifier input of each channel. For precision measurements, VATA64 and
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SPIROC are the preferred implementations because of their large dynamic range and linear
response.

The data from the front-end electronics is acquired in different modes: we measure subse-
quently the electronic noise, the SiPM noise, the SiPM response to light and finally the signal
from charged particles crossing the fibre module. To measure the noise, a random trigger is
used and the SiPM is non-biased or biased. For signal measurement, light pulses from an LED
or a laser are injected into the SiPM and a synchronous trigger is provided to the read-out. The
response of SciFi modules to particles is measured with the electron-gun. The analogue signal
from the front-end is transmitted to the data acquisition electronics where it is digitised using
an analogue-to-digital converter (ADC). The acquisition modes are discussed in the following.

Pedestal The signal of a non-biased SiPM (or biased at Vyi,5 < Vpp) is an important informa-
tion about the electronic noise present in the system. The signal is typically larger than zero
and follows a distribution where the width corresponds to the noise. The mean value is called
the pedestal. In the other acquisition modes, the pedestal is used to define the zero amplitude
and is subtracted from the measured signals.

Dark With the SiPM biased and a random trigger, the dark noise spectrum of the SiPM is
measured. If the mean time between dark pulses is much longer than the shaping time, the
dark spectrum is almost identical to the pedestal spectrum, as shown in blue in figure 5.3a.
At events with a dark count integrated, the amplitude can be positive or negative depending
on the sampling time. With large differences in integration time for the front-end ASICs, the
dark spectrum does not only depend on the DCR but also on the shaping. A step structure
can be observed due to multiple dark pulses in the integration interval. Figure 5.3a shows the
measurements performed with the same SiPM but different levels random noise introduced
by a continuous light source.

Low light injection Recording the amplitude spectrum of low intensity light pulses reveals
the quantified character of the photons. As shown in figure 5.4, the spectrum exhibits peaks
(called photoelectron peaks) which correspond to 0, 1, 2,... photons detected. To obtain good
peak separation, low electronic noise is necessary. The increase in width for every subsequent
peak is due to the non-uniformity in gain between pixels. The distribution of the number
of detected photons is approximately Poissonian. The correlated noise (in particular direct
cross-talk) introduces deviations from the Poissonian expectation. After-pulse and delayed
cross-talk contribute with amplitudes smaller than 1 PE because of their time delay. In the
example of figure 5.4 using VATA64,Tshaping is sufficiently long to integrate all APs and DeXTs
and the time delay does not play an important role. The events with amplitude falling between
the PE peaks are caused by APs with amplitude below 1 PE. With VATA64 and SPIROC, a good
linearity of the PE peak position is observed. The ADC gain (Gapc) is measured as the mean
value of the peak separation and is expressed in the unit of ADC/PE.

Particle injection A typical amplitude spectrum obtained with particle injection into a fibre
module is shown in figure 5.3b. At a triggered event, the electronics reads out all SiPM channels.
Since the particle creates scintillation light in a small region (cluster), only a few channels
receive a significant signal. This explains the large number of zero signal in the spectrum. The

67



Chapter 5. SiPM multichannel array characterisation

%10_1 L EL L 810_1 L A S S|
§= £ [MHZ] = fig [MHZ]
5102 —0.01 —2.91 S107 —0.01 —2.91
- —6.13 —10.85 = . —6.13 —10.85
% 1073 % 10
Tﬁ '_&‘ 1074
g 10—4 E
S 2107
4 Z

107 1076

10°° 1077 . .

-200 0 200 400 600 0 1000 2000
Amplitude [ADC] Amplitude [ADC]
(a) (b)

Figure 5.3 — Typical amplitude spectrum of a short fibre module obtained in the dark (left)
and with electrons (right) using an H2017 detector and SPIROC electronics. The injection of
random light using a continuous light source illustrates the effect of noise.
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Figure 5.4 — Example of photoelectron spectrum taken with an H2017 detector read out by
VATA64. The peaks can be fitted with a Gaussian function in order to find the ADC gain.

small amplitudes are also very frequent because the channels have higher probability to be at
the edge of a cluster than in the centre. The PE peaks are visible and can be used to measure
the ADC gain. If the DCR is high, the spectrum is dominated by the random noise and the PE

peaks are suppressed.

5.3 Breakdown voltage and ADC gain

An alternative technique to the methods described in chapter 4 for the measurement of Vgp is
based on the low light spectrum recorded with VATA64 or SPIROC. The ADC gain is measured
as the mean peak separation in the PE spectrum as shown in figure 5.4. This procedure can
be repeated at different V55 points to determine the breakdown voltage. The value obtained
with this method is called VlfD. Using VATA64 and SPIROC electronics, the obtained VBGD for
H2017 detectors is in good agreement with Vé%t found from the SiPM pulse charge.

For systems with integration time Tin¢ < Tjong, the ADC gain depends on the pulse shape due to
a missing fraction of the slow pulse component. Thus, detectors with the same intrinsic gain

68



5.3. Breakdown voltage and ADC gain

90
80
70
60
50
40
30
20—

ADC gain [ADC/PE]

L L L | L L L | L L L |
—40 -20 0 20
Temperature [°C]

Figure 5.5 - ADC gain as a function of SiPM temperature and AV read out by SPIROC.

but different pulse shape can have a different ADC gain. Since Rq is temperature-dependent
and Tjong depends on R, the ADC gain of a given device at constant AV changes with tem-
perature. We observe an increase with temperature because the pulse shape becomes faster
(T1ong decreases with temperature). For the H2017 detector with SPIROC electronics, a signif-
icant change of the ADC gain with temperature is seen (~ 0.3ADC/PE/°C at AV =3.5V), as
presented in figure 5.5.

5.3.1 Results for irradiated H2017 detectors

Using the short fibre module introduced in section 5.1, the ADC gain and the V$, can be

BD
measured for irradiated SiPMs operated at —40°C. The light pulses are injected through the
mirror into the fibre module. The SPIROC is used for the read-out because of its short shaping

time preventing random overlap of dark pulses.

Effect of high DCR on amplitude spectrum Figure 5.6a displays the low light amplitude
spectrum recorded by a non-irradiated detector with continuous light illumination. The
increased tail on the left side of each PE peak can be explained by the partial recovery of the
pixels due to a relatively long LED pulse (10-15ns). This effect is enhanced at high DCR. We
observe in addition a decrease of the ADC gain with increasing noise level with a linear relative
change as a function of fjight up to fiight = 3 MHz (6 Gapc/ Gapc < 3%). The cause is a change of
Vbias due to a limitation of the read-out electronics “. For higher fjigh, the peaks are smeared
out by the left tail of the peaks and the relative change in ADC gain increases non-linearly. In
the linear regime up to fjight =3 MHz, we can compute a correction coefficient for Vyi,s as a
function of flight.

ADC gain and VBGD measurement The PE spectrum for irradiated SiPMs read out by SPIROC
is show in figure 5.6b. Single photon detection is possible up to the highest irradiation level

% We observe an increase of the DAC voltage offset due to the large bias current (fpcr = 3 MHz is approximately
equivalent to 250 pA for an 128-channel array H2017).
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Figure 5.6 — Influence of the random noise on an amplitude spectrum measured with SPIROC.
The tested SiPMs are non-irradiated (left) and irradiated (right) H2017 detectors. Random
noise is introduced on the non-irradiated SiPM using a continuous light source. Irradiated
SiPMs are operated at —40°C and AV =2.0V.

tested. This enables the measurement of the ADC gain and the breakdown voltage for each
individual channel. Considering the effect induced by the high DCR on V55, the measurement
was performed at low AV in order to limit the bias current. VBGD is computed by a fit of the
ADC gain as a function of V4,5, where the correction for V},s is applied. The obtained
average VBGD is compared with the measurements performed before irradiation. We observe
differences below +200 mV and conclude therefore that no significant change in Vgp is induced
by irradiation. [98]

The ADC gain of irradiated detectors is displayed in figure 5.7 and shows results compatible
with a reduction in the SiPM gain after irradiation. By comparing with the non-irradiated
detector, we estimate a decrease in G/AV of 4, 7 and 11% for the irradiation levels 3, 6 and 12 -
10 1 MeV Neq/ cm?, respectively. A reduction between 5 and 7% was already measured with
the pulse integral method discussed in section 4.3.2. The disagreement between the reduction
factors from the two methods does not allow us to conclude on specific values for the depen-
dence of the gain on the irradiation level. It is nevertheless reasonable to assume that the gain
changes by less than 10% after irradiation to 6-10'! 1MeV neq/cm?.

5.4 Lightyield of a short fibre module

The light yield of the short fibre module was measured with different versions of SiPM. The
measured values are corrected for correlated noise, varying between devices and operation
conditions (AV). After correction, the light yield can be used to compare the PDE of the tested
SiPMs. At high DCR, the probability that noise pulses occur within the electronics shaping
time is significant and therefore the contribution of DCR must be taken into account. We have
used this method to determine the PDE in cases where the method of section 4.4 fails. This
comprises PDE at low temperature and PDE of irradiated SiPMs.

An accurate determination of the pedestal and the ADC gain is required for the application of

70



5.4. Lightyield of a short fibre module

T T P R
ol C Irrad. level [10" neq/cmz] <L
D 60F 0 o3 3
Q » 6 o 12 .
< s0f e
g - .
S 0F E
= 30F E
< 5
20 - E

10 kst O S

3 4

AV [V]

Figure 5.7 — ADC gain as a function of AV for irradiated SiPMs operated at —45°C and read out
by SPIROC.

the clustering. The pedestal is determined from a dedicated measurement whereas the ADC
gain can be computed from the data acquired with electrons using the visible PE peaks in the
amplitude spectrum. To reduce statistical uncertainties, the data from the 128 channels of the
tested SiPM are combined to measure the ADC gain. Similarly, the light yield is obtained from
cluster sum distribution superimposed for all channels.

