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Preface

Understanding the fundamental building blocks of the universe represents one of
humanity’s most significant endeavours. Within this challenge, high-energy physics
(HEP) stands at the forefront of scientific discoveries, and the crucial part lies in
detection technologies unravelling the strange petite world of particles and their
interactions, otherwise remaining hidden.

This thesis explores the relatively new and quickly evolving silicon detectors, seek-
ing out the silicon photomultipliers (SiPMs). SiPMs have emerged as a promising
technology for photodetection with high efficiency and precision while remaining
compact and cost-effective. The unique properties of these photodetectors and their
evaluation are the goal of this thesis, with an overview of their current and future
uses in the HEP.

To facilitate a fluent passage through this work, Chapter 1 explains the fundamental
concepts of HEP and particle detectors. By clarifying the title of the thesis itself, it
allows the reader to perceive the ideas further in detail and presents motivation for
the experimental part of this work.

Chapter 2 describes the foundation of semiconductor detectors, starting from the
band theory, and provides an overview of the photodetectors and their principles.
These concepts provide a necessary introduction to the SiPMs, and their character-
istics, such as photon detection efficiency, dark count rate and other noise factors,
are discussed in detail.

Delving into the current landscape of the HEP detectors and experiments employ-
ing the SiPMs in Chapter 3, their key designs and implementation techniques are
discussed. Further developments in this sector are also investigated, and future
experiments relying on this technology are outlined.

Chapter 4 details the experimental evaluation of SiPMs conducted. The SiPMs were
tested with laboratory-based laser setup and cosmic rays detection, implementing
their compatibility with scintillating materials. This elucidates their behaviour in
conditions similar to many of the HEP experiments.

Through performed experiments and analysis, this thesis aims to contribute to the
knowledge regarding the SiPM applications and limits for the HEP uses in large
experiments, which play pivotal roles in this field, as well as demonstrate the various
methods and techniques available for the work with these sensor arrays.
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Chapter 1

High Energy Physics and particle
detectors

This chapter provides an introduction of concepts for the scope of this thesis. It
briefly introduces the Standard Model of particle physics, mentions accelerator tech-
nology and describes a modern detector system example. The structure for this
chapter was inspired by Ref. [1].

1.1 Elementary particle physics

High Energy Physics (HEP), also known as Elementary Particle Physics, is a study
of fundamental forces, particles and interactions described by the Standard Model
(SM) and searches for physics beyond this description.

The Standard Model has been developed and tested over decades with high accuracy
and is based essentially on symmetry principles. Figure 1.1 shows the fundamental
particles described by the SM. The set contains three generations of quarks and
leptons, and together with bosons are considered without any inner structure. The
gauge bosons responsible for the electromagnetic, weak, and strong interactions are
the photons, Z and W bosons, and the gluons, respectively, are considered carriers of
the fundamental forces. The Higgs boson provides the mechanism for the elementary
particles to generate mass. All elementary particles have corresponding antiparticles
with the same exact properties but opposite electric charges, which, in the case of
zero–charge particles, become indistinguishable.

Despite the SM being a theoretically completed theory, it still does not describe all
the natural phenomena and requires further investigation. For instance, the model
does not describe various astrophysical observations as dark matter and matter–
antimatter asymmetry. Furthermore, the gravitational force and the neutrino mass
also lack their explanations. This leads to many Beyond Standard Model (BSM)
theories, which state the need for experimental verification, enriching the experi-
mental physics to precision measurements for the SM and search for new particles
and mechanisms [3].
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Figure 1.1: The classification of elementary particles described in the Standard
Model with their basic properties. Taken from Ref. [2].

1.2 Particle accelerators

Particle accelerators are essential tools in probing the fundamental particles and
processes. Colliding particles at near-light speeds recreate conditions similar to those
just after the Big Bang, allowing the exploration of the early universe through the
quark–gluon plasma (QGP). There are various types of accelerators, including linear
accelerators (linacs) and circular accelerators, each designed for specific purposes and
experiments, which are further divided into fixed–target and collider experiments.
The fixed target experiments use one particle beam to hit the stationary target,
while the collider experiments collide two beams of particles (the beams may consist
of different particle species and cocktails).

Apart from the astrophysics experiments acquiring the highly energetic particles
from cosmic rays, the HEP experiments utilize the particle accelerators to achieve
the desired energies. Accelerated particles such as electrons, protons, or heavy ions
must be charged, while often (especially in collider physics) antiparticles are also
required. The interaction rate ϕ is one of the most crucial parameters describing the
number of events expected for a particular reaction. For fixed target experiments,
it depends on the rate of beam particles n hitting the target, the cross section of the
observed reaction σ, and the target thickness d and may be expressed followingly

ϕ = σ ·NA · ϱ · n · d = σ · L, (1.1)

3



where NA is the Avogadro’s number, ϱ the density of the target material, and the
luminosity L can be used to rewrite the formula. In the collider experiments, the
luminosity depends on the cross section of the two beams in both transversal di-
rections, σx, σy, and the number of particles in the second beam instead of the
properties of the target as in the previous case. This brings us a relation for the
luminosity on colliders as

L ∝ n1 · n2

σxσy
, (1.2)

where the determination of the cross section is non–trivial, nevertheless, the known
processes may be used for fixing the luminosity [1]. This parameter describes the
likelihood of collisions resulting in a desired interaction and, therefore, is an impor-
tant metric in accelerator physics.

1.2.1 Current and future accelerators in HEP

Accelerator physics is a broad field, and therefore, only a brief overview of acceler-
ators further mentioned in this work will be presented in this section. The author
recommends for further overview with historical context Ref. [4].

Large Hadron Collider (LHC) at CERN

The Large Hadron Collider (LHC) is located at CERN (Conseil Européen pour la
Recherche Nucléaire - European Council for Nuclear Research) near Geneva, on the
border of France and Switzerland and at the moment (2024), is the largest particle
accelerator on the world with a circumference of 27 km. It replaced the Large
Electron Positron (LEP) collider in its original tunnel and was designed for finding
the Higgs boson which required larger energies than the LEP was allowing. The
LHC accelerates protons and heavy ions at energies at the centre–of–mass of 13 TeV
and more for protons and 5 TeV for lead ions [5]. Currently, the lead program is
ongoing, while in the past, there were xenon beams during Run 2, and there are
future calls for oxygen [6].

The LHC interaction points host the four major experiments of the collider ATLAS
(A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), ALICE (A Large
Ion Collider Experiment), and LHCb (LHC beauty experiment). Each of the exper-
iments has unique capabilities and agendas. The CMS and ATLAS experiments are
oriented towards the precision measurements of the SM after their joint discovery of
the Higgs boson in 2012. The ALICE focuses on the QGP studies, and the LHCb
observes the CP symmetry violation via beauty quark reactions.

The near future of the LHC leads towards the High Luminosity LHC (HL–LHC),
which is to be installed during the LHC’s Long Shutdown 3 (LS3) [5]. During
installation, all the experiments undergo major (ATLAS, CMS) or minor (LHCb,
ALICE) upgrades to keep up with the HL–LHC integrated luminosity (see formula
(1.2)). The upgrade plan in detail is in Figure 1.4, and it will prolong the potential
of the research program up to 2040.

Further development and use of the LHC may lie in pre–accelerating particles for
the Future Circular Collider (FCC), which would collide e+e− in its first runs and

4



Figure 1.2: Layout of the CERN accelerator complex (2022) with colorly distin-
guished particle accelerated (see the legend). Taken from Ref. [7].

Figure 1.3: Timeline of the LHC with luminosity upgrades from 2022. The schedule
has been shifted a few times, notably due to the COVID-19 world pandemic. Taken
from Ref. [8].

later upgrade towards hadron collisions. Nevertheless, the project is still waiting for
its approval, the Feasibility Study for the FCC is currently undergoing until 2027 [9].
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Relativistic Heavy Ion Collider (RHIC) at BNL The Relativistic Heavy Ion
Collider (RHIC) is located at Brookhaven National Laboratory (BNL) in New York,
USA, and focuses on understanding the fundamental aspects of QCD (Quantum
Chromodynamics) and the dynamics of high–energy nuclear collisions. RHIC accel-
erates heavy ions to energies up to 200 GeV per nucleon pair, allowing the study of
the near–ideal gas of quarks and gluons, the QGP [10]. The experiments at RHIC
currently taking data are the STAR (Solenoidal Tracker at RHIC) and sPHENIX
(super Pioneering High Energy Nuclear Interaction eXperiment), which replaced the
PHENIX experiment, and the commissioning was done only recently (2023) [11].

Figure 1.4: The original layout of the accelerator complex at BNL from 2003. The
interaction point for the PHENIX experiment is currently occupied by its successor,
sPHENIX. Taken from Ref. [12].

Electron Ion Collider (EIC) at BNL

The Electron–Ion Collider (EIC), the future project at BNL, is designed to explore
the structure of protons and nuclei with unprecedented precision. The EIC will
collide spin–polarised beams of electrons with ions from deuterons to the heaviest
stable nuclei with centre–of–mass ∼ 20 GeV to 100 GeV. This facility aims to study
the properties of matter originating from the deeply fundamental constituents of
QCD, which is the central motivation for polarized electron–proton and electron–ion
collisions at the EIC. The collider is designed to be able to answer the question of the
characteristic nucleon spins of 1

2
. The project also aims to make large contributions

in instrumentation with the R&D for advanced detectors and accelerator technology
to achieve the high luminosity and precision required [13]. The planned layout of
the accelerator complex can be seen in Figure 1.5. Only one of the possible detector
locations is at the moment assigned to an experiment. Namely, it will be the ePIC
experiment at IR6.

1.3 Particle detectors and systems

Nowadays, the interactions induced by the accelerated particles are studied by enor-
mous detector systems combined with multipurpose and dedicated experimental
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Figure 1.5: Schematics of the future EIC in the BNL accelerator family. Taken from
Ref. [13].

setups. The detector consists of multiple sensitive channels measuring the charac-
teristics of particles produced in collisions and decays of the initial particles. The
usual architecture of a general–purpose detector comprises tracking, vertexing, en-
ergy loss and momenta measuring, and particle identification subdetectors. For
these complex systems, a trigger is an essential subsystem to identify the measure-
ments in the time dimension with the events observed. In the next section, a brief
overview of the upgrade of the ALICE experiment is set to state the example of the
general–purpose detector and its current triggering system is discussed later on.

