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Abstract

Silicon PhotoMultipliers (SiPMs) are an established photon detectors of choice in
many areas, from LiDAR (Light Detection and Ranging) applications to Time-of-Flight
(TOF) medical techniques. In this thesis, SiPMs are studied for their potential applica-
tion also in direct detection of charged particles. The study showed promising results.
Through Cherenkov light emitted in the protection layer above the sensor, the SiPM
shows a high detection efficiency and an excellent intrinsic time resolution which im-
proves thanks to the several SPADs signal associated to a single charged particle. The
SPAD (Single Photon Avalanche Diode) is the SiPM unit microcell. For a charged par-
ticle, more than 6 SPADs may have signals giving a time resolution of around 20 ps
together with an increased detection efficiency, if compared with a simple geometrical
efficiency. The excellent time resolution of SiPMs reported in this thesis paves the way
to their application in different research areas where a high precision timing information
is essential: from medical and engineering applications, to experiments in space and
multi-purpose detectors at colliders. Indeed, the SiPM represents a possible candidate
for the future ALICE 3 experiment at the LHC proposed for Run 5: this experiment,
which will study mainly high energy proton-proton and ion collisions, is planned to be
a compact multi-purpose detector that features excellent vertexing, tracking and timing
capabilities in order to do Particle IDentification (PID). In this contest, a new concept
of a TOF and RICH (Ring-Imaging Cherenkov) detectors merged into one could benefit
from the SiPM capability of single photon detection and charged track timing response.
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Introduction

In this thesis, Silicon PhotoMultipliers (SiPMs), solid state photodetectors made of an
array of hundreds or thousands of integrated Single-Photon Avalanche Diodes (SPADs),
are studied in direct detection of charged particles. The SiPM is nowadays an established
photon detector of choice for a variety of applications, from TOF-PET (Time-of-Flight
Positron Emission Tomography) medical diagnostic technique to lifetime fluorescence
spectroscopy in biology, from distance measurements through the LiDAR (Light De-
tection And Ranging) technology to astrophysics applications [1] [2]. All these years,
SiPM has always been considered coupled to scintillators in order to detect photons, in
particular in Ring-Imaging CHerenkov (RICH) applications or space-born experiments.
Nevertheless, recent studies show that SiPMs are able to directly detect charged particles.

As a matter of fact, following a recent paper results [3], a pioneer study is developed
in this thesis with the aim of understanding SiPMs behaviour in direct detection of
charged particles and evaluating their timing response. Indeed, after its characterization
in the Bologna laboratories, the SiPM performance in terms of principle of operation
and time resolution is studied for different types of SiPMs with data collected at two
different beam tests performed at the CERN T10 beam line.

The analysis starts from the observation of an increased number of firing SPADs when
particles traverse the sensor with respect to the usual crosstalk count rate. By virtue of
this study, the effect was understood in terms of production of Cherenkov light inside the
protection resin. Indeed, on top of the SiPM a layer of epoxy or silicon resin is usually
placed to protect the sensor. Next, a detailed study of the response of sensors with
different, in thickness and material, resin protection layers was carried out. A benefit of
the emission of Cherenkov light in the protection layer is, among others, an improvement
of the time resolution for MIPs (Minimum Ionizing Particles) by means of larger signals
that are associated to a high number of fired SPADs.

In light of this thesis results, the SiPM, with its excellent time resolution, could be
used in direct detection of charged particles. Therefore, the SiPM represents a possible
candidate for timing applications without the need of using the device coupled to scintil-
lators. The properties of the SiPM could then constitute a benefit in every field of R&D
whenever the time resolution plays a major role, from TOF systems in space to medical
and engineering applications.

An example of a possible application of SiPMs used in direct detection of charged
particles could be in the contest of the TOF and RICH subdetectors of ALICE 3, a
compact next-generation multipurpose detector proposed for Run 5 around 2033 at the
LHC [4] to be located where the ALICE experiment is currently installed [5].
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The timing layers of ALICE 3 require a time resolution of at least ~ 20 ps in order to
be able to do Particle IDentification (PID) i.e. discriminate 7/K/p up to 2 GeV/c and
hadrons/electrons up to 500 MeV /c. This objective could be achieved with a TOF silicon
based detector system that is being developed considering as possible candidates fully-
depleted Complementary Metal-Oxide-Silicon (CMOS) Monolithic Active Pixel Sensors
(MAPS), Low Gain Avalanche Detectors (LGAD) or SiPMs.

In Chapter 1, the main physics goals addressed by the ALICE experiment at the
LHC are presented together with its limits. Consequently, an overview of ALICE 3
physics potential and detector concept, together with the detector layout and the main
technologies involved, is presented. Particular attention will be dedicated to the timing
layers and the RICH detector.

In Chapter 2, after the explanation of the main features of silicon solid state detec-
tors and different particles interaction mechanisms in silicon, silicon detectors timing
applications are described with a focus on the SiPM technology, structure, signal shape,
noise and main figures of merit. Moreover, the main results obtained in recent studies
with SiPMs directly detecting charged particles are illustrated since they constitute the
starting point of this thesis studies.

Chapter 3 goes through the SiPM studies which are at the heart of this thesis. First
of all, the type of SiPMs under study produced by FBK (Fondazione Bruno Kessler) are
illustrated, together with the prototypes main features. Next, preliminary measurements
to characterize the sensors on current, capacity and dark count made in the Bologna
laboratories are reported. In the end, the main studies on SiPMs performed at two
experimental beam tests at the CERN T10 beam line are reported: the chapter goes
through the experimental setups, the methods to select the SiPM signal and to evaluate
its time resolution, to the final leading results on the time resolution of the sensors.



Chapter 1

ALICE 3: a next-generation LHC
heavy-ion experiment

ALICE 3 experiment concept consists of a compact next-generation multipurpose detec-
tor at the CERN LHC which will study the production of heavy-flavour hadrons and of
soft electromagnetic and hadronic radiation produced in high-energy proton-proton (pp)
and nuclear (AA and pA) collisions [4]. The experiment will be located where ALICE !
5] is currently installed at the LHC and will be assembled during Long Shutdown 4 (LS4)
starting from around 2033-34, as can be seen in the LHC long term schedule of Figure
1.1. ALICE 3 is planned to be composed of a barrel detector and endcaps with very low
material budget. The proposed subdetectors layers consist of different type of silicon
sensors. The detector layout features superb pointing resolution, excellent tracking and
particle identification over a large acceptance and high readout-rate capabilities.
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Figure 1.1: Long term schedule of the LHC: during LS3 many updates are planned, while
ALICE 3 is planned to be installed during LS4 [6].

ALICE 3 will feature excellent vertexing capabilities over a wide momentum range
down to a few tens of MeV /c and will provide PID via a TOF detector which requires a
time resolution of the order of ~ 20 ps. In this contest, the SiPM is being evaluated as
a possible technology for the timing layers.

LA Large Ion Collider Experiment.



In this chapter, ALICE main recent upgrades and limits will be briefly illustrated.
Consequently, ALICE 3 detector principal physics goals and improvements, its layout
and technologies, with a particular focus on the timing layers, will be described.

1.1 ALICE recent upgrades and limits

The goal of ALICE physics programme is understanding and determining the properties
of strongly interacting matter and to discern how they arise from the underlying interac-
tions described by QCD (Quantum ChromoDynamics). A unique experimental access to
the highest-temperature and longest-lived QCD medium that is the quark-gluon plasma
(QGP) can be provided by collisions of heavy-nuclei which produce heavy-flavour probes
at the LHC. In particular, with ultra relativistic heavy-ion collisions, it is possible to
recreate conditions similar to those of the early universe.

The ALICE collaboration has just completed a major upgrade programme targeted
at the physics of ultrarelativistic nuclear collisions [7]: in particular, during Runs 3 and
4, ALICE, with an increased readout rate from below 1 kHz to 50 kHz in Pb-Pb collisions
and a pointing resolution of 5 ym, aims to improve the precision of heavy-flavour produc-
tion measurements and to measure for the first time the thermal emission of dileptons
in heavy-ion collisions covering transverse momenta from ~ 100 MeV/c to 100 GeV /c.

One of the main physics goals of ALICE is the study of heavy quarks propagation and
hadronisation [8] [9]. The transport and the thermalisation of heavy quarks, which lead
to the QGP hadronisation, can be exploited in two ways: by measuring single-particle
momentum spectra of charm and beauty hadrons to very low transverse momenta and
by looking at the relative abundances of the different heavy-flavour species, including
hadrons containing multiple heavy-flavour quarks.

Heavy charm and beauty quarks, with masses of m. ~ 1.3 GeV and m;, ~ 4.2 GeV
respectively, are produced in the early stage of the collision on a time-scale shorter than
the QGP thermalisation time which is of the order of a few fm/c [10]: therefore, heavy
quarks production is limited to initial hard scatterings or gluon splittings on short time
scales. The number of heavy quarks is conserved through the QGP evolution. Heavy
quarks interact with the constituent of the medium through inelastic (radiative energy
loss via gluon radiation) and elastic (collisional energy loss) processes. The interactions
between heavy quarks with the QGP are described by transport models in terms of drag
and pr diffusion coefficients: in the limit pr — 0, elastic scatterings with the QGP
give rise to a Brownian motion process that determines the long-wavelength diffusion
properties of the QGP. In low-momentum regime, D, is the drag coefficient. Dy is related
to the relaxation time 7¢ for a heavy quark of mass mg in a medium at temperature 7’
by

o= %DS. (1.1)

Consequently, because my; ~ 3m,, beauty quarks approach equilibrium three times
slower than charm quarks, thus they provide a better theoretical control of D,. The
latter has been constrained in the recent years to the interval 1.5 < 27 D,T,. < 4.5 with
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T. = 155 MeV/c as the transition temperature of the QGP. This estimate is limited
by uncertainty. A more precise estimation of D, in Runs 3 and 4 from charm-hadron
measurements will be performed. However, the inclusion of high-precision data at p; ~ 0
of beauty mesons and baryons is required.

The hadronisation mechanism belongs to the non-perturbative domain of QCD and a
first-principle description of these processes is missing for both light and heavy-flavours.
The hadronisation of a final state parton is usually considered independent from the
surrounding partons density. However, existing LHC measurements suggest the pres-
ence of new hadronisation mechanisms, whereby quarks that are close in phase space
can combine into colourless hadrons. In heavy-ion collisions, where partons may travel
freely over distances much higher than the hadron sizes and a dense system of partons
close to thermal equilibrium is formed, such mechanisms becomes dominant, making the
production of heavy-flavour species, including hadrons containing multiple heavy-flavour
quarks, more favourable than in pp collisions.

In Runs 3 and 4, these studies will be extended to the charm sector but such mea-
surements will be limited to baryons containing only one charm quark. The improved
pointing resolution and readout rate of the upgraded ALICE allows to measure baryon-to-
meson ratios in the charm sector, with sufficient precision to disentangle charm transport
and hadronisation effects and to constrain transport coefficients of charm quarks in the
QGP. With ITS3 upgrade [11] during LS3, ALICE experiment will also perform in Run
4 first measurements with beauty hadrons: beauty quarks are not expected to reach full
thermal equilibrium, thus, they provide not only a test of heavy quarks transport, as
previously mentioned, but also of hadronisation far from equilibrium. However, the pre-
cision of Runs 3 and 4 results in the beauty sector is limited and a new step in pointing
resolution, acceptance and event rates is needed.

In the massless limit, QCD Lagrangian is symmetric under chiral transformations
between left- and right-handed states. However, the mass spectrum of hadrons indicates
that symmetry is strongly broken: lattice QCD calculations show that the deconfine-
ment phase transition takes place at a temperature close to the chiral phase transition.
Dilepton (171" with [ = e, u) production from the medium at temperatures near T, is
sensitive to effects of chiral symmetry restoration through the mesons spectral functions
that mediate the interactions in the medium. The prime probe is represented by the
p(770), whose spectral function broadening has been observed at SPS [12] and is consis-
tent with chiral symmetry restoration. However, an unambiguous way to observe chiral
symmetry restoration would be measuring p and its chiral partner a; mixing impact on
the thermal dilepton spectrum. The effect is expected to be in the mass region 0.85-
1.2 GeV/c where the vector spectral function would present a pronounced dip in the
a; mass range, as there is no direct coupling of a; to the dilepton channel in vacuum.
The expected magnitude of this effect is of the order of 15% with a needed experimental
accuracy of 5%: with the current ALICE experiment, this precision is not expected to be
reached, as in the mass range above the p peak a background due to correlated dileptons
that originate from heavy-flavour decays is present.

Electromagnetic radiations is emitted continuously during all phases of the collision
with photons and dileptons (virtual photons). Since thermal emission rates increase
strongly with the temperature, real and virtual photons measurements are probes of the



early stages of the collision [13], thus they provide a constraint on the transport coeffi-
cients of the QGP as a function of time and temperature. In Runs 3 and 4, ALICE will
perform a first measurement of thermal dilepton emission. ALICE will strongly constrain
initial conditions and geometry of the collision, but qualitative steps in the vertex de-
tector performance are needed in order to reduce the expected systematic uncertainties
from hadronic decays background.

Despite the wide physics programme covered by ALICE in Runs 3 and 4, some key
answers will still remain open: this is where ALICE 3 comes into play.

1.2 ALICE 3 main physics goals

ALICE 3 main goal is to achieve a complete understanding of the phenomenology of
QCD matter: to do so, a novel experimental approach is required. Some key examples
of the physics areas targeted by ALICE 3 are:

e High precision beauty measurement. As introduced in Section 1.1, a con-
nection between parton transport and QGP hadronisation mechanism can be ex-
ploited by measuring single-particle pr spectra of charm and beauty hadrons to
very low transverse momenta. It is worth noticing that, while a significant frac-
tion of charm hadrons originate from beauty decays, the beauty sector presents a
much cleaner field of study with less feeddown contribution. ALICE 3 would allow
to perform high-accuracy measurements of beauty mesons and baryons, as B and
Ay, down to pr = 0. This calls for very high read-out capabilities combined with
secondary verteces and decay chains reconstruction capability far exceeding those
of the present ALICE inner trackers.

e Azimuthal decorrelation of DD. Measurements as the correlations in the az-
imuthal angle A¢ between charm hadron pairs, as DD, with respect to An would
allow to discriminate between the different regimes of in-medium energy loss and
provide novel constraints on the mechanism of heavy quarks propagation. The
measurements of back-to-back pairs are limited with the current ALICE rapidiy
coverage of || < 0.9 but come into reach with ALICE 3: with a |n| < 4, ALICE
3 would allow to detect back-to-back DD with very high efficiency down to very
low pr, pushing the impact parameter resolution down to the technological limit.
In addition to this, high signal purity is needed to reduce the background i.e. the
ability to operate at rates that significantly exceed ALICE capabitilies.

e Multi-charm baryons, P-wave quarkonia, exotic hadrons. The formation
of multi-charm baryons via combination of uncorrelated quarks, predicted to be
enhanced in AA with respect to pp collisions, would provide a direct window on
hadronisation from deconfined QGP: these studies are severely limited by the re-
liance on hadrons, for which other hadronisation mechanism, like string fragmen-
tation and initial production, are significant. Indeed, an unambiguous access to
QGP hadronisation requires a capability to measure the production of particles for
which the production by other mechanisms is severely suppressed, by at least 2
orders of magnitude for hadrons with two charm quarks, such as =.., and up to 3
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orders of magnitude for three charm quarks hadrons, such as ... To achieve then
high statistics, an unprecedented pointing resolution, ultra-low material thickness,
a PID over a wide momentum range and high readout rates are needed in order to
track all multi-heavy-flavour hadrons decay products. In addition to this, a large
acceptance is required, not only for statistics reasons, but also to investigate the
dependence of the production of multi-heavy-flavour hadrons on the variation of
heavy quark density with 7.