5.4.1 Correction for the DCR contribution

The average contribution of DCR to the light yield is factorised in three terms:
Npcr = - Prree - 1. (5.1)

The factor p is the average number of PEs due to noise in the shaping time interval. In a simple
Poisson model considering the electronics shaping as a square function with width 7gpaping, it
is given by U = Tshaping/ TDCR = Tshaping * f/DCR- To account for the actual pulse shaping, we use
a dark spectrum measurement where the mean value is used for the factor u. In a light yield
measurement, the signal is the sum of the detected photons and the noise. Pixels fired by light
reduce the noise contribution by a factor P, with respect to the measurement taken in the
dark. Since the signal cluster is several channels wide, the contribution of DCR is increased by
the average size of clusters /.

5.4.2 Lightyield at —40°C

The light yield was measured with an H2017 detector operated over a wide AV -range at
room temperature and at —40°C. The read-out is performed with VATA64 configured with a
long shaping time Tghaping ~ 300 ns. To correct the light yield values for the contribution of
correlated noise, we compute the mean additional charge in the same way as the factor r¢y; in
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Figure 5.8 — Light yield of the short fibre module as a function of AV measured with an H2017
detector and VATA64 electronics at room temperature and at —40°C. The two sets of curves
represent the light yield before (circles) and after (squares) correction for the correlated noise.

the PDE measurement described in section 4.4.2. Using the results obtained in section 4.2.3,
we compute ¢,y and apply the correction on the light yield. Note that the contribution from
DCR is negligible due to the low fpcr. The light yield, before and after the correction, is shown
in figure 5.8. The two curves after correction are compatible within +2% and, therefore, we
conclude that the PDE, integrated over the emission spectrum of the fibres, does not change
substantially over the measured temperature range.

5.4.3 Lightyield with irradiated H2017 detectors

To measure the PDE of irradiated detectors, we compare the light yield of non-irradiated and
irradiated SiPMs operated simultaneously in identical conditions. The error on the light yield
(combining the data of 128 channels) introduced by non-uniformities in the fibre mat was
measured to be 3% using a reference SiPM array placed at all test positions. To validate the
procedure for irradiated detectors, the test is performed using the non-irradiated SiPM and
random pulses produced by a continuous light source. The light yield measurement comprises
two steps: the scan with the electron-gun and a measurement in the dark to calculate the
corrections.

Signal conversion to PE We have observed a shift of the pedestal at large bias current
which is explained by a change in the DC level at the SpirOC input. This effect can be sup-
pressed up to a bias current of 10 pA per channel by a recalibration during the measurement
with electrons. For larger currents, the error remains below 1 PE. The ADC gain measure-
ment from the PE peaks in the electron spectrum is possible for the detectors irradiated at
3and 6-10' 1 MeV Neq/ cm?. We observe a reduction of the ADC gain with respect to the
non-irradiated detector of approximately 5%, compatible with the measurement from low
light injection. For the detector irradiated to 12- 10! 1 MeV Neq/ cm?, the gain values from the

72



5.4. Lightyield of a short fibre module

4 o '|"'|'f'['|]"'|"': $4000 E —T T T T T T
e = o [MHZ = = E ] " fom?
*53500 F —001 —291 —6.13 E ‘53500 E Inaz fevel [10 3n /om’]
3000 —10.85 —1593 —20.72 m E - —
E —25.75 ] 3000 — 2
2500 £ E 2500 F
1500 & E 1500
1000 ; 1000
500 F- 3 500 F-
0 E R P T —r 0 EL . o s
0 20 40 60 80 100 0 20 40 60 80 100
Cluster sum [PE] Cluster sum [PE]
(a) (b)

Figure 5.9 — Cluster sum distribution for electrons injected in the fibre module measured
with a non-irradiated (left) and irradiated (right) H2017 detectors at AV = 3.5V and SPIROC
read-out. The large number of clusters with small sum is due to noise and is enhanced by the
scanning procedure.

6-10' 1 MeV Neq/ cm? device are used for the clustering algorithm.

Validation of the method The cluster sum distribution measured for a non-irradiated detec-
tor illuminated with continuous light is shown in figure 5.9a. We find a light yield of 29.6 PE
with no significant changes at the different noise levels.

The clusters situated close to the MPV of the distribution (sum of 30+ 1 PE) have an average size
of [ = 3 channels. In a first approximation, the number of photons per channel is Npg/ch, = 10.
The fraction of available pixels is approximately given by Pgee = (Npixels — INPE/ch.) / Npixels =
90.5%. Using a dark spectrum taken at each noise level, we can evaluate p and obtain the
average contribution from the DCR using equation 5.1. The light yield values from figure 5.9a,
corrected for DCR, are all within +3% of the value measured without additional noise. The
interpretation is that the large increase in DCR does not bias the results and the method can
be applied up to fpcr = 25 MHz (70 MHz/mm?). The uncertainty on the measurement is +3%.

Irradiated SiPMs The light yield with irradiated H2017 SiPMs was measured between AV =
2.0and 4.5V and at —40°C. The cluster sum distribution at AV = 3.5V is displayed in fig-
ure 5.9b. Up to the highest neutron fluence, the distribution shows a clear MPV peak well sep-
arated from the noise at low values. For the devices irradiated to 3 and 6- 10'! 1 MeV neq/cm?,
the light yield corrected for the DCR contribution is compatible with the non-irradiated de-
tector within +4% which is within the expected uncertainties (mat non-uniformity, DCR
correction). For the devices irradiated to 12-10'! 1 MeVneq/cm?, a 3% difference in light yield
is observed at AV =2V which is compatible with an unchanged PDE. At higher AV, a large
difference is seen (up to 20% reduction at AV = 4V) which can be explained by the limitations
introduced by the front-end electronics (Vjj,s shift, pedestal shift, DCR correction).
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Figure 5.10 — Noise cluster rate of H2017 detectors, recorded with SPIROC, plotted as a function
of seed threshold. Results for the devices irradiated to 6-10'11 MeV neq/ cm? (left) and for
three different irradiation levels at fixed AV = 3.5V (right). The error bands correspond to
the min-max difference between all tested devices. The neighbour (sum) threshold is set to
seed — 1 PE (seed + 2 PE).

5.5 Noise cluster rate

Using the fibre module setup, irradiated H2017 detectors are tested in the dark at —40°C for
the measurement of the noise cluster rate (NCR). For a 128-channel SiPM array read out at
40 MHz (LHC bunch crossing frequency), it is given by:

Nnc

fncr = -40MHz (5.2)

ev

where Nnc is the number of noise clusters and N,y is the number of events. The NCR strongly
depends on the clustering thresholds, the DCR, the correlated noise and the electronics
shaping time.

5.5.1 Measurements with SPIROC

The NCR decreases exponentially with the clustering thresholds as shown in figure 5.10. At
the low thresholds and high irradiation level, we observe a saturation of the rate due to the
merging of noise clusters.

In figure 5.11, the NCR of different irradiated SiPMs is plotted as a function of the DCR.
To separate the influence of DCR and correlated noise on the NCR, we draw the lines of
constant AV which is equivalent to constant correlated noise. For DCR above 10 MHz, the
separation between the lines is small which indicates that, for the generation of clusters,
the random overlap of dark pulses in the shaping time dominates over correlated noise.
Decreasing the DCR, the separation increases which shows that the influence of correlated
noise becomes more important. The NCR expected in the absence of correlated noise is
estimated from a simulation. Assuming a square integration window of 7j,¢ = 40ns and a
Poisson distributed number of dark pulses in 128 channels, we simulate noise clusters and
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Figure 5.11 — Noise cluster rate as a function of DCR at different AV for irradiated H2017 SiPMs.
At each AV, a fit with a function of type fxcr = @ - ( fDCR)ﬁ is performed.

compute their probability. As shown in the figure, the reduction in NCR at low DCR is much
steeper than in the presence of correlated noise. These results demonstrate that the correlated
noise, even at occurrence probability below 10%, is a non-negligible source of noise clusters.
With shorter integration time as in the PACIFIC, we expect the correlated noise to be the
dominant source.

5.5.2 Simulation based on SPIROC measurements

Using the dark measurements taken with SPIROC, we have performed a noise cluster sim-
ulation. It is based on the generation of an array of 128 signals from the dark spectrum. A
cross-talk between neighbouring channels is also simulated. For each PE generated in one
channel, we give a probability pch xT that it creates another PE in the left and right channels.
Performing this simulation for detectors irradiated at 3, 6 and 12-10'! 1 MeV neq/cm?, we find
that a cross-talk in the order of 2% is necessary to reproduce the rate and size of noise clusters.
The cross-talk increases with AV; we observe pch. xr =1—-2% at AV =2.5V, pch.xt = 2% at
AV =3.5Vand pcp.xT =3% at AV =4.5V. It does however not depend on the irradiation level.