1.3.1 The ALICE experiment as an example of general–purpose
detector

As stated previously, the ALICE experiment is an experiment at the LHC focused
on studies of the QGP in heavy ion collisions and further finding the QGP also in
small systems. The detector will undergo a full refurbishment during the LS4 before
the LHC Run 5, introducing the new detector ALICE 3 [14].

The subdetectors of the ALICE 3 are shown in the layout in Figure 1.6. The
schematics show the system situated inside a magnet yoke already used in previ-
ous runs, dating back to the L3 experiment at LEP. ALICE 3 will include a new
superconducting magnet system that will provide a magnetic field of 2 T and
will consist either of a single solenoidal magnet or of its combination with dipoles.
The magnetic system of the detector is necessary for curving the paths of charged
particles and, therefore, allowing observation of their change and distinction from
the neutral particles from the momenta calculated through the curvature.

The Vertex detector and the Outer tracker will consist of eleven barrel layers
and 2×12 discs installed retractably in the secondary vacuum, allowing its insertion
closer to the beampipe when taking data and keeping the detector protected from
the radiation while the beam tuning. The technology proposed for this detector is
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Figure 1.6: Schematic concept of the ALICE 3 detector. Taken from Ref. [14].

the CMOS already explored for the Inner Tracking System (ITS) upgrade, the ITS3.
The challenge is to withstand the large amounts of radiation while avoiding robust
structures in order to keep low material budget and high spatial precision.

The Time of Flight (TOF) system provides particle identification over the full
acceptance (|η| < 4). Similarly to the tracking system, it comprises the central
barrel layers and forward disks on both sides of the experiment. The main request
on the detector is to provide a time resolution of 20 ps or better. This is to be
achieved by the Monolithic Active Pixel Sensors (MAPS) technology, which is also
explored for the ITS3. The TOF detector is typically used for particle identification
(PID) and triggering.

The Ring Imaging Cherenkov (RICH) detector is to be used to extend the
particle identification capabilities to transverse momenta out of reach for the outer
TOF detector. The refractive index of the radiator determines the transverse mo-
menta (pT ) window, in which the detector provides effective separation. The re-
fractive index of the radiation sets the pT range, which is for n = 1.03 ensuring
the continuity in the PID capabilities beyond the TOF is in the barrel region and
can be achieved conveniently by using an aerogel radiator material. However, the
Lorentz boost affecting the particles in the forward direction limits the radiator to
a smaller refractive index for adequate pT coverage in the forward region. For the
detector architecture, various layouts with a mirror and multiple layers of radia-
tor are in consideration, as shown in Figure 1.7. For the photodetector, the most
promising option so far is a further development of the digital silicon photomulti-
pliers (dSiPM), combining the readout with the CMOS technology rather than the
use of the conventional vacuum PMTs.
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Figure 1.7: Schematic view of the aerogel RICH baseline layout (left), multi-layer
(focusing) aerogel layout (centre) and mirror layout (right). Taken from Ref. [14].

The Electromagnetic Calorimeter (ECal) is to cover one forward and the full
barrel regions, most of which will be instrumented with a sampling calorimeter. A
fraction of the central barrel will reuse the PbWO4 crystals from the ALICE PHOS
and the CMS ECal, with SiPM readout. The remaining part of the acceptance will
be covered with a lead–scintillator sampling calorimeter. A challenge arises from
the relatively low light yield Y of the crystals, which shows a strong temperature
dependence. For this reason, the ALICE PHOS is operated at a temperature of
t = −25◦C to increase the light yield by a factor of 3 compared to operation at
room temperature. This problem shall be mitigated to acceptable levels by the
front-end electronics (FEE).

The Muon Identifier (MID) will provide muon tagging for particles reconstructed
in the tracker. It is to be composed of chambers to track charged particles that pass
through the hadron absorber of about 1 kt. The physics performance, i.e. the
matching of muons, can be achieved in various ways, so the muon absorber material
is still under discussion. The muon chamber is currently under consideration be-
tween the scintillating paddles coupled with the SiPMs or the multiwire proportional
chambers (MWPCs) [15]. The MID is further discussed in section 3.3.1.

The Forward Conversion Tracker (FCT) is to measure photons only accessible
by exploiting the Lorentz boost in the forward direction, which is observed by their
creation of the e+e− pairs. The Magnetic field perpendicular to the (forward) direc-
tion of flight is required for sufficient pT resolution. Thus, the design can only be
finalized after the magnet system design is decided. The detector will try to adapt
the ITS3 bend silicon technology; nevertheless, it is still to be tested on large flat
areas as the discs of the FCT will be.

This overview discusses only the very basic concepts of the detector, and the author
advises further reading in the Letter of Intent for the ALICE 3 [14].

1.3.2 Fast Interaction Trigger of ALICE

As mentioned at the beginning of this section, an important part of the data acqui-
sition, the event distinction, lies in the triggering system. The main trigger mode
of ALICE is since the Run 3 (starting in 2022) continuous mode, which is trigger-
less [16]. Nevertheless, some of the detectors still need the traditional trigger mode,
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which is provided at the lowest level by FIT [17]. This led to the development of
the Fast Interaction Trigger (FIT), also aiming to provide the multiplicity trigger,
useful especially for detectors with limited readout–rate capabilities that focus on
highly energetic processes, for example, related to jet physics. FIT generates a min-
imum bias and a multiplicity trigger with a maximum latency below 425 ns and
measures the collision time with a resolution of 40 ps. In the offline analysis, FIT
assists in the reconstruction of the vertex position, assesses forward particle mul-
tiplicity, centrality, and event plane, and allows the study of diffractive physics at
forward rapidity. Additionally, it provides a luminosity monitor in real–time and
sends feedback directly to the LHC for beam tuning.

Figure 1.8: FIT detectors layout. From bottom–left FDD–A, FT0–A connected
with FV0, interaction point, FT0–C, FDD–C. The distances along the beamline are
not up to scale Taken from Ref. [18].

Figure 1.9: FIT detectors FV0 (left) and FDD–A (right) installed in the ALICE
experiment. Photos taken in February 2024.
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The FIT design balances between performance and cost and consists of 3 compo-
nents: FT0, FV0 and FDD, see Figure 1.9. Each of them is optimized for different
functions and operational regimes. The FT0 is a Cherenkov array with good timing
properties and signal–to–background ratio. Around the FT0–A, the scintillator FV0
seeks to enlarge acceptance towards midrapidities, improving the trigger efficiency
and dynamic range. The scintillator FDD (Forward Diffractive Detector) covers
the forward pseudorapidity range. The author would like to note here that the C–
side and A–side are common labels throughout all the LHC experiments, meaning
clockwise and anti–clockwise, respectively [19].

The FT0 and FDD detectors comprise each of the two arms located on both sides
of the interaction point (IP), allowing the background rejection using the vertex
trigger (defined as a coincidence of signals in both arms). On the C–side, the
small space available between the IP and the absorber makes it impossible to install
an FV0 array; therefore, only the Cherenkov array is installed. Furthermore, the
Cherenkov arrays themselves use, in comparison with standard PMT, much thinner
MCP–PMT technology for light detection, given the operation in a strong magnetic
field. On the A–side, further away from the IP, the dimensional constraints are more
relaxed, so the Cherenkov array is accompanied by a scintillator ring [20].
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Chapter 2

Semiconductors and photodetectors

This chapter provides an overview of the photodetectors used in the HEP and dives
deeper into the solid-state technology with semiconductors. The semiconductors
are introduced from their basics in band theory, and the description of a silicon
photomultiplier is then built upon this concept and further steps in the development
of the sensor. This chapter took a large amount of inspiration and information from
the Ref. [21].

2.1 Photodetectors

Photodetectors are sensors converting incoming light into electric signals. In HEP
they are primarily used with scintillators or to detect Cherenkov radiation. The
operating range is usually from vacuum–ultraviolet (VUV) to near–infrared (NIR),
where the photon energy is only a few eV. Photodetectors rely on the photoelectric
effect, where the photon energy exceeds the electron binding energy, thus ejecting
electrons. The distinction between internal and external photoeffects is important.
Common materials include photocathodes, made from alkali substances like CsI, and
semiconductors : in semiconductors, the internal photoeffect moves electrons from
the valence to the conduction band, making them free electrons, while external
photoelectric effects involve electron ejection from metal surfaces, which is the case
for photocathodes.

Vacuum–based photodetectors produce free electrons through the external photo-
electric effect. This category includes photomultiplier tubes (PMTs), hybrid pho-
todetectors, and microchannel plates. PMTs consist of a photocathode that emits
electrons when hit by photons, followed by a series of dynodes for electron amplifi-
cation, ultimately resulting in a measurable electric signal. Hybrid photodetectors
combine aspects of PMTs with semiconductor technologies to enhance performance.
Microchannel plates use a dense array of microscopic channels to multiply electrons
through secondary emission.

Gaseous–based photodetectors use photosensitive gas molecules or a solid photocath-
ode to release primary electrons using the external photoelectric effect as well. The

12



electron subsequently drifts towards the anode and triggers an ionization avalanche
in the gas in the high electric field. Thanks to the low mobility of produced charge
carriers, the detector can operate in magnetic fields, which is beneficial with re-
spect to the previous type. Compared with the solid–state sensors, their noise levels
are lower, and they have higher gain, which, together with their cost–effectiveness,
makes them an excellent competitor for large–area detectors. A notable example is
the ALICE RICH detector, which uses segmented CsI–coated photocathodes in a
multi-wire proportional chamber, optimizing performance for particle identification
in high–energy collisions [22].

Solid–state photodetectors utilize semiconductors to detect incoming photons through
the internal photoelectric effect and will be discussed further in the next Section 2.2.

2.1.1 Important parameters of the photodetectors

To characterize photodetectors for HEP uses, various parameters are discussed, al-
though the emphasis is, as usual, specific to an application. The Quantum Efficiency
(QE) is defined as the ratio of the number of photoelectrons emitted NPE to the
number of incident photons Ntot and is given by the equation

QE =
NPE

Ntot

. (2.1)

The Dark Count Rate (DCR), the rate of signals generated in the absence of light,
directly impacts the noise level and overall accuracy of measurements. Gain is
a crucial parameter for the detection of faint light signals, such as in Cherenkov
detectors and states the amplification factor of one photon into photoelectrons.
This can be expressed as

G =
Q

e
, (2.2)

where G stands for the gain, Q for the charge collected and e for the charge of a
single electron. The timing resolution is essential for time–of–flight and fast timing
applications, often quantified by the full width at half maximum (FWHM) of the
timing distribution. Spectral response defines the range of wavelengths to which the
detector is sensitive to. Linearity, the consistency of response over a range of light
fluxes, is the goal behaviour, nevertheless unachievable due to physical constraints
of the detection probability smaller than 100%.