The suppression of the production yields of charmonium and bottomonium in
heavy-ions collisions with respect to pp or pA ones represents another experimen-
tal signature of deconfined quarks and gluons: this because the attractive force
between a ¢ and an ¢ in the QGP medium weakens via a Debye-like screening,
possibly leading to a dissociation of the bound state. These can then travel freely
and form quarkonium states via regeneration of heavy ¢-gq pairs produced in inde-
pendent hard scatterings. In particular, the access to P-wave (L=1) states, like
X and yy, would provide stronger constraints on the spectral properties of bound
states in the QGP and would allow, comparing S-wave and P-wave states, for a
precise characterization of the early-time evolution of relativistic heavy-ion colli-
sions. ALICE 3 is planned to target the reconstruction of L=1 quarkonium states
with ability to go down to p; = 0 and excellent performance for low energy photons,
enabling accurate measurements of . — J/W~v and x;, — T+ in pp and heavy AA
collisions over the widest kinematic range at the LHC.

The study of “exotic” hadrons is also a goal for ALICE 3 which aims to measure
the production of x.(3872) in Pb-Pb collisions at energies down to pr < 5-6
GeV /¢, a region not accessible with other LHC experiments. This requires a muon
identification down to pr ~ 1.5 Gev/c at n = 0 and a high efficiency in detection
of hadronic decay products in a large n acceptance.

Electromagnetic radiation. In order to access to the full time evolution of
fundamental QGP transport parameters, hence their temperature dependence, a
complete study of the azimuthal asymmetry of the production of dileptons (virtual
photons) as a function of their pr and their mass is needed. The measurements of
photons and dileptons from thermal radiation has low rate compared to hadronic
processes: ALICE 3 provides improvement in these measurements by combining a
very thin and light tracker to minimize the background from photon conversion.
Thermal radiation of real photons is measured via conversion in the tracking system
and an electromagnetic calorimeter. The low pr capabilities of ALICE 3 enable
a precise determination of the decay photon background leading to a reduction of
systematic uncertainties.

Chiral symmetry restoration. As already explained in Section 1.1, the decon-
finement phase transition is expected to be accompanied by a partial restoration
of chiral symmetry leading to a modification in the dilepton spectrum of p. High
statistics and low-background capabilities are here essential and are addressed with
ultra-low mass detectors and very high resolution vertexing capabilities.

Ultra-soft photons. The measurement of ultra-soft electromagnetic radiation in
the region of 1 MeV /¢ < pr < 100 MeV /c is of primary interest as in quantum field
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Observables Kinematic range

Heavy-flavour hadrons pr — 0, |n| < 4

Dielectrons pr ~ 0.05 to 3 GeV/c, M, =~ 0.05 to 4 GeV/c?
Photons pr = 0.1 to 50 GeV /e, =2 <n < 4

Quarkonia and exotica pr — 0, |n| < 1.75

Ultrasoft photons pr~1to b0 MeV/e,3<n<bh

Nuclei pr — 0, |n <4

Table 1.1: Key physics object and kinematic ranges of interest for ALICE 3 [4].

theories the production of these photons is linked to the so called “soft-theorems”,
in particular Low’s theorem [14], which states that it is possible to relate hadron
momenta produced in a high energy collision to the number of produced soft pho-
tons. Until now only soft photons energies up to 1 GeV have been exploited because
measurements require very high statistics and very low background. A tracker with
extremely low material budget to minimize photon conversion, a very high pointing
resolution to reject photons coming from the decays of heavy-flavour particles and
a specially optimized detector in the forward direction to exploit the longitudinal
boost at 3 < n < 5, as the one proposed for ALICE 3, could address this uncharted
physics area.

An overview of the key physics objects and the respective kinematic ranges of interest
for ALICE 3 is reported in summary in Table 1.1: as previously mentioned, to pursue
such a rich physics programme, a novel experimental approach should be adopted. With
this aim, ALICE 3 features high-speed silicon tracker with very high resolution of ~
2 pm/p [GeV/c], minimum mass very close to the interaction point and four times
the pseudorapidity coverage of the current ALICE. An ultimate pointing resolution is
required to reconstruct secondary vertices and decay chains, but also to reject heavy-
flavour background for di-electron measurements.

ALICE 3 will allow to study pp and AA collisions at 20-50 higher luminosities than
those achievable with the current ALICE detector. So far, the LHC has operated with
Pb ions, that, while they provide the largest possible collision system with strongest
QGP effects, have limited luminosity. Lighter ions, which are predicted to be used in
the following years, because of their lower charge allows the injection of bunches with
higher intensity thus providing higher nucleon-nucleon luminosities. This increase in
luminosities enables ALICE 3 physics programme. To meet the needs of this programme,
the experiment should be operated in pp collision at an instantaneous luminosity of L =
3.0 x 1032 ecm™2 s7! and an integrated luminosity per month of operation of E;g)omh ~ 0.5
fb~!. For the heavy-ion programme, Runs 5 and 6 will allow to study more than five
times the nucleon-nucleon luminosity available with Pb-Pb collisions in Runs 3 and 4:
in the most challenging scenario of Pb-Pb collisions at /syy = 5.52 TeV, ALICE 3 will
deal with a luminosity integrated per month of operation of the order of L5 ~ 5.6
nb~!.
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1.3 Detector layout

ALICE 3 experimental apparatus consists of a barrel, covering the pseudorapidity region
of |n] < 1.4, and two end-caps, which extend the rapidity coverage to |n| < 4. The
detector has a compact layout with radial dimension of ~ 1.2 m and longitudinal di-
mension of ~ 4 m. A view of the experiment is reported in Figure 1.2. The apparatus
is embedded in a solenoidal superconducting magnet whose field of 2 T ensures high
tracking efficiency at a few tens of MeV/c transverse momenta while maintaining good
resolution (~ 2%) at high transverse momenta (~ 30 GeV/c).

TOF

Superconducting gicH
magnet system

absorber

Muon
chambers

Figure 1.2: ALICE 3 detector concept [4].

The tracker is installed in the volume of 80 ¢cm radius and +4 m lenght around the
interaction point and consists of an inner (vertex) layer and an outer tracker part. ALICE
3 vertexing and tracker system will consist of MAPS sensor that will be complemented
by PID detectors TOF and RICH, all housed in a superconducting magnet system. In
order to achieve the required pointing resolution, a rectractable inner layer is designed
to be placed at just 5 mm from the interaction point during data taking at collision
energy. The retractable vertex detector is made of 3 barrel layers and 2 x 3 forward disks
mounted inside a secondary vacuum with a material budget to reduce multiple scattering
on the first layer of only 0.1% of a radiation length, Xy, and a position resolution of 2.5
pm. The outer tracker will consist of 8 barrel layers and 2 x 9 forward disks. The outer
tracker target 1% of X, per layer and features a position resolution of 10 gm. The power
consumption predicted for the vertex and the tracker are respectively of 70 mW cm? and
20 mW cm?. The maximum radiation load per year will be about 10'® 1 MeV n,,/cm?
on the first vertex layer. A superconducting solenoidal magnet will provide a field of 2
T which leads to a pr resolution of about 0.6% at mid-rapidity and ~ 2% at |n| = 3.

The tracker is complemented by systems for PID whose exact specifications are still
in their R&D phase: a TOF detector, a RICH detector, an ECal (Electromagnetic
Calorimeter), a Forward Conversion Tracker (FCT) and a Muon Identifier are employed.
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In the following sections, the first two detectors will be explained with more details.

The reconstruction of photons with very low transverse momenta, down to 1 MeV/c,
could be achieved with the tracking of e* pairs from photon conversion with the FCT,
an array of silicon pixel disks installed in the forward direction at 3 < n < 5 and housed
in a dedicated dipole magnet. For the identification of muons, a steel-absorber of 70
cm is installed with two layers of muon detectors to detect and match the tracks in the
tracking pixel system.

1.3.1 Detector technologies

ALICE 3 vertexing, tracking and timing detectors will be based on ultra-thin silicon
detectors technology. Most sensor requirements may be met with technologies available
today but significant R&D phase is required in several areas from here until 2033.

At the heart of ALICE 3 there is charged particle reconstruction based on a silicon
pixel tracker arranged in a barrel and forward disks. The layers of the tracker are
entirely based on CMOS MAPS transistor technology: these solid-state imaging devices
show very good performance in terms of functionality, power, radiation hardness and
rate capability [15]. Continuous improvement in the technology, aiming at reducing
the dark current and improving the electronic noise, have made CMOS sensors largely
available nowadays [16]. CMOS MAPS technology features a high integration density, a
reduction of MAPS thickness to values of 20-40 pm - at which the silicon chips become
flexible - and the possibility to develop wafer size MAPS with an area up to 20 x 20 cm?
[17]. Indeed, the retractable vertex detector inside the beam pipe is planned to have an
unprecedented material budget of only 0.1% X, per layer with pixel sensor area of about
10 x 10 um? and position resolution of 2.5 um. The sensors in the most exposed region
of the vertex detector must be able to read out average hit rates of 35 MHz cm™2. The
outer tracker (placed outside the beam pipe) has a material budget of 1%X, for each
layer, pixel pitch of about 50 um and spatial resolution of about 10 gm. In the outer

tracker, the expected rates are of the order of a few kHz cm~2.

1.3.2 Timing layers

In order to reconstruct heavy-flavour decays, the timing layers should provide hadron
7/K/p separation for transverse momentum up to a few GeV/c and hadrons/electrons
discrimination up to 500 MeV /c. These requirements are foreseen to be met with three
TOF layers:

e a TOF layer outside the tracking detector at a radius of 85 cm (bTOF2) with 20
ps time resolution;

e an inner TOF (bTOF1) at 20 cm, for particles below 300 MeV /¢ which do not
reach bTOF2, with again 20 ps time resolution;

e TOF disks in the forward direction at about 0.5-1.5 m from the interaction point.

The simulated response of the barrel TOF systems for simulated Pb-Pb events in a
magnetic field of 2 T is reported in Figure 1.3: due to the larger occupancy, the fake
hit association is larger for the bTOF1 causing an increase on the background due to
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track-TOF mismatch. The momentum thresholds for the particle species are visible as
well as the effect of the improved momentum resolution.
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Figure 1.3: Simulation of the momentum dependent distribution of the particle velocity
in bTOF1 (left) and bTOF2 (right) in Pb-Pb collisions with B=2 T configuration [4].

The main stringent need for all TOF layers is the achievement of a time resolution
of the order of 20 ps - including also the front-end and readout electronics - in order to
achieve the required PID. In Figure 1.4 the separation power n,,,, over a 1 m track
length, about the distance from the beam pipe of the bTOF2, as a function of momentum
is shown with respect to three different time resolutions orop: if the goal of oror = 20 ps
is achieved, 7 /K separation at 30 will be performed up to 2.6 GeV/c and K/p separation
up to 4 GeV/c [18].
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Figure 1.4: Simulation of the separation power in terms of ¢ as a function of the mo-
mentum for different particles in the ALICE 3 bTOF2: at same separation power, with
decreasing intrinsic TOF resolution PID is possible for higher momenta [18].

The main TOF specifications for the bTOF1, the bTOF2 and an additional Forward
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Parameter bTOF1 bTOF2 Forward TOF

Radius (m) 0.19 0.85 0.5-1.5
Surface (m?) 1.5 30 14
Granularity (mm?) I1x1 5x5 Ix1todx5
Hit rate (kHz/cm?) 74 4 122

NIEL (1 MeV ng,/cm?)/month 1.3 x 10"* 6.2 x 10° 2.1 x 10"

Table 1.2: ALICE 3 timing layers specifications [4].

TOF disks are given in Table 1.2 where the NIEL is Non-lonizing Energy Loss scaled to
an equivalent reference value of 1 MeV neutron damage. Here the NIEL is considered
in the worst case of pp collisions at an instantaneous luminosity of L = 3.0 x 10%? cm ™2
s~!. For all the TOF layers, the key requirements are a material budget of the order of
1%X0-3%X, and a power density of 50 mW /cm?. The physical cell size of the layers will
be decided based on the sensor capacitance and related noise.

The main challenges of the timing layers are at the sensor level but also at the sensor
to front-end interfaces: to make realistic assessments and appropriate choices, sensor
simulations are under development. There are three different candidate technologies
currently under study for the TOF silicon surface: fully-depleted CMOS MAPS sensors,
Low-Gain Avalanche Diodes (LGAD) and Single Photon Avalanche Diodes (SPADs).

Fully-depleted CMOS sensors, with small pixel size, low noise and low power con-
sumption, could provide an optimal coverage with just a single layer. Good timing
performance can be achieved only with fast charge collection i.e. fully-depleted sensors:
nevertheless, their time resolution, up to now of the order of 100 ps with 200 pym of
thickness, is compromised by non-uniform electric fields and needs to be improved sig-
nificantly with dedicated R&D. A promising solution may be the introduction of a thin
gain layer inside the CMOS sensor, as it is done in LGADs, to increase the signal-to-noise
ratio i.e. they would become CMOS LGADs. The timing performance of a fully-depleted
MAPS will result from the optimization of the sensor thickness and collection electrode
area.

LGADs, which have already been developed for the upgrades of ATLAS [19] and
CMS [20], are silicon avalanche pad detectors based on Avalanche PhotoDiodes (APD)
and offer excellent time resolution of ~ 30-20 ps. LGADs exploit internal gain through
the addition of a highly-doped p-layer close to the n-p junction to create a high electric
field. They work below their breakdown voltage resulting in a lower cross-talk, easier
segmentation and lower dead time. Thinner sensors are performing better, however,
since this means a higher detector capacitance, the noise also increases: an optimization
between detector capacitance, gain and power consumption needs to be pursued. State-
of-the-art LGADs are produced on sensor-grade wafers and require dedicated readout
electronics so LGADs are considered now a fall-back solution. The option of realising a
monolithic LGAD sensor using a CMOS process can be addressed as the CMOS MAPS
with internal gain described above.

