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Abstract

ALICE 3 is a next-generation multipurpose detector, designed as an upgrade of the present
ALICE experiment for the LHC Runs 5-6. To enable the physics programme which aims at
studying the properties of Quark-Gluon Plasma, ALICE 3 features high readout rate capa-
bilities, superb pointing resolution and excellent tracking and particle identification over
a large acceptance. One of the main requirements for the PID system is a Time-Of-Flight
(TOF) detector for time measurements with 20 ps resolution. Silicon PhotoMultipliers
(SiPMs) are among the possible candidates for the outer layer of the TOF detector, due to
their high efficiency and their capability to directly detect charged particles thanks to the
Cherenkov light produced through the standard protection layer of the SiPM. SiPMs of
1 x 1 mm? area with 1 mm and 1.5 mm silicone protection were studied in this context to
evaluate their performance before and after irradiation: indeed, their performances were
previously studied in beam test at CERN-PS and after being irradiated with 10° and
101 MeV neq cm 2 it is shown that, thanks to the very high signal detected on the SiPM
at the passage of a charged particle, the sensors maintain an excellent time response. Even
if DCR gets higher with respect to new SiPMs, a high noise rejection can be obtained
once an appropriate threshold is applied to the signal. These studies on the possibility to
use SiPMs as particle detectors are crucial for their possible future applications in many
areas.
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Introduction

ALICE (A Large lon Collider Experiment) is an experiment at the Large Hadron Col-
lider (LHC) with the aim of studying heavy-ions collisions in order to investigates the
properties of the Quark-Gluon Plasma (QGP). A compact next-generation multipurpose
detector named ALICE 3 is proposed for LHC Run 5, around 2033, to be located where
the ALICE experiment is currently installed. The timing layers of ALICE 3 require the
stringent time resolution of 20 ps in order to be able to do Particle IDenti cation (PID)
and enable the ALICE 3 extensive physics programme. With this time resolution PID,
the discrimination of pi/k/p could be up to 2 GeV/c and hadrons/electrons up to 500
Mev/c. This goal could be achieved with a Time-of-Flight (TOF) silicon based detector
system composed of an inner layer, an outer layer and forward disks. The R&D is con-
ducted considering as baseline candidates for the inner layer of the TOF fully-depleted
Complementary Metal-Oxide-Silicon (CMOS) Monolithic Active Pixel Sensors (MAPS),
and as backup solution Low Gain Avalanche Detectors (LGAD) and Silicon Photomul-
tipliers (SIPMs). Due to SiPMs limits in radiation hardness, these detectors are under
study for the outer TOF layer.

SiPMs are solid-state detectors made of an array of hundreds or thousands of in-
tegrated Single-Photon Avalanche Diodes (SPADs) operating in Geiger mode. With
respect to traditional photodetectors such as photomultiplier tubes (PMTs) they can
operate at low voltages (typically 20-70 V), they can detect very low light level across
a broad spectrum (near UV to visible light), they are compact and insensitive to the
presence of a magnetic eld. This makes them suitable for a variety of applications,
not only in High Energy Physics (HEP) but also in medical and astrophysical elds. In
[1, 2] it was quantitatively shown that charged particles can be directly detected with
SiPMs thanks to the Cherenkov radiation produced at the passage of the particle through
the standard protection layer placed on top of the SiPM. A very high number of ring
SPADs was observed with a time resolution around 20 ps for events with more than 5
ring SPADSs, which constitute the majority of the statistics..

In the context of ALICE 3 R&D, the ALICE group of INFN-Bologna conducts every
year a series of beam tests at CERN-PS T10 beamline facility in order to test di erent
samples of silicon sensors with the aim of study their time resolution. In this thesis work,



two samples of SiPMs are considered. They are NUV-UV-RH (Near UV - High Density-
Radiation Hard) devices developed by Fondazione Bruno Kessler (FBK) of 11 mm?
active area covered by a protection layer of resin of 1.0 mm and 1.5 mm thickness. These
sensors have been studied for the rst time in a beam test at CERN in November 2022
and then have been brought to TIFPA (Trento Institute for Fundamental Physics and
Applications) in Trento for a radiation campaign in which they have been irradiated
with a dose of 18 and 10 MeV neq cm 2, based on the sample. Then, they have been
tested again at CERN during a beam test in July 2023. In this thesis, their performances
in terms of noise and time response of the SiPMs are compared before and after being
irradiated.

In Chapter 1, the main physics goals of ALICE experiment are shown together with
an overview of the future ALICE 3 detector, with a particular attention to the timing
layers and the main sensor technologies involved.

In Chapter 2, the physics of the solid state detector is introduced focusing on the particle
interaction with a silicon detector and the working principle of the SiPM.

In Chapter 3, experimental results conducts on two NUV-HD-RH SiPMs 1 1 mn¥ are
shown, on the basis of the data collected at CERN-PS T10 beamline during November
2022 and July 2023 beam tests. The performances of the two sensors are compared
before and after the irradiation campaign.