2.2 Semiconductors

Semiconductors are crucial materials in modern electronics widely used for their
ability to behave both as conductors and insulators. The principle of this duality
arises from their structure, so-called bands, which describe the allowed energetic
states of the electrons and holes in the material. The crystalline material can be
described as a periodic structure of atoms arranged with covalent bonds. The valence
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electrons may break the bond, creating a free electron and a hole, both treated as
particles in this theory. The free electron is no longer bound to the lattice, and the
hole is its reminder to be filled by a neighbouring electron. Thus, both electron and
hole are available for conduction (the hole moves by being filled).

2.2.1 Band theory

The electron in the material will occupy different energy levels depending on its
state, whether it is bound to the lattice, in conduction band, or free, in valence
band, see Figure 2.1. For metals, these bands overlap, which explains conductivity
by the electrons not needing additional energy to move from the valence band to
the conduction band. For semiconductive materials, however, the bands are not
overlapping, and a forbidden gap between the bands exists, the size of which depends
on the material. This results in electrons needing to change their energy by the gap
size for jumping between the bands. Therefore, all the electrons in the semiconductor
are in the valence band at low temperatures, and the material manifests itself as
an insulator. With increased temperature (room temperature is sufficient for this
process), the electrons are thermally agitated and excited to the conductive band,
free to move. In this theory, insulators are described similarly as semiconductors by
sufficiently large forbidden gap (3-4 eV) [23].

Figure 2.1: The band theory description of the energy levels and overlapping bands
for metals, semiconductors and insulators. Inspired from [24].

Electrons and holes in semiconductors, being indistinguishable particles with spin
1/2, obey the Fermi–Dirac statistics. That leads to a distribution f(E) for occupied
states with energy E at the temperature T as follows

f(E) =
1

1 + exp
(
E−EF

kT

) . (2.3)

The EF in this expression denotes the Fermi energy, which is defined as the chemical
potential of the particles in the structure. It describes the amount of energy needed
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to add a particle to the system from its initial distance infinitely far away. Note
that at thermodynamic equilibrium, this chemical potential is the same for all the
particles in the system [25].

2.2.2 Intrinsic and extrinsic semiconductors, junctions

Materials with no or very few impurities in their lattice structure are classified as
intrinsic, and the thermally agitated electrons are the only free carriers. The intrin-
sic semiconductors are used very rarely due to the complexity of the manufacturing
process. Adding a well–defined fraction of impurities to the material, doping, is
favourably altering the material properties so that it is more suitable for the ap-
plication. Depending on the dopant, the material becomes n–type, with an excess
of electrons, or p–type, with an excess of holes. An example of doping is shown in
Figure 2.2. To the base consisting of pure silicon with four valence electrons, boron
(phosphorus) is added, and thus, an extra hole (electron) is created while the matrix
remains neutral [24]. This modification to the material has a consequence of a shift
in the Fermi level. The EF in the doped semiconductor can then be described by
the energy level of the conduction band Ec and densities in the conduction band Nc

and of the dopants ND followingly

EF = Ec − kT ln
Nc

ND

. (2.4)

Figure 2.2: Schematics of silicon base with phosphorus as an n–type dopant (left)
and boron as a p–type (right). The blue circles represent the electrons, and the red
is a hole. Inspired from [24].

Different doping allowed the creation of semiconductor structures beginning with the
simplest p–n junction. The p–n junction consists of two extrinsic semiconductors
with opposite doping, creating a diode structure which conducts current only in one
direction as seen in Figure 2.3.

The absence of free–charge carriers of the opposite sign in the material causes diffu-
sion, and the holes and electrons start recombining around the border. That leaves
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Figure 2.3: Schematics of the p–n junction, a basic semiconductor structure. The
grey circles represent the ions in the lattice, and the black cicles represent the free
charge carriers - the electrons and holes. Inspired from [24].

the region free of the carriers, but the static charge in the lattice remains in its place.
This creates an electric field stopping further diffusion and leaves the border region
depleted from moving charges. The size of the depleted region is proportional to the
concentrations of the charge carrier in both joint materials and can be modified by
applying an external voltage.

2.3 Photodiodes and avalanche photodiodes

Irradiation with light generates electron–hole pairs in semiconductors. This effect
occurs when the transversing photon has energy larger than the energy of the band
gap. The photon is subsequently absorbed, lifting the electron from the valence
band to the conduction band, thus leaving a hole in the conduction band. If the
pair is created in the depleted region and, therefore, affected by the electric field,
the pair is separated, and each free charge moves towards a different side of the
depleted region, creating a photocurrent. Important to note here is the relationship
between the photon energy hν, h being the Planck’s constant and ν its frequency,
its wavelength λ, and the transitioned energy ∆E

λ =
hc

∆E
=

1.24

∆E(eV )
, (2.5)

giving the wavelength in µm (c is the speed of light). This wavelength is the minimal
to cause excitations since usually also photons with large ∆E can cause them. The
minimal energy is given by the forbidden gap [26].
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2.3.1 Avalanche mechanism

If a free charge occurs in a region with a high electric field, it is accelerated. This
may provide sufficient energy to create an electron–hole pair, which will be subse-
quently accelerated, allowing the creation of new pairs and creating an avalanche.
A region with a sufficiently strong field to cause multiplication is characteristic of
the avalanche photodiodes (APD). The strength of the electric field is moderated by
doping, which is often gradual for the charge amplification. Important to note here
is that the holes, by their definition, require higher electric fields than the electrons
for avalanche creation. This also results in a non–linear response to the signal as
opposed to the moderate–high voltage mode in which only the electrons are liable for
the multiplication. As the depleted region of the photodiode is the sensitive area of
the detector, it may be intuitive to have it as large as possible. Nevertheless, a large
volume allows the the thermally agitated electrons to create more false avalanches
in the detector, thus increasing the signal–to–noise ratio (SNR).

2.3.2 Single Photon Avalanche Diodes

The simple APDs are suitable for the HEP detectors; an example from this cate-
gory can be the electromagnetic calorimeter, ECAL, at the CMS experiment [27].
Nonetheless, the APDs deliver relatively low signals while operating with linear re-
sponse, which is indeed a result of low intrinsic amplification that is proportional to
the thickness of the p+ layer. This can be improved by increasing the voltage so that
the hole begins to contribute to the multiplication process, shifting the operation
mode to the Geiger mode (above the breakdown voltage), and arriving at the Sin-
gle Photon Avalanche Diode (SPAD). This modification results in increased photon
sensitivity, making the detector suitable even for low–light–yield environments. The
use of this detector commonly goes beyond the HEP research since the light capture
efficiency is crucial for tomography imaging.

2.4 Silicon photomultipliers

Silicon photomultipliers (SiPMs) are cutting–edge photodetectors that work in the
non-linear amplification region of a p–n junction, sometimes referred to as the
Geiger–Müller region, similar to gaseous detectors. These devices are pixelated ar-
rays of SPADs connected in parallel. SiPMs are operated in reverse bias Vbias with
a voltage exceeding the linear amplification region, and at the breakdown voltage
Vbr, the avalanche regime transitions from linear to self–sustaining mode. The pairs
produced in SPAD avalanches result in a fast–rising current, which is stopped with
the avalanche by quenching. This is possible either by reducing the voltage across
the diode (active quenching) or by limiting the current below a critical value using
a quenching resistor (passive quenching), as shown in Figure 2.4. The temperature
dependence of the avalanche process requires a higher electric field as temperature
increases, leading to a linear increase of with temperature, typically 20-60 mV/K
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depending on the SiPM technology. The difference between bias voltage together
with the overvoltage ∆V = Vbias − Vbr significantly influences many characteristics
of SiPMs.

Figure 2.4: Equivalent circuit of the SPAD cell with quenching. Taken from [28].

Silicon Photomultipliers (SiPMs), also known as multiple–pixel photon counters
(MPPCs), replace traditional photomultiplier tubes (PMTs) without the need for
a photocathode and dynodes, making them less sensitive to magnetic fields while
maintaining high photon sensitivity and low dark count rates. SiPMs offer single–
photon sensitivity and high gain (up to 106), providing a very fast rise time on the
order of hundreds of picoseconds while operating at low voltages (orders of tens of
volts). These features make SiPMs highly suitable for applications requiring precise
timing and high sensitivity, such as in high–energy physics experiments and medical
imaging. The advanced design of SiPMs ensures robust performance, combining
the benefits of traditional PMTs with modern semiconductor technology to deliver
superior performance in a compact form.

2.4.1 Electric structure

The most common representation of the SiPM equivalent electrical circuit can be
seen in Figure 2.5. The Ntot represents the number of total available cells in the
SiPM, and the Nf represents the triggered cells. Unlike the SPAD equivalent cir-
cuit, the SiPM circuit includes additional passive components from non-triggered
SPADs (Ntot −Nf ), along with grid inductances and capacitances (parasitic part).
In a SiPM, the output current generated by the triggered cells, particularly the fast
component in Cq, is divided by the parasitic capacitance Cg (mainly from the metal
grid and bonding pads) and the series connection of the passive capacitances. The
grid capacitance and inactive cells can cause a noticeable drop in the single SPAD
signal amplitude, depending on the input impedance of the front–end electronics.
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Figure 2.5: SiPM equivalent circuit including the switch that mimics avalanche
triggering, the diode series resistance Rd, the diode capacitance Cd the quenching
part Rq and Cq, the parasitic part from the not triggered cells and the series and
parallel parasitic components. Taken from [28].

Using an amplifier with very low input impedance, such as a trans-impedance am-
plifier, helps in extracting the current signal since the impedance of the passive and
parasitic components is generally higher than that of the amplifier. Additionally, the
parasitic trace (and bonding) inductance Lpar and resistance Rparcan limit the SiPM
signal rise time, emphasizing the importance of minimizing these in PCB design to
benefit from the intrinsically fast rise time of SiPM signals [28].

The timing properties of the SiPMs are divided into two components: fast and
slow. The fast signal discharge is a product of the load resistor RL and the total
capacitance of Ntot cells Ctot, which depends on the capacitance of each individual
cell and the grid capacitance from the connector

τfast = RL · Ctot = RL · (Ntot(Cd + Cq) + Cg) . (2.6)

The slow component τslow is given by the recovery time τrec, which is the full recharge
of the capacitors Cd and Cq through Rq in the active pixels.