SPADs in an array configuration in SiPMs could represent other candidates for the
TOF layers. More details on SPADs and their development for SiPMs will be given in
Chapter 3, in particular in Section 2.4.1 and Section 2.4.2. Indeed, the behaviour and
timing response of the SiPM are the objects of this study. It is worth noticing that
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also SPADs fabricated in CMOS technology could be developed as a monolithic solution,
although the use of a single layer is less obvious because of dark count, i.e. the sensor
firing in absence of photons, and fill factor.

1.3.3 RICH

Cherenkov radiation can be used to extend the PID to momenta out of reach for the outer
TOF: the refractive index of the radiator, which determines the range of measurable pr,
ensures continuity in the measurements. For this reason, a 2 cm aerogel tile of n = 1.03
with an expansion gap of 20 cm, relying on proximity focusing, could be implemented. In
the forward region a smaller refractive index will be adopted to account for the Lorentz

boost. The predicted resolution of the Cherenkov angle is about 1.5 mrad.

The RICH, placed behind the TOF, would extend the TOF limit of 500 MeV/c e/n
separation to 2 GeV /¢, the charged 7/K separation of 30 up to 10 GeV/c and K/p up to
16 GeV/c. In Figure 1.5 the simulated 30 separation in terms of pr of the barrel TOF

and the RICH detectors for Pb-Pb events as a function of rapidity » is shown.
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Figure 1.5: Analytical calculations of the n — pr regions in which particles can be sepa-
rated at 30 for ALICE 3 PID systems with 2 T magnetic field [4].

1.3.4 RICH and TOF as a single detector

A new idea, starting from the first studies of SiPMs in direct detection of charged par-
ticles [3], has emerged together with this thesis studies: the possibility to combine the
PID via the Cherenkov angle and the timing information from the outer TOF merging
them into a single detector to enlarge sensitivity and precision of the two detectors. As
the SiPM can detect both MIPs and single photons with high efficiency and good timing,
it represents a valid candidate for the two subdetectors.

The timing properties of TOF detectors based on Cherenkov light would benefit from
this type of emission because of its faster emission time: this is of the order of 1 ps with
respect to about 2 ns of scintillation [21]. A reduction in time fluctuations of photon
emission results in a better time resolution. Further more, SiPM application to RICH
counters, thanks to SiPM technologies developed on purpose to detect Cherenkov light,
has shown the first rings [22] [23]. In Figure 1.6 a possible implementation of RICH and
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Figure 1.6: (a) Possible setup of a combined RICH and TOF detector; (b) the SiPM
array with time information for every sensor.

TOF with SiPMs as a combined detector is shown.

The advantages of merging the RICH and TOF detectors are many: from a perfor-
mance improvement of TOF by having an increased distance to do PID which would go
from about 0.85 m to 1.1 m, to a smaller Cherenkov angle resolution by increasing the
proximity gap from 20 to 25 cm. In addition to this, a reduction of cost and material
budget would be possible: if separated, TOF and RICH surfaces would consist of about
70 m?2, while, if merged into a single detector, would require the construction of an area
of about 30 m2. A SPAD-based system could also allow merging the TOF and RICH
readouts.
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Chapter 2

Solid state detectors for timing
applications

Solid state detectors are ionization chambers based on semiconductors material, mainly
Si (silicon) and Ge (germanium). Solid state detectors are widely used in High Energy
Physics (HEP) and in many other fields, like in medical and engineering technology
areas, as they are excellent light and charged particles detectors. Due to silicon large
availability and the possibility to operate it at room temperature, silicon applications
have been studied for years making it the standard material adopted for experiments of
HEP.

In this Chapter, after a brief explanation of silicon solid state detectors and of the
main interactions of different particles in silicon, the specific case of silicon detectors
application to timing is reported. In particular, the SiPM device is introduced: the SiPM
is a silicon detector optimized for light detection which is traditionally used coupled to
scintillators or Cherenkov chambers. In this chapter, the description of the SiPM is given,
together with its main features and figures of merit. A particular focus is dedicated to
recent developments that see SPADs, the SiPM unit microcell, and SiPMs used in direct
detection of charged particles. Indeed, these recent results constitute the starting point
of the SiPM studies at the heart of this thesis.

2.1 Silicon detectors

A silicon detector is a semiconductor device which is basically a solid state ionization
chamber. The highest energy band is the conduction band, where electrons are free to
move. The below band is the valence band, where electrons are tightly bound. In solid
state lattices, atomic levels merge to energy bands: the properties of a material come
from the gap between the two bands. While for conductive materials there is no gap
and for isolators it is > 5 eV, semiconductors materials feature an intermediate situation
with a band gap of 1.12 eV at 300 K. For this reason, electrons can be excited by simple
thermal energy to the conduction band.

Each silicon atom of the lattice shares four valence electrons with the neighbor atoms.
At temperatures near 0 K all the electrons are bound, but at 7' > 0 K thermal vibrations
break some of the bonds, making electrons available for conduction (electron conduction).
The remaining open bonds are holes in the valence band of the crystal lattice: an electron
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within the valence band may fill the hole, leaving another hole in its place. In this way
holes appear to move (hole conduction). The intrinsic concentration of electrons in the
conduction band, n, and holes in the valence band, p, in an intrinsic semiconductor is
the same at T=300 K [24]:

n; =n=p=145x 10"%m>. (2.1)

Charged carriers are then transported through diffusion and drift. For fields up to
10* V/cm, drift is proportional to the applied electric field E. Indeed, the drift current
densities for electrons, which drift against the electric field, and holes, which drift with
the electric field, are respectively

Jnarift = (—@)nvp = (—@)n(—p, E) = qnp, F (2.2)

Jparige = (+@)pvp = qppp E (2.3)

where g, ~ 1350 cm? V' 7! and p, ~ 450 cm?® V! s7! are the electron and hole
mobility at 300 K while vp is the drift velocity.

The diffusion current is proportional to the gradient of the carrier density: electrons
diffuse down the concentration gradient but carry negative charge i.e. the electron dif-
fusion current points in the direction of the gradient. On the other hand, holes diffuse
down the gradient but carry positive charge. The diffusion density currents are then

Jn,dz‘ff = anVn (24)

Jp,dz‘ff = —quVp (25)

where D,, and D, are the diffusion coefficients which depend on temperature and
mobility.

The total current density of charge carriers for electrons and holes is in the end the
sum of the two above mentioned contributions:

Jn = Jn,drift + Jn,diff = (J(n,unE + Dnvn) (26)

Jp = Jparige + Jpairs = Q(pppE — DpVp) (2.7)

For fields > 10* V/cm, p — 1/E and the drift velocity vp = pkE saturates reaching
a value of 10" ecm/s. This determines in 300 pm of silicon 10-30 ns of collection time
respectively for electrons and holes.

Silicon is a semiconductor with an indirect band structure: because phonons are
needed in order to have momentum conservation when the electron goes from the valence
to the conduction band, the energy needed to create an e-h pair is higher that the energy
gap and amounts to ~ 3.62 eV. Then, if we consider a mean ionization energy [y = 3.62
eV, a silicon thickness d = 300 um and a MIP dF/dx = 4 MeV /cm, we obtain that the
signal of the MIP in the detector is:

dE/dz - d

~ 10* e"h™ pairs. (2.8)
Iy
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While, if we look at charge carriers thermally created in intrinsic silicon with same
thickness and area A = 1 cm? at 300 K we have

n;dA ~ 10® e"h™ pairs. (2.9)

These thermal pairs have then to be reduced: for this reason, intrinsic silicon crystals
are not used but a depleted zone, free from charge carriers, is developed through the
doping of silicon. Atoms of silicon, which belongs to the IV group of the periodic table,
are replaced with atoms of the V group, such as Phosphorus, that determines a weakly
bound valence electron (donor), and atoms of the III group, as Boron, which leaves an
open bond in the lattice (acceptor). This results in a N-type and P-type silicon interfaces.
When these two interfaces are placed in contact, a P-N junction, as the one shown in
Figure 2.1, is formed.

N
N-type E P-type
I T
¢ e C Donor
00,0000 g o ©
o o [ [+ O I (;Q o Q: @ Acceptor
e °’ Ie : @ @ < Free hole
o. © I Ol Q: N ¢ v
e‘ o° Q|10 ! Q ® [reeelectron
I |

depletion zone

Figure 2.1: Scheme of a P-N junction.

Here, a diffusion of charge in excess to the other material is obtained until thermal
equilibrium is reached: the positive ions of the N-type interface and the negative ions of
the P-type interface create an electric field E which stops further diffusion. This process
determines a space charge region free of charge carriers called depletion zone.

The application of an external voltage can increase or decrease the width of the
depletion region: a forward bias voltage means a narrower depletion zone, while a reverse
bias voltage pulls out electrons and holes increasing its width as illustrated in Figure
2.2. The latter results in a small reverse current flowing through the diode and a higher
number of carriers produced by the passage of a particle. Semiconductor detectors are
then operated in reverse bias mode.

P-N junctions are usually highly asymmetrical in doping concentration. A highly
asymmetrical junction is called a one-sided junction, either an n*p junction or a p*n
junction, where n* and p* denote the heavily doped sides. The depletion layer penetrates
primarily into the lighter doping side, and the width of the depletion layer in the heavily
doped material can often be neglected.

2.2 Particles through Silicon detectors

The operating principle of a p-on-n type silicon detector is illustrated in Figure 2.3:
usually this detector features a P-N junction with heavily doped p™ and n™ electrodes.
In the middle there is a lightly doped n~ type bulk. In reverse bias voltage condition, the
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Figure 2.2: P-N junction in reverse and forward bias voltage scheme.

n* electrode is connected to the anode, while the p* electrode is coupled to the cathode.
Once the depletion region has formed, charged particles or photons will interact with
the sensor creating electron-hole pairs, which, being the only mobile charges, induce a
current that will be measured. The signal starts when the carriers start to move and
ends when all of them have reached their collection electrodes. Under an E > 10* V/cm,
electrons travel 1 pum of silicon in 15 ps while holes do so in 30 ps. A tipical silicon
detector of 300 pum is then travelled by electrons in ~ 10 ns and by holes in ~ 25 ns.

pt n+
Q6
: n- bulk

Figure 2.3: P-on-n type junction principle of operation.

In the next section, particle-silicon interaction mechanisms will be briefly illustrated
with a particular focus on heavy charged particles (i.e. particles heavier than the electron,
for example muons, pions, protons and light nuclei), electrons/positrons and photon
interactions.
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2.2.1 Charged particles
Ionization energy loss

When a heavy charged particle passes through the silicon detector, it mainly interacts
through electromagnetic interactions with the atomic electrons, in particular with inelas-
tic collisions [25]. Upon entering the detector medium, the particle immediately interacts
simultaneously with many electrons via Coulomb force: depending on the proximity of
the encounter, the impulse may be sufficient to raise the electron to a higher-lying shell
within the absorber atom (excitation) or to remove it completely via ionization [26].
In most of the cases, ionization through electron stripping takes place. For 90% of all
encounters the energy transferred to the electron in a single collision is less than 100
eV [27], so, since the energy required to form a pair for silicon at room temperature is
~ 3.6 eV, as the MIP transverses the detector it produces several e-h pairs. This process
is called primary ionization: primary interaction products can interact again creating
secondary ionization and, for high values of electric field usually associated to a reverse
bias above the breakdown voltage V;4, an avalanche multiplication process can occur.
The energy deposited within the medium can be calculated from

AE:—<§—§>d (2.10)

where d is the absorber thickness and (dE/dX) is the linear stopping power averaged
over the energy of the projectile particle. The linear stopping power in MeV/cm for
moderately relativistic charged heavy particles with 0.1 < g~ < 1000 is defined by the
well known Bethe-Bloch formula

dF 7 22 2m.y?v?

—a =0y [m 7 IQWMAX Yy - 2% (2.11)

with K = 0.1535 MeV cm?/g, p the material density in g/cm?®, Z and A atomic
number and weight, z the charge of the incident particle in units of e, v the particle
Lorentz factor, Wysax the maximum energy transfer in a single collision and [ = [(Z
the mean excitation potential. For intrinsic silicon, Z= 14, A= 28.085 a.m.u. and
p = 2.329 g/cm? [28]. The parameters § and C' accounts for density and shell effects,
which are due respectively to a polarization of the medium and to the case in which
Uy < Ve.

The possibility of large energy transfers in a single collision adds a long tail to the
high energy side of the energy loss probability distribution of particles traversing thin
detectors: this distribution can be modeled by the Landau-Vavilov straggling function.
As shown in Figure 2.4 for 500 MeV pions in silicon, the position of the maximum of
this distribution A, defines the most probable energy loss. The latter is shown in Figure
2.5 for several silicon detector thicknesses scaled to the mean loss at minimum ionization
~ 1.664 MeV g~1 cm?.

For electrons and positrons the formula reported in Equation 2.11 is modified due to
their small masses and indistinguishibility: because the projectile and the target have
same mass, the energy loss in a single collision is much higher than in the case of a heavy

23



Alx (MeV g! cm?)

0.50 1.00 1.50 2.00 2.50

[ T T T T I T T T T | T T T T | T T T T I
1.0 - 500 MeV pion in silicon 1
i 640 um (149 mg/cmz) i
osk i rnrfEny o e 320 um (74.7 mg/cmi) _
r ———-160 um (374 mg/cm”) 1
— I 80 um (18.7 mg/cmz) 1
S060 ;
= L il
04 i -
r / Mean energy 1
i ,' loss rate i
02 A it n
i / o ]
L S0 J

0.0 L \I u\ll pal ‘\ ol b M b by by T
100 200 300 400 500 600

A/x  (eV/um)

Figure 2.4: Straggling functions in silicon for 500 MeV pions, normalized to unity at the
most probable value A,/z. The width w is the full width at half maximum [28].
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charged particle. In addition to this, electrons and positrons lose energy via Bremm-
strahlung by emitting photons when deflected through electromagnetic interaction with
the nucleus. The total energy loss for electrons and positrons is then composed of a
ionization and a radiative term:

dE dE dE
(= — 2.12
dx ( dx ) coll " ( dx ) bremss ( )

dE FE
_ (= N — 2.13
( dx > bremss XO ( )

where Xy (in g/cm?) is the radiation length of the material and E the energy of the
incident particle. The radiation length is then defined as the mean distance over which
the electron energy is reduced by a factor 1/e via radiative losses: for silicon Xy = 21.82
g/cm? [28].

with

2.2.2 Photons

The main interaction mechanisms of photons in matter depend on the energy of the
photon and are: photoelectric effect (v+atom — e~ +atom™) at low energies, Compton
scattering (v + e~ — v + e7) at about 1 MeV and pair production (y + nucleus —
et + e~ +nucleus) for high energy ~v-rays. The relative contributions of the three differ-
ent processes to the cross section in silicon is shown in Figure 2.6. The dominant process
at energies below 100 keV is the photoelectric effect: through this reaction the photon
completely disappears and, in its place, an electron (called photoelectron) is ejected by
the silicon atom from one of its bound shells.
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Figure 2.6: Photon total cross section as a function of the photon energy in silicon:
atomic photoelectric effect, Compton scattering and pair production in the nuclear field
are the main interaction mechanisms [29].