5.5.3 Simulation based on waveform measurements

We developed a simulation for the estimation of the noise cluster rate at different integration
time lengths. It is based on waveforms from irradiated detectors operated at —40°C recorded
over 50 ps (100 ps resolution) using the setup introduced in section 4.2.1. The dark spectrum
for different 7i,; can be extracted from the numerical integration of short segments of the
waveform with duration 7. The integral values are scaled with respect to the 1 PE-charge
measured in the pulse shape analysis. To form noise clusters, the dark spectrum is used to gen-
erate an array of 128 random signals and the clustering algorithm is applied. In this procedure,

75



Chapter 5. SiPM multichannel array characterisation

17} L B L AL | 17} T — T T T 1
BT N s 3 Lk Irrad. level [10'" ng/em?]
g £ Irrad. level [10" ngg/cm?] 3 }él 3 -3 -6 -12
° L -3 =6 ~12 ] o u ]
S0k 4 E ]
E E 2L 4
e ] E10
2107 3 2 ]
3 ] 10° F 3
107 3 g 3
o 5 10 o s 10
Amplitude [PE] Amplitude [PE]
(@ (b)

Figure 5.12 — Dark spectrum for irradiated detectors operated at AV = 2.5V and —40°C ob-
tained from a numerical integration of long waveforms with i, = 20ns (left) and 7y, = 100ns
(right).

cross-talk between channels is added to the random signals, as discussed previously.

The setup allows to bias either a single channel or all channels of the SiPM array. We notice
a significant increase in DCR (30% at AV =5.0V) when all channels are biased. This can be
explained by the generation of photons in the avalanches and their reflection at the optical
surface. No change in DCR is however seen with a black absorber placed on the SiPM entrance
window. In the measurements acquired with the SPIROC and the fibre module where the SiPM
entrance window is in contact with the fibres (similar refractive indexes), reflections can be
neglected. To compare the results, we use the data with a single channel biased.

The dark spectrum obtained for irradiated detectors and two different integration time lengths
is shown in figure 5.12. At an irradiation level of 6 and 12 1011 MeV Neq/ cm?, the random
overlap of the slow pulse component leads to a significant baseline fluctuation. The resulting
shift in the pulse integral spectrum can be typically in the order of a few PEs. In contrast,
the measurements with SPIROC show a small shift (below 1 PE) of the baseline (pedestal)
to the negative region (see section 5.4.3). Hence, the negative part of the SPIROC shaping
(see figure 5.2) enables to suppress the slow SiPM pulse component and to avoid significant
baseline shifts. In the following, we restrict our discussion to the lowest irradiation level where
the absence of baseline shift enables the comparison with the SPIRoc?. Note that in the
PAcCIFIC read-out, the pole-zero cancellation is adjusted to filter the slow pulse component
preventing this random overlap. On the contrary, with the VATA64 chip, the long shaping time
and the absence of negative part in the shaping result in very large baseline shift.

The comparison of the dark spectrum at 3-10'! 1 MeV neq/cm? from the waveform integration
and the SPIROC measurement, displayed in figure 5.13, shows a satisfactory agreement with an
integration time between 7, = 40 and 100ns. The matching fails however at high amplitude
which can be explained by the contribution of the shaping time in the SPIROC measurement.

b To extend this method to the higher irradiation levels, we suggest to use a filtering method such as the one
described in [87] or in [88, 89] (see discussion in section 4.2.5). Filtering can be either implemented in hardware or
in the offline processing.
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Figure 5.13 — Comparison between the dark spectrum of a detector irradiated to 3 -

1011 MeV neq/ cm? at AV = 2.5V (left) and AV = 3.5V (right) obtained from numerical in-
tegration of waveforms and from measurements with SPIROC (shown in black).
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Figure 5.14 — Noise cluster rate as a function of seed threshold for a detector irradiated to
3-10M 1 MeVneq/cm? operated at AV = 2.5V (left) and AV = 3.5V (right) obtained from the
simulation and compared to the SPIROC measurement (in black). In the simulation, a cross-
talk between channels of 1% (2.5V) and 2% (3.5V) is added.

We simulated noise clusters for different integration time lengths and different clustering
thresholds. As shown in figure 5.14, we observe a good agreement with the SPIROC at AV =
2.5V for an integration time of 60 to 70ns. At AV = 3.5V, the exponential decrease is more
pronounced in the simulation than in the measurement as expected from the mismatch
between the dark spectra at high amplitudes. Figure 5.15 shows that the NCR has a strong
dependence on the integration time. In the region from 7, = 50 to 10ns, the NCR drops by
several orders of magnitude. This emphasizes the importance of the integration time length
for the operation of irradiated detectors. At AV = 3.5V, the estimated NCR is below 1 MHz for
Tint < 40 ns for a seed threshold of 2.5 PE.
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Figure 5.15 — Noise cluster rate as a function of integration time for a detector irradiated
to 3-10'' 1MeVneq/cm? operated at AV = 2.5V (left) and AV = 3.5V (right) obtained from
the simulation with a cross-talk between channels of 1% and 2%, respectively. The NCR is
calculated for different clustering thresholds (seed threshold indicated on the figure).
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Scintillating fibre tracker for
LHC beam monitoring

The beam gas vertex (BGV) detector is a beam monitor under development for the high-
luminosity LHC [99]. It aims at providing non-disruptive beam profile measurements with 5%
resolution within 1 minute to allow monitoring the beam during the accelerator energy ramp
and life cycle. It is based on the measurement of the tracks originating from inelastic beam-gas
interactions and the reconstruction of the vertices. During the early R&D period of the LHCb
SciFi tracker, a demonstrator based on the SciFi technology was developed and installed at the
LHC. It instruments only one of the proton beams and comprises eight SciFi tracker modules
which have been developed and constructed by EPFL and RWTH Aachen. [100, 101, 102]

In this chapter, we give an overview of the detector principle and design. The optimisation of
the read-out electronics is presented in detail. The results of the characterisation of a fibre
module at a test beam are summarised. Recent developments on the data analysis for the
measurement of the beam size have led to promising results. A summary of the measurement
techniques used in the current detector is given in appendix C.

6.1 The beam-gas vertex demonstrator

The reconstruction of beam-gas vertices for the measurement of beam characteristics and
the calibration of luminosity was first performed at LHCb using residual or injected gas in
the VELO detector [103, 104, 105]. In the light of the results, it was decided to develop a
dedicated instrument for the accelerator providing real-time beam profile measurements with
single-bunch resolution. The beam size results from the emittance, which is a property of the
beam, as well as the §-function and the dispersion from the magnets, which strongly depend
on the position in the accelerator. With the knowledge of the §-function and the dispersion,
the beam size measurement allows to calculate the emittance, an important performance
parameter of the LHC.

As shown in figure 6.1 and 6.2, the BGV demonstrator, installed in November 2015 at point 4,
comprises a gas tank placed in the beam trajectory and two tracking stations. The tank is filled
with neon which provides an interaction rate of approximately 100 Hz per bunch in nominal
conditions. The gas pressure can be tuned to accommodate the luminosity and the beam
energy. One transversal wall of the tank serves as exit window for the particles produced by the
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Figure 6.2 — Pictures of the BGV detector after installation in November 2015. Side view
including the gas tank (left) and front view of the far station (right).

interactions. Its material and design are optimised in order to minimise the effect of multiple
scattering. The tracks are measured by two stations separated by 1 m and comprising two
pairs of SciFi modules placed above and below the beam pipe. Within a pair, the modules’
fibres are oriented perpendicularly in order to obtain the two-dimensional track coordinate.
The modules themselves consist of two detection planes with a stereo angle of 2° which allows
for ghost hit rejection. The active area is 260 x 340 mm? per plane with a 97 x 97 mm? cut-out
at one of the corner. The cut-out enables to enhance the coverage for tracks close to the beam
pipe. The fibre mats are made with 4 or 5 layers and are equipped with a mirror. The material
budget of a module (two detection planes) is X/ Xy = 0.94 and 1.05% for 4- and 5-layer mats,
respectively, where the active material (fibres) represent X/ X,y = 0.56 and 0.67%. [100, 101]

The trigger is provided by the coincidence of two scintillator stations located just after the
second tracking station and 3 m downstream. To ensure that the triggered particles originate
from the gas target, a veto station is implemented upstream of the tank. The trigger subsystem
allows to evaluate the relative bunch intensity and the ghost charge fraction (i.e. the charge at
nominally empty bunches) with systematic errors in the order of 0.3%o. [101]

The fibre modules are made of the Kuraray SCSF-78M] fibres, identical to the LHCb SciFi, and
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are read out by 128-channel SiPM arrays of type H2014 [106] with a total of 16k channels. The
simulation of the expected radiation environment predicts an ionising dose of 16 Gy/year at
the photodetectors location [107]. The cumulated dose is monitored using PIN diodes [82] that
are placed close to the SiPMs on the modules and is measured to be 75 Gy in June 2018 [108].
In order to reduce the DCR, the SiPMs can be operated cold (down to —40°C) using a cooling
system based on a liquid circulating chiller [109, 110]. To achieve homogeneous response
among all SiPMs, a selection based on the breakdown voltage was made and groups of four
devices were attached to the same bias voltage. For the Vpp determination, we used the
method described in section 5.3 with VATA64 electronics. The average spread of the mean-Vgp
among groups of four SiPMs is generally below 0.1V (6G/G < 3% at AV =3.5V) 4.

The conceptual design of the modules concerning fibre planes, dimensions, mechanical sup-
port and cooling was developed at EPFL in view of the LHCb SciFi project. The manufacturing
was split between RWTH Aachen and EPFL. The front-end read-out electronics was developed
at EPFL. The assembly of the module components including mirror gluing, SiPM alignment,
light shielding and front-end electronics mounting was performed at EPFL. A scan of the light
yield was carried out for all modules using the electron-gun setup introduced in section 5.1.
Forty-three broken channels due to disconnected or shorted channels on the front-end board
or on the SiPM flex cable assembly were detected which corresponds to less than 0.3% of all
read-out channels.