Chapter 1

ALICE 3: A next-generation
heavy-ion experiment at the LHC

ALICE (A Large lon Collider Experiment) is an experiment at the LHC (Large
Hadron Collider) with the aim of studying heavy-ions collisions in order to determine
the properties of strongly interacting matter at extreme densities and temperatures, sim-
ilar to those found a few microseconds after the Big Bang, i.e. the so called Quark-Gluon
Plasma (QGP) phase.

During LHC Run 1 (2009-2013) and Run 2 (2015-2018) crucial results were obtained
in understanding the properties of the QGP, thanks to very precise measurements of the
total yields of di erent particle species. Investigation in the heavy- avour sector and of
the charmonium state J/ production allowed to guring out a new production mech-
anism by combination of decon ned charm and anti-charm quarks. However, a precise
description of partons hydrodynamization and thermalization in dense QCD (Quantum
ChromoDynamic) matter has not been provided yet. In addition, the hadronisation
mechanisms in the heavy avors sector is not fully understood.

The main goal of ALICE during Run 3 (2022-2025) and Run 4 (2029-2032), where the
integrated luminosity for Pb-Pb collisions will approach 13 nb !, consists of precise
measurements of heavy avor production and of baryon to meson ratios. For instance,
the measurements of th® ¢ and ¢ yields over a broador range and elliptic ow will be
fundamental in order to better understanding and giving constraints to the hadronisa-
tion mechanism via recombination. The program of Runs 3 and 4 contains also the rst
measurement of thermal dilepton production with the aim of determine the temperature
interval reached in the early phase of the collisions, before the hadronisation phase. Such
measurements will be fundamental also to investigate the chiral symmetry restoration
mechanism at high temperature.

The rich scienti ¢ program presented so far is nevertheless a ected by the experi-
mental limits of the present ALICE detector. New sub-detectors will be installed before



Run 4, like the new Inner Tracking System (ITS 3) and the Muon Forward Tracker,
both based on Monolithic Active Pixel Sensors (MAPS), while the installation of a ma-
jor upgrade of the whole apparatus, named ALICE 3, has been scheduled for LHC LS4
(Long Shutdown 4) (Fig. 1.1) at the LHC Interaction Point 2, where the present ALICE
experiment is installed. The proposed detector is conceived for studies of pp, pA and
AA collisions at luminosities a factor of 20 to 50 times higher than the ones reached with
ALICE upgrades with the upgraded ALICE detector. ALICE 3 will be a silicon-based
detector with an extremely material budget, excellent tracking and vertexing capabili-
ties, to cover a widepy range down to few tens of MeV¢: in particular, the Particle
IDenti cation (PID) will be realised via a Time of Flight (TOF) detector whose target
time resolution is of the order of 20 ps.

Figure 1.1: Long term LHC schedule. ALICE 3 is planned to be installed during LS4.
From [3].

Within the prospective to investigate multi-charm baryons, some states such as.
and .. will be accessed via a remarkable tracking resolution of the order of few microm-
eters. In the quarkonium sector, for the rst time the measurements of high precision
ratio of (2S) and J/ at central rapidity will be crucial for strongly discriminate the
di erent models of charmonium formation from decon ned c. The large pp and p-Pb
samples will allow to give a description of the production mechanisms of hypernuclei, by
extending the measurement of hyperon-hyperon interaction.

1.1 QGP from heavy-ion collisions
Quantum Chromodynamics (QCD) is the gauge eld theory describing the strong

interaction. QCD is based on a non-abelian symmetry group SU@and its Lagrangian
is local invariant under transformations of SU(3}. Two processes can be distinguished:
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1. large momentum transfer processes, corresponding to a small value of the strong
coupling constant s. This is the condition whereasymptotic freedomis observed
and it can be studied with a perturbative approach (pQCD);

2. low momentum transfer processes, corresponding to large values ¢f require a
non-perturbative approach. This is the condition where&eon nement is observed,
chiral symmetry is spontaneously broken and only composite objects, hadrons, can
be detected. A theoretical description of this regime is the lattice QCD (IQCD).

Heating a system of quarks and gluons at large energy density up to a temperature
exceeding 150-160 MeV and compressing it at high pressures, leads to the creation of
the QGP. The QGP corresponds to a QCD phase transition from con ned matter to
a decon ned state of colored quarks and gluons, where the chiral symmetry breaking
is no longer present. Two fundamental parameters are the bariochemical potentig
and the pseudocritical temperature. The rst represent the energy required to add or
remove a baryon from the medium: for low values ofg, associated to high-energy
collisions, the transition from hadrons to QGP occurs as a crossover, while for high
valued of g theoretical models predict the existence of a critical point, beyond which a
rst-order phase transition takes place. ldentifying this critical point is one of the main
goal in the study of QCD phase transitions. The pseudocritical temperature is used to
characterize the approximate temperature at which the QGP transition occurs. IQCD
calculations at g 0 estimate it to be around 155 MeV. However, asg increases the
temperature decreases and its precise determination is an important topic of research,
with experimental e orts focusing on de ne a more precise QCD phase diagram (Figure
1.2) through varying the energy of beam collisions. It is believed that the QGP state
lled the early universe 10 ° s after the Big Bang and it froze out into hadrons after

10 10 ®s. Hadrons later formed nuclei and so all the known matter.