There is also a possible enhancement of the SiPM uses by the fast output explored
by the ONSEMI manufacturer, which has enriched the traditional structure of SiPM
by incorporating a third terminal coupled with a small value capacitor. This mod-
ification enables the transmission of ultra–fast output signals in addition to the
standard anode–cathode output. This modification allows shorting the signal to
only tens of nanoseconds or even less, in comparison to the standard output of hun-
dreds of nanoseconds [29]. The circuitry of this incorporation can be seen in Figure
2.6.

Another breakthrough in faster timing was achieved by the digital SiPMs (dSiPMs).
The signal from the single SPADs (or groups of a few) is directly digitized as op-
posed to the sum of the signal’s digitization in conventional analogue SiPMs. The
advantage of the solution lies in the integration of all the components in one chip,
providing compactness and high speed and also in the possibility of disabling noisy
cells [31]. The disadvantages are manifested in larger electronic noise and power
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Figure 2.6: The circuit of a SiPM with the fast output. The SiPM consists of an
array of SPAD microcells with resistor RQ and capacitor CF connected in parallel.
Taken from [30].

consumption. The block diagram is presented in Figure 2.7, where it can be seen
that each pixel consisting of four SPADs delivers one bit very fast for the on–chip
trigger, which is used for synchronous cell read–out.

Figure 2.7: Block diagram of the digital SiPM from DESY. Taken from [31].

2.4.2 SiPM characteristics

The SiPMs are characterized by various properties that are also used for compar-
ison with other types of photodetectors, which were briefly introduced already in
Section 2.1.
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2.4.2.1 Gain

Gain of the SiPM can be further expressed from the equation (2.2) using the ca-
pacitance Cd and overvoltage ∆V , from which subsequently an expression using the
latch current Ilatch and recovery time τrec ≈ Rd · Cd can be derived by the Ohm’s
law

Q =
∆V · Cd

e
=
Ilatch · τrec

e
. (2.7)

This describes the gain linearly proportional to the overvoltage; however, it is pos-
sible for the depletion of the epitaxial layer to cause deviations in this behaviour.

The measurements of the gain are typically affected by the bandwidth and shaping
time of the front–end electronics, and for fast shaping times, a high signal–to–noise
ratio is difficult to achieve. From the equation (2.7), it is visible that the real–life
measurements will use numerical integration of the signal produced by one photon
as

G =
1

e

∫
Idt =

1

RL ·Ga · e

∫
Udt, (2.8)

where the RL and Ga label the resistance and gain of the pre–amplifier.

2.4.2.2 Photon Detection Efficiency

The photon detection efficiency (PDE) is the ratio of the detected number of photons
to the total number of incoming photons. This is in the case of SiPMs bounded to
the QE, geometry fill factor (GFF ), and the probability of an avalanche originating
from the electron–hole pair Pa and can also be fitted by a phenomenological function
dependent on the Vbias [32]. The expressions are

QE · Pa ·GFF = PDE = PDEmax

(
1 + exp

(
−d · ∆V

Vbr

))
(2.9)

where the d factor is a phenomenological factor reflecting the dependence on the Pa,
and the PDEmax is the fitting constant representing the maximal possible PDE in
theory. This variable can saturate for high voltages and create a plateau. It is a
consequence of the saturation of the charge carrier ionization rate.

2.4.2.3 Dark noise

Dark noise in SiPMs is defined as signals generated in the absence of incident light,
primarily due to thermally generated carriers, tunnelling effects and diffusion from
the bulk region. These dark counts are a significant source of noise, affecting the
signal–to–noise ratio and overall performance of the detector. The dark count rate
(DCR) is, by definition, dependent on temperature, rising with its increase. To
mitigate DCR, SiPMs are often operated at lower temperatures, especially when
large doses of irradiation are expected. The dark count pulses in time follow the
Poisson distribution and are used to characterize SiPMs. This behaviour is for
room temperatures described by the Shockley–Read–Hall mechanism [33], while for
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extremely low temperatures, the tunnelling effects are dominant. In the limited
range of ∆V , the DCR is linearly proportional to it, and it has proportionality to
the active area of the sensor.

2.4.2.4 Correlated noise

The correlated noise in the SiPM comprises the signal propagation between neigh-
bouring cells, crosstalk, and within the same cell, the afterpulses.

In direct crosstalk, the mechanism is an emittance of infrared photons which can
travel long distances due to their low absorption coefficient in silicon and, when
reaching the neighbouring cells, create a signal not corresponding to a new incident
photon. The prevention of this phenomenon is optical opaque trenches. Neverthe-
less, the likelihood of such crosstalk is still proportional to the gain.

An afterpulse occurs when a charge carrier released by an avalanche is trapped by
impurities or lattice defects in the silicon and subsequently released after a delay,
causing a second avalanche in the same pixel with a time delay of a few hundred
nanoseconds. It can also happen due to incomplete quenching, which leaves free
charges in the avalanche region and limits the stable operation range of a SiPM,
especially at high ∆V .

The delayed crosstalk is a combination of the two and emerges from trapped
avalanches propagated to the neighbouring cells.
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Chapter 3

SiPMs in current and future HEP
experiments

The SiPMs became a valuable competitor to the traditional PMTs in HEP detec-
tors. The semiconductor nature combines the high sensitivity of PMTs with the
benefits of solid–state technology, such as compact size, low operating voltage, and
resistance to magnetic fields. These characteristics are particularly advantageous in
large experiments operating in strong magnetic fields [34].

Over the past decades, the spread of their applications has been significant, con-
firmed by the applications in laboratories worldwide. For instance, the CMS ex-
periment has integrated SiPMs into its calorimeters [27, 35], enhancing their ability
to measure the energy of particles with greater precision and reliability. Similarly,
they have become a crucial technology explored for the Compressed Baryonic Mat-
ter (CBM) experiment at the FAIR accelerator centre [36]. Further research is being
conducted on their use in Cherenkov detectors like in the future ePIC [37].

SiPMs are further explored for their excellent photon detection efficiency, fast re-
sponse time, and ability to operate in cryogenic temperatures, which are often the
case in HEP experiments. These features are crucial for experiments that demand
precise timing and high resolution, such as the Belle II experiment at the Su-
perKEKB accelerator in Japan [38], where SiPMs are to be used in the Time of
Propagation (TOP) detector for particle identification. Another advantage of these
sensors is the capability to handle high data rates, a critical requirement for many
future HEP projects, such as the HL–LHC, where the SiPMs are set to play a pivotal
role.

In this chapter, a few more detailed examples of selected current and future HEP
experiments utilizing the SiPMs are provided and discussed with the aim of setting
the motivation behind the measurement for this thesis, as well as a selection of
monitored properties of the sensors. The subchapters are organized by types of
conventional large HEP experiment subdetectors, as discussed in section 1.3 and
the last subchapter will discuss also the neutrino detection.
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3.1 Tracking, Particle Identification, and Timing de-
tectors

3.1.1 SciFi tracker at LHCb

Among the trackers, a pioneering scintillating fibre detector is installed at the LHCb
at CERN (commissioned during the LHC Long Shutdown 2 in 2021). The SciFi
tracker consists of three stations of four detector planes each, as shown in Figure
3.1. The modules comprise 8 individual fibre mats serving as the active material of
the detector. Within this part, blue (400 to 600 nm) scintillation light is radiated
and propagated towards the multi–channel SiPM on one side and reflected by a
mirror on the other. The 128 channels with a width of 250 µm will, together with
the fibre positioning, allow a hit–position resolution better than 100 µm.

Figure 3.1: The side view of the LHCb experiment with the position of the SciFi
tracker circled in red (left) and schematics of one detector station (right). Taken
from Ref. [39].

The active layers are read out by Hamamatsu SiPM arrays (model MPPC S13552 –
H2017 [40]) with custom adjustments for detector performance. The photon detec-
tion efficiency is about 45 % at the overvoltage 3.5 V with relatively small crosstalk.
Large efforts were made to suppress the dark noise by the modules operating in -40
◦C. This solution leads to a DCR of 13 MHZ per channel after receiving neutron
fluence of 6 × 1011 neq/cm2, corresponding to half of the expected fluence for the
lifetime of the detector in operation, monitored because the DCR is known to in-
crease significantly with irradiation. While the readout is at 40 MHz, the DCR at
such a level does not significantly narrow down the detector use as opposed to the
original (without cooling) DCR of 550 MHz after irradiation.

3.1.2 Mighty Tracker for LHCb

In Upgrade II of the LHCb during the LHC Long Shutdown 4 (LS4) in 2032-2034,
the SciFi technology will be merged with a silicon pixel detector, forming a new
detector, the Mighty Tracker. The combination of the two technologies will enhance
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tracking efficiency in the region with the highest occupancy. Initial changes will be
already performed during the LS3 (Upgrade Ib in 2026-2028) when both the inner
tracking part of CMOS technology will be installed, and the SciFi detector will be
adjusted limitedly, and the fibres most exposed to the radiation will be exchanged
to prevent error caused by the radiation damage [21].

Figure 3.2: Geometry simulation of the layout of the Mighty Tracker detector. The
HV-CMOS region consisting of the Inner Tracker (pink) and Outer Tracker (light
blue) is the closest to the beampipe. The outer region (brown) is tiled from the
SciFi modules. Taken from Ref. [41].

The design of the detector is shown in Figure 3.2. This text will discuss only the
upgrades of the SciFi modules, focusing on the SiPM; for further reference, see Ref.
[41].

The main challenges in the upgrade arise from the increase by a factor of 10 in
luminosity at LHC in Run 5 (after LS4) compared to the current Run 3 (2024). The
integrated luminosity causes the DCR to rise beyond the acceptable levels and the
current operating temperature (−40◦C). The only suitable option is foreseen to be
the application of cryogenic cooling, setting the operational temperature down to
−120◦C and lower. This leads to an expected decrease of DCR to 1.5 MHz, allowing
detector operation in lower light yield at the same hit detection efficiency.

The upgrade also introduces the microlensing technique commonly used for sensor
enhancement in industry. The light yield for a minimal ionising particle is expected
to decrease with radiation damage to both SiPMs and the fibres. In order to compen-
sate for the subsequential increased DCR, focusing is used to avoid inactive regions,
as shown in Figure 3.3. This leads to a larger ratio between the active and total area
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of the device without changing its mechanical and electronic properties. Successful
simulations for microlensed-enhanced SiPM were done in ROOT and promise an
improvement in the light collection up to 23% [42].

Figure 3.3: Visualisation of microlens-enhanced SiPM for the LHCb SciFi modules.
The microlenses (placed on every other pixel) are characterised by residual height
Hresidual, sag, and radius Rlens. Taken from Ref. [42].