6.2 Fibre module read-out

The electronic read-out of the BGV SciFi modules is based on the Beetle ASIC developed for
the silicon strip detectors of LHCb. This chip allows for a 40 MHz read-out synchronous to the
LHC bunch structure. The output of the chip is implemented as four analogue links (A-links)
with analogue amplitude encoding of the data and pseudo-digital encoding of the header
information (4 headers and 32 channel samples). The A-link data is transmitted to a repeater
board placed close to the detector before transmission over 60 m cables. The data is sent to the
TELL1 acquisition board [111] where it is digitised with a 10 bit ADC. One BGV fibre module
(2048 channels) is read out by 16 SiPMs, 16 Beetle chips, one repeater board and one TELLI.

The Beetle chip was designed to receive small signals (22-10° electrons/MIP) from silicon strip
detectors. A new front-end board was designed to adapt the larger SiPM signals (in the range
of 107 electrons/MIP) to the Beetle dynamic range. For each channel, the board contains an
RC-circuit providing an attenuation factor of 300.

Extensive studies of all noise and signal distortion introduced in the read-out chain have been
performed [3, 112]. This leads to correction algorithms that have been implemented in the data
processing FPGA of the TELL1. In addition to the pedestal (discussed in section 5.2), two other
sources of noise were identified. The header information present in each A-link influences
the neighbouring channel samples by an inter-symbol cross-talk. The observed effect is
a significant change of the baseline in the two first transmitted data channels. Common

% In five cases, the spread is however larger (up t0 0.6V, 6G/G < 17% at AV = 3.5V). The SiPMs were nevertheless
assembled together because of schedule constraints.
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Figure 6.3 — Signal injector circuit connected to one input channel of the Beetle board.

mode noise is another effect introduced by the read-out chain. It is observed as a shift of
the baseline of an A-link on an event per event basis due to electromagnetic interferences.
The corrections for the BGV fibre modules are described in more details in [113]. We observe
a cross-talk between channels due to a small capacitive coupling between neighbouring
signal transmission lines on the front-end PCB. We present here the validation of a correction
algorithm with offline data analysis and discuss shortly the implementation of the zero-
suppression in the TELL1 data processing.

6.2.1 Characterisation of the front-end electronics

A charge injector board with 128 channels was developed in order to characterise the read-out
electronics (see figure 6.3). The injector consists of an RC-circuit with R =50Q and C = 10 pE
With a fast voltage step AU, a charge comparable in time and amplitude to an SiPM pulse is
produced. The charge generated for each photon detected in an H2014 SiPM at AV =3.5V is
Q = G-e = 0.55pC whereas the injector produces Q/AU = C = 10 pC/V. Therefore a 550 mV
step at the injector produces a charge equivalent to ten photons.

The pulses from SiPM and injector have different spectral content. The injector leads to a
single exponential decay with 7 = R-C = 0.5ns whereas SiPM pulses comprise a fast and
slow component with o < 118 and Tjong = 22 ns. Due to the frequency dependence of the
attenuator on the front-end board, the response of the electronics is different for an SiPM
or an injector pulse, as shown in figure 6.4a. The response of the Beetle was measured for
different injection amplitudes. As seen in figure 6.4b, large saturation is present for signals
with amplitude above 10 PE.

6.2.2 Channel cross-talk

We observe a correlation between signals of nearby channels on the front-end PCB. The
correlation is directional, i.e. a signal cross-talk produced in channel y due to channel x does
not imply the same effect from y to x. As explained in figure 6.5, this type of cross-talk is due
to the capacitive coupling of routing lines where a 300x attenuated signal is transmitted next
to a non-attenuated one. We define the aggressors and the victims as the channels that give
and receive a correlation, respectively. We introduce a correlation factor measured by:

A(victim)

VI (6.1)
A(aggressor)

Xaggressor—victim =
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Figure 6.4 — BGV front-end electronics response. Pulse scan measured at the Beetle output
for signal injected with SiPM and injector board (left). Pedestal-subtracted signal for different
injected pulse amplitudes (right). The right-axis gives the equivalent number of PE.
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Figure 6.5 - Principle of cross-talk between two read-out channels. The raw input signals Q; »
are attenuated at distinct locations on the PCB. The electrical coupling between the lines leads
to a cross-talk between the attenuated signal ¢; and the raw signal Q. The contribution dQ»
from the non-attenuated signal yields a significant additional charge to g;.

where A is the signal amplitude ” upon injection in the aggressor channel. An example of an
injection test is shown in figure 6.6a.

We classify the observations in two categories: left- and right-correlations. A systematic
correlation of approximately —25% with the direct left neighbour arises due to an inter-symbol
cross-talk between the channels in the serialised A-link data. As shown in figure 6.6b, the
correlation factor is independent of the aggressor amplitude. Right-correlations are observed
between distant channels and are due to the capacitive coupling between adjacent lines on
the front-end PCB. The cross-talk dQ to a victim increases linearly with the aggressor charge
Q. However, due to the Beetle saturation, the output is not proportional to the input charge at
high signal. This results in a non-constant correlation coefficient as shown in figure 6.6b.

We have measured the correlation from injection tests using AU = 200 mV in all channels
of several front-end boards. We observe a repetition period of eight channels for the right-
correlations which is explained by the geometrical repetition pattern of the attenuators on the
front-end board. In the measurements, the left-correlations were caused by a non-ideal cable

b Signals are corrected for the pedestal, the header influence and the common mode noise.
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Figure 6.6 — Channel correlation revealed by injection in a single channel of a front-end Beetle
board (left) and measurement of the correlation as a function of the injection amplitude
(right).
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Figure 6.7 — Correlation between signals from two distant channels measured with electrons
injected in a fibre module. Before (left) and after (right) correction for the right-correlation.

compensation which was corrected in the BGV detector. For right-correlations, a correction
algorithm is implemented as:

A(victim) — A(victim) — Xaggressor—victim * A(aggressor). (6.2)

Note that using a constant correlation factor, the correction is insufficient for high aggressor
signal. For validation, the algorithm was applied to data from fibre modules taken with the
electron-gun setup. The effect of right-correlation is shown in the example of figure 6.7a
where a high signal in channel 30 gives always rise to a non-zero signal in channel 25. After
applying the correction (figure 6.7b), the influence of channel 30 is significantly reduced. In
the following sections, the effect of channel correlation on clusters will be discussed.
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Figure 6.8 — Impact of the channel correlation correction on the distribution of cluster sum
(left) and of secondary cluster position (right). The measurement was taken with the electron-
gun setup on a BGV module with 4 fibre layers and SiPMs at AV =3.5V.

6.2.3 Zero-suppression implementation in the TELL1

The data processing implemented in the TELL1 for the read-out of the VELO [114] was adapted
for the BGV fibre modules to perform in real-time the raw data corrections and the clustering.
The corrections for the pedestal, header influence and common mode noise do not need
any modification with respect to the VELO implementation. Some algorithms such as FIR
filter and channel reordering were removed and the polarity of the signals was inverted.
A simple processing for the correction of right-correlations was implemented taking into
account correlations above 10%. Such large correlations occur only between certain channels
as ch+3 — ch and ch+5 — ch. For each read-out channels, we introduce two configurable
coefficients Xxch,3—ch and Xchi5-.ch and the correction is applied as:

A(ch) — A(ch) — Xchi3—ch - A(Ch+3) — Xchi5—ch - A(ch+5). (6.3)

The clustering algorithm of the VELO and the SciFi are almost identical. The spill-over bit
in the VELO clustering was changed into a hard cut corresponding to the cluster sum. The
cluster position is encoded in an (11 + 3)-bit information providing the channel number and
an inter strip position precision of 1/8 corresponding to 31 um. Figure 6.8a presents the cluster
sum distribution of a 4-layer BGV module measured in the laboratory with the electron-gun
setup. Figure 6.8b shows the position distribution of secondary clusters relative to the primary
cluster. Secondary clusters can arise in the setup from multiple scattering or bremstrahlung
of the electron at the exit of the electron-gun. In addition, right-correlations also generate
clusters three or five channels away from the primary cluster. These ghosts have typically low
sum and are efficiently removed by applying the correction for right-correlation. Note that
the remaining asymmetry in the position distribution is due to left-correlations which are not
taken into account.

The clustering thresholds in the BGV detector were optimised to provide a high hit detection
efficiency. To obtain a uniform response, the seed and neighbour thresholds can be adjusted
for each channel separately while the sum threshold for groups of 64 channels. We chose
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of the BGV module (zoom) on the xy-moving SciFi telescope placed upstream of the BGV
table allowing to perform scans in the beam. fibre module.

to adjust the thresholds per SiPM (128 channels) to provide a uniform distribution of noise
clusters from DCR. In the nominal operation conditions 0f2017 (SiPMs at T = —10°Cand AV =
3.5V), setting the thresholds to approximately 1.5-2.0 PE (seed threshold) leads to 1.5 noise
clusters per module (2048 channels, two detection planes) and per event. This level of noise
does not impede the pattern recognition whereas the low thresholds ensure a high detection
efficiency, as it is demonstrated in section 6.3.4.

6.3 Characterisation of a fibre module at test beam

A 4-layer fibre module was tested in the experimental setup of the LHCb SciFi tracker test
beam at SPS in November 2015. The goal of the measurement campaign was to determine the
hit resolution and detection efficiency. In this section, we summarise the analysis methods
and the main results. More details are given in [115].

6.3.1 Experimental setup

The module is mounted on an xy-table as shown in figure 6.9, allowing to inject the beam at
different positions. The two sides have fibres oriented straight and with 2°-rotation compared
to the horizontal (called 0°- and 2°-side, respectively). The setup includes a telescope used to
reconstruct the track of particles and made of five tracking stations with x and y measurements
based on short scintillating fibre mats [116]. It is placed approximately 20 cm upstream of the
BGV module as shown in figure 6.10.