Figure 1.2: QCD phase diagram [4]. The green band shows the region accessible
to IQCD calculations.



In a laboratory, conditions such that of early universe can be created by colliding
heavy ions at multi-TeV energy. Such collisions are provided by the LHC at CERN since
2010. In particular, ALICE detector was speci cally designed to investigate the QGP
created at high energies and the particles produced from collisions.

QGP can be created from the collision of heavy-ions at ultra-relativistic energies.
The di erent stages of a collision are shown in Figure 1.3 and include: (i) an intial state
depending on projectiles' wave functions; (ii) larg&? interactions of partons; (iii) low-
Q? interactions (pre-equilibrium); (iv) equilibrium and expansion of QGP; (v) hadron
formation; (vi) freeze-out of hadrons; (vii) detectable stable particles. For an heavy-
ion collision it is important to de ne two crucial geometrical quantities which play an
important role in particle production. The rstis the impact parameter b, a fundamental
geometric quantity that represents the perpendicular distance between the centers of the
two colliding nuclei in the plane transverse to the beam direction, quantifying if a collision
is central (small b) or peripheral (largeb). The second is the pseudorapidity , which
depends on the polar angle measured from the beam axis as follow:

= Intan(=2) (1.1)

describing the spatial distribution of produced particles.

Figure 1.3: Evolution of an heavy-ion collision at LHC energies [4].

When the QGP cools below the transition temperaturel, it will hadronise. The
production of particles depends on di erent aspects, such as the centrality of the colli-
sion and the region of their production; indeed, in central collisions more particles are
produced with respect to peripheral ones, while the hottest region, where the produc-
tion is maximal, is the midrapidity region 0. In addition, heavy-ion collisions are
more e ective in transferring the longitudinal beam energy into particle production at
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midrapidity than pp collisions, and the centrality itself allows to manage the amount of
energy deposited in the collision region.

1.2 Physics goals

The unique PID and tracking capabilities of ALICE 3 can provide a complete de-
scription of some physics areas. Some examples are presented below.

1.2.1 Heavy avour probes of QGP

The masses of charm and beauty quarksn. ' 1:28 GeV andm, ' 4:18 GeV,
are su ciently larger that the pseudocritical temperature so that thermal production
of the two quarks in the QGP is strongly suppressed. On the other hand, at the LHC
energies, a large production of heavy-ion quarks is expected to take place via hard scat-
tering processes which can be described using pQCD [5]. As a result, ¢hend b content
of the reball is determined by initial hard scattering and their annihilation is very small.

ALICE 3 would be able to reduce the statistical uncertainties in the beauty sector
thanks to a larger reconstruction accuracy and selection purity of beauty mesons and
baryons, likeB, ,and ¢, down to verylowpr (1 GeV/c). Accurate measurements
in the beauty sector are a probe for the theoretical models of quark transport into
expanding QGP and allow a microscopic description of heavy-quark interactions.

The mechanism of heavy-quark parton propagation can be studied also through the
correlation in the azimuthal angle ' between charm-hadron pairs, likdd D, measured
with respect to thepr, pr and . Measurements of heavy- avor correlations are still
limited in the current ALICE detector due to the pseudorapidity coveragej(j < 0:9) and
only with ALICE 3 (j j < 4) it will be possible to detect back-to-backD D with excellent
e ciency down to very low pr. Expected ALICE 3 performances are shown in Figure 1.4.

Limited measurements also a ects the charm sector. In Run 3 and 4 precise mea-
surements of baryon-to-meson ratios would be possible only for baryons containing one
charm quark, while with ALICE 3 precise measurements of the production yields multi-
charm hadrons ( &. & cec» ---) Would help our understanding of hadron formation

ccy ccc?

from decon ned QGP.



Figure 1.4: Azimuthal distribution of D D pairs with pr; > 4 GeV/cand 2<pt, < 4
GeV/c (left) and pr; > 6 GeV/c (right) in Pb-Pb collisions for jyj = j j < 4 and
LtOt =35nb 1 [6]

1.2.2 Quarkonium states

Quarkonium is a heavy avor gy state that has been considered one of the most im-
pressive signatures for QGP formation. In particular, one of the probes of decon nement
is the charmonium (c); indeed, the J/ meson (the grond state of charmonium) is the
rst hadron for which a meccanism of suppression (melting) was suggested [7]. In the
bottomonium sector , a sequential suppression following the radial excitations 1S, 2S
and 3S is found, as expected from dissociation in QGP. ALICE 3 will have excellent
capabilities in reconstructing the quarkonium states down t@; * 0 and the processes

cHJ= ! 1 from pp and heavy-ion collisions will be measured over a wide
kinematic range.