A photon beam of intensity I, traversing a material is then attenuated only in inten-
sity through the above mentioned processes according to
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Figure 2.7: (a) Penetration depth d of intrinsic silicon at 300 K as a function of the
incident wavelength, data from [30]; (b) Absorption coefficient o and penetration depth
d of light in silicon at 300 K [31].

I = Ipe % = Je™o/d (2.14)

where « is the absorption coefficient which is equal to the inverse of the mean free
path of a photon i.e. the penetration depth d.

If the energy of the photon is below 1.12 eV, which corresponds to 1110 nm, the
photon can be absorbed only from free electrons. For energies between 1.12 eV and 3.6
eV, which is the energy required to form an e-h pair, the reaction needs a phonon of
high momentum to occur so the absorption probability is low. For energies above 3.6
eV, which corresponds to a wavelength of 344 nm, a direct transition is possible and the
absorption becomes more probable. For this reason, larger A can penetrate in the whole
detector thickness without absorption, while smaller A are immediately absorbed. These
two contributions limit the sensitivity of the detector.

The average d for standard silicon at 300 K in the range ~ 200-1110 nm as a function
of incident light wavelength is shown in Figure 2.7a. Here, d is ~ 0.1 pm at 400 nm at
N-UV wavelenghts, ~ 2.5 um at 600 nm visible light wavelength and ~ 10 ym at ~ 780
pm IR wavelengths. A wavelength in the N-UV of 300-400 nm which corresponds to
energies of 4-3 eV is absorbed in silicon in the first 0.1 gm as can be seen in Figure 2.7b
where o and d are shown as a function of the photon energy in eV.

2.3 Silicon for timing

As introduced in Section 2.2, an electric field > 10* V/ecm makes electron and holes
velocities saturate: in this condition, electrons travel 300 pum of silicon in only 10 ns,
while holes do so in 25 ns (collection time). This peculiarity, together with others that
will be described in this section, makes silicon detectors ideal for timing applications.
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2.3.1 Timing system components

The basic detector timing channel is shown in Figure 2.8 [32] [33]. The timing measure-
ment is mainly related to the signal-to-noise ratio (SNR) and to the slew rate:
awv S
—_—=— 2.15
dt — t, (2.15)
where ¢, is the rise time of the signal and S the signal amplitude [34]. Large SNR
and fast rising edge are then fundamental in order to increase the time resolution of a
detector.
The main components that affect these variables are:

1. The detector, which can be schematized as a current generator in parallel with
a capacitance. The current is produced when a particle deposits energy in the
detector sensitive volume and starts to move.

2. A series of amplifiers, that, with appropriate coupling and impedance, amplify the
detector signal.

3. A discriminator (or leading edge trigger), that compares the analog signal to a
threshold voltage reference level giving a normalized logic pulse with a well defined
time relationship to the input signal.

4. A time digitalizer (Time-To-Digital Converter or TDC), which measures the time
difference between the detector signal and a reference start channel, for example a
second detector.
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Figure 2.8: Scheme of the basic elements of the measurement chain [33].

The final time resolution of the system can then be expressed as:

2 _ 2 2 2 2
0y = Ojitter + rle] + O current + Ors- (216)
The jitter term a?-itter is due to the presence of noise: when the signal is rising,

the threshold comparator can trigger early or late depending on how the noise affects
the rising edge. This term is then directly proportional to the RMS of noise, oy, and
inversely proportional to the slope, }%L near the threshold value V},:

ON

(2.17)

O jitter =

&=

[ v
L 1 Vip
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The TDC, a combination of a clock generator with a counter, determines a constant
term which can be expressed as

_ TDCyp
drpC \/ﬁ

with T'DCy;, the time width of the least significant bit of the TDC.

The Landau term o2, is due to an intrinsic statistical nature of the energy de-
posited by the MIP in the silicon, whose distribution in thin detectors is a Landau
distribution: everytime the energy release changes i.e. every signal is different both in
amplitude and in shape. In addition to this, the uniformity of the electric field may
cause changes in the signal shape.

The time slewing term o2 is associated to the amplitude of the signal i.e. the
deposited charge, which can exceed before or after the chosen threshold. Thus, this term
is strictly related to the analog to digital conversion of the signals: this effect can be
corrected by analyzing the maximum amplitude or the charge of the signal.

Being related to the particle-matter interactions and the structure of the detector,
the last three terms can be considered together as an intrinsic resolution of the detector.
Equation 2.16 can then be written as

(2.18)

01€2 = Uzzntrinsic + U]Zitter + O-%DC' (219)
According to the Shockley-Ramo’s theorem [35] [36], the initial current in a silicon
detector does not depend on the thickness d of the sensor:

. 1 1
Ymaz X nquata = quvsatc_l = qusat (220)
where vgq; ~ 107 cm/s and N = n/d ~ 75 are the e-h pairs created per ym. The
maximum current is of the order of~ 1076 A. For this reason, increasing the thickness of
the detector is not a solution for better timing: on the contrary, considering vy ~ 107
cm/s of charge carriers, deeper detectors correspond to longer collection times.

2.3.2 Gain

As already explained, for timing applications the electric field should be of the order
of 10* V/cm in order to allow electrons and holes to saturate their velocities: 1 pym is
associated to a collection time for electrons and holes of 15-30 ps respectively, thus a 300
pm is travelled in 10 ns by electrons and 25 ns by holes. The electric field must also be
as uniform as possible: to do this, detectors must have a geometry as close as possible
to flat capacitors, with the area of a single cell much larger than the sensor thickness.
Even if all the above conditions are met, silicon detectors have limited time resolution
due to the presence of noise. For this reason, an internal avalanche process is often
exploited in silicon timing application as a source of gain to increase the amplitude of
the signal i.e. the jitter. The different operation modes for solid state detectors is shown
in Figure 2.9. Usually avalanche Photo-Diodes (APDs) have a gain of 50-500 with mainly
electrons able to sustain an avalanche. SPADs (Single Photon Avalanche Diodes) are
Geiger-mode APD: they work at higher values of V4, the breakdown voltage, above
which the avalanche starts, due to both electrons and holes, in a self-sustained process
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with gain > 10*. SiPMs are made of arrays of SPADs and will be explained in detail in
the next section.
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Figure 2.9: Different operation modes for solid state silicon detectors showing: Photo-
diode (linear, no gain), Avalanche PhotoDiode APD (linear, gain of 50-500) and Geiger
mode APD i.e. SPAD (gain > 10%) [2].

2.4 SiPM Silicon PhotoMultiplier

The Silicon Photomultiplier is an established device of choice for a variety of appli-
cations, from TOF-PET to lifetime fluorescence spectroscopy in biology and physics,
from distance measurements in LIDAR applications to astrophysics and HEP [1] [2]. A
solid-state detector can improve design flexibility, cost, miniaturization, integration den-
sity, reliability and signal processing capabilities in photodetectors with respect to older
devices such as Photomultipliers (PMT) or Microchannel Plates (MCP) [37]. SPADs,
fabricated by conventional planar technology on silicon and biased above breakdown
(the so called Geiger mode regime) give excellent single-photon sensitivity thanks to the
avalanche caused by impact ionization of the photogenerated carriers. The number of
carriers generated as a result of the absorption of a single photon determines the optical
gain of the device.

The SiPM, or MPPC, Multi-Pixel Photon Counter, is an array of a few mm? of
102 — 10* SPADs [38]. In order to fully benefit from the good performance of the SiPM,
in particular its sensitivity, the dynamic range and its intrinsically fast timing properties
as a solid state semiconductor detector, it is necessary to understand the structure of
a SPAD, i.e. the SiPM unit microcell, and its integration in an array, i.e. the SiPM,
together with its main variables: photon detection efficiency, signal response, gain fluc-
tuation, dark count rate, primary and correlated noise.
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Figure 2.10: (a) N-on-p type AD; (b) amplification region with charge density, electric
field and potential profile [39].

2.4.1 AP, APD and SPAD

The Avalanche Diode (AD) is a shallow p-n junction operated in reverse bias condition.
The schematic of a n-on-p AD is shown in Figure 2.10a: the structure consists of a highly
doped n-type layer (n™) and a moderately doped p-type layer (p). The region with the
highest electric field corresponds to the avalanche region: a detail of the amplification
region is shown in 2.10b, where charge density p, electric field E and potential V' are also
reported. Under the p layer, there is a thick substrate lowly doped p~. The p~ substrate is
completely depleted in the upper part, determining the drift zone. The n* layer overlaps
the p layer to form a virtual guard ring that is necessary to prevent premature edge
breakdown allowing above breakdown operation of the active area. Recent technologies
see the addition of other layers in order to have an electric field as uniform as possible
and avoid pads border effects.

The avalanche process increases with the applied voltage. The AD can work in linear
mode or in Geiger-mode when the applied voltage exceeds the breakdown voltage. The
avalanche goes on until stopped by statistical fluctuations or a sufficient decrease of F.
When the detector works in Geiger-mode, it is not possible to have a signal proportional
to the charge released by the incident particle but single photons can be detected.

An APD (Avalanche PhotoDiode) is an AD for photons detection: in the APD
mainly electrons generate secondary e-h pairs, resulting in a linear gain of ~ 50-500.
The SPAD (Single Photon Avalanche Diode) is a particular type of APD operated above
its breakdown voltage i.e. in Geiger mode. In this way, single photon detection is
possible. Differently from APD, in the SPAD holes also have enough kinetic energy to
participate in secondary e-h pairs production: for this reason, the gain of a SPAD is
> 10

SPAD can be n-doped on p-doped SPAD (n-on-p type) for enhanced red/N-IR pho-
tosensitivity, or p-doped on n-doped SPAD (p-on-n type), for enhanced UV /blue photo-
sensitivity, as shown respectively in Figure 2.11a and 2.11b. The different structure and
width of the layers are made according to the absorption depht of silicon with respect to
the photon wavelength at T' ~ 300 K: UV photons, with A ~ 450 nm, interact near the
surface in the first um of silicon, while IR photons with longer wavelenghts, ~ 750 nm,
interact deeper in about 10 pum (see Section 2.2.2).

The difference in photosensitivity is then associated to the distance that the electron,
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Figure 2.11: The n-on-p SPAD (a) is more sensitive in the red spectrum region while the
p-on-n SPAD (b) is more sensitive to the blue and near UV spectrum region [2].

which has greater ionization efficiency and avalanche probability than a hole, must travel
within the depletion layer before being collected. This results in a different avalanche
triggering probability Pr, whose profile along the junction can be observed in 2.12.

As previously said, photons in the blue to UV are absorbed closer to the surface of the
SPAD: in the p-on-n structure this means that blue light will predominantly generate
photoelectrons close to the surface, which will then traverse the junction towards the
n-doped region [2|. Contrarily, red light will generate electron-holes deeper in the bulk:
electrons traverse less material and are collected quickly, with a lower chance of triggering
an avalanche. The PDE for a p-on-n SPAD is then lower in the red part of the spectra
and higher in the blue. The contrary happens for a n-on-p SPAD, for which a schematic
avalanche rapresentation is reported in Figure 2.13.

2.4.2 SiPM structure and working principles

The SiPM is an array of a few mm? of 102-10* SPADs that have a pitch of 10-100 pm.
A photo of a SiPM can be seen in Figure 2.14.

The equivalent circuit of a SPAD is reported in Figure 2.15a. A SPAD can be modeled
as a resistance Ry of about 1 k2 and a capacitance (representing the depletion region)
Cy of about 10 fF in parallel. In order to stop the avalanche, a series quenching resistor
R, of 10 k2-10 MQ in parallel with a parasitic capacitance C, of the order of fF is
introduced for each SPAD. The passage of a particle closes the switch of the equivalent
circuit: this causes an exponential voltage drop in the node between C, and Cy, which
starts to discharge according to the discharge time constant

Tq = Rd(Cq + Cd) (2.21)

(neglecting the influence of R,, which usually is highly resistive). At the same time
C, has been charging through R;. The two processes end when the current through R,
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Figure 2.12: Electric field and avalanche triggering probability for the two types of
SPADs. The maximum electric field is at the junction [2].
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Figure 2.13: Visualization of absorption of short and long wavelengths of light in a
red/near-IR enhanced n-on-p SPAD [40].
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Figure 2.14: Photo of a SiPM with photographic enlargement of pixels (SPADs).

reaches the “threshold current” I,

Voo Vou
[~ 2.22
‘" R,+Ri R, (222)
where
‘/ov - V;)ias - %d (223)

is the overvoltage (OV). At this point, the avalanche is “quenched” and the cell
recoveries with a recharge time constant

7 = Ry(Cy+ Cy). (2.24)

The total charge which has to be provided from the outside via the SPAD is given
by V., (C, 4+ Cy), which, divided by the electron charge ¢, gives the gain of the SPAD:

G — (%ias - VBD)Cd' (225)
q

The gain is of the order of 10 in analog SPADs and produces a single photon signal
well above the electronic noise level.

In analog SiPMs, all pixels are independent and connected to a common readout in
parallel as shown in Figure 2.15b resulting in a final signal that is proportional to the
number of triggered SPADs. The output signal allows then to count fired SPADs by its
amplitude.

A single pixel can be approximated by a parallel plate capacitor, whose capacitance

18

A
Cpi:c = 6067,3 (226)

with A the area of the plates and d their distance. Consequently, it is expected that
its capacitance increases with decreasing distance of the two plates which corresponds to
an increase of the depletion zone i.e. higher overvoltages. The total SiPM capacitance C'
can then be approximated, at high voltages so that parasitic and quenching capacitance
of the pixels are negligible, according to

C = Chis+ Ny (2.27)
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Figure 2.15: (a) Equivalent circuit of a SPAD; (b) equivalent circuit of a SiPM.

where Ny, is the number of pixels.

With respect to Figure 2.9, the APD current increases proportional to the impinging
light flux on the device: because the electric field is still below the breakdown voltage,
electrons travel through the active layer of the detector creating an avalanche until a
natural self-quenching occurs with no need of an external circuit. Increasing the reverse
voltage Vjqs above the breakdown voltage V4 allows holes to perform impact ionization
and participate to the avalanche in Geiger-mode operation. The signal is not proportional
to the charge released by the impinging particle, but it allows to detect single photons
as 10%-10° charges for each SPAD are produced. The avalanche diverges and must be
quenched by an external passive quenching circuit as previously mentioned.

To collect the charge signal from the detector a pre-amplifier with low noise of charge-
sensitive type is generally used.

