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Abstract

The ALICE Inner Tracking System will be upgraded to its third version (ITS3) in the LHC
Long Shutdown 3 (2026-2028). The ITS Inner Barrel will be replaced by a truly cylindrical
detector consisting of six half-layers from stitched wafer-scale monolithic active pixel sensors
(MAPS). The sensor chip will produced in the TPSCo. 65nm CMOS technology. In a first
submission in this technology, several different test structures were produced. One of them is

the Digital Pixel Test Structure (DPTS), which features 1024 pixel with a digital readout.

In order to evaluate the radiation hardness of this test structure, irradiation campaigns with
X-rays as well as with neutrons were carried out. Results from these studies demonstrate
sufficient radiation hardness of these structures to ionizing doses of 10 kGy and non-ionizing
doses of 10131 MeV Neg CIM 2 as required for the ITS3. Moreover, this technology is can-
didate for the potentially upcoming ALICE 3 upgrade, where much higher radiation doses
are expected. First results indicate that a sufficient ionizing radiation hardness is realistic
in this technology. The non-ionizing radiation hardness is not sufficiently demonstrated yet.
However, previous studies focused mainly on the operation at room temperature whereas

sub-zero cooling is a viable option for ALICE 3.
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1 Introduction

The ALICE (A Large Ion Collider Experiment) experiment at CERN is dedicated to the
study of ultrarelativistic heavy-ion collisions. This is done to deepen knowledge about the
Quark-Gluon Plasma (QGP), a state of matter, in which quarks and gluons can exist as
free particles. As the QGP exists for only fractions of a second, only particles emerging
from that QGP can be detected and used as a probe for the QGP. To cover a large variety
of different probes, the ALICE experiment hosts many different subdetectors optimized for
different measurements. The innermost detector, Inner Tracking System (ITS), is a silicon-
based detector. It is used to measure the tracks of particles created in the collision precisely
in the first section after the interaction point. The tracking continued by the gas-based Time
Projection Chamber (TPC), which features a lower spatial resolution, but covers a much

larger volume.

A low spatial resolution of the ITS is crucial in order to be able to precisely determine the
origin of a track, i.e. the point in space, where a certain particle was produced. In the LHC
Long Shutdown 2 (LS2), the ITS was entirely replaced by the I'TS2, which is a detector made
up of 7 layers of monolithic active pixel sensors. During LHC Long Shutdown 3 (LS3), the
innermost 