1.2.3 Chiral symmetry restoration

Chiral symmetry breaking is evident from the mass spectrum of hadrons and it is
closely related to con nement: from IQCD it is shown that the decon nement phase
transition takes place at temperature close to chiral phase transition. Dilepton produc-
tion at such temperature is sensitive to e ects of chiral symmetry restoration via the
mesons spectral function. In particular, such restoration would be observed by measur-
ing (770) meson and its chiral partnera;. The latter is very challenging in heavy-ion
collisions. The present ALICE apparatus still produces measurements of thermal dilep-
ton emission with a sizeable background which a ects a precise determination of the
mass range above the peak. Low-background capabilities and larger statistics will be
addressed with low-mass detectors and high vertexing capabilities, in order to access
the mass region (0.85-1.2 Ge\f) where a; mixing is expected to leave a peculiar
signature. Indeed, a low material budget detector helps to reduce multiple scattering
and energy loss of particles, which could a ect the measurements.

1 .and  are P-wave states (L=1)



1.2.4 Ultra-soft photons

At relativistic energies, a large quantity of photons is produced in hadron-hadron and
nuclear collisions, mainly from the decay of mesons, lik€ and , and baryons produced
in such collisions. Photons are of particular interest to study the hot QCD medium, since
they escape it without being a ected. The yield of direct photons depends strongly on
the considered process and on the hot medium properties. In particular, photons pro
duced in QCD process can be calculated in the pQCD regime since thgiris su ciently
large, while IQCD methods can be used in the lowr region.

In quantum eld theories, the production of these very low transverse momenta
photons is linked to the charged nal state through fundamental theorems, like the
Low's theorem [8]. According to the Low's theorem, it is possible to relate hadron
momenta produced in a high energy collision to the number of soft photons produced.
Low's theorem can be used to quantitatively test the infrared limits of QED and QCD.
Thanks to its ultra-low mass tracker, ALICE 3 plans to perform measurements in the sub-
leading pr range to study the approach to the Low limit. A speci cally designed, small
spectrometer at forward rapidity in the range 3 < j j < 5, will reach the measurements
in the range of 1 MeV/c < pr < 100 MeV/c.

1.3 Detector concept

In Section 1.2 was shown that for large part of key measurements of the future
programmes the resolution current ALICE detector is limited. Only with ALICE 3 it
would be possible to rely on superb tracking and PID capabilities to access very lpw-
regions. Some of the kinematic range of interest for ALICE 3 presented in Section 1.2
are summarized in Table 1.1

Observables Kinematic range

Heavy- avour hadrons pr! 0jj<4

Dielectrons pr 0:05to 3 GeV/c?, Mge 0.05 to 4 GeV/c®
Photons pr 0.1to50GeVlc, 2< < 4

Ultra-soft photons pr 1to50MeV/c,3< < 5

Quarkonia and exotica pr! 0;j j< 175

Nuclei pr! 0jj< 4

Table 1.1: A summary of the main physics goals along with their kinematic range of
interest of ALICE 3 [6].

ALICE 3 is a nearly massless and very compact (radial dimension 1:2 m, longitu-
dinal dimension 4 m) detector which consists of a central barrel to cover the pseudo-
rapidity region j j < 1:4 and two endcaps to extend the region up to:4< j j< 4. The
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central barrel is composed of a 3-layers Inner Tracker (IT) located inside the beam pipe,
an Outer Tracker (OT) and a Time-of-Flight (TOF) detector. The whole apparatus is
programmed to be embedded in a solenoidal superconducting magnet of 2 T, needed to
keep high tracking e ciency at few tens of MeV/c transverse momenta while maintain-
ing good resolution ( 2%) at high momenta ( 30 GeV/c). A schematic of ALICE 3
apparatus is shown in Figure 1.5, followed by the illustration of the main subdetectors
with their basic properties

Figure 1.5: ALICE 3 detector concept [6].

Tracking system

A silicon pixel tracker is the core of the particle reconstruction system of ALICE 3.
The outer tracker consist of 8 cylindrical layers and 9 forward discs on either side of the
interaction point and each layer is responsible for 1% of the radiation length in the
material. The momentum resolutions, due to a 2T magnetic eld and forward dopiles,
varies form  0:6% at midrapidity to 2% atj j=3and 1% uptoj j=4.

The vertex detector, with an inner radius of 5 mm, consists of 3 cyclindrical layers and
3 disks on either side. Its superb position resolution approach 2.5 mm with  1h of
radiation length for the rst layer.
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Particle identi cation system

The particle identi cation layers includes the timing system, carried out with two
TOF detector layers with 20 cm (inner) and 85 cm (outer) radius and a time resolution
of * 20 ps. It allows to identify electrons and hadrons up t@r * 500 MeV/c and 2
GeV/c (=K separation). An inner TOF layer is foreseen at 20 cm radius for particles
below 300 MeVL.

Behind the TOF, a Ring Imaging Cherenkov detector (RICH) (refractive index
n = 1:03) is foreseen, providing an excellent separation of electrons and pions up to
2 GeV/c and protons from e, and K up to 14 GeV/c.

A muon chamber and a muon absorber are planned to be installed outside of the
magnet and they will detect and match the muon tracks to tracks in the silicon pixel
tracker. The absorber would be very e cient for muons down tqpr 1.5 GeV/c, needed
to reconstruct the J/ atrestat =0.