2.4.3 PDE

SiPM main feature is its particular sensitivity down to single photon detection, described
by the PDE (Photon Detection Efficiency). This is defined as the ratio between the
detected photons of wavelength A\ and the actual photons impinging on the detector
hence by the relation:

PDE(Voy, A) = QE(X) - Pr(Vou, A) - FF(Vou, A) (2.28)

where QE is the quantum efficiency i.e. the probability for an impinging photon
to create a primary electron—hole pair in the active volume, Pp the avalanche trigger-
ing probability (already mentioned in Section 2.4.1), V,, the overvoltage and FF the
geometrical fill-factor [41]. The FF is defined as

PR Active area (2.29)

Cell area

where the active area is the area of the photo-sensitive cell. The FF is about 30-80%
and depends on the SiPM technology and the SPAD design. The ideal Pr is 1 but it can
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Figure 2.16: (a) PDE as a function of wavelength at different values of V,, (OV) for
FBK prototypes; (b) PDE at 420 nm as a function of the OV measured on different cell
pitches [42].

be lowered due to doping dishomogeneities for example related to radiation exposure.

The QE of silicon is dependent on the wavelength A as illustrated in Section 2.2.2:
for this reason, for UV applications protective coatings above the sensor are used in
order to optimize the QE at small . For example, in Figure 2.16a the behaviour of
FBK (Fondazione Bruno Kessler) SiPM NUV-HD (Near-UV sensitive High Density)
prototypes with respect to wavelength of impinging photons is shown. The detector is
covered with a protective silicon resin which is transparent down to 300 nm. The PDE at
6 V OV for these prototypes is about 40%-55% in the N-UV range 300-400 nm, making
FBK NUV-HD SiPM technology well suited for Cherenkov light detection [42]. In Figure
2.16b the PDE as a function of OV for the same type of SiPM but with different cell
pitches, i.e. different FF, is shown.

2.4.4 Noise

The primary source of noise in SiPM is identified by avalanche pulses triggered by ther-
mally generated charged carriers or carriers generated due to tunneling in the high-field
of the p-n in the bulk. These effects depend on the quality of the silicon, the volume of
the depleted region, the fill factor of the cells and the temperature.

The rate of the avalanche pulse generation in dark conditions is called dark count
rate (DC rate or DCR). A signal due to DC is indistinguishable from one that would
have resulted from photon absorption. DCs are random and always present regardless of
the light level illuminating the SiPM. DCR is proportional to temperature: DCR halves
every ~ 8°C and, as can be seen in Figure 2.17, increases with OV. Being DCR a noise
due to deep-levels into the silicon, it is crucially affected by radiation damage: in Figure
2.18 it is shown an increasing value of DCR that reaches a saturation with respect to
proton irradiation [44].

In addition to primary noise, there is the so called correlated noise which identifies an
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avalanche pulse generated because of the primary event, thus a subsequent noise. These
are due to afterpulsing in the same cell or crosstalk in nearby cells of the SPADs array.

Afterpulse is due to trapping and subsequent release of carriers in the high field re-
gion, generating a secondary spurious avalanche. Afterpulse probability depends on the
number of effective traps and on their release time constant with respect to the recovery
time of the SPAD: a possible solution is to adjust the recovery time constant to have
the traps released when the microcell is not yet completely recharged. Afterpulsing can
also not be related to traps but to re-absorption of secondary photons of the avalanche
in the neutral region beneath the active region, triggering again a secondary spurious
avalanche: a solution here can be an inverted-doping substrate which originates a second
p-n junction and blocks all photo-generated carriers to diffuse towards the avalanche
region.

Secondary photons emission during the avalanche discharge is isotropic and can trig-
ger new discharges in the adjacent cells: this is the so called “prompt” crosstalk (CT)
which can be written as

_ DCR with > 2 SPADs firing

T = .
¢ DCR with > 1 SPADs firing

(2.30)

The CT is due to photons created in the avalanche that can trigger new avalanches
and induce a fake signal in the adjacent cell. Indeed, in an avalanche breakdown ~ 3
photons /10° carriers are produced that can give rise to pulses two or three times the
single-cell amplitude. Photons in the 850-1100 nm range are especially critical.

A “delayed” crosstalk is also possible, caused by e-h pairs in the bulk or in the neutral
region near the depletion zone. This kind of crosstalk happens with a delay of ns-us.

2.4.5 Signal shape

The signal produced by a SiPM is made of two components: a fast component, associated
to Geiger discharge through the parasitic capacitance of the quench resistor, and a slow
component, related to the SiPM recharging time. The rapid rise in the first stage of
signal formation is associated to short drift and high drift speed. The slow component
depends on the pixel capacitance and the quenching resistor as the overvoltage on the
junction is gradually reestablished via the quench resistor after the avalanche.

An example of signal can be seen in Figure 2.19a. Considering also noise contributions
as crosstalk and afterpulse, a SiPM signal under dark conditions can be observed in
Figure 2.19b.

Considering the different kinds of observable noise events (primary events, prompt
crosstalk, afterpulsing and delayed crosstalk), the SiPM output signal on a long time
interval can be represented as reported in Figure 2.20.

Due to all these noises, the signal integral i.e. the charge of the particle is not
associated to the number of firing SPADs given by the MIP alone. Thus, increasing the
OV means increasing noise sources, as can be seen in Figure 2.17 of Section 2.4.4 for
what concerns DCR.
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Figure 2.19: (a) Illustration of a Geiger APD waveform [45]; (b) An oscilloscope trace
(with the display set to persistence mode) of output waveforms due to noise from a SiPM
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2.5 SiPM response to charged particles

In a series of recent studies, the detection of charged particles with SiPMs have been
performed with promising results.

FBK NUV-SiPMs were tested in [46] with a beam of relativistic ions of 1 < Z < 28
at energies 13-30 GeV /a.m.u. at CERN SPS. Here, SiPMs were directly exposed to the
ion beam in order to study their capability to trigger an avalanche in response to particle
ionization inside the device. The detector consisted of an array of discrete SiPM sensors
with active area 1.4 x 1.4 mm? and pitch 50 um. A photo of the array is shown in Figure
2.21. A charge tagging with high purity was provided thanks to a silicon beam-tracker
that collected multiple dE/dz measurements. The SiPM were operated at 2 V OV to
avoid the sensor saturation due to large ionization produced by high Z ions.

N

woa) Todul [ade] (mde] (] fu] [um

Figure 2.21: Photo of the SiPM array mounted in the middle of the 64 channels PCB
used by [46] to directly detect charged particles.

The impact coordinate of He nuclei weighted by the pulse height of the SiPM having
the largest signal in the event was reconstructed and it is shown in Figure 2.22: the
pattern matches the geometry of the SiPM array providing a first qualitative evidence
that the SiPM, although designed as a photodetector, can generate an avalanche upon
the passage of a charged particle. An average efficiency with a threshold value of 0.5 p.e.
of ~ 59% and ~ 81% was evaluated for ?H and He respectively, indicating an effective
detection area larger than the one expected on the basis of the optical fill-factor ~ 42%
of the NUV FBK SiPM prototypes under test.

While DCR prevents the use of single devices as position sensitive detectors, the
coincidence between two or more SiPMs has been exploited in this direction by [47]
with vertically-aligned avalanche cells put in coincidence. With this aim, Avalanche
Pixel Sensor (APiX), basically a double-layered avalanche sensor, with embedded digital
readout electronics on chip was implemented. The validity of an APiX structure detection
principle was tested with a pair of SiPM sensors (of 1 mm? area each) exposed to a 120
GeV proton test beam at CERN. The SiPM have sensitive areas positioned face-to-face
at a distance of the order of tens of um. The active area of the two SiPMs is protected by
an epoxy layer. A schematic view of the experimental apparatus is illustrated in Figure
2.23: the APiX prototype is placed between two scintillator counters that constitute the
trigger.

The events with two coincident signals in the detectors are interpreted as MIP events.
The ratio between the coincidence rate of the two SiPMs and the trigger rate of the mon-
itor scintillators counters should be proportional to the ratio between the sensitive area
of the SiPM and of the scintillator counters i.e. about 1072: indeed, the average value
measured in four runs was (1.47 £ 0.25) x1072. The challenges of an array of avalanche
pixel sensors comprehend the 3D integration of such devices in CMOS technology as the
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Figure 2.22: [46] reconstructed impact coordinates of tagged He nuclei weighted with
the pulse height of the SiPM having the largest signal in the event.
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Figure 2.23: Schematic of the CERN test beam experimental setup used in [47] to test
a prototype APiX structure made with two SiPMs in coincidence.
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quenching network may impact the fill factor i.e. the PDE.

In [48], the time resolution of MIP via a TOF system was studied for single SPADs
implemented in standard CMOS technology and integrated with on-chip quenching and
recharge circuitry. The sensor used in this study integrates four independent SPAD pix-
els with 25 um diameter, with a dedicated on chip front-end circuitry for every SPAD
with tunable dead time (> 3 ns). Through a complete and optimized system-on-board,
all needed voltages are derived from a single 5 V power supply and a power management
unit is designed to filter noise (essential for a target timing precision that approaches
10 ps). The TOF for 180 GeV/c momentum pions was measured at CERN SPS: an
excellent intrinsic time resolution of 7-8 us for a single SPAD was achieved. In the same
study, radiation hardness of the SPAD was characterized with a mono-energetic beam of
100 MeV and a fluence of 10® protons per second. DCR increased of 3 orders of magni-
tude: nevertheless, SPADs were not saturated by DCR (thanks to their short dead time
and high count rate) and were not affected with respect to their timing performance
(the number of accidental coincidences due to DCR was suppressed by the logic AND
between the SPADs used for the TOF). An improvement of the timing performance with
respect to the applied OV was also noticed.

A more detailed understanding of the contribution of SPADs to SiPM total output
signal, whose amplitude depends on the number of fired SPADs, was carried out in [3]:
here, the direct response of SiPM being traversed by a MIP charged particle was studied
for the first time in a systematic way. Using beam test data collected at CERN PS
the time resolution and the CT have been measured. The study gave an unexpected
result: although particles were expected to traverse only one SPAD per event, crosstalk
measurements, defined as in Equation 2.30, on different SiPMs showed an higher value
of fired SPADs with respect to the one related to the noise of the device. This is shown
in Figure 2.24 where the response of different SiPM is evaluated at different OV. A time
resolution of 40-70 ps, improving with the number of fired SPADs, was reached.
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Figure 2.24: [3] measured crosstalk fraction CT' versus overvoltage for beam test data
(MIP, full lines) and standard evaluation via DCR (dotted lines).

41



The results of [3] pointed to an efficiency higher than the simple fill factor of the
devices: the higher crosstalk and higher efficiency (~ 90%) indicated the presence of a
mechanism inducing signal on nearby SPADs. The origin of this effect was not clear: it
could have been related to internal processes in the bulk of the SPAD, to an external
Cherenkov effect (see Appendix: Cherenkov radiation) or to a scintillation process. The
work reported in this thesis aimed to distinguish in a quantitave way between the two
options.
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Chapter 3

SiPM studies

In this chapter, a description of the devices used in this thesis study is reported. A
first study, carried out through the comparison of SiPMs with different, in thickness
and material, resin protection layers, was performed in order to understand the direct
detection of charged particles with the SiPM technology. This was done in a test beam
environment during July 2022: this study confirmed the presence of Cherenkov light in
the protection layers above the sensors. Next, a second study with modified prototypes
with the aim of measuring in detail the identified effect and study the SiPM time res-
olution was carried out in another beam test setup during November 2022. All these
studies have been performed in collaboration with FBK.

In both cases, preliminary measurements on the different SiPMs prototypes, per-
formed at INFN Bologna laboratory, will be presented. Consequently, a study of the
SiPM behaviour and results on the timing response with data collected at the two beam
tests are discussed.

3.1 Detectors under study

Available NUV-HD-RH (Near UV-High Density-Radiation Hard) SiPM produced by
Fondazione Bruno Kessler (FBK) were used in both the beam tests. NUV-HD SiPM
technology was introduced in 2016 and, due to an optimized border region around each
microcell, these devices have very high detection efficiency and high dynamic range [42]
[43] .

NUV-HD SiPM pixels are p-on-n junction SPADs. A photo of the SiPM under test is
shown in Figure 3.1 together with its main features in Table 3.1 . As explained in Section
2.4.3, the PDE is a function of the wavelength of the incident radiation. Actually, in
Figure 2.16a the PDE of FBK NUV-HD SiPM prototypes was shown: at 3 V OV the
PDE at 400 nm is close to 32%, while at 6 V OV it increases to 42%.

In order to study the different response of the SiPM with different protective layers,
several resins have been used to cover the detector under test. In particular, two dif-
ferent resins have been identified, a silicon (SR) and an epoxy resin (ER), and different
thicknesses of the resin itself have been used, 1 mm and 1.5 mm. The refraction index
of silicon and epoxy is respectively 1.50 and 1.53. The nomenclature used in this thesis
to address the different SiPMs is reported in Table 3.2 together with the main features
of the protection layer. To disentangle any effect due to the resin, SiPMs without any
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Parameter

Active area 1 x 1 mm?
Pixel pitch 20 pm

Number of SPADs 2444
Fill factor 2%
Via 33.0+0.1V

Figure 3.1: Microscope photograph of the Table 3.1: Main characteristics of the
FBK NUV-HD SiPM under study with SiPMs under test.
hexagonal 20 pm pitch pixel.

Name Resin Thickness (mm) Refraction index

SR15 Silicon 1.5 1.50
SR1  Silicon 1 1.50
ER1  Epoxy 1 1.53

Table 3.2: Protection layers main features of the SiPM under test during the July beam
test. The protection layer characteristics determine the SiPM name.

resin protection (WR) have also been studied.

All the studied prototypes have the sensor reaching about 550 pym from the PCB on
which it is mounted and the thickness of the protection layers is expressed starting from
the PCB itself: the effective protection layer on top of the SiPM is then 450 um and 950
pm for the 1 mm and 1.5 mm sample respectively. An explanatory drawing is shown in
Figure 3.2.

protection layer

450um/950um

1mm/1.5mm

SiPM
550um

Figure 3.2: Explanatory drawing of the SiPM with protection layer under study.
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3.1.1 SiPM studied in July 2022 beam test

A microscope photo of the SiPMs used during the first beam test carried out in July
2022 is shown in Figure 3.3: each sensor is part of a structure of six different, in cell pitch
and geometry of the pixel, nearby SiPMs. The protection layer uniformly covers all of
them. The SiPM under test corresponds to the one positioned on the top left corner of
the matrix.

Figure 3.3: Microscope photograph of the configuration of the SiPM under study during
the first beam test: a matrix of six different SiPM of area 1 x 1 mm?. The protection
layer uniformly covers all the six SiPMs.