Following prototype production showed a reduction in the gain of the light yield
with increasing GFF of the sensor [42]. Further experiments achieved a favourable
increase of 32% in light yield for SiPM with 50% GFF. Nevertheless, SiPMs with
larger GFF tested indicated no significant increase; the next steps thereafter lead to
customised production of silicon [21].

3.1.3 dRICH detector at ePIC

The ePIC experiment is to be located at future EIC at BNL (see Section 1.2.1).
For separation between the 3σ K/π at a wide range of momenta (up to 50 GeV/c)
in the ePIC experiment, a dual radiator ring imaging Cherenkov detector (dRICH)
is to be installed, see Figure 3.4. The two–radiator system is the key component,
which allows separation at a wide range of momentum. Specifically, the aerogel
with a refractive index of 1.02 facilitates the exploration of the lower momenta
range while the gaseous C2F6 with a refractive index of 1.0008 allows distinction
for particles at higher momenta. The crucial element for the compactness of the
detector is the spherical mirror focusing the Cherenkov light with Fresnel lenses to
the photodetector. Given the experiment’s position and the experiment’s precision
requirements, the SiPMs are a natural choice due to their functionality in high
magnetic fields (1 T required) and their compactness, photon detection efficiency
and timing resolution [43].

An extensive study of suitable prototypes of the SiPM was conducted with the aim
of their evaluation after irradiation and annealing. Different models by different
vendors were compared while operating at −40◦C with fluences up to 1011 neq/cm2.
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Figure 3.4: Schematics of the dRICH detector (right) together with proximity fo-
cusing RICH detector (left) to be installed at the ePIC experiment of the EIC. The
interaction point (IP) is also marked at the beampipe. Taken from Ref. [44].

Custom boards for the 3 mm2 SiPMs were designed to withstand the annealing
phases (temperatures up to 175 ◦C) and the irradiation cycles. The sensors were
produced by Hamamatsu, FBK, and Sensl with cell pitches from 15 µm to 50 µm;
for further details, see [43]. The DCR showed a linear rise with increasing fluence,
but after the annealing phase, decrease factors of 10 and 100, for temperatures of
125◦C and 150◦C, respectively, were achieved. The annealing phase in this part of
the experiment took 150 hours, and attempts with shorter periods of time at higher
temperatures were endeavoured. A factor of 10 was achieved at 175◦C during only
2.5 hours of annealing. This result shows worse performance than with 150◦C, but
it is achieved only during a small fraction of time, which is a non–negligible benefit
of the procedure.

3.1.4 MTD at CMS

For the HL–LHC, the upgrade of the CMS experiment includes a new high-precision
timing detector - the Minimal Ionizing Particle (MIP) Timing Detector (MTD). This
detector consists of the Barrel Timing Layer (BTL) and the Endcap Timing Layer
(ETL) covering pseudorapidity regions |η| < 1.5 and 1.6 < |η| < 3.0 respectively.
Both are restricted in dimensions by CMS architecture to fit between the tracker and
electromagnetic (endcap) calorimeter. Aside from compactness, the architecture also
poses requirements on both subdetectors to withstand magnetic fields and survive in
operation during the whole HL–LHC phase, while the radiation damage affects the
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time resolution. Thus, to reduce the pileup to acceptable levels, a time resolution of
30-40 ps is intended at the beginning of the operation, which degrades to 50-60 ps
by the end of the operation [45].

BTL is a thin cylindrical detector made of LYSO:Ce scintillators coupled double-
sided with the SiPMs with the area of 3× 3 mm2 and cell pitch of 25× 25 µm2. The
scintillating crystals provide signals of 40 ns decay time read by the SiPM with a
peaking time of 30 ns, of unipolar signal, with a tail of 200 ns. Reduction of DCR
(the integrated fluence is expected up to 2× 1014 neq/cm2) will be accomplished by
operation at −45◦C and periodical annealing at 60◦C, together with noise suppres-
sion circuitry furtherly discussed in [46].

ETL covers regions with higher radiation levels where integrated fluence reaches
beyond 1015 neq/cm2, which restrains from the use of the SiPMs. Instead, Low
Gain Avalanche Diodes are used (LGADs) [35]. This illustrates that despite the
many excellent properties of the SiPMs, they are not a universal solution for light
collection.

3.2 Calorimetry

Scintillators such as PWO or LYSO, in homogeneous calorimeters, or plastic scin-
tillators, serving as active layers in inhomogeneous, are often used in calorimetry,
creating a great demand for photodetectors in the field. As stated earlier, the SiPM
provide a suitable option, either coupled directly to the scintillator or via wavelength
shifting or optical fibre [47].

3.2.1 Crystal calorimeter at Mu2e

The Muon–to–Electron Conversion (Mu2e) experiment at Fermilab is planned to
investigate Charged Lepton Flavour Violation (CLFV) by measuring the ratio of
neutrinoless, coherent conversion of muons into electrons in the field of a nucleus.
The CLFV was previously studied in the SINDRUM II experiment at PSI, observing
not only the µ, e transitions but also significant results were reached in τ decay and
other leptonic decays. [48] Mu2e intends to probe four orders of magnitude beyond
the SINDRUM II single–event–sensitivity (SES), aiming for unambiguous evidence
for physics beyond the Standard Model and reach of the LHC [49].

The SES of 3×10−17 at energies ∼ 100 MeV states the requirement for the calorime-
ter to consist of a homogeneous medium, reducing the design options to gases and
crystals. The extensive R&D phase concluded with an option of high–quality un-
doped CsI crystals with the SiPMs arranged in two annular disks. The combination
proved to be the best due to the mechanical properties and cost–effectiveness of the
crystals and matching emission spectra (310 nm) to the PDE of UV–extended SiPM
(Hamamatsu) [50].

The most important characteristics for the photodetector selection were in PDE>20%,
recovery time less than 100 ns for each sensor cell, reasonable operation voltage and
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its spread between the cells, gain of 106 together with the DCR withstanding 3×1012

neq/cm2 without significant changes at 20◦C, and the Mean Time To Failure (MTTF
- representing the time of operation until the device stops working properly) better
than 106 hours at 0◦C. The Hamamatsu UV–extended SiPMs of 6×6 mm2 were used
and proved satisfactory in various tests in testing facilities in Germany and USA and
set a limit on operation temperature less than −10◦C to fulfil all the requirements
[50].

3.2.2 sPHENIX calorimeter

The sPHENIX experiment is built for high-precision measurements of jets and heavy
flavour observables. There are two calorimeters for sPHENIX: the electromagnetic
calorimeter (EMCal), which prototype is composed of scintillating fibres embedded
in a mixture of tungsten powder and epoxy and the hadronic calorimeter (HCal),
with the prototype composed of tilted steel plates alternating with the plastic scin-
tillator [51] and for both was designed a specific readout system using the SiPMs
[52].

The EMCal prototype tested in [53] consist of towers, where each tower has a light
guide epoxied to one side and an aluminium reflector on the other. The light guides
are of UV-transmitting acrylic and are coupled with silicone adhesive to a 2 × 2
array of SiPM.

Figure 3.5: EMCal blocks (back), light guides, SiPMs, electronics (front), and part
of the cooling system (copper pipe) as used for the beamtest. Taken from Ref. [53].
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Each SiPM (Hamamatsu S12572-015P) had an active area of 3×3 mm2 with photon
detection efficiency of 25%. The signals from each of the four SiPMs were summed
to give a single output signal from each tower. For thermal compensation to avoid
SiPM performance perturbations, a cooling system for the electronics was used, as
visible in Figure 3.5 and provided satisfactory stability for the SiPMs to keep the
gain at 2.3× 105. The tests resulted shown satisfactory performance for the energy
resolution for the range of energies from 2 GeV to 28 GeV [53].

3.3 Muon Systems

3.3.1 MID for ALICE 3

The Muon IDentifier (MID) is a proposed detector for the ALICE 3 to efficiently re-
construct J/ψ a rest, which corresponds to the reconstruction of muon tracks down
to pT ≈ 1.5 GeV for |η| < 1.3. The modest particle flux favours the plastic scin-
tillators equipped with wavelength-shifting fibres and SiPM readout, or lightweight
Multi-Wire Proportional Chambers (MWPCs) that are currently under investiga-
tion [15] although the original proposal also included the Resistive Plate Chamber
(RPC) technology same as its predecessors [14]. The layout of a module for the
plastic scintillator option is shown in Figure 3.6. This option considered a baseline
due to its simplicity, comprises two layers of crossed scintillator paddles (5 cm wide)
with a 10 cm gap between the two layers. Both MWPCs and scintillators represent
a cost–effective solution to cover a detection area of around 360 m2.

Figure 3.6: Scintillator bar specification and its planned layout in one of the MID
modules. This scheme is a property of Dr Solangel Rojas Torres.

Regarding the SiPMs used, the Hamamatsu S13360-6050CS were used in the com-
petitive bars investigated for this detector. Together with the scintillator bars -
the extruded FNAL-NICADD scintillator bar equipped with WLS fibre and only
one SiPM at one side of the bar and the ELJEN EJ-208 - deliver better than 2 ns
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time resolution and light yield of 40 photoelectrons and provide a sufficient and
cost–effective solution for the future detector.

3.4 Neutrino physics

The neutrino experiments using both the comics neutrinos or the neutrino beams
produced from primary beams after transversing the targets also use state–of–art
detectors, which, to a large extent, copy the structure of general-purpose detectors.
The neutrino interactions are rarer than the collision described earlier, and therefore,
the neutrino experiments tend to be enormous in size. Large water tanks used as
Cherenkov radiators are very common for neutrino detection [54]. The Cherenkov
light is then detected with photodetectors which opens possibilities of uses for the
SiPMs.

3.4.1 The Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is to be hosted by Fermi
National Accelerator Laboratory (Fermilab) in Illinois (near detector and beamline)
and Sanford Underground Research Facility (SURF) in South Dakota (far detec-
tor), as shown in Figure 3.7. DUNE promises a broad exploration of the three–
flavour neutrino model with unbeatable precision and discoveries revolving around
the matter–antimatter asymmetries in neutrino flavour mixing [55].

Figure 3.7: DUNE graphic of the detector situating and probabilities of detection
of different neutrino flavours. Taken from Ref. [56].
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The far detector (at SURF) will be a modular liquid argon time-projection chamber
(LArTPC) with a sensitive mass of 40 kt of liquid argon (LAr), a cryogenic liquid
that must be kept at 88 K. The LAr typically allows not only the anode readout
for the TPCs but also the scintillation light readout. This light will be collected
by ARAPUCA modules consisting of layers of dichroic filter and wavelength shifter
transporting the light to the SiPMs. The modules are architectures to cover large
areas and focus the faint light signal to the photodetectors while also adjusting the
wavelength from the vacuum ultraviolet to the range visible to the SiPMs. Note that
the low temperature will allow the peak performance of the SiPM devices, which
are customary developed by Hamamatsu [57].