Another variety of measurements, like jets and . decay, will be possible due to
an electromagnetic calorimeter (ECal) covering the barrel acceptance and one forward
direction. PbWO, crystals around midrapidity region would provide the detection of
direct photons in the thermal emission regime and the separation of ! J=  decays.
However, ultra-soft photons down to 1 MeVt are quite challenging and requires the
application of the Lorentz boost at larger ( 4). In particular, e pairs from photon
conversion are thought to be reconstructed with a Forward Conversion Tracker (FCT)
installed at forward 3< < 5 and made of an array of silicon pixel disks.

1.3.1 Sensors technology

Vertexing, tracking and timing detectors of ALICE 3 will rely on ultra-thin silicon
detectors technology which are being studied in an intensive R&D programme. Tracker
layers are based on CMOS (Complementary Metal{Oxide Semiconductor) MAPS (Mono-
lithic Active Pixel Sensors) transistor technology, still present on ITS2, whose optimi-
sation would make them withstand 1 10" 1 MeV neg/cm? almost without being
degraded at 3(° C [9]. The vertex detector needs wafer-sized sensors with excellent
position resolution of 2:5 m while for the outer tracker a reticle-size sensor of a few
cm? will be used, with a spatial resolution 10 m.

For the timing layers, three main sensors technologies are being considered: fully de-
pleted CMOS MAPS sensors, a CMOS LGAD (Low-Gain Avalanche Diodes) and Single
Photon Avalanche Diodes (SPAD). At present, the smallest time resolution with CMOS
is possible only for fully-depleted sensors, thus only with fast charge collection, it has
not approached yet a time resolution of 20 ps. Standard LGADs, instead, rely on a thin
gain layer in order to increase the signal-to-noise ration. LGADs demonstrate very good
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timing resolution of 30-20 ps and radiation hardness and have been widely developed
and used in HEP physics, like ATLAS and CMS experiments [10, 11]. Recent measure-
ments of the ALICE3 INFN-Bologna group [12] demonstrate the possibility to improve
the time resolution of Ultra Fast Silicon Detectors (UFSDs) based on the LGAD tech-
nology by reducing the sensor thickness from the standard 5@n, as shown in Figure 1.6.

SPADs in array con guration in SiPMs (Silicon PhotoMultipliers) are being consid-
ered as well for the TOF layers and this work is presented in this context. A more
detailed description of SiPM will be provided in Chapter 3.

Figure 1.6: Measured time resolution versus the Constant Fraction Discrimination
(CFD) threshold for several applied voltages for (a) 25m and (b) 25 m thick LGADs
[12].

1.3.2 TOF

One of core of the particle identi cation (PID) is a TOF detector with a goal time
resolution of 20 ps, able to provide a PID over the full acceptanceg [ < 4) and to
identify hadrons and electrons up tgor 500 MeV/c. TOF detector is expected to be
installed at 1 m from the beam line, surrounding the central tracker, and it will be
divided in three parts. Two layers of barrel TOF (iTOF (inner) and oTOF (outer)) are
respectively located at 20 cm and 105 cm from the beam pipe. The most stringent TOF
layers requirements comprehend a power resolutien 50 mW=cn? and a time resolu-
tion of ' 20 ps. The combination of iTOF and oTOF is not only important for reliable
time-of- ight measurements but also for the precise determination of the start timé.
Other speci cations are reported in Table 1.2.

2The start time is already determined by TOF with a resolution of 3 s in high-multiplicity events
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iTOF oTOF fTOF

Radius (m) 0.19 0.85 0.15-1.5
z range (m) -0.62-0.62 -2.79-2.79 4.05
Surface (nf) 1.5 30 14
Granularity (mm?) 1 1 5 5 1 1to5 5
Hit rate (kHz/cm ?) 74 4 122
NIEL (1 MeVv neg/cm?)/month 1:3 10" 62 10 21 104
TID (rad)/month 4 10 2 10 6:6 10°
Material budget (%X ) 1-3 1-3 1-3
Power density (mW/cm?) 50 50 50
Time resolution (ps) 20 20 20

Table 1.2: ALICE 3 speci cations of the inner TOF (iTOF), the outer TOF (0TOF)
and the forward TOF (fTOF) [6].

The PID of light nuclei will be mostly based on the TOF measurements and able to
distinguish the nuclei with di erent m=z. In this context charge-sensitive measurements
are crucial in order to solve the ambiguity for nuclei sharing the sam@=z. Figure 1.7
shows the response of the TOF system for simulated Pb-Pb collisions in a magnetic eld
of B = 2T. As it can be seen, due to the larger occupancy, the fake hit association is
larger for the iTOF and it is responsible for the increasing background due to track-TOF
mismatch.

Figure 1.7: Particle velocity as a function of the momentum simulated with the iTOF
(left) and oTOF (right) in Pb-Pb collisions in a B = 2T magnetic eld [6].
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TOF and RICH

Time-of- ight is not the only technique for particle identi cation in the central barrel
detector and in the forward region. Indeed, also Cherenkov imaging technique is used.
The barrel RICH (bRICH) is made of a 2 cm thick aerogel detector with refractive index
n = 1:03 located behind the TOF at 110 cm from the beam line, with an average angular
resolution of 1.5 mrad. RICH detector would extend the e/ separation up to 2 GeVL,
the /K separation up to 10 GeV/c and the K/p up to 14 GeV/ c. Figure 1.8 summarizes
the PID capabilities for simulated 3 separation in Pb-Pb events, de ning the  pr
region where PID is possible with a separation of at least 3

Figure 1.8: Analytical calculations of the pr regions in which particles can be
separated by at least 3 in a 2 T magnetic eld [6].