The beam is composed of a mixture of 180 GeV/c pions, protons and muons. The deflection
angle from multiple scattering is well described by a Gaussian function with increased tails
for large scattering angles. Inside the telescope, the beam only crosses fibre mats with a total
thickness of X/Xy = 3%. The transverse deviations resulting from multiple scattering are
in the order of 4 um in the telescope and 6 pum extrapolated to the BGV module. The fibre
module represents a total thickness of X/ Xy = 1% leading to transverse deviations below
1 um between the two planes. Multiple scattering is therefore negligible for the foreseen
measurements given the expected resolution of SciFi modules (50 pum). The beam was tuned
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Figure 6.11 - Cluster sum distribution for BGV fibre modules with SiPMs operated at AV = 3.5V.
Distribution obtained at the test beam for the two module sides (left) and in the laboratory
with the electron-gun setup for 4- and 5-layer modules with Beetle and SPIROC read-out
(right).

to a width of approximately 1 cm and scans over the module were performed.

6.3.2 Lightyield

The cluster sum distribution measured for each detection plane at AV = 3.5V is shown in
figure 6.11a. We measure a light yield of 15.6 and 14.6 PE for the 0°- and 2°-side, respectively.
No significant difference in the cluster size was observed. The light yield in the different
beam injection regions varies between 13 and 18 PE which results from several factors. For
the longitudinal scan, a variation of 10% is expected (light attenuation). The SiPM tempera-
ture variations during different runs and the breakdown voltage spread between SiPMs with
common bias (up to 0.5V) lead to ~ 10% relative change in PDE. Non-uniform light yield of
the fibre mats and mirror were also seen. Figure 6.11b shows the cluster sum measurement
performed in the laboratory with the electron-gun setup. The light yield for 4- and 5-layer
modules is 14.4 and 16.8 PE, respectively. As a consequence of the Beelte saturation, the light
yield does not scale with the number of layers. The result obtained with the SPIrOC, shown in
the same figure, is 25.3 PE and demonstrates that the Beetle measurement is dominated by
saturation effects. The light yield measured in the laboratory and at the test beam is almost
identical. However, we observe a significant difference in the cluster size: low energy electrons
typically spread over one channel more than high energetic particles where large saturation is
observed.

6.3.3 Hit resolution

The resolution is calculated from the residual which is the distance between the position of
the hit measured on the BGV module and the impact point of the track which is provided by
the telescope. Over many events, the distribution of residuals is the convolution of the hit and
track position distributions. Both are supposed Gaussian with sigma oy and oy4ck equal to
the resolution on their measurement. The residual distribution is well described by a Gaussian
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Figure 6.12 — Example of residual distribution for the 0°-side. Effect of the right-correlations
(left) and of the clustering thresholds (right).

with sigma:
. B 2 L o2 (6.4)
Oresidual = \/ Oy T O pq i '

The hit resolution of the SciFi telescope detection layers was measured to be 33 um and the
track resolution 16 um. After extrapolation to the position of the BGV module, we calculate
the resolution of the impact point to be:

at the 0°-side: 0 yrqcx =44+ 1 um at the 2°-side: o' qrack =41 £ 1 um. (6.5)

The alignment between the BGV module and the telescope was performed offline by min-
imising the 0csiqual USIiNg as optimisation parameters x and y displacements as well as a
rotation angle in the xy-plane. Figure 6.12 displays an example of the residual distribution
with different parameters. The distribution is composed of a Gaussian peak and long tails
which are caused by large scattering angles or delta electrons produced in the setup. The effect
of right-correlations (figure 6.12a) is the production of ghost clusters close to the hit from the
particle. The ghosts are concentrated at distance 0.75 and 1.25 mm from the hit corresponding
to a distance of 3 and 5 channels, respectively. The application of the correction removes the
majority of the ghosts. The distribution remains slightly asymmetric after correction due to
an insufficient correction for high signals. The width of the Gaussian central peak is however
not affect by right-correlations. In figure 6.12b, the residual (after correction for the channel
correlations) is shown as a function of the clustering thresholds. The ghost clusters due to
insufficient correction for right-correlations are visible at low thresholds.

To find the hit resolution, a fit of the central peak is performed with a Crystal Ball function.
This allows to cope with enhanced asymmetric tails on the left and the right due to multiple
scattering and channel correlation. The Gaussian component in the centre is taken as a
reference for o egiqual (See figure 6.13). Averaged over all collected data and using thresholds
seed/ neigh/sum = 2.5/1.5/4.5 PE, O esidual iS:

0°-side: Opesidual = 58 + 1 um 2°-side: O esiqual = 59 + 2 um, (6.6)
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Figure 6.13 — Residual distribution fitted with a Crystal Ball function for the 0°-side (left) and
the 2°-side (right) of the fibre module.

where the uncertainty includes the standard deviation over all acquired data and the errors of
the fit. Using the estimated track resolution, oy is computed for each side:

0°-side: ohir =38+ 3 um 2°-side: o = 43 £ 4 pum. (6.7)

The resolution varies with the clustering thresholds and is found to be optimal at 2.5/1.5/
4.5 PE. At low thresholds, the random fluctuations in the edge of the cluster introduce position
fluctuations whereas at high thresholds, the deterioration of the resolution is due to cut signals.

6.3.4 Hit detection efficiency

An event is considered as efficient when a cluster is detected in the BGV module at a small
distance (seed distance) from the impact point of the track. The hit detection efficiency &p;;
is calculated as the ratio of the number of efficient events to the total number of events. In
order to minimise the effect of events with large scattering angles, the seed distance is set to
1.25mm (= 20 - Oyesidual) - An example of result for the hit detection efficiency as a function of
cluster thresholds is shown in figure 6.14. A drop of efficiency is visible in the non-sensitive
areas. Over all collected data, we find &j;; to be:

0°-side: epix =98.3+0.4%  2°-side: epy = 97.8+0.4% at2.5/1.5/4.5PE,
Enit = 98.7 + 0.4% Enit = 98.7 + 0.4% at 1.5/0.5/2.5 PE.

Figure 6.15 presents the efficiency as a function of light yield for different cluster thresholds.
Using the low thresholds 1.5/0.5/2.5 PE, the efficiency is constant for a light yield between 13
and 18 PE. For a similar light yield, the small difference in efficiency between the two module
sides can be due to small variations in cluster size.

In the BGV detector, as discussed in section 6.2.3, the thresholds are set between 1.5 and 2.0 PE
(seed threshold) leading to an acceptable noise level (1.5 noise clusters per module and per
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Figure 6.15 — Hit detection efficiency as a function of the light yield for different cluster
thresholds for the 0°-side (left) and the 2°-side (right).

event). The measurements presented here demonstrate that the 4-layer modules can reach hit
detection efficiency above 98% using the same threshold values. The efficiency expected for
the 5-layer modules is even higher given the increased light yield.

6.3.5 Hit detection efficiency in non-sensitive areas

The hit detection efficiency drops at non-sensitive areas in the fibre mats or the photodetectors.
In the SiPMs, gaps are present in the middle of an array between the two silicon dies (die gap,
250 um), between two adjacent arrays (SiPM gap, 400 um) and at disconnected channels on
the front-end board or the SiPM flex (dead channel, 250 um). Each detection plane (26 cm
wide) of the module is composed of fibre mats of 6.5 cm width placed next to each other. The
longitudinal cut of each mat and their positioning leads to a non-sensitive area (mat gap,
2 400 um) coinciding with the SiPM gap.

Figure 6.16 shows a zoom on the hit detection efficiency profile in the non-sensitive areas
of the module for two different sets of thresholds. In the centre of gaps, the efficiency drops
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Figure 6.16 — Hit detection efficiency in non-sensitive areas for cluster thresholds 0f2.5/1.5/4.5
(left) and 1.5/0.5/2.5 PE (right). The error bands includes the statistical error and the standard
deviation between all gaps scanned. The position of the non-sensitive areas is indicated with
the vertical lines.

to 35 and below 5% for 250 um- and 400 um-wide gaps, respectively, using thresholds of
2.5/1.5/4.5 PE. In average over the whole gap, it is approximately 70% for die gaps and dead
channels whereas it is 40% for SiPM gaps and below 20% for mat gaps. The very low efficiency
in mat gaps is due to broken fibres at the edge of the mats which leads to a low light yield.
Using lower cluster thresholds of 1.5/0.5/2.5 PE, we observe a significant increase in efficiency
except for the mat gaps.

In the BGV detector operation, the SiPMs are cooled to a temperature between —10 and —40°C.
Due to the thermal expansion, we expect that the size of the gaps between silicon dies and
between adjacent SiPMs increases by up to 50 um with respect to room temperature.
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Conclusion and outlook

Through this PhD work, I studied many aspects of the SciFi technology for applications in
radiation environment. For this purpose, I developed characterisation methods for SiPMs
suitable for irradiated devices as well as the instruments required to test SciFi modules in high
energy particle beams. These developments have been performed in the context of the LHCb
SciFi tracker which is the first large-scale application of the technology, where scintillating
fibres are read out by SiPMs, in a harsh radiation environment.