The near detector (at Fermilab) will comprise also a multipurpose detector (MTD) to
complement its LArTPC measurements for the muon momenta, crucial for neutrino
energy determination. The MTD will consist of a high–pressure gaseous TPC and
an electromagnetic calorimeter (ECAL). The ECAL will use SiPM in a conventional
way in sampling calorimetry, as shown in Figure 3.8. The Further development for
this detector is still ongoing, given the later commissioning in Phase II, while the
far detector modules are to be completed by 2025 in Phase I [58].

Figure 3.8: Conceptual layout of the DUNE’s ECAL showing the absorber structure,
scintillator tiles, SiPMs, and PCB. Taken from Ref. [55].
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Chapter 4

Evaluation of the SiPMs in the lab
environment

This chapter guides the reader through the experimental part of this work performed
in the Laboratory of Experimental Nuclear Physics of the FNSPE CTU in Prague,
the Laboratory of the University of Kansas at CERN, and previous work performed
in the CERN East Area Facility. The beginning of the chapter is focused on the
introduction of the SiPMs and their readout and power electronics and is followed by
the measurements with the laser and cosmic rays, and the temperature–dependent
measurement of the dark court rate (DCR). For every measurement is formost in-
troduced the setup, used components, and devices. Afterwards, a description of the
analysis method and subsequent results are presented.

The measurements of this chapter concentrate on the performance of four SiPMs
with various methods and approaches to the evaluation of such devices.

4.1 SiPMs and their front-end electronics

Four SiPMs were used for the evaluation, as shown in Table 4.1, where are noted the
identifying information about the SiPMs and their label further used in this work.

label manufacturer model area [mm2] outputs*

S1 ONSEMI (SensL) MICROFJ-60035 6× 6 dual
S2 ONSEMI (SensL) MICROFC-30035 3× 3 std
S3 ONSEMI (SensL) MICROFJ-30020 3× 3 dual

Hamamatsu Hamamatsu S13360-6050CS 6× 6 std

Table 4.1: Overview of the SiPMs used in this work with their basic properties.
*Some SiPMs have a dual output, the standard (std) and an additional fast output.

The SiPM signal can have, in general, different polarities depending on the front–end
electronics, particularly the pre–amplifier. The onboard amplification also affects
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label VME amplification Vbias [V] Vc [V] signal polarity
S1 ×10 std & ×10 fast 26 - 30 27 both positive
S2 ×10 26 - 31 27 negative
S3 ×3 std &×10 fast 26 - 30 28 std positive, fast negative

Hamamatsu ×1 54 - 58 57 positive

Table 4.2: Overview of the amplifications used for the setup with the VME crate,
the operational voltages used for the laser measurements Vbias, the bias voltages used
for the cosmic measurements Vc, and the signal polarities.

the need for an additional amplifier, which was, in fact, used for the measurements
using the VME modules. A VME (Versa Module Europa) crate is a type of standard-
ized hardware and bus and communication protocol often used in industrial control
systems providing modular data acquisition and processing. The VME modules con-
form to the VME bus standard and enable the modularity of such a system [59]. The
modules are adjusted to work reliably with a large number of devices, and undoubt-
edly, this approach is a great option in large tests with extensive amounts of devices;
nonetheless, for the purposes of the sensitive measurements device–by–device, the
oscilloscope was shown to be a more suitable option. For the measurements with
the sensors used, this solution was proven to induce excessive noise levels, which, in
some cases, completely eradicated the possibility of acquiring useful data. In fact,
in the case of the measurements performed, the mostly empty (i.e., many unused
channels) modules were creating large reflections of the electric signal, destroying
the original signal. However, this setup was used for the measurement with the
cosmic rays, where the signal–to–noise ratio had an acceptable level needed for the
measurement.

During the evaluation, different operational voltages were used for the SiPMs that
were in the ranges suggested by the manufacturer in their corresponding datasheet
and also measured with the oscilloscope since the differences are also observed in
SiPMs within the same series or type; hence, it is standard practice to characterize
each of the SiPM individually to utilise each at its best performing configuration.
The observed SiPM–specific properties mentioned in the last two paragraphs can be
found in Table 4.2.

4.1.1 SiPM S1

The SiPM S1 came on a development board with 3 SMA connectors for the powering,
fast, and standard outputs. The board model is corresponding to the SiPM type,
MICROFJ-SMA-60035-GEVB. The board with the SiPM can be seen in Figure 4.1,
and its detail can be found in the datasheet [60].

4.1.2 SiPM S2

The SiPM S2 was donated for this work by Dr Nicola Minafra, together with his
custom–designed board shown in Figure 4.2. The amplifier is 20dB, 3 GHz wide
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Figure 4.1: Photo of the SiPM S1 on its development board.

bandwidth, 2.4 dB noise figure, and 50 Ohm matched. Further details on the SiPM
itself can be found in its datasheet [61].

Figure 4.2: Photo of the SiPM S2 (right) and its board schematics (left).

4.1.3 SiPM S3

The SiPM S3 was provided for this work by Dr Petr Chaloupka on a custom–designed
board for the tests for the CBM experiment and can be seen in Figure 4.3.

4.1.4 Hamamatsu SiPM

The Hamamatsu SiPM came with a PBC board and a separate board for power
management, and the readout was connected to the SiPM board via flex cable. The
specification of the driver board is its datasheet [62], which is, however, separate from

35



Figure 4.3: Photo of the SiPM S3 (right) and the opposite side of its board with
visible components (left).

the SiPM datasheet[63]. The power management of the SiPM is done additionally
by software from Hamamatsu running on a Windows machine.

Figure 4.4: Photo of the Hamamatsu SiPM (left) connected to its powering board
(right).

4.2 Tests with laser

For evaluation of the SiPMs and their comparison, they were tested with a picosec-
ond laser in the black box.

4.2.1 Holder

For the purpose of this test, a holder for the SiPM and the laser was printed on a
3D printer 3ntr A4v4. The holder consists of the body, a laser support, and possibly
a SiPM adapter. The SiPM adapter was designed for each of the SiPMs, except for
the Hamamatsu one, which fitted to the holder directly. In fact, the Hamamatsu
having the largest board was the reason for the holder design to fit it directly; thus,
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the reduction adapters were designed only for the smaller boards. The holder is
shown in Figure 4.5.

Figure 4.5: Photo with the description of the holder for the laser and the SiPM with
the adapter.

The laser support was also printed in multiple versions in order to adjust to the
SiPM position within its board. The holder was designed to allow multiple different
distances between the lase and the SiPM, out of which 2 cm was chosen and was
kept through all the measurements.

4.2.2 Initial setup for the laser measurements

Before further analysis of the acquired data, it is necessary to go over the immediate
signal responses as will be shown in the next Section 4.2.5.1 in order to not overlook
any obvious mistakes in the data acquisition. The author complements this approach
by including the data from the first measurements performed for this task, which
were later evaluated as unsatisfactory, and the measurement was repeated with a
different setup. The initial setup for this measurement is shown in Figure 4.6.

The main aim of this setup was to observe the single photon distribution. However,
this because a major problem, as was already discussed in section 4.1 and the clarity
of the data was not satisfactory due to a large electronic noise pollution.

A human error also added to the unsuitability of the data acquired, where for some
of the acquired data, an improper sampling rate was chosen. Thus, parts of the
waveforms were cut precociously for longer signals.
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Figure 4.6: Schematics of a setup for the first measurement with the laser.

4.2.3 Full setup for the laser measurements

The full setup comprised the holder, laser PicoQuant PDL 800-D driver and LDH-
P-C-405 laser head, function generator GW Instek AFG-3051, oscilloscope Lecroy
TELEDYNE HDO 6104B and the evaluated SiPM; each of the four were tested.

Figure 4.7: Schematics of a setup for measurement with the laser.

4.2.4 Method

The data were acquired and preprocessed in the oscilloscope. The function gener-
ator, having two outputs, was used as a trigger for the data acquisition. With the
functions on the oscilloscope, the histograms of amplitude, charge (area under the
waveform) and rise times (20 % to 80 %) were taken. Afterwards, the Gaussian
distributions were fitted to the individual peaks with Python 3.

38



4.2.5 Results

The measured and analysed results are divided into three sections, starting from the
plain observation of the signal and followed by a comparison of the timing properties.
The last part discusses the single photon distributions.

4.2.5.1 Waveforms of the SiPM signals

For this section, only selected waveforms are included. The selection was made to
comment on the repeating structures of the singles yet not overwhelm the content.
The waveforms were obtained by the persistence display and screenshot from the
oscilloscope. The structure looked for in these plots is formed from equidistant
lines representing the waveforms of a small number of photons. This structure is,
however, clearly visible only for the SiPM S2; see Figure 4.9.

Figure 4.8: Waveforms for the SiPM S1 for the run with laser at 30 V for both its
outputs.

In Figure 4.8, waveforms of the same run (at 30 V) from both outputs of the SIPM
S1 are shown. For the standard output, due to the persistence setup, hints of the
single photon distribution are manifesting as separate, equidistant red lines around
212 ns. On the other hand, the fast output does not show the desired behaviour and
the parasitic sine structure in the signal can also be observed. This structure most
probably comes from electronics reflection since it is too repeating to come from the
sensor noise phenomena such as crosstalk discussed in section 2.4.2.4. The possible
source of the electronic reflections may be improper coupling, a damaged connector,
as well as the signal cable. Similar behaviour was observed previously for a broken
adapter LEMO–BNC; nevertheless, in this case, the author was not able to find the
source of this discrepancy.
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Figure 4.9: Waveforms for the SiPM S2 for the runs with laser at 31 V and 26 V,
which are the maximal and minimal voltages used for this measurement.

Figure 4.9 compares the runs of the SiPM S2 with the highest and lowest bias
voltage measured. For both cases, the single photon structure is very well visible.
In the case of the Vbias = 31 V, the difference between the lines and the rest of the
distribution is not so articulated as seen for the Vbias = 26 V, which is a result of
higher gain at larger bias voltages. With higher gain, the variance of the signal also
increases and results in seemingly less precise measurements.