3.1.2 SiPM studied in November 2022 beam test

The SiPM technology under study in the November beam test was the same as in the
previous study i.e. NUV-HD-RH SiPMs introduced in Section 3.1. On the other hand,
the six-SiPM structure was dropped in favour of a single-SiPM structure. This was done
in order to have a more precise deposit of the resin on top of the SiPM, consequently
allowing to better characterize the effect related to it. The protection layer, applied over
the 1 x 1 mm? sensor, has an area of 1.7 x 3.5 mm?. The longer resin side covers the
wire bonding of the sensor, while the shorter side overflows the sensor of 200 ym on one
side and 500 pum on the other. A photo with the reference axis and values is shown in
Figure 3.4.

The sensors were produced again with three different protection layers: silicon resin
of 1 mm, silicon resin of 1.5 mm and epoxy resin of 1 mm. The nomenclature used in
this study is analogous to the one used for the July beam test with the addition of the
suffix “-s” to account for the single configuration of the SiPM, as reported in Table 3.3.
The devices under test were two for every type of sensor.

3.2 Preliminary measurements

In order to characterize the different SiPMs, IV curves, CV curves, DCR and CT mea-
surements were performed in the Bologna laboratories. In this way, the intrinsic Vjq of
all the samples was found together with other characteristics of the device.
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Figure 3.4: Microscope photograph of the single 1 x 1 mm? SiPM with rectangular resin
on top.

Name Resin  Dimensions (mm?) Thickness (mm) Refraction index

SR15-s Silicon 3.5 x 1.7 1.5 1.50
SR1-s Silicon 3.5 x 1.7 1 1.50
ER1-s Epoxy 3.5 x 1.7 1 1.53

Table 3.3: Protection layers main features of the single SiPMs under test during the
November beam test. The protection layer characteristics determine the single SiPM
name.

3.2.1 IV curve

The most important characterization measurement of silicon detectors can be extracted
from a IV (current-voltage) curve of the device, which is a diode working in reversed
biased condition. This measurement allows to determine the optimal working voltage of
the device. For SiPM, in particular, it is important to determine the breakdown voltage,
Via, at which the sensor enters in Geiger mode and starts a self-sustained avalanche
process. The IVs of the SiPM used are obtained with a TDK Lambda Z100-2 power
supply [49] and a Keithley 6487 picoammeter [50]. The scan was performed with a
LabVIEW program. The measured IVs of the SiPM studied in the July beam test are
reported in Figure 3.5a, while the IVs of single SiPMs, studied in the November beam
test, are shown in Figure 3.5b with the number associate to the sample indicated between
the parentheses.

The breakdown voltage can be obtained from the IV curve applying the Inverse
Logarithmic Derivative (ILD) method which consists in calculating the inverse derivative
of the IV curve [51]. Below the breakdown voltage, ILD shows a linear voltage dependence
with a negative slope, and above breakdown, ILD starts with a linear rise, changing to a
quadratic dependence at higher voltages. To extract the minimum of the ILD i.e. Vj4, a
parabolic fit is done on 8 points around the minimal values of the IVs. The mean V4 of
the prototypes is measured to be of (33.34+0.2) V, in agreement with the nominal value
of (33.0 £ 0.1) V given by FBK and reported in Table 3.1. From now on, the term OV
will be then considered with respect to this value of breakdown voltage.
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Figure 3.5: (a) IV curve of the SiPMs, part of a six sensors structure, under test during
the July beam test; (b) IV curve of single SiPMs under test during the November beam
test. In both cases, data near the breakdown voltage were obtained with a smaller step
in V.
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Vou 2V 3V 4V 6V

SR15-s (40£6) kHz (73+13) kHz (1014 19) kHz (130 & 25) kHz
SR1-s (51 +9)kHz (92+12) kHz (1284 16) kHz (165 =+ 20) kHz
ERl-s (41+2)kHz (714+6)kHz (101+9)kHz (133 + 16) kHz

Table 3.4: DCR for SiPMs with different protection layers evaluated with a digital
oscilloscope in the Bologna laboratory at room temperature.

3.2.2 CV curve

The CV characteristic is another important preliminary measurement to perform on a
silicon device. Some parameters that could be obtained are the pixel capacitance, the
effective doping concentration, the electric field or the depletion voltage.

The measurement of the CV curves was performed with a Keysight impedance an-
alyzer [52] with a frequency of 200 kHz. The measurements are obtained with a TDK
Lambda Z100-2 power supply and Keithley 6487 picoammeter. The scan was performed
with a LabVIEW program. The CV curves for the SiPMs under test during the July
beam test and the November beam test are reported respectively in Figure 3.6a and 3.6b.

The SiPM fully depletes at ~ 40 V, which corresponds to an asymptotic value of the
SiPM capacitance of 50 pF. The pixel capacitance for all the tested samples can then be
evaluated via Equation 2.27 considering the nominal value of N,;, = 2444 and C' = 50
pF: Cpip is ~ 21 fF, in agreement with [42].

3.2.3 Dark Count Rate

In order to better characterize the single SiPM prototypes, before the November beam
test measurements of DCR at 2, 4, 6 and 8 V OV in the Bologna laboratories were
performed. These were obtained putting the sensors in a dark box at room temperature.
The data were taken with a Lecroy Wave-Runner 94904M-MS digital oscilloscope (500
MHz-4 GHz bandwidth, up to 40 GS/s sample rate, 4 input channels) [54] with a TDK
Lambda Z100 used as power supply. SiPMs were all coupled to the same front-end which
is a customized front-end made in the Bologna Laboratories with an X-LEE amplificator
of 40 dB.

Trigger was set on one channel at 40 mV to avoid baseline background fluctuations
(of about 10 mV). The counts of DC events considered for signals > 1 SPAD were eval-
uated using a fixed threshold of about 50% of the signal of the first SPAD at 2 V OV.
This was done with a dedicated function on the oscilloscope. Oscilloscope bandwidth
was set to 200 MHz in order to avoid high-frequency noise and data acquisition was set
to 10 GS/s. The amplitude scale was set to 50 mV/div and the timebase to 500 us/div.
A table with mean values of DC for every type of sample with relative protection layer is
reported in Table 3.4. The values are obtained as the mean value of three independent
samples available for the same SiPM: DCR is about 40-165 kHz/mm? between 2-6 V
OV. At ~ 6 OV the mean DCR for all the samples is ~ (110 £ 13) kHz, in agreement
with the [42] nominal value of ~ 100 kHz/mm? at same OV at room temperature.
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Figure 3.6: (a) CV curve of the SiPMs, part of a six sensors structure, under test during
the July beam test; (b) CV curve of single SiPMs under test during the November beam

test.
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3.3 Beam test studies

3.3.1 Experimental setup

The study of the SiPMs response to charged particles has been carried out at the T10
beamline of CERN-PS in July and November 2022 through two different beam tests. At
12 GeV /e, the positive beam is composed mainly by protons (~ 80%) and pions (~ 20%).

The telescope used during the July beam test, which can be seen in Figure 3.7,
consists of four sensors: two SiPMs under test and two LGADs detectors (1 x 1 mm?
area and 35 pm or 25 pm width prototypes) [53]. The LGADs are used as trigger and
as time reference to. As a consequence they define the active area of the beam.

The whole setup was enclosed in a dark box, as shown in Figure 3.7. It is worth
noticing that, during the July beam test, the temperature ranged between 30 °C and 38
°C, higher values compared to the temperature employed for the preliminary studies of
the devices.

Figure 3.7: Photo of the experimental setup at the T10 CERN-PS during the July beam
test with a photo in detail of the telescope. The two SiPMs under test are enclosed in a
copper box.

The SiPM were independently amplified by a gain factor of 40 dB i.e. a voltage gain
of 100 between 1 MHz-1 GHz signal frequencies. TDK Lambda Z100 power supplies
were used for SiPMs and CAEN N1470 4CH HV for LGADs [55]. The waveforms were
stored using a Lecroy Wave-Runner 94904M-MS digital oscilloscope [54] at maximum
bandwidth of 4 GHz. The trigger was defined by the coincidence of the two LGADs
signals in the telescope. The oscilloscope acquires the whole signal waveforms, thus the
digitalization is performed at analysis level.

All instruments were remotely controlled in the control room through LabVIEW ap-
plications which allowed for data transfer and storage, setting and monitoring of Vs
and currents, box temperature monitoring and fast online analysis to have a quick real
time check on the data.
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During the second beam test in November 2022, the setup was the same but with the
addition of four independent micropositioners inside the box in order to remotely control
SiPMs and LGADs sensors (z,y) positions with a precision of ~ 10 pm. In addition to
allow for a better alignment of the sensors i.e. maximize the number of triggered events,
the positioners were needed to perform a scan in position of the single SiPMs and study
the mean signal amplitude as a function of the position of the sensor with respect to the
beam. A photo of the setup is shown in Figure 3.8. The positioners were controlled by
an Arduino board connected to the control room with a LabView programme.

Figure 3.8: Photo of the four independent micropositioners added during the second
beam test of November 2022 with two single SiPMs placed in the middle of the two
LGADs. SiPMs are embedded in a copper box.

During the tests, the temperature ranged between 25 °C and 28 °C (to be noticed
the lower temperature with respect to the July beam test).

3.3.2 Signal selection

Signal and DC events selection proceeded through different steps. Given the LGADs
trigger condition time ¢y, the signal events collected by the oscilloscope are those with a
SiPM signal in a window of 2 ns from t;. The DC events are defined as events with at
least 1 SPAD firing in a region before the trigger (from the start of the oscilloscope time
scale to —b ns from ¢(): this is used to determine the possible contamination of noise
events in the signal region. DC events are estimated to be < 5% for single SPAD events
and negligible for multiple SPADs events for all the SiPMs under test.

Events in a time window of 10 ns right before the signal region were used in the
July beam test to evaluate the intrinsic CT from DC events, which was one the main
measurements of the beam test (see Section 3.4.1).

In order to study the time resolution, a cut was applied on the SiPM signals by
removing the few events with important residuals of previous signals, could they be MIP
or DC events, in a time window of 8 ns before the signal zone (-10 ns to -2 ns from the
trigger).

An example of all the triggered signals collected with the oscilloscope can be seen in
Figure 3.9a, while in Figure 3.9b the same waveforms with selection cuts are reported.
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Figure 3.9: (a) All triggered events on a SiPM (the sample is SR15-s at 4 V of OV); (b)
offline selection of the SiPM waveforms.

The selected events are then used in the analysis of the time resolution.

3.3.3 Evaluation of the time resolution

In order to study the time resolution of the SiPM, the time associated to the LGAD
signals is considered at 50% CFD while for the SiPM a fixed threshold of the amplitude
of the first SPAD is used. The time resolution of a SiPM is evaluated by using the time
difference between the SiPM under test and the LGAD which is nearer to the beam
entrance. An example of the time difference distribution is shown in Figure 3.10.
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Figure 3.10: Example of histogram for the time difference between the SiPM under
test (here SR15-s) and the trigger considering only events with > 4 SPADs firing. pl
represents o ;.

The fit of the distribution is done with a g-Gaussian to account for its long tails.
The o of this distribution is given by the sum in quadrature of the SiPM and the LGAD
contributions

Ofit = \/U?SiPM — 0lGan (3.1)
with or64p the intrinsic LGAD resolution (=~ 27.1 ps at 250 V during the July beam
test [53], ~ 31.2 ps at 110 V during the November beam test).
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Figure 3.11: Time resolution as a function of the fixed threshold at different percentage
of the first SPAD amplitude for a sample of WR SiPM at an OV of (a) 4 V and (b) 6 V.
The resolution values have an estimated associated error of about 6% at 1 SPAD, 8% at
> 2 SPADs.
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Figure 3.12: Time resolution as a function of the fixed threshold at different percentage
of the first SPAD amplitude for a sample of SR15-s SiPM at an OV of (a) 4 V and (b)
6 V. The resolution values have an estimated error of about 8% at 3 SPADs firing, 6%
at > 4 SPADs firing.

Thanks to a fast scan with 200k events, the optimal fixed threshold percentage on
the signal of the single SPAD was evaluated for the evaluation of the time resolution.
The scan is performed for a sensor which gives multi-SPAD signals, SR15-s, and a sensor
which exhibits only a few SPADs firing, WR. The time resolution as a function of the
threshold is then studied both for all waveforms and for a selected number of fired SPADs.

After selection, considering all signal waveforms the events become about 100k. Of
these, for WR, ~ 85% of the selected waveforms are associated to 1 SPAD signals, while
for SR15-s ~ 90% of the selected signals are associated to > 7 fired SPADs. The results
are shown in Figures 3.12 and 3.11 at an OV respectively of 4 V and 6 V.

For SR15-s, it is clear that, as the number of fired SPADs increases, the time reso-
lution decreases, going from 50-40 ps to 30-20 ps. The same trend, together with the
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fact that increasing the OV the time resolution for all signals slightly decreases, will be
observed in Section 3.5.4. It is worth noticing that for 1 and 2 SPADs the analysis could
not be carried out as the number of events was too low (< 300). The number of entries
at 3 SPADs is of the order of 1000 while the majority of events happens for > 6 SPADs.
Indeed, at values of fired SPADs > 6 the time resolution seems to be independent from
the threshold.

On the other hand, the WR sensor, whose time resolution as a function of the thresh-
old is reported in Figure 3.11, features a majority of 1 SPAD events: the time resolution
is then 60-70 ps for 1 SPAD events while it increases at higher number of fired SPADs,
both at 4 and 6 V OV. This may be associated to DC events that affect the time reso-
lution at higher number of SPADs firing as they are due to intrinsic CT (more details
will be given in the following Section 3.4). The difference in time resolution changing
the threshold seems to be more limited at lower thresholds both for 4 and 6 V OV. In
addition to this, the time resolution considering all signals is a few ps higher at 6 V OV:
this trend will be confirmed when studying the time resolution in Section 3.5.4.

Because at 20% of the single SPAD signal the time resolution is optimal and the
dispersion in the time resolution for different number of fired SPADs for both WR and
SR15-s is reasonably limited at every value of OV, this percentage is chosen for the
analysis of the timing resolution of all the SiPMs.

3.4 Results: understanding direct detection of charged
particles with SiPMs

The following results are obtained with the data collected during the July 2022 beam
test.

The aim of this study was understanding the origin of the excess expressed in CT on
the SiPM observed in [3]. Indeed, when traversed by a MIP, the SiPM showed a higher
CT with respect to the expected intrinsic C'T measured via dark count events.

Considering that the probability of random pixels firing together is negligible, a pos-
sible explanation based on Cherenkov effect is investigated. Cherenkov light emission
may be associated to the presence of the protection resin layer above the sensors. This
would imply that the excess of CT should be present when particles impinge the detec-
tor from the front, defined as the photon sensitive side, and should be highly reduced or
disappear when particles enter the detector from the back. An explanatory drawing of
the front and back configurations is shown respectively in Figure 3.13a and 3.13b.

On the contrary, if the excess is related to processes inside the bulk of the sensor
structure, no difference should be observed. Clearly, a simple scintillation effect in the
protection resin would not cause any difference in a front or back configuration. After
having addressed this effect, the time resolution of the different SiPM as a function of
the number of SPADs was studied. The results of the July test beam were also published
in [56].