Recent studies [13, 14] have explored the possibility to combine the TOF and the
RICH into a single detector to enlarge the sensitivity and the precision of the two detec-
tors. The system consists of a Cherenkov radiator layer separated from a photosensitive
surface equipped with SiPMs by an expansion gap. A thin glass slab, acting as a sec-
ond Cherenkov radiator, is coupled to the SiPMs to perform Cherenkov-based TOF
measurements. SiPMs seem to be good candidates for the two subdetectors, as they can
detect both minimum ionizing-particles and single photons with high e ciency and good
timing.
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Chapter 2

Solid-state detectors

Solid-state detectors are based on semiconductor materials like germanium and sili-
con and they are widely used both inside and outside the High-Energy Physics (HEP)
eld. The wide availability of silicon and their peculiar features, such as the possibility
of working at room temperature, makes them the rst choice withing detectors for HEP
experiments. In this chapter are reported the main concepts of the physics of semicon-
ductor detectors and their features, especially useful for time measurements applications.
In particular, the focus is on the SiPM device, a silicon detector traditionally coupled to
scintillators and optimized for light detection but here considered also for its possibility
to directly detect charged particles. Indeed, the main results of this thesis work, shown
in the last chapter, rely on this latter possibility.

2.1 Physics of semiconductor detectors

In a semiconductor material the gap between the conduction band and the valence
band is quite small 1 - 3 eV. The two primary semiconductors elements, Germanium
and Silicon, belong to the IV group, therefore they have four valence electrons and
form four covalent bonds. As the temperature increase from O K to room temperature
(consider T=300 K) one of these electrons can be thermally excited to the conduction
band, breaking the covalent bond and leaving a vacancy (or hole) which is positively
charged and can be lled, which can be lled in turn by a neighboring valence electron.

The process can be repeated, creating an hole current. Therefore, by applying an
electric eld in a semiconductor the total current has two contributions: the electrons
and the hole current. At room temperature the concentratiomn of electrons in the
conduction band and the concentratiorp of holes in the valence band is the same and
is called intrinsic concentration of charged carriers; in silicon:

ni=n=p=1:45 10%m 3 (2.1)

The intrinsic concentration concentration can be computed from the Fermi-Dirac statis-
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tics and the density of states as:

Eg(0)

P _EqO)
ny = NcNy e 2T (22)

where Ey) is the band gap energy at T=0 K,k is the Boltzmann constant andNc,
Ny are the e ective densities of states in the conduction and valence band respectively,
depending on the e ective masses of the electrons and holes respectively.

For elds up to 10* V/cm the drift velocity which transports the charged carriers is
proportional to the applied electrical eld E. For electrons and holes, the drift current
densities are, respectively:

Jnarit = ( gnvp = gn E (2.3)
Jparit = (+ pvo = gp nE (2.4)

where , 1350 cniVs and , 450 cnfVs ! are the electron and hole mobilities
in silicon at room temperature, andvp = E is the drift velocity. This relation between
velocity and the eld saturates above 16 V/cm, where vy becomes constant ( 10
cm/s). However, the total process must take into account also the diusion current,
whose density is proportional to the gradient of the carrier density:

Jnitt = gDnr n (2.5)
Jpaitt = gDpr p (2.6)

whereD,, and D, are the di usion coe cients, with typical values of 35 cn?s * and 12.4
cm?s 1 at room temperature respectively. The equations above shows that the negative
charges of the electrons di use a current pointing in the direction of the gradient, and
viceversa according to holes. The total current density combine both contributions from
drift and di usion processes:

Jn = Jnarit + Jnait = (N nE + Dpr n) (2.7)
\]p = Jp;drift + Jp;diff = q(p pE Dpr p) (2.8)

In case of silicon, the semiconductor exhibits an indirect bandgap structure. Since
phonons are required to satisfy momentum conservation when an electron transitions
from the valence band to the conduction band, the energy required to generate an
electron-hole pair exceeds the bandgap energy and is approximately 3.62 eV. The, if
we consider a mean ionization enerdy, = 3.62 eV, a silicon thicknessd =300 m and
a MIP dE=dx = 4 MeV/cm, we obtain that the MIP signal in the detector is:

dE=dx d

I ' 10 e h* pairs (2.9)
0
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While, if we look at charge carriers thermally created in intrinsic silicon with same
thickness and areaA = 1 cm? at 300 K we have:

nidA' 10° e h* pairs (2.10)

These thermal pairs dominates the pairs from impinging particles and the charged signal
is then lost. For this reason, intrinsic silicon crystals are not used but a depleted zone,
free from charge carriers, is developed through the doping of silicon.

Furthermore, the charge-carrier concentration is very small and even if the number
of holes is equal to the number of electrons, their mobility is very di erent. These prob-
lems are usually solved by doping the pure semiconductor crystals with impurity atoms
belonging to the third (trivalent) or the fth (pentavalent) group, which substitute the
semiconductors atoms in the lattice. Thanks to the impurities, the energy level is very
close to that of valence or conduction band. At room temperature of T = 300 K the
thermal energy is of the same order of the energy needed to ionize the dopant, called
activation energy, and all acceptors (trivalent) and donors (pentavalent) are ionized. The
e ect of doping with acceptors is to create an excess of holes and to decrease the number
of electrons. On the contrary, doping with donors creates an excess od electrons and
decreases the number of holes. In n-doped semiconductor at room temperature p,
son Np whereNp is the donor concentration while in a p-doped elemem n, so
p Na whereN, is the acceptor concentration.

When a p-doped region is put in contact with a n-doped region the so called P-N
junction is formed (Fig. 2.1). Here, the electrons di use from n-doped region to the
p-doped while holes follows the opposite until equilibrium is reached: an electric eld is
generated and stops the di usion process.

Figure 2.1: Scheme of a P-N junction [15].

In such con guration, an intermediate space of region without charge carriers called
depletion region is created at the junction. Therefore a built-in voltage di erenc&/;,
also called contact potential, is established across the junction from the n-side to the
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p-side. This potential is expressed as:

NaNp
nf

Voi = VrIn (2.11)
whereVy = T=11600 V is the equivalents of the temperature expressed in Volt ahth.p
are the acceptors and donors concentrations. TypicalV,; is below 1 V. P-N junctions
are usually asymmetrically doped with, for exampleNa > Np so that the depletion
region penetrates more in the lighter-doped region and if the material is heavily doped,
the width of the depletion region can be neglected.

At thermal equilibrium the electric force and di usion force compensate, but the
application of an external voltage can increase or decrease the width of the depletion
region. The junction is polarized in forward, or direct, bias when the voltage is applied
with the anode on the p-side and the cathode on the n-side while is polarized in reverse
bias when the voltage is applied with the anode on the n-side and the cathode on the
p-side. In the rst case a net diusion current of electrons and holes ows across the
junction and the depletion region will become narrower, while in the second electrons and
holes moves away from the depletion region, which will become larger. The described
con gurations are shown in Fig. 2.2.

Figure 2.2: Scheme of a P-N junction in case of no bias applied (a), reverse bias (b)
and forward bias (c).

The ideal current-voltage (I-V) characteristic of a P-N junction is given by:

&Vapp

=1, ex 1 (2.12)
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where V,y, is the applied voltage, which can be positive or negative ant} is the satu-
ration reverse current density, de ned by:

eAD,p,(0) N eAD,n,(0)

|o:
Lp Lp

(2.13)

wherelL,,, Dy are the diusion length and coe cient for electrons and holes respec-
tively and p,(0), ny(0) are the initial hole/electrons concentration in the n/p side. In a
semiconductor diode, a real example of a P-N junction, the I-V characteristic suddenly
drops beyond a certain value of reverse voltage, entering in the breakdown region. The
breakdown mechanism can occur due to tunneling e ect, when the conduction and the
valence bands are su ciently close that electrons can directly pass from the valence band
in the p-side to the conduction band in the n-side (Zener breakdown), or due to electrons
and holes that, moving in the depletion region, acquire enough energy from the electric
eld to create secondary pair in the depletion region. However, also in the forward bias
the I-V characteristic deviates from the ideal behavior, by increasing voltage, due to
internal resistive e ects. The |-V curve for a diode is shown in Figure 2.3.

Figure 2.3: A P-N junction characteristic.

2.2 Particles interaction with silicon

In a silicon detector, the depletion region creates an area where no free charge carriers
exist, making it sensitive to incoming radiation. When charged particles or photons inter-
act with the detector, they transfer energy to electrons in the silicon, exciting them from
the valence band to the conduction band, creating electron-hole pairs. These electron-
hole pairs are the only mobile charges in the depletion region and are in uenced by the
applied electric eld. Under an electric eld E > 10* V/cm electrons travel 1 m of
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silicon in 15 ps and they move towards the anode, while the holes, taking 30 ps, move
towards cathode (Figure 2.4). As the electrons and holes move they induce signal which
is measurable. The signal begins when the carriers start moving and ends when all of
them have reached their respective collection electrodes. The time it takes for the charge
carriers to travel through the silicon depends on their mobility. In a typical silicon de-
tector with a thickness of 300 m, the electrons take 10 ns to reach the anode, while
the holes take 25 ns to reach the cathode.

Figure 2.4: P-N junction principle of operation [15].

2.2.1 Photons

When a photon passes through matter, it can interact in several ways, depending on
the photon's energy and the material properties. The key interaction mechanisms are
photoelectric e ect, Compton scattering, and pair production, each of which dominates
in di erent energy ranges.

At lower photon energies, the photoelectric e ect is the dominant interaction mechanism.
In this process, a photon is absorbed by an atom, causing the ejection of an inner-shell
electron. The photon's energy is transferred to the (photo)electron and the vacancy in
the electron shell is lled by an electron from a higher energy level.

As the photon energy increases (around 1 MeV), Compton scattering becomes more
signi cant. In this process, a photon interacts with a weakly bound electron, transferring
part of its energy to the electron and causing it to be expelled. The photon loses energy
and changes direction, but it is not completely absorbed.

Above 1 MeV pair-production is dominant: the photon is completely absorbed near the
nucleus of the atom, and its energy is used to produce an electron-positron pair.

The intensity | of a photon beam passing through matter decreases as the photons
interact with the material, according to the following attenuation law:

| (X) = loge * = lge ¥ (2.14)

wherel g is the initial intensity, is is the absorption coe cient which is equal to the
inverse of the mean free path of a photon i.e. the penetration depth
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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 2.5a. Here, d is 0.1 m at 400 nm
at N-UV wavelengths, 2.5 m at 600 nm visible light wavelength and 10 m at
780 m 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 rst 0.1m as can be seen in Figure
2.5b where andd are shown as a function of the photon energy in eV.

Figure 2.5: (a) Penetration depth d of intrinsic silicon at 300 K as a function of the
incident wavelength [16]. (b) Absorption coe cient and penetration depthd of light
in silicon at 300 K [17].

2.3 Silicon detectors for timing applications

As mentioned in the previous section, the drift velocity of charge carriers saturates for
high electric eld applied, so that electron and holes what distance in what time. Such
features contribute to make silicon detectors ideal in timing applications, both inside
and outside the HEP eld.

2.3.1 Time resolution

The main components of a complete timing system (Fig. 2.6) are the detector, i.e.
the sensor, which can be described as a capacitariggein parallel to a current generator
lin, the signal ampli er, the discriminator, that compares the analog signal to a digital
threshold converting it in a logical signal, and a Time-to-Digital Converter (TDC) that
measures the time interval between the detector signal and the particle trigger, which
can be an external detector.

Considering this measurement chain, the total time resolution can be expressed as:

2 - 2 + 2 + 2 + 2 (215)

tot jitter current slewing TDC
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Figure 2.6: Scheme of a time measurement chain [18].

The jitter contribution  jiwer is due to the presence of noise and can be written as:

t
jitter = dV—N = Er (2.16)

at Vi N

where t, is the rising time, y is the RMS of the noise anddV=diy, is the slope
calculated at the threshold value. Therefore, when the signal is rising, the threshold
comparator can trigger early or late depending on the noise.

The current contribution yrent re ects the stochastic nature of the energy depo-
sition by the MIP in the silicon which follows a Landau distribution in thin detectors.
Small variations in the energy release have as a consequence variations of the current.

current 1S related to the Shokcley-Ramo theorem [19] according to which the initial cur-
rent in a silicon detector does not depend on the thickness of the sensor but only on the
saturated velocity and the number of pairs created perm:

i/ Nqv (2.17)

The time sleewing, or time walk, term is linked to the analog-to-digital conversion
of the signals and their comparison with a xed threshold. Therefore it is associated to
the amplitude of the signal, i.e. the deposited charge. This e ects can be corrected by
analyzing the maximum amplitude of the signal The instanty in which a signal with
amplitude S overcome a thresholdv;, is proportional to:

tr Vin Vin
ty/ = 2.18
0 7S T dvadT (2.18)
Saying N the noise amplitude, the time resolution due to the time sleewing e ect is:
: N
sleewing = [talrms / av=dt e (2.19)

The TDC contribution is related to the process of digitization of the time performed
by the TDC. The delay between the start and the end of the signal is given by the
number n of clocks cycles each one with a durationt . The contribution from the TDC
can be expressed as:

(2.20)

—
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2.3.2 Gain

The time resolution of silicon detectors su ers the presence of noise (see Section
2.4.2) and for this reason an internal avalanche process is often exploited in silicon
timing applications as a source of gain to increase the amplitude of the signal. Figure
2.7 shows the di erent operation modes for solid state detectors. SPADs (Single Photon
Avalanche Diodes) are APD (Avalanche Photo-Diodes) working in Geiger mode, i.e. at
high Vg values above which the avalanche starts in a self-sustained process with gain

> 10

Figure 2.7: Dierent 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 or SPADs (gain> 10%) [20].

2.4  Silicon PhotoMultiplier (SIPM)

The Silicon PhotoMultipier is a sensor (Fig. 2.8) in which both electrons and holes
contribute to the avalanche. It is an array of SPADs with order of 1Dpixels in a total
area of few mn, where the size of a pixel is 20-100m. They operate in Geiger mode
with a gain up to 10°. Each SPAD produce a "binary" signal if it is hit or not, making
the SiPM capable of single photon detection.

The SiPM structure is made up di erent doped layers: thg" substrate, the depletion
region were photon conversion takes place, the junction made bypalayer (1-3 m thick)
and an™ layer (0.1-1.5 m). Each pixel has its own quenching resistor needed to stop
the Geiger discharge. A structure scheme is reported in Fig. 2.9.

In particular, a SPAD can be modeled as a resistd®qy of 1 k and a capacitance
(representing the depletion region)Cq of 10 fF in parallel. In order to stop the
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