For the SiPM S3, the comparison of fast and standard output at 29 V is shown in
Figure 4.10. The standard output, similarly to the SiPM S1, shows rather faint yet
visible lines of the single photon structure. The fast output due to its briefness does
not demonstrate this feature; rather, it draws attention to its positive overshot after
the initial negative response. This is a usual feature of fast outputs due to their
electronic structure and fast pulse compensation.

The Hamamatsu SiPM was compared for boundary voltage levels, namely 54 V and
58 V. The shapes of the signal are the same, and the amplitude is naturally higher
only for the higher voltage. A notable insight is provided by the persistent view; for
the higher bias voltage, more blended shapes are observed, the same as for the S2.
Additionally, for the lower voltage, more reflection-like disturbances are visible.

4.2.5.2 Rise times

The rise time distributions were obtained for each of the measurements, giving
two options for the determination of the rise time for the given SiPM output at
a given voltage. A calculation of the statistical mean and, subsequentially, the
mean and the standard deviation calculation was done as visible on an exemplary
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Figure 4.10: Waveforms for the SiPM S3 for the run with laser at 29 V for both its
outputs. Note that the green line has no relation to the message of the figure; it is
only a relict from the previous oscilloscope settings.

Figure 4.11: Waveforms for the Hamamatsu SiPM for runs with laser at 54 V and
58 V, which are the minimal and maximal voltages used for this measurement.
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run in Figure 4.12. Nevertheless, from most of the distributions, was visible, that
the Gaussian distribution is dominating, hence, a Gaussian fit was performed a
well. Both approaches were performed in order to see which one leads to a better
description of the data and compare the two since both of them were seen used for
timing performance evaluation [64, 65]. The results of the calculations are shown in
Tables 4.3 and 4.4.

Vbias [V] std S1gauss std S1mean fast S1gauss fast S1mean S2gauss

26 n/a 100± 110 n/a 110± 130 12± 2
27 10± 2 20± 50 n/a 130± 115 11± 2
28 7± 3 10± 20 n/a 40± 60 11.1± 1.3
29 8± 3 8± 3 2.3± 0.3 3± 2 11.2± 1.2
30 10± 1 12± 6 3± 2 20± 30 10.3± 1.5

Vbias [V] fast S3gauss fast S3mean std S3gauss std S3mean S2mean

26 7.1± 0.5 7.3± 0.7 n/a 100± 120 13± 6
27 7.1± 0.3 7.2± 0.5 14± 5 15± 5 12± 3
28 7.0± 0.2 7.2± 0.5 19± 1 20± 4 12± 3
29 7.1± 0.3 7.3± 0.5 19± 1 20± 3 12± 3
30 7.2± 0.4 7.5± 0.9 16± 4 17± 4 11± 3

Table 4.3: The rise times for each measurement in nanoseconds (ns), for the SiPMs
S1, S2, and S3, calculated as Gaussian fit and statistical mean.

Vbias [V] Hamamatsugauss [ns] Hamamatsumean [ns]

54 9.1± 0.3 9.1± 0.4
55 9.1± 0.3 9.1± 0.4
56 9.4± 0.4 9.5± 0.5
57 10.4± 0.7 10.5± 0.8
58 10.2± 0.6 10.5± 0.8

Table 4.4: The rise times, for each measurement of the Hamamatsu SiPM, calculated
as Gaussian fit and statistical mean.

From the table, it is visible that despite the fact that the Gaussian fit does not always
converge, the only option is to take the statistical mean, the Gaussian; every time
it converges, it has a smaller error. The Gaussian shape dominated the distribution
for the vast majority of cases. Therefore, this approach can be evaluated as more
plausible.

4.2.5.3 Single photon distribution

Apart from the pure waveforms, the single photon distribution is also observable in
the amplitude and charge distributions. The appearance in the amplitude distri-
bution is a direct result of the observation in the waveform with persistent display.
However, the charge distribution, calculated as an integral of the signal, may show
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Figure 4.12: The rise time distribution for the fast output of the SiPM S3 at 27 V
fitted with Gaussian (left) and with statistically calculated parameters (right).

more sensitive behaviour to this phenomenon since the number of photons is di-
rectly translated into the amount of charge, while the amplitude is only a secondary
feature. This might not be true in cases when the charge amplifier is used with the
SiPM, then the integration is already included in the amplitude, and its repetition
will not bring any additional information.

As it is visible from the waveforms shown in section 4.2.5.1, the SiPM S2 single
photon distribution is very extremely clear. The amplitude distribution indeed in-
herited this behaviour, as seen in Figure 4.13. The equidistant peaks can be used
for the determination of an amplitude response for a single photon for each of the
measured voltages.

Figure 4.13: A single photon distribution in amplitudes with fitted Gaussians for
the individual peaks. The data used are for the SiPM S2 at 27 V.
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Each peak for each measurement was fitted with a Gaussian, and the differences
between the peaks were averaged in order to obtain one representative value for
each bias voltage. These values are plotted in Figure 4.14 and fitted linearly as it is
the expected behaviour [31].

Figure 4.14: A single photon amplitude with respect to the bias voltage plotted with
a linear function.

In order to prove the quality of the data, the run with the same voltage and laser
intensity is shown in Figure 4.15. The additional Gaussian–like structure can be
observed on the top of which the single photon distribution is visible. This additional
noise in the amplitude distribution is visible, deforming even the possible perfectly
clear measurement endorses the move to the oscilloscope setup from the one using
the VME crate.

4.2.5.4 Gain dependency on the overvoltage

The gain is dependent on the overvoltage and can be calculated as const.
∫
Udt

according to the formula (2.8). This opens an easy possibility of its calculation in
arbitrary units (since the constant is unknown and SiPM–specific). The method of
this calculation will take the distribution of the areas from the waveforms and fit the
full distribution with a Gaussian. The means will be then plotted with respect to
the bias voltages, similarly as was done for the Single Photon Amplitudes, in Figure
4.16.

The linear behaviour was confirmed for all the standard outputs, while the fast
outputs were discluded from this analysis because the error of the Gaussian fit was
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Figure 4.15: A single photon distribution in amplitudes with fitted Gaussians for
the individual peaks. The data used are for the SiPM S2 at 27 V from the initial
setup, discarded from further analysis.

Figure 4.16: Gain in arbitrary units plotted against the bias voltage of the standard
outputs of all four tested SiPMs.

by at least one order of magnitude larger than the shift of the peak between the
two voltages. This analysis was also performed on the data acquired with the initial
setup for the laser measurements with the VME crate 4.2.2. The standard outputs
of the 3 SiPMs were taken, neglecting the rest of the data due to their low quality
or incompatibility with the method. The plots demonstrating the same behaviour
are shown in Figure 4.17.
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Figure 4.17: Gain in arbitrary units plotted against the bias voltage of the standard
outputs of S1, S2 and Hamamatsu SiPMs.

The data points, except for the SiPM S1, are in all cases agreeing with the fitted
curve within their errorbars. Since the breakdown voltage is temperature-dependent,
the gain follows this proportional behaviour as well. To unravel this consistent
discrepancy, appearing in two plots of the seven analysed while both belong to the
same SiPM, the author decided to examine the timestamps of the measurements.

This step was motivated by an attempt to measure the DCR in the CTU lab,
which, despite being unsuccessful in obtaining suitable data for the DCR frequency
calculation (this was done later at CERN, see section 4.4), provided an insight on
the effect of overheating due to the continuous monitoring of the temperature while
the SiPMs were in operation. From the four tested SiPM, this board showed the
largest increase in temperature, up to 5◦C, while the other boards were during the
same period showing no increase, only up to 2◦C.

The conclusion of this investigation, unfortunately, disproves this hypothesis since
the times of operation would suggest rather opposite behaviour. The gain, however,
increases with lower temperatures [66]. Thus, the earlier measurements being below
the curve, and vice verse, only confirm the need for further study of this device.

4.3 Evaluation of scintillator bar with cosmic rays
with the SiPMs

As stated in previous chapters, the SiPM are widely used as photodetectors in larger
detector systems. To demonstrate the capabilities of the devices, a scintillator bar
was characterized with a cosmic ray setup. For cosmic ray detection, a standard
technique of twofold coincidence was used.

4.3.1 Cosmic ray setup

The cosmic ray setup comprised two scintillator bars with photomultiplier tubes
attached, working together as a coincidence trigger for the measurement. The setup
components were in a custom foam holder, as shown in Figure 4.18.

Standard VME modules were used for data acquisition and PMT powering. Namely
the Low Threshold Discriminator (LTD) Caen V814, amplifier Caen V925, power
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Figure 4.18: Schematics of a setup for measurement with the cosmic rays. The
asterisk denotes that the amplifier was not used for all the measurements.

module Caen V6533P, and digitizer Caen V1718. Both triggering PMTs were con-
trolled using the GECO software to power them at 1.7 kV, and their signal was not
amplified. The signal from the top bar was used for a hardware trigger after going
through the LTD module. The coincidence with the signal from the bottom trigger
was done in the software. A photo of the setup is in Figure 4.19.

Figure 4.19: Photo of the setup for the cosmic ray measurements, taken away from
the electronic to provide enough detail clarity for the picture.
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4.3.2 Scintillator bar

The scintillator bar was provided (free sample donation) by NuviaTech and tested
during the MID beamtest at CERN Proton Synchrotron East Area Facility, control
room T10, in June 2023, which resulted in the publication of a technical report
in JINST [15]. The bar was polished and wrapped in reflective aluminium foil on
the long sides, and the short side, which was not used for the SiPM attachment,
was covered with Teflon tape; the process is seen in Figure 4.20. The outer layer
was made of black tape, and the remaining short side was kept naked for the SiPM
coupling. The bar dimensions are 100× 5× 1 cm3.

Figure 4.20: Photo of the Nuvia scintillator bar on the aluminium refractive foil
before being wrapped in it (top) and the two Nuvia bars already wrapped and
photographed from the side on which the SiPMs are to be attached.The photos are
property of Dr Solangel Rojas Torres.

During the beamtest in 2023, the light from the bar was collected by the Onsemi
MICROFC-SMTPA-30035 3× 3 mm2 SiPM [61] with a customarily soldered board
on the site, since prior preparation was not possible due to the time constraints.
The SiPM was likewise attached to the bar directly; for details of the board and
attachment, see Figure 4.21.