For the operation of the SciFi tracker, many requirements are in contradiction, such as low
mass and mechanical stability or high hit detection efficiency and low noise cluster rate af-
ter irradiation of the fibres and photodetectors. The tracker is based on scintillating fibres
with high light yield and large attenuation length read out by SiPM arrays featuring high
photon detection efficiency and low correlated noise. The selected photodetector, produced
by Hamamatsu Photonics (HPK) has shown sufficient radiation hardness and reduced cor-
related noise as a result of a long collaborative R&D effort. Single photon detection remains
possible after irradiation to 6-10'' 1 MeV neq/cm? which represents the expected accumu-
lated radiation at the end of lifetime of the SciFi tracker for the LHCb experiment after the
upgrade. The measurement methods that we developed allow to reach high precision for
the characterisation of irradiated SiPMs. The results show no significant change in optical
cross-talk, gain and photon detection efficiency. We measure a small reduction in gain (below
10%) whereas we can exclude changes in cross-talk up to 12 - 10! 1MeVneq/ cm? and in PDE
upto6- 10l 1MeVneq/ cm?. These results, together with the outcome of several fibre module
characterisation campaigns with high energy particles, give confidence that the tracker design
for LHCD can fulfil the high hit detection efficiency required.

Application of SciFi technology is already demonstrated by the BGV detector for the mea-
surement of the LHC beam profile. I have contributed to this project through the design,
fabrication, characterisation and installation of the tracking modules as well as the commis-
sioning and optimisation of the read-out. The detector provides now promising results on the
LHC beam profile which supports the implementation of new detectors with similar concept
in the high-luminosity LHC and other accelerators. The evaluation and design of this detector
has also given valuable insight for the large scale LHCb SciFi.

The SciFi technology has reached a level of maturity opening the possibility of new applications
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for particle tracking over large surface with high granularity providing a spatial resolution in
the order of 50 um. It can be tailored to provide a fine timing information which offers the
potential to improve pattern recognition at high detector occupancy and suppress accurately
the noise from irradiated SiPMs. The time resolution is limited by the low number of detected
photons and the relatively long decay time of the scintillator. To achieve timing resolution
below 1ns, it is beneficial to reduce the decay time maintaining a high scintillation yield and
increase the number of fibre layers.
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LHCDb SciFi tracker module
characterisation

The performance of long fibre modules was evaluated throughout the R&D phase of the
SciFi tracker during several test beam campaigns. The measurements include light yield,
hit resolution and hit detection efficiency. In parallel, fibre irradiation studies have been
carried out in order to ensure that the required performance can be achieved up to the 50 fb~!
integrated luminosity. This chapter gives a summary of the most relevant results obtained
with 6-layer fibre modules. More details can be found in reference [117] which contains a
comprehensive description of all measurements performed in the early R&D phase (2015).

A.1 Experimental setup

The test beam campaigns took place at CERN and at DESY in Hamburg. At CERN, we use the
test facility at the North Area of the SPS. The beam is generated by the 450 GeV/c protons from
the SPS directed to a target. It contains protons (60%), pions (30%) and muons (10%) with a
selected momentum of 180 GeV/c. It is emitted in 5— 10 s spills with a flux of 10° — 10° particles
per second. At DESY, the beam is produced by the DESY II synchrotron. It is composed of
electrons with an energy that can be chosen between 1 to 6 GeV. To reconstruct the track and
enable the efficiency and resolution measurements, the experimental setup includes external
beam telescopes: the TimePix telescope from the LHCb VELO Upgrade project [118], the AMS
ladders from the AMS experiment [119] and a SciFi-based telescope developed at EPFL [116].
They provide an estimated resolution at the position of the modules between 10 and 16 pm.
The details of the experimental setups used in the different test beam campaigns are listed in
table A.1. In 2015 and 2016, the measurements were carried out at CERN whereas the most
recent measurements were performed at DESY.

A.2 Lightyield and attenuation length

The results on the light yield and the fibre attenuation length rely on measurements performed
in 2015 at SPS with high energetic particles and with 6-layer modules read out by H2014
detectors at AV = 3.5V. The light yield was determined at different positions in order to
evaluate light attenuation in the fibres, as shown in figure A.2. The cluster sum distribution for
particles injected close to the mirror has an average of 15.8 PE. The light yield as a function of
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Table A.1 — Test beam configurations used for the characterisation of LHCb SciFi modules at
CERN SPS (2015-2016) and DESY (2017). The H2016-HRQ SiPM denotes the first prototype of
the H2017.

Peri

erloq Fibre mats SiPMs Electronics Beam telescope
Location
May 2015 AMS ladders and
SPS 5-and 6-layer H2014 VELO Timepix3
Nov 2015 | 6-layer (irrad.) SPIROC VELO Timepix3
SPS and 8-layer and SciFi telescope
Nov 2016 . H2014 and . .
SpS 2x6-layer (irrad.) H2015 VELO Timepix3
Feb 2017

H2016-HR
DESY 6-layer (non- 016 Q SPIROC and e
. SciFi telescope

Aug 2017 and irrad.) H2016-HRQ PACIFIC (v.4)
DESY and H2017

the distance x between the injection point and the read-out side follows a sum of a short and
along exponential:

N(x) = Nypore- €01t 4 Njgng - =+ Mons, (A1)

The short component has typical attenuation length Agp,¢ in the order of 10 cm and is due to
photons travelling on helical paths inside the fibres. To compare different fibre technologies
during the R&D phase, the attenuation length Ajong of the long component was used. It
is determined from a fit of the light yield above 1 m distance from the SiPM with a single
exponential function. Note that the fit function used in figure A.2 is modified to account for
the mirror reflectivity. The attenuation length is found to be Ajong = 3.1 m, a value slightly
smaller than measured for single fibres (3.2 to 3.8 m).

Detailed measurements of the light yield and the cluster size with various beam injection
angles have been performed and can be found in reference [117]. An important remark is that
very wide clusters are observed (size > 4) which is not expected from the fibre mat geometry
and can be explained by the cross-talk between fibres. The test beam results (cluster sum
and cluster size distributions) match well with the SciFi tracker simulation assuming a total
effective cross-talk probability from one fibre to its neighbours in the order of 20%.

Using the latest SiPM version H2017, the light yield changes according to the improvements in
PDE and correlated noise. The light yield obtained with H2017 in the more recent test beam
campaigns is however not taken as reference since the electrons at DESY undergo considerable
multiple scattering. The average cluster sum measured with H2017 and the electron beam is
18.5 PE which represents a 17% increase. Instead, from laboratory measurements with a 90gy
source, an increase of approximately 10% is expected between H2014 and H2017.
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Figure A.2 — Cluster sum distribution of a 6-layer mat equipped with a mirror and read out
by H2014 detectors at AV = 3.5V as a function of the distance to the SiPM side (left) and
projection of the slice closest to the mirror (right). The red points (left) and the red line (left)
denote the mean cluster sum. Graphs from [117].

A.3 Hitresolution

The SPS test beam facility with high energetic particles offers the best conditions for the
evaluation of the spatial resolution. The reference results are therefore taken from the 2015
test beam with H2014 detectors. In the more recent campaigns at DESY with H2017 SiPMs,
multiple scattering of the electrons influences the measurement. The change of SiPM version
is not expected to have a large impact on the hit resolution given that the channel width is the
same.

The resolution is calculated from the residual which is the distance between the position
of the hit measured on fibre module and the impact point of the track which is provided
by the independent beam telescope. Over many events, the distribution of residuals is the
convolution of the hit and track position distributions. Both are supposed Gaussian with
sigma opjt and Tack €qual to the resolution on their measurement. The residual distribution
is well described by a Gaussian with sigma:

— /2 2
Oresidual = \/ Oy T Oirack: (A.2)

In practice, the residual is the only parameter that can be measured. The beam telescopes
provide a track with resolution better than 18 um which allows for a good sensitivity on
ohit Note that equation (A.2) does not account for the transverse deviations due to multiple
scattering. This effect is more pronounced in setups using the VELO Timepix3 telescope where
each plane represents approximately 2.6% of a radiation length [118]. The effect on the impact
point from the extrapolation of the track is below 5 um. The expected hit resolution being
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Figure A.3 — Residual distributions measured with a 6-layer mat, H2014 read-out and beam
injection at the mirror. The hit position is determined from the clusters in two ways: barycentre
of the signal amplitudes (left) and PAcIFic-like charge weighting (right). The sigma of the
effective fit is 80.0 + 0.6 um and 83.6 + 0.7 um, respectively. Graphs from [117].

around 80 pm, the contribution of the track resolution and multiple scattering to o yegiqual Can
be neglected.

The residual distribution measured at SPS is shown in figure A.3. Large scattering angles
occurring in the setup and energetic delta rays make the distribution not exactly Gaussian
introducing tails at large residual values. The distribution is described by the sum of two
Gaussian functions. The width o of the effective fit is given by the squared sum of the
widths of both Gaussian functions weighted by their fraction. A comparison between the
residual obtained with the standard clustering of section 3.1.2 and the PAciFic-like clustering
is shown in figure A.3. In the PACIFIC-like clustering, the weights used for channel reaching the
neighbour, seed and high threshold are respectively adjusted to 2, 4 and 12. It shows that the
PACIFIC clustering algorithm does not introduce a significant deterioration in hit resolution.

A.4 Hit detection efficiency and spillover

The hit detection efficiency is determined by the ratio between the number of clusters correctly
reconstructed in the SciFi module to the number of tracks predicted by the telescope. It
depends on the clustering thresholds and on the maximum distance allowed between the
cluster and the track position. The 2017 test beams were dedicated to the measurement of the
efficiency with the latest SiPM H2017 and the PACIFIC chip (version 5). The results show that it
meets the expectations from the measurements with SPIROC. Using clustering thresholds of
seed/ neigh/ high = 2.5/1.5/4.5 PE, the hit detection efficiency at AV = 3.5V and beam injection
near the mirror is 99.4 and 98.2% with SPIROC and PACIFIC, respectively. [120]

In the test beam, the spillover with the PACIFIC was observed to be approximately 25% in
the next bunch crossing. It was proposed to change the shaper settings and introduce an
undershoot in order to reduce the spillover for the final implementation. According to labora-
tory measurements, this reduces the spillover in the next bunch crossing to approximately
5%. [120]
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A.5 Radiation effects on fibre module performance

Two types of degradation occur in the fibres due to the ionising radiation: reduction in the
scintillation light yield due to damage to the fluorescent molecules and loss of transmission
due to defects introduced in the fibre core. Several studies were performed with single fibres
irradiated with protons at different dose and dose rates. No change in the scintillation yield was
observed in the dose range of the LHCD SciFi whereas the fibre attenuation length is seen to be
reduced. For high dose rate, it is seen that the fibre partially recovers its transparency through
an annealing process. The annealing rate depends on the oxygen content of the environment.
A simulation based on the irradiation studies allowed to draw a prediction for the expected
permanent damage to the fibres in the SciFi tracker. The result is an approximately 30%
reduced light yield for particles passing close to the beam pipe. More information on these
studies can be found in references [66, 121].

Irradiation studies were also performed with fibre mats. Six-layer mats were irradiated in 2015
and 2016 with 24 GeV/c protons at the CERN PS IRRAD facility with a high dose rate [122] %.
The dose is deposited over the full length of the mats but over only a fraction of its width. In
the transverse direction, a 3 cm-wide section comprises a uniform irradiation. The resultant
dose profile along the fibres resembles within +40% the expected distribution for the modules
close to the beam pipe at LHCb after 50 fb~!. The mats were characterised in the laboratory
with a 9°Sr source and during the test beams. The light yield measured at the mirror right after
irradiation was reduced by more than 60%. It partially recovers over a time period of 20 days
and levels off at approximately 37% of signal loss compared to before irradiation. In the edge
of the irradiation section of the mats where the cumulated dose is lower and the dose rate was
lower, the recovery period is seen to be shorter (below ten days). Note that a separate study
has shown that the effect of irradiation on the mirrors is negligible. [120, 123]

No recent studies are presently available to confirm that fibre mats irradiated at low dose
rate have the same signal loss. In reference [124] dating from 1992, it is shown that the
permanent degradation of the transmittance of pure polystyrene is larger for a low dose rate
in an environment containing oxygen than if the dose is delivered fast.

The reduced light yield after irradiation has an important impact on the hit detection efficiency.
In the 2017 test beam, the latter was measured with beam injected close to the mirror and
with the SPIROC read-out. The result is 91.2% at clustering thresholds of seed/ neigh/ high =
2.5/1.5/4.5 PE. With the PACIFIC read-out, it is 88.5%. This poses severe challenges to operate
the most irradiated SciFi modules close to the beam pipe over the full detector lifetime. It is
crucial to keep the SiPM dark noise as low as possible in order to allow for the lowest thresholds
possible. On the other hand, the hit resolution is not affected by the loss in light yield.

The CERN group taking care of the fibre quality assurance has performed repeated attenuation
length measurements on the same non-irradiated fibre samples over long time periods (<
19 months). It is seen that the attenuation length decreases with time due to fibre ageing. The
reduced transparency caused by ageing was already observed for a particular type of fibres

@ In parallel, a 5-layer mat is being irradiated in the LHC tunnel with a much smaller dose rate close to the one
that will be encountered in the experiment.
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with polystyrene core in reference [125]. It is attributed to a slow oxidation of the polystyrene.
In the present case, the measurement period has not been sufficiently long to predict the effect
on the operation of the SciFi during the next LHC run. A pessimistic extrapolation indicates
that the permanent damage due to aging might reach the same level as the radiation damage.
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Characterisation of different
SiPM types

Using the methods explained in chapter 4, we characterised various types of SiPMs. We give
example of results for the first versions of SiPM developed for the LHCb SciFi tracker (Hama-
matsu H2014 and H2015, KETEK) as well as for single-channel devices from Hamamatsu, FBK
and SensL. More details and results on the different SiPM prototypes for the SciFi tracker can
be found in [106, 126, 127].

B.1 Multichannel prototypes for the LHCDb SciFi tracker

The H2014 detector is the first generation of Hamamatsu array with trenches. The channels
have an active surface of 230 um x 1.5mm and contain 96 pixels. The H2015 is the second
generation of arrays with trenches and has an increased channel height with respect to the
H2014 (230 um x 1.625mm, 104 pixels per channel) and reduced non-sensitive areas. The
quench resistor is implemented by a transparent thin metal film put on top of the pixel.
Figure B.1 shows a microscope view of the pixel implementation in the Hamamatsu detectors.
The geometrical aspect of the guard rings and the trenches is unchanged between the H2015
and the H2017.

The correlated noise composition of an H2014 and H2015 detector is shown in figure B.2.
The high DiXT in H2014 is due to sub-optimal trench technology which was improved in

-
==

Figure B.1 — Comparison of the pixel implementation in the Hamamatsu SiPMs for the SciFi
tracker: H2014 (left), H2015 (middle) and H2017 (right).
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Figure B.2 — Correlated noise composition of H2014 (left) and H2015 (right) detectors. The AP
probability is measured with a low threshold of 0.3 PE.

the next generation. The H2015 has a much reduced cross-talk but an increased after-pulse
probability. In addition to the difference in occurrence probability, the correlated noise of
H2014 is concentrated in the very first 10 ns following the primary avalanche whereas it is
spread over a longer period for H2015. We measure 7ap = Tpext < 10ns and 74p = 18ns and
Tpext = 21ns for H2014 and H2015, respectively.

The quench resistor for the two types is in the order of 200 kQ2. This value was initially chosen
for the SciFi tracker in order to ensure a fast pixel recovery and to minimise spill-over effects
from the long pulse component (7rec and Tjong are proportional to Rq). A larger quench resistor
value was proposed by Hamamatsu for the final SiPM design. As far as we can tell, the larger
Rq is one of the reasons for the strong reduction in the delayed correlated noise in H2017.

The pulse time constants are measured to be Trec = 24ns and Tjong = 25ns for the H2014 device
and Trec = 32ns and Tjong = 31ns for the H2015. We observe in both cases that Trec = Tiong
which is compatible with the pulse shape model of section 2.3.3, in contrast to the H2017.
Using the quench resistor measured from forward IV scans (Rq = 180 and 217 k(2), we obtain
the model capacitance (Cq + Cq) = 133 and 148 fF for H2014 and H2015, respectively.

The PDE of H2014 and H2015 detectors is shown in figure B.3. We observe identical PDE for
the H2015 as for the H2017, as expected from the similar fill factor. The H2014 detector has a
much reduced PDE due to the lower fill factor. The gain obtained using the method introduced
in section 4.3 is (0.90 +0.02) - 10° and (1.09 £0.02) - 106 V™! for H2014 and H2015 detectors,
respectively. The gain of the H2015 is identical to the value obtained for H2017 detectors.
This shows that the pixel implementation technology is similar in both cases. In contrast, the
lower gain in the H2014 can probably be explained by a different detector capacitance due to
smaller pixel active area and thinner avalanche layer thickness. Comparing with the value that
can be estimated from G/AV = 7./ (Rq - ), we see a good agreement for the H2014 detector
(0.87-108V~1). For the H2015, we observe however a 15%-difference (0.93-108 V1),

Many other prototypes from KETEK using different silicon wafer technology were tested. As
an example, we give the results for a wafer 7 operated at —15°C to reduced DCR. As shown in
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Figure B.3 — PDE as a function of wavelength with fixed AV = 3.5V (left) and AV with fixed
wavelength A = 475nm (right) for H2014 and H2015 compared to the results obtained for the
H2017 detector. The method based pulse frequency was used.
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Figure B.4 — Correlated noise composition of a KETEK prototype at —15°C. Note that the AP
probability is measured with a low threshold of 0.25 PE. The correlated noise amplitude as a
function of arrival time is shown at AV = 5.2V (right).

figure B.4a, the performance in terms of correlated noise is comparable to H2014 and H2015
detectors. At AV <4V, AP and DeXT are almost non-existent. The AP increases however rapidly
for larger AV. It is interesting to note that, as shown in the diagram of figure B.4b, the pulses
identified as DeXT are in fact APs with a DiXT and, consequently, the DeXT probability scales
as ppexT ~ PDIxT * Pap = 1%. The APs are also much more spread in time than in Hamamatsu
detectors and are characterised by a mean lifetime of 74p = 55 + 3 ns, constant over different
AV. In contrast to the results found for Hamamatsu devices and to the expectations from the
pulse shape model, we measure large variations in 7iong and 7rec for different AV. The long
pulse time constant changes from 7)oy = 118 to 81ns at AV = 1.3 to 5.3 V. The recovery time
varies also substantially from 7e. = 146 to 116ns at AV = 3.3 to 5.3V. As for H2017 devices, we
obtain different values for 7ong and 7rec which is an additional contradiction to the model.
Using the values found at AV = 3.3V and the quench resistor Ry =~ 500k(2, we compute
Cq =1771F and Cq = 115 fF assuming Tjong = R - Cg and Trec = Rg - (Cq + Cq).
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Figure B.5 — Comparison of the pixel implementation in single-channel devices from Hama-
matsu (left), FBK (middle) and SensL (right).
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Figure B.6 — Correlated noise composition for a Hamamatsu single-channel device (S12572-
050C) as a function of AV (left) and contributions from higher order correlated noise and DCR
(right).

B.2 Single-channel devices

The waveform analysis of chapter 4 is very robust and can easily cope with a variety of device
types (pixel size, total area). We tested single-channel devices available on the market from
Hamamatsu, FBK and SensL. A microscope view of their pixel implementation is shown in
figure B.5. The Hamamatsu detector (H) is a S12572-050C, 3 x 3 mm? with 60 x 60 pixels of
50 wm size. The FBK is a 1 x 1 mm? RGB-HD SiPM with 40 x 40 pixels of 25 um size. The SensL
is a 3 x 3mm? MicroES-SMA-30035-TSV-E32 with 5676 pixels of 35 um size. The detectors
are mounted on a PCB avoiding wire pins or cables to minimise serial inductance and the
associated ringing. The measurements for the H and FBK are done at —15°C in order to reduce
the DCR.

The correlated noise of these SiPMs is shown in figures B.6, B.7 and B.8. In the three cases,
it is dominated by the DiXT and we observe almost zero AP probability. The influence of
DCR is controlled and shown to be below 4% for the large area H device whereas it is almost
negligible in the case of the FBK and SensL devices. The DiXT probability for the H is in
very good agreement with the manufacturer’s datasheet whereas it is lower than expected
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Figure B.7 — Correlated noise composition for an FBK single-channel device as a function of
AV (left) and contributions from higher order correlated noise and DCR (right).
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Figure B.8 — Correlated noise composition for a SensL single-channel device (MicroES-SMA-
30035-TSV-E32) as a function of AV (left) and contributions from higher order correlated noise
and DCR (right).

for the SensL device (no comparison found for the FBK 25 um device). The absence of AP
prevents the determination of the recovery time. We therefore assume that the SiPM model
of section 2.3.3 is valid and take Trec = Tiong. In the pulse shape of the Hamamatsu detector,
only the slow component is visible due to the reduced input bandwidth of the acquisition
setup. We measure Tjong = 32 ns and, using the quench resistor obtained from an IV curve
Rq =275kQ, we can compute the capacitance to be (Cq + Cq) = Tiong/ Rg = 116 fE This leads
to an estimate for the gain as G/AV = Tlong/ (RQ - €) =0.72- 105 v~1 which is larger than the
expected value provided by the manufacturer (0.5- 108v1,
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Beam size measurement techniques
for the BGV detector

In the BGV, the measurement of the beam profile from data collected by the fibre modules
involves different algorithms which have been developed since the design of the demonstrator.
We give here a short summary of the analysis methods while more details and results can be
found in [101, 102] as well as in an upcoming publication.

A 3D pattern recognition algorithm finds clusters belonging to the same track by assuming
straight trajectories originating from the gas volume (see an event display example in fig-
ure C.1). It starts with clusters in the last detection layer of the far station and computes a
window to search for a corresponding cluster in the first layer of the near station. The clusters
in the other detection layers are subsequently added to the track using a similar procedure.
To minimise the number of reconstructed tracks from random combinations, the tracks are
required to include a cluster in each plane (8 clusters in total). Assuming a 99% efficiency
for the planes (4- and 5-layer mats), which seems reasonable according to the test beam
measurements, we obtain the track finding efficiency to be approximately 92%.

To find the beam profile, two methods are used. The vertex of a beam-gas interaction can be
calculated as the intersection of all tracks found in the event. This method is currently under
development and has not led to satisfactory results yet. The beam profile is obtained from the

Figure C.1 — BGV event display using the LHCb software Panoramix. The blue lines represent
the clusters from the fibre modules whereas the red lines are the reconstructed tracks. The
insert shows how the azimuthal angle ¢ and the impact parameter d,, are defined. Image
from [101, 102].
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distribution of vertices in the xy-plane. The other method for beam size measurement, called
impact parameter correlation (IPC) method, is based on the correlation between tracks from
the same vertex [128, 129]. The impact parameter dy, (the distance of closest approach to the
z-axis) and azimuthal angle ¢ of a track, as defined in figure C.1, are related to the primary
vertex location (xp, yp) in the xy-plane as:

dyxy = xosin¢g — ypcos . (C.1)

Measuring dy as a function of ¢ for tracks generated by several beam-gas interactions, one
can determine the average beam position (Xpeam, Ybeam) Using equation (C.1). To measure the
beam width opeam, wWe look at the covariance of dy,, from track pairs originating from the same
vertex as a function of the ¢ angles:

(dxy1,dxy2) = (x,X)-cosPrcoOsPa+(y,y)-sing;sings — (x, y)sin (¢ + P2)
3 (Ui + 0?) -cos (P11 — ) + 3 (0326 - 0'?,) -cos (1 + ¢p2) — (C.2)
(x,y)sin(¢1 + o),

where the brackets (-, -) denote the covariance operator and o2 the variance. One can define
a new coordinate system (u, v), rotated by an angle a with respect to (x, y), such that the
covariance term cancels. It can be shown that, under the assumption that the measurement
errors on dyy, from different tracks are uncorrelated, the only factors left are:

(dyy1,diy2) =3 (0% +0%)-cos(pr— p2) + 1 (05, — %) - cos (1 + P2 + 2a). (C.3)

In the case of a circular beam, we have g, = 0, = 0peam and the previous equation simplifies
to:

<dxy,1vdxy,2> = Ulz)eam'cos ((Pl —(Pg). (C4)

It can be demonstrated that the opeayn found with this method does not depend on the
vertex resolution and z-position. It is a direct measurement of the beam width. Validation
of the procedure and study of the systematic errors using Monte Carlo simulation and real
measurements are ongoing. Very encouraging results have been obtained in 2017 after a long
commissioning of all detector operation and read-out parameters. The beam width from the
IPC method has been measured to be in the range expected from other beam diagnostics
instruments. Also, for the first time, 0peam has been measured during the energy ramp and
the expected 1/vE dependence was confirmed.
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Cosmic particle tracker for outreach

The EPFL was open to the public on the week-end of 5 and 6 November 2016. In order to
present the activities of our institute, we developed and constructed a cosmic particle detector
demonstrator able to display the events in real-time. It integrates in addition some basic
analysis functionality such as the distinction between typical particles observable at ground
level. Muons, produced in the upper atmosphere by the interaction of primary cosmic rays
with air, interact very little in the detector whereas electrons or electromagnetic showers
produced mainly by the interaction of muons with the atmosphere or with the structure of
buildings can lead to large energy deposition.

The detector is based on plastic scintillator bars (35.0 x 2.5 x 0.5 cm?) with an encrusted
wavelength shifting fibre (1 mm diameter) read out by single-channel SiPMs (1.2 x 1.2 mm?).
The bars are covered with a white TiO,-loaded paint to increase the light yield. The tracker
comprises ten detection layers with a sensitive area of 1.00 x 0.35 m? which are placed inside a
light-tight box filling a total volume of approximately 1 x 1 x 1 m3. Five 0.5 mm-thick layers
of Pb are placed between the detection layers in order to discriminate between muons and
electrons. The read-out system based on the VATA64 electronics was developed. Only one
main electrical connexion and a computer are required to operate the detector which makes it
easily portable. An inside view of the detector is shown in figure D.1.

A software was developed for the data acquisition and real-time display. A graphical interface
based on Python Qt allows for the control and the configuration. The signal expected from
muons is straight trajectories with low energy deposited in each layer. For corresponding
events, a very simple pattern recognition algorithm finds straight tracks and calculates the
angle. Muon events are also used to calibrated the MIP signal for each scintillating bar. A large
fraction of the events observed when the detector is placed below a thick concrete ceiling is
characterised with an electromagnetic shower produced by high energy electrons. The energy
deposited in this type of events is enhanced if the shower crosses the lead layers generating
many additional low energy electrons. Examples of such events are shown in figure D.2. The
event rate after filtering by the software is typically 0.5 Hz.

The development and the fabrication of the detector took one year. A master student worked
during one semester on the calibration of the SiPMs and measurements on the scintillating
bars, allowing for the validation of the detector design. An intern student developed the
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Appendix D. Cosmic particle tracker for outreach

Figure D.1 - Picture of the cosmic tracker demonstrator. The detection layers are visible with
the white scintillating bars.

graphical interface of the software and fabricated all scintillating bars in collaboration with
the mechanical workshop during three months. Finally, the assembly of the detector and the
read-out electronics took an additional two month period and involved the mechanical and
electronics workshops as well as many other students.

The cosmic tracker was presented at the EPFL open days (2016) and at the EPFLSs salon des
technologies et de l'innovation de Lausanne (STIL, 2017 and 2018). The visitors of these different
fairs include the general public but also students and innovation start-up managers. In all
cases, presenting the tracker has been a good opportunity to initiate interesting discussions
and present the activities of the laboratory as well as high energy physics in general.

110



‘Event type:| HighEnergyElcctzon ‘Brergy deposit:| 640 MIP Event type:| HighEnergyElecton,

Vel le e o
'Y Y Y a8
1000000 - - 00000

Q-on@ CIOIs 'é.‘no

(c) 283 MIP (d) 640 MIP

Figure D.2 — Cosmic particle tracker event display. The blue rectangles represent the scin-
tillating bars whereas the horizontal light-blue lines (in the middle of the detector) indicate
the position of the lead layers. The size and colour (from green to red) of the circles depict
the signal amplitudes. Top left: One or a few electrons penetrating vertically and creating an
electromagnetic shower in a lead layer that spreads at the bottom of the detector. Top right
and bottom left: an electromagnetic shower created in the ceiling and being stopped by the
lead. Bottom right: two simultaneous high energy showers that interact with the lead without
being stopped. The deposited energy in units of MIP is indicated below the figures.
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