Recall that during the July beam test the experimental setup was not yet provided
with micropositioners: therefore the alignment of SIPMs was not as precise as the Novem-
ber beam test and the position of the SiPM could not be controlled with precision.
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Figure 3.13: (a) Front configuration: MIP impinging the sensor from the photon sensi-
tive side with collection of Cherenkov light; (b) back configuration: MIP impinging the
detector from PCB side.

3.4.1 Crosstalk

Analogously as in [3], the CT fraction was defined as the ratio between the n firing
SPADs and the total number of firing SPADs:

P events with = n SPADs firing
" events with > 1 SPADs firing

(3.2)

This measurements of F, was repeated for all the samples at different OV with
particles impinging from the front and from the back of the detectors. Because of the
finite scale of the oscilloscope, n can assume values up to 3 SPADs i.e. all saturated
signals are associated to a n > 4.

F,, is computed in the following way: every peak from the amplitude distribution is
fitted to a Gaussian distribution. Then, the cut between two SPADs i.e. two adjacent
peaks are set to 3o from the mean of the peak with higher number of events between the
two (as this should be nearer to its Gaussian mean expectation value), while the error
associated to F,, was evaluated considering the events in the range 10 of the same peak
around each cut. The results of F,, are reported in Table 3.5 and the same are shown
in Figure 3.14. Here, the square markers indicate the intrinsic CT evaluated in a time
window of 10 ns before the signal i.e. they represent intrinsic CT, the triangle markers
are for data with the beam impinging the detector from the front while the circular
markers are for data with the beam impinging the detector from the back.

The WR sensor shows no difference between the particle impinging from the front
or the back and its intrinsic CT is consistent with the front and back measured CT
indicating a majority of 1 SPAD events. This result clearly indicate that the excess of
crosstalk observed in the SiPM is not associated to an effect inside the sensor bulk. On
the contrary, the other sensors clearly present multi-SPAD signals when the MIP enters
the SiPM from the front i.e. the photo sensitive side, with a large fraction of events
with > 4 SPADs firing. For particles coming from the back, it is also possible to notice
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Figure 3.14: Measured CT factor F,, with respect to the number of SPADs firing for
WR, SR1, SR15 and ER1 sensors at ~ 6 V OV. Square markers with long-dashed line
indicate intrinsic CT measured in the region before the signal, triangle markers with
continuous line indicate data with beam from the front of the sensor, circular markers
with short-dashed line indicate data with beam from the back of the sensor.

| WR | SR1
n E, (%)  Fyback (%) F,»-CT (%) | F, (%)  F,-back (%) F,-CT (%)
1 (86+£2)  (812+11) (79+8) | (09+£0.2) (57.2+0.9) (87+5)
2 (12 £2) (15 £ 4) (18+£9) | (L74+0.7)  (27+2) (11+06)
3 | (1.840.3) (3£3) 27+0.7) | (3x2) (12+£4)  (3.0+1.0)
>4 (0.35+£0.13) (0.64+0.15) - (949+18)  (5+2) -
| SR15 | ER1
n F, (%) F,-back (%) F,-CT (%) | F, (%)  Fu,-back (%) F,-CT (%)
1 | (164+04)  (51+£2) (83+4) | (144+05) (687+0.8)  (80+£2)
2 | (193+£08)  (2947) (13 +4) (16+£3)  (21.5+19)  (16+3)
3 | (17.8+£1.0)  (124+6)  (20+0.7) | (16+9) (T+£2)  (20+1.0)
>4 | (46.6+£0.6) (7.5+1.9) - (53£7)  (2.9+1.2) -

Table 3.5: Values of F,, for WR, SR1, SR15 and ER1 at an OV of ~ 6 V.
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a shift of F), to higher values of n with respect to the case of WR sensor: this could
be related to reflections of photons inside the protection layer when the particle coming
from the back traverses the resin on the opposite side. The intrinsic CT of all the SiPM
are compatible.

These results clearly demonstrate the presence of Cherenkov light produced during
the passage of the MIP through the protection layer. Due to the specific feature of
the sensors that are built with the protection layer above all the different SiPMs of the
six-SiPMs structure, a direct quantitative comparison among different samples can not
be pursued as the alignment of the sensors could not be controlled with precision and
particles impinging outside the sensor surface could produce a signal due to the observed
Cherenkov effect.

3.4.2 Time resolution

The time resolution of the sensor was studied as a function of the number of SPADs
firing in the SiPM: the results are shown for all the different samples at ~ 6 V of OV in
Figure 3.15.
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Figure 3.15: Time resolution as a function of the number of SPADs fired for the different
SiPMs at an OV of ~ 6 V.

It is clear that the time resolution for the SiPMs with the protection layer improves
with the number of fired SPADs since the signal amplitude is larger, reaching a value
of 30-40 ps for > 4 SPADs. The curve shows the same trend for all the SiPMs with
protection resin. The WR sensor time resolution can be selected for at maximum 2
SPADs and the value at 3 corresponds to > 3 SPADs firing. The WR is associated
to a majority of single SPAD events: the time resolution of only one SPAD firing is
compatible with the one obtained for the other SiPMs of ~ 50-60 ps. When the number
of fired SPADs increases the resolution of WR increases, showing an opposite trend with
respect to the sensors with resin: this could be due to the fact that in this sensor multi-
SPAD events are due only to crosstalk while in the other sensors these kind of events are
associated to the Cherenkov photons produced by the MIP that trigger multiple SPADs
simultaneously.
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3.5 Results: measurements of the Cherenkov effect
in direct detection of charged particles with SiPMs

The following results are obtained with data collected during the November 2022 beam
test.

To better characterize the Cherenkov effect, a position scan of single SiPMs with
different protection layers with the help of micropositioners was performed. For each type
of sensor, two devices were studied. Having found the position of maximum signal with
the position scan, the time resolution was studied at the proper scale on the oscilloscope.
In the end, the beam energy was changed in order to evaluate the SiPM response via
Cherenkov effect at lower energies.

3.5.1 Position scan of single SiPM

The position scan of SiIPM was performed at 3 V of OV with a 200 mV /div scale on the
digital oscilloscope to be able to detect all possible SPADs firing. The results are shown
in Figure 3.16a and 3.16b for the X and Y direction respectively. The plots represent
the mean amplitude of the signals as a function of the position of the sensor. Every
curve is centered in the maximum of the mean signal amplitude. No cut on the mini-
mum value of the amplitude is applied. Recall that the beam dimensions are defined by
the LGAD trigger area of 1 x lmm?. The results on the second sample tested for every
type of SiPM prototype showed no measurable difference in both the X and Y directions.

It is clear that the average amplitude of sensors with protection resin is much higher
with respect to the SiPM without resin, as expected with the presence of the Cherenkov
effect. Even outside the sensor area, indicated by the dashed red lines at [—0.5, +0.5]
mm, their distributions present tails of larger amplitude with respect to WR. This hap-
pens because of photons belonging to the Cherenkov cone that are produced inside the
protection layer but outside the sensor area. In addition to this, an asymmetry between
the positive and the negative values of the X and Y position can be observed for the
sensors with protection layer: this is due to the different border dimensions of the resin
on the sensor. In particular, in the X direction the asymmetry is much more evident:
a mean amplitude of 100 mV is reached on the negative values side at ~ —1 mm while
on the positive values side at ~ 1.2-1.4 mm. Indeed, this direction corresponds to the
wire-bonding direction, along which the resin is 3.7 mm. The asymmetry along X can
be noticed in particular for SR15-s, for which the Cherenkov cone has larger radius. In
the Y direction, the asymmetry is less evident but still present: the mean amplitude of
100 mV is achieved on the negative values side at ~ —0.9 mm, while on the other side
at ~ 1 mm, since the negative and positive values of Y respectively corresponds to 200
pm and 500 pum of resin outside the sensor area.

For the SiPMs with silicon protection, the mean amplitude of the sample with 1.5
mm resin, SR15-s, is larger than the one with 1 mm, SR1-s, on average: this is partic-
ularly evident along the X-direction outside the SiPM area, where the signal is mainly
due to the contribution of the resin outside the sensor. Further more, when inside the
SiPM area, the sample with epoxy resin shows a larger mean amplitude of about 100
mV with respect to the SiPM with silicon resin of same thickness, both in X and Y
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Mean Amplitude (mV)
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Figure 3.16: (a) Scan X of four independent single SiPMs (ER1-s, SR15-s, SR1-s and WR
SiPM) mean signal amplitude along the long side of the resin (i.e. bonding direction);
(b) Scan Y of four independent single SiPMs (ER1-s, SR15-s, SR1-s and WR SiPM)
mean signal amplitude along the short side of the resin. The scan were performed at an
OV of 3 V. The dashed red vertical lines at —0.5 mm and +0.5 mm indicate the SiPM
area.
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direction: this could be associated to the fact that epoxy has a higher refraction index
of silicon and the Cherenkov cone produced by a MIP at same momenta has larger angle.

The WR sample is symmetric in both directions, confirming the fact that no Cherenkov
light is produced i.e. only the area of the sensor and the LGAD trigger area influence
the response: in Figure 3.17 a convolution of a step function built with the SiPM area
and a Gaussian to account for the beam is evaluated for the scan along X. The fit, which
is in good agreement with the data and shows a reasonably large probability, indicate a
Opeam = 0.42 mm. The result is analagous and compatible within the errors for the Y
direction. Considering the beam FWHM=~ 1 mm in each direction, the result is compat-
ible with the expected area of the beam since this is associated to the LGADs trigger

selection of about 1 mm?2.
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Figure 3.17: Scan X at 3 V of OV fitted with the convolution of a Gaussian function (to
account for the beam spread, in blue), a step function (to account for the sensor active
area, in black) and a background (due to noise and DCR, in green). The result of the fit
(in red) is compared with the data.

Ideally, in Figure 3.16 the mean signal amplitudes of all the SiPMs far from the
SiPM resin area i.e. the tails of the distributions should be reduced to a value made of
simple DC events: however, due the whole extension of the beam along each direction
considering 20peqm, this results in a lit area of about 2 x (2 x 0.42) = 1.7 mm hence
1.7 x 1.7 mm? which is bigger than the triggered area. For this reason, small differences
can be observed among the baseline for WR sensor with respect to SR and ER SiPMs.

Thanks to the position scan, it was possible to collect the measurements of time
resolution at the proper scale in the centre of the SiPM where the highest number of
SPADs was firing. The time resolution study will be presented in Sec. 3.5.4.
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3.5.2 Signal amplitudes

An example of signal amplitudes distribution after amplification and selection at 100
mV /div scale on the oscilloscope is shown for four single different SiPMs in Figure 3.18a
and 3.18b respectively at an OV of 2 V and 4 V. The data are collected centering the
beam in the middle of the sensor with the help of micropositioners after the position
scan of Section 3.5.1.

The lower cut on the minimum value of signal amplitude is made considering a
distance of 30 from the mean value of the first firing SPAD. It is worth noticing that a
large fraction of the signals for the sensors with resin are out of scale both at 2 and 4 V
OV. The amplitudes are renormalized with multiplicative factors of the order of 15-20%
of the signal amplitude of the SiPM in order to account for small differences in the gain
of the samples. For this reason on the x-axis the values of amplitudes are reported in
a.u.

The histograms are normalized to the total number of events. The mean number of
firing SPADs for the sensors with resin at an OV of 2 V is ~ 6-7, while at an OV of 4 V
is ~ 8. WR mean value of firing SPADs is, in both cases, ~ 1. The difference between
the sample without resin and the SiPMs with resin is clear: WR has a majority of 1
SPAD events, with some CT giving signals up to 4-5 SPADs, while ER1-s, SR15-s and
SR1-s show a majority of multi-SPAD events. It is worth noticing that ER1-s shows at
high number of SPADs an enhanced response with respect to SR15-s and SR1-s at both
the values of OV. Indeed, because of a higher refraction index, the Cherenkov cone is
lightly larger, as observed with the position scan in Section 3.5.1.

The enhanced Cherenkov effect is not as evident for SR15-s and SR1-s, even if, both
at 2 and 4 V of OV, SR15-s shows a mean amplitude larger than SR1-s of about 30 mV.
This difference can be appreciated also in Section 3.5.3, where SR15-s and SR1-s were
tested at lower beam energies.

3.5.3 SiPM response at lower beam energies

In order to better study the Cherenkov effect produced in the protection layers of the
sensors, the beam was set to momentum 1.0 and 1.5 GeV/c. The beam composition
as a function of momentum strongly varies: it goes from 70-20% p/7 at 10 GeV/c, to
20/50/10% p/m/electron at 2.0 GeV/c, to 15/35/35 p/m/electron at 1.0 GeV/c. A TOF
measurement with the LGADs placed at ~ 24 ¢cm was then performed in order to select
only protons and be able to do a comparison of the SiPM response at different energies.
The experimental setup consisted then of two LGADs and two SiPMs, one SR1-s and
one SR15-s. For this analysis, being the time resolution not of interest, a 90% CFD on
LGAD signals was considered.

The TOF distribution at 1.0 and 1.5 GeV/c is shown respectively in Figure 3.19a
and 3.19b. The curve is fitted considering the sum of two g-Gaussian distributions. The
peak on the right represents protons while the peak on the left corresponds to electrons
and pions. The separation at 1.0 GeV/c is ~ 290 ps while at 1.5 GeV/c is ~ 150 ps.
In order to compare the response of SR15-s and SR1-s at different energies with a low
background and, at the same time, a sufficient number of entries, the cut to discriminate
electrons and pions from protons is made considering a distance of 30; from the mean
of the electrons/pions peak. At 1.0 GeV/e, for values of time difference > 0.4 ns, the
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Figure 3.18: Example of MIPs signals amplitudes, after amplification and selection in
the centre of the position scan, measured for single SiPM without resin (WR), SiPM
with silicon resin of 1.5 mm resin (SR15-s) and of 1 mm (SR1-s) and SiPM with epoxy
resin of 1 mm (ER1-s) at an OV of 2 V and (b) 4 V. The distributions are normalized
to the total number of events and the lower cut is made considering 30 from the mean
of the first firing SPAD for every SiPM.
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Figure 3.19: TOF of the beam particles computed as the time difference between the
two LGDAS at (a) 1.5 GeV/c and (b) 1.0 GeV/c. The fit are performed with two g-

Gaussians.

events associated to protons are 4017 and 4064 for SR1-s and SR15-s respectively. At
1.5 GeV /¢, considering values of time difference between 0.40 ns and 0.68 ns, the tagged
protons are 6420 for SR1-s and 6894 for SR15-s. Doing so, the purity of the tagged
protons sample is estimated to be ~ 84% at 1.5 GeV/c and ~ 82% at 1.0 GeV/c.

In order to have a purer sample of protons, another study is considered evaluating also
the sum of the time of arrival of the MIP in the LGADs. The resulting two-dimensional
plots, which are called “2D” TOF plots, are shown in Figure 3.20b and 3.20a: here, on
the x-axis there is the time difference between the LGADs signals while on the y-axis the
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Figure 3.20: 2D TOF at (a) 1.5 GeV/c and (b) 1.0 GeV/c. On the x-axis there is the
time difference between the two LGADs, on the y-axis the sum. The red polygonal line
represents the cut made in order to select protons.

sum of the time of the same signals. A poligonal function is used to select only protons.
This resulted for SR1-s and SR15-s respectively in 2815 and 2863 selected protons at 1.0
GeV /e, while 11123 and 12125 at 1.5 GeV/e.

Considering the events selected with 3.19a and 3.19b, the response of SiPM at the
passage of tagged protons was measured: in Figure 3.21a and 3.21b the amplitudes of
signals for 12, 1.5 and 1.0 GeV/c are reported respectively for SR1-s and SR15-s. For
each energy, the histogram reports a number of entries equal to the number of events
associated to protons at 1.0 GeV/c. Similar results are obtained using the selections of
Figures 3.20a and 3.20b.

These plots show that the number of fired SPADs decreases significantly at 1.0 GeV /¢,
both for SR1-s and SR15-s. Indeed, the mean values of both SR1-s and SR15-s indicate
at 12 and 1.5 GeV/c about 6 SPADs firing, while at 1.0 GeV/c 4 SPADs firing.

The mean values of SR15-s are slightly larger than the ones of SR1-s of ~ 50 mV,
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Figure 3.21: Amplitude of protons signals at different beam energies for (a) SR1-s and
(b) SR15-s. The data are collected at 3 V OV with 200 mV/div vertical scale on the
oscilloscope.
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confirming an enhanced Cherenkov effect due to a larger width of the protection layer
i.e. a larger Cherenkov cone.

3.5.4 Time resolution

At 12 GeV/c the time resolution was studied for all samples.

The timing response was studied both considering all waveforms and as a function of
the number of firing SPADs. The amplitude scale on the oscilloscope was set in order to
acquire a number of SPADs of at maximum ~ 8. The results on the time resolution are
reported considering for every SiPM the mean of the two tested SiPMs of same type.

In Figure 3.22 the time resolution at a fixed threshold of 20% SPAD signal amplitude
for the four type of independent SiPMs is reported. For the SiPM with protection resin
the resolution decreases from about 40 to 20 ps as the OV increases. The sample without
resin has a time resolution of about 65-75 ps. The difference in the trend of the SiPM
with and without resin may be due to DCR and the type of MIP signals produced in the
different SiPMs. An increase in the OV means also an increasing in DCR (see Section
2.4.4). But, as the majority of SR1-s, SR15-s and ER1-s signals are multi-SPAD events,
these are not affected by a higher DCR. On the other hand, the SiPM without resin
has a majority of 1 SPAD events that are more influenced by DC events (a hint of this
behaviour was also observed with a limited data set during the threshold scan reported
in Section 3.3.3).

100

Time Resolution (ps)

Figure 3.22: Time resolution of every tested SiPM (WR, SR15-s, SR1-s and ER1-s) at
2,4 and 6 V of OV computed as the mean of the two samples of the same type of SiPM
considering all the waveforms.

The time resolution is then studied selecting a fixed number of fired SPADs at 2, 4
and 6 V of OV. The selection of a number of SPADs is made considering the middle of
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the plateau between two adjacent distributions of signal amplitudes. The results at 4 V
OV are shown in Figure 3.23.

100

—-— \WR

Time Resolution (ps)
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n fired SPADs

Figure 3.23: Time resolution as a function of the number of SPADs fired for the different
single SR1-s, SR15-s, ER1-s and WR at an OV of 4 V. The resolution is computed as
the mean of the two samples of the same type of SiPM.

In Figure 3.23, the last time resolution value with respect to the number of fired
SPADs can be obtained until the number of the fired SPADs itself can be selected
by looking at the signals amplitude. A higher number of fired SPADs is associated
then to all the waveforms which exceed the last recognizable fired SPADs number. For
example, at 4 V OV SR15-s time resolution could be clearly evaluated selecting until 8
complete SPADs, all the remaining events are then considered inside > 9 fired SPADs.
At same OV, SR1-s and ER1-s time resolution could be evaluated selecting at maximum
7 complete SPADs, while 8 comprehends all waveforms above this value. Clearly, the
sample without resin could only be evaluated for 1, 2 and > 3 fired SPADs. It is also
worth noticing that the time resolution at 1 SPAD could not be evaluated for all the
SiPM as there was not sufficient statistics to perform a reasonable fit on the data.

In Figure 3.24 the results of the time resolution of every type of SiPM at 2, 4 and
6 V of OV are shown, whose exact values are reported in Table 3.6, 3.7 and 3.8. In
addition to the time resolutions, an estimation of the fraction of events between n firing
SPADs and the total number of firing SPADs is reported in percentage. This variable
was introduced in Section 3.4.1 as F,.

For the SiPMs with protection resin it is evident that the time resolution decreases as
the number of fired SPADs increases. Their time resolution value at 1 SPADs is ~ 60-70
ps, a value compatible with the time resolution of the sample without resin, while for
> 6 fired SPADs the resolution goes down to 20-30 ps.

On the other hand, the sample without resin features a time resolution that increases
as the number of fired SPADs increases: this may be associated to the fact that events
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Figure 3.24: Time resolution as a function of the number of fired SPADs for the different
single SR1-s, SR15-s, ER1-s and WR. Continous lines correspond to an OV of 2 V| long-
dashed lines to 4 V and short-dashed lines to 6 V.

| SR15-s | SR1-s | ER1-s | WR

n| o(ps) Fo(%)| o(ps) F,(%)] o(ps) Fo(%)]| o(ps) Fa(%)
1 - <1 - <1 [(64+1) ~1 [(64£1) ~O2
21 (61+£7) ~2 |(B7T£7) ~3 |(57£2) ~3 |(7T4+1) ~8
3| (47+£4) ~5 | (45£6) ~T | (41£3) ~6 | (81x1) <1
41(40£3)  ~9 | (40£8) ~9 | (36£2) ~10 - -

5| (34£2) ~12 | (36£7) ~13 | (32+1) ~14 - -
6|(33+1) ~16 | (32+7) ~14 | (28+1) ~15 - -
T|(B1£1) ~15 | (30£7) ~16 | (26+1) ~12 - -
8| (2941) ~13 | (304+5) ~12 | (24+1) ~12 - -
9] (2842) ~27 |(28+5) ~25 |(23+1) ~26 - -

Table 3.6: Time resolution with respect to a selected number of firing SPADs of different
type of SiPMs at 2 V OV. The percentage F}, is associated to the rounded mean fraction
of events relative to the selected SPAD for every type of SiPM. The last time resolution
value associated to a number of fired SPADs n is intendend to be for signals with > n
SPADs firing (for example, 9 stands for > 9 for SR15-s).
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n| o(s) F,(%)| o(ps) F,(%)| o(ps) F, ()| o(ps) Fn (%)
1 - <1 |(60£12) <1 |(64+£3) <1 |(67x2) ~78
2| (51+£8) <1 | (45£2) <1 |(644+4) <1 |((81x4) ~I18
31 (35+7) <1 | (37£3) ~1 |(474£2) ~1 | (88+4) A4
41 (30£5)  ~2 | (29+4) ~3 | (36+1) ~3 - -
5((204£8  ~3 | (26£4)  ~5 | (31+1) ~5 - -
6|(24+£4) ~5 | (24£5)  ~T | (28%1) ~T - -
71(23+£5) ~7 | (23£3) ~9 | (254+2)  ~10 - -

8| (22+5) ~9 | (22£3)  ~75 | (234£1) ~T2 - -

9| (204+4) ~73 - - - - - -

Table 3.7: Time resolution with respect to a selected number of firing SPADs of different
type of SiPMs at 4 V OV. The percentage F}, is associated to the rounded mean fraction
of events relative to the selected SPAD for every type of SiIPM. The last time resolution
value associated to a number of fired SPADs n is intendend to be for signals with > n
SPADs firing (for example, 8 stands for > 8 for SR1-s).

| SR15-s | SR1-s | ER1-s | WR

n) o) F(o)| os) Fu(h)| olps) Fu (k)| o(ps) F (%)
1 - <1 - <1 [(70+£9) <1 [(72£9) ~75
21 (60+£15) <1 |(44+£2) <1 |(7248) <1 |(77+5) ~19
3] (354£8) <1 |(32+3) <1 |(47+4) <1 |[(T5£5) ~6

40 (31+£9) <1 |(29£4) <1 |[(40+2) ~1 - -

5| (27x£4) ~1 [ (26£1) ~1 | (34£2) ~2 - -

6| (26+£6) ~2 |(22£2) ~97 | (27£1) ~95 - -

7] (21£5)  ~96 - - - - - -

Table 3.8: Time resolution with respect to a selected number of firing SPADs of different
type of SiPMs at 6 V OV. The percentage F}, is associated to the rounded mean fraction
of events relative to the selected SPAD for every type of SiPM. The last time resolution
value associated to a number of fired SPADs n is intendend to be for signals with > n
SPADs firing (for example, 6 stands for > 6 for SR1-s).
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with > 2 SPADs firing are due to intrinsic CT and not to MIP events and also to the
fact that statistics drastically reduces at > 3 fired SPADs (see comments at Figure 3.22).

At 6 V OV, all the time resolutions are consistent within the errors to the resolutions
obtained during the July beam test reported in Section 3.4.2.

Finally, looking at Tables 3.7 and 3.8 it is interesting to notice the following. Putting
a threshold corresponding to > 4 SPADs, all the noise due to DCR and correlated would
be excluded keeping an efficiency larger or equal than 99% for all the SiPMs with resin.
This result might be of particular interest not for a direct detection of charged particles.
Furthermore, if the timing layer is considered in combination with a RICH detector (see
Section 1.3.4) a double-threshold method might be of interest.
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Conclusions

In this thesis, a study on SiPM response to the passage of charged particles is reported.
The SiPM devices were studied during two different beam tests at the CERN T10 beam-
line, one in July and one in November 2022.

The study performed during the July beam test aimed at understanding the origin of
an unexpected higher number of the SiPM cells with signals i.e. a higher crosstalk with
respect to the one associated to intrinsic noise events in the bulk of the sensor. This
was originally observed in [3]. This effect could have been attributed to processes in the
bulk of the sensor or to Cherenkov or scintillation effect associated to the passage of the
particle through the protective layer of the SiPM.

In the July beam test, four different type of SIPMs were provided by FBK as part of a
matrix structure with six SiPMs: one type without and three with different, in thickness
and material, resin protection layers. By comparing the number of fired cells when the
particles were impinging the detector from the photosensitive side and when impinging
from the PCB side, the results clearly indicated the production of many photons via
Cherenkov light emission at the passage of the MIP through the protection layer. On
the contrary, a single charged particle passing through the SiPM without any protec-
tion layer gave a signal corresponding to a single SPAD firing, in addition to standard
crosstalk. The higher number of SPADs firing has then an important benefit in terms of
efficiency (the SiPM geometrical fill factor becomes not important) and time resolution.
Indeed, the resolution reached a value of 30-40 ps for > 4 number of SPADs fired in the
SiPM. The results of the July beam test are also reported in [56].

During the November beam test, the Cherenkov effect was better characterized. This
was done using prototypes of single SiPMs, not part of a matrix structure, with a rect-
angular protective layer of resin above the sensor. Again, different type of resins, in
thickness and material, were provided by FBK. Thanks to an accurate position scan
of the SiPM, it was possible to better study the Cherenkov light emission inside the
protection layer. The measurements confirmed the strong production of photons due to
the Cherenkov effect in the layers and allowed to appreciate differences related to the
SiPM protection layer features: indeed, a larger production of photons was observed for
thicker resin layers, related to a larger radius of the Cherenkov cone. Futhermore, the
effect of the Cherenkov threshold for protons was observed reducing the beam energy
from 12 to 1.5 and 1.0 GeV/c. Finally, the timing response was measured indicating a
value of about 20-30 ps for > 6 number of SPADs fired in the SiPM. Within the errors,
this improvement of the time resolution is independent of the overvoltage applied to the
SiPM.
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In the future, it would be important to repeat these measurements with larger SiPM
matrices in order to evaluate the amount of photons actually produced in the layer, now
limited by the dimensions of the SiPM. Because the Cherenkov cone is wide, it can cover
several SiPMs of the matrix built on the same board. Having the signal spread over
several adjacent SiPMs may increase the signal associated to the passage of the MIP,
further improving the signal to noise ratio and the time resolution. Moreover, the effect
of radiation damage should be better quantified, also in terms of time resolution.

In conclusion, the study showed promising results and paves the way for moving
SiPMs from photosensors to charged particles detectors with excellent time resolution.
The SiPM could then represent a possible candidate for the timing layers of ALICE 3,
which require a time resolution of ~ 20 ps, and have other important applications in the
next-generation RICH counters or in TOF counters for experiments in space.
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Appendix: Cherenkov radiation

The primary interactions of charged particles with silicon happen mainly via inelastic
collisions with the atomic electrons of the medium and elastic scattering from nuclei.
These, however, are not the only reactions that can occur (we have seen, for exam-
ple, Bremmstrahlung radiation for electrons and positrons): indeed, another possible
interaction process of charged particles in silicon is the emission of Cherenkov radiation.
Cherenkov radiation occurs when a charged particle in a material medium moves faster
than the speed of light in that medium, which is v,, = ¢/n with n refraction index of that
medium i.e. velocity of the particle v is higher than v,, and the critical value of 5 = v/c
must be greater than 5y, = 1/n.

An electromagnetic shock wave is created and the coherent wavefront formed is emit-
ted in a conical shape at an angle which satisfies

1
Bn
as can be schematically seen in Fig.25. The cone, when projected on a planar surface,

defines a ring whose radius can be measured with photosensitive sensors so ¢ and (3 of
the particle can be obtained.

cosf =

(3)

Figure 25: Cherenkov radiation consists of an electromagnetic shock wave produced
when the particle travels faster than ¢ in the medium. 6 is the Cherenkov angle while
c/n = wv, [25].

Of interest for the detectors design is the number of photons N emitted when a
particle passes through the radiating medium: in terms of wavelength \

d*N B 2raz?
dhdr )2

where « is the fine structure constant and z is the charge of the particle. We see then
that Cherenkov radiation is mainly emitted in the UV region. If we consider a typical

sin® 6 (4)
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range of sensitivity of a photon detector in the visible and near-UV (N-UV) wavelengths
350-550nm, we see that the mean number of emitted photons is equal to

dN A2 d\
e 2maz? sin® 0 . Svin 4752 sin* § photons/cm (5)

The energy loss by this process is of the order of 0.5 keV/cm.
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