However, this solution was not proven to provide a satisfactory quality signal, and
consequently, after a discussion within the collaboration group, the performance
results of this bar were decided not to be included in the paper. Nonetheless, the bar
was selected after further study and characterisation in order to be contained in the
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Figure 4.21: Photos of the SiPM on the on-site soldered board (left and centre) and
its attachment to the scintillator bar.

full–module beamtest planned in October 2024. The method for its characterisation
is explored in this section. The author would also like to note here that the original
SiPM with the board used at the aforementioned beamtest was initially intended to
be one of the four SiPMs used in this thesis; however, due to the lack of a suitable
signal response, it was substituted by the SiPM S3.

4.3.3 Triggering modules

The triggers comprised the scintillator bars with PMTs attached on one side. The
dimensions of the top scintillator, part of the trigger T1, are 20×5×3.5 cm3 and for
the bottom one, T2, are 20× 10× 2.5 cm3. Due to the exceeding length of T2, the
T1 was positioned only 3 cm above the examined scintillator bar in order to provide
reasonable triggering, even though there is still a region in which the cosmic rays
passed only through T1 and T2, excluding the sample. Calculation of these false
triggers was performed using the drawing in Figure 4.22.

The setup is symmetrical; thus, the ratio was calculated as the number of hits hitting
the T1 and left half of T2, bypassing the sample to the number of total hits in T1
and left half of T2. Each hit is defined by its coordinates in T1 and T2. In Figure
4.22 is marked a cone of rays not hitting the sample with first coordinate x; the
possible second coordinates are in the interval from 0 to 2.5 − 5

6.5
· x, calculated

from the geometric similarity of triangles ABC and ADE. With this reasoning, the
desired ratio can be written down as∫ 13

4

0
(2.5− 5

6.5
· x)dx∫ 5

0
5dx

=

[
2.5 · x− 5

6.5
· 1
2
x2
] 13

4

0

[5 · x]50
=

65
16

25
= 16.25 %. (4.1)

Note that the upper limit 13
4

was taken from the right-most coordinate in T1, which
is possible for the bypassing ray. This bias of 16.25 % is nevertheless neglected from
further analysis.
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Figure 4.22: Schematics of the front view of the setup for the calculation of the false
triggers.

The T1 and T2 were aligned in a vertical position and centred horizontally, creating
the symmetrical situation seen in Figure 4.22. The horizontal alignment in the
direction of the examined scintillator bar was done in two positions that will be
further noted as far and near. The near position denotes the distance between the
SiPM and the closer edges of T1 and T2 being 33 cm. The far position similarly
denotes the distance of 78 cm, resulting in the difference between the two being
∆d = 45 cm.

4.3.4 Connecting the SiPMs

Each of the SiPMs was coupled directly to the bar with a custom foam holder that
was taped to the end of the bar. After this instalment, the whole part of the bar
with the SiPM was covered in multiple layers of black fabric in order to avoid light
leaks. Each SiPM was then connected to the electronics, and the signal was, except
for the Hamamatsu SiPM, amplified, as shown in Table 4.2.

4.3.5 Method

The number of events acquired was given by the time of measurement, which was for
all of them 8 hours with variation of tens of minutes for each of the SiPMs. During
this time, 100 000± 10 000 triggers were done by the T1. After applying the second
trigger selection from T2, only 15 000± 1000 event passed for further analysis.
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The next step was to find the maximum amplitude spectra and fit it with a con-
volution of Gaussian and Landau functions (in literature, also known as Landau
convoluted Gaussian). This convolution was done due to the emergence of the two
signals of different shapes - the one from the scintillator and the one from the SiPM
itself. From this fit, the most probable value (MP) is taken as the parameter to
compare the measurements obtained.

4.3.6 Measured data

The results show the expected behaviour for all of the SiPMs and their outputs in
the sense of the peak amplitude dependence on the distance between the SiPM and
the particle hit. The amplitude distributions with their fits and the MP rounded to
the first digit of the error are in Figures 4.23, 4.24, and 4.25.

Figure 4.23: Plotted amplitude distribution for the SiPM S1 for both outputs in two
positions, together with their fitting functions, which MP is noted in the legend.

Note that for the S2-near in Figure 4.25, the fit was done on the full distribution
regardless of the visible single photo distribution since, for the far measurement, the
distribution was already blended, and therefore, the full spectra had to be fitted
together. The author is aware that this approach is adding discrepancies to the
results of this large neglect of the distribution structure. The author, nonetheless,
believes that this method approaches the distribution in a similar way as the bled
of the single photon distribution that appeared for the far position and brings,
therefore, not an unreasonable result.

The summary of the MP for each distribution is in Table 4.5 together with the error
parameters from the fits.
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Figure 4.24: Plotted amplitude for the SiPM S3 for both outputs in two positions,
together with their fitting functions, which MP is noted in the legend. Note that
the fast output was signal negative, but its distribution was done for the absolute
values in order to allow better visual comparison.

Figure 4.25: Plotted amplitude for the SiPMs S2 and Hamamatsu together with
their fitting functions, which MP is noted in the legend. Note that these two SiPMs
have only the standard output, and for S2, the amplitude is given in absolute values
to allow visual comparison despite the signals being negative. The change in the
horizontal scale for the S2 is highlighted.
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SiPM near [mV] far [mV]

S1 std 27± 0.1 20± 0.1
S1 fast 7.3± 0.1 6.7± 0.2

S2 7.9± 0.8 6.4± 0.1
S3 std 7.3± 0.1 6.2± 0.1
S3 fast 5.64± 0.02 5.41± 0.2

Hamamatsu 55± 0.2 44± 0.2

Table 4.5: Most probable values (peaks) in the amplitude distribution of the evalu-
ated SiPMs for all the outputs and both near and far positions.

4.3.7 Attenuation length

The attenuation length µ is defined as a length in which the light decreases to 1
e

of its original intensity I0 while the attenuation itself follows the exponential law
written as

I(x) = I0 exp

(
−x
µ

)
, (4.2)

where x stands for the distance from the origin of the incident light and I(x) is the
intensity with respect to this distance [67].

From this, we can derive a formula for calculating the attenuation length knowing
intensities in two positions as follows

I1
I2

=
exp

(
−x

µ

)
exp

(
−x+∆d

µ

) = exp

(
∆d

µ

)
, (4.3)

µ =
∆d

ln I1
I2

. (4.4)

For determination of the attenuation length of the examined scintillator bar, the
ratio of the MP of the amplitudes was taken as the ratio between the intensities,
and from that, the µ of the bar was calculated. For this calculation, an average
ratio was taken throughout all the different for both fast and standard outputs.
The average value of I1

I2
= 1.19±0.09 was obtained, and using the formula (4.4), the

final value of µ = (260± 20) cm was calculated.

4.4 Dark Count Rate measurements

The DCR measurements were done for the SiPM S2 for different temperatures vary-
ing from 18 ◦C to 34 ◦C and different overvoltages. For the temperature modifi-
cation, a Peltier element was used with a heat sink, and it was measured with a
thermal camera as shown in Figure 4.26. These components were placed together
with the SiPM in the dark box, and the signal was read by the Lecroy TELEDYNE
HDO6000B oscilloscope. The scheme of the setup is shown in Figure 4.27.
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Figure 4.26: Monitoring of the temperature of the SiPM (selected by the cross) with
the thermal camera.

Figure 4.27: Schematics of a setup for measuring the DCR.

The data acquisition was done using a Python script that acquired the times of
5000 consecutive triggers induced by the dark count spikes. The time differences
between the triggers define the DCR frequency. Therefore, the mean time difference
was calculated, and by its reversed value, the desired frequency was achieved. The
measurement was done for bias voltages within the operational range until the linear
behaviour, foretold by the datasheet, was observed.

The results of this measurement are plotted in Figure 4.28. The data points were
fitted with a linear fit, with slopes noted in the plot legend. An unexpectedly low
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DCR, orders of ones of kHz as opposed to the orders of hundreds of kHz [61], can be
observed for voltages lower than 28 V for all temperatures. A possible explanation
for this phenomenon could be a higher breakdown voltage than stated on the data
sheet by ∼ 2 V. This may, in fact, be the case to some extent and requires further
investigation to distinguish between the method precision limits and the sensor
capabilities.

Nevertheless, for higher bias voltages, the expected rates were achieved, and a linear
behaviour was observed with the slope parameter increasing with the temperature.
This behaviour is comparable to the previous results of the SiPM characterisation
[68].

Figure 4.28: Schematics of a setup for measuring the DCR.

These results confirm the great competitiveness of this SiPM, already shown in pre-
vious measurements, and support is clean performance for single photon detection.
Despite the demonstrated procedure being viable for any SiPM, measurements with
the other models were not conducted due to the thermal coupling difficulties for
the other boards to the Peltier element. The solution to this problem would be
a differently shaped thermal conductor or a sufficient amount of a thermal paste.
Nevertheless, neither was available at the time of the measurement. Therefore, the
measurements with different boards were omitted. This complication does not cause
additional problems since the board with the SiPM measured was, in fact, showing
the most promising result; thus, the further characterisation of this custom board
was the main objective of this measurement regardless of the circumstances.
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Summary

This thesis aimed to overview the current and future engagement of silicon pho-
tomultipliers as a state-of-the-art alternative to conventional photomultiplier tubes
and demonstrate their usability in lab measurements.

The first two chapters served introductory purposes. Chapter 1 presented the general
concepts of high energy physics and a brief description of the Standard Model and
particle detectors, showing the ALICE 3 detector upgrade as an example. Chapter
2 provided a more profound introduction to photodetectors and semiconductors,
allowing a deeper insight into the concepts necessary for further applications and
understanding the evaluation techniques.

Building on the stable ground, built on the preceding chapters, Chapter 3 introduced
current and future detectors in high energy physics using the silicon photomultipliers
for their light collection. This chapter provided a wide variety of applications in
all parts of the large experiments, from trackers to muon chambers, from timing
to energy measurements and from Cherenkov radiator to crystal scintillator light
collection.

The experimental part is comprised in Chapter 4. The work included the evalu-
ation of four different silicon photomultipliers based on their ability to detect the
single photon distribution and their rise times. The evaluated photomultipliers were
subsequently used to characterise the scintillator bar, which was meant to be used
for an upgraded detector for the ALICE experiment at CERN. Furthermore, the
dark count rate measurement was performed for one of the silicon photomultipliers.
The test introduced a method for temperature measurements and demonstrated the
temperature dependence of the noise induced by the dark current.

The Muon Identifier, an upgraded detector for ALICE, has scheduled the following
tests at CERN beamline testing facilities in October 2024. The complete modules
will be tested and the search for new solutions is still open. This presents an oppor-
tunity for the possible use of the results of this thesis, and mainly for applying the
methods described and tested to be used in the real production of the high energy
physics detector in one of the largest experiments built until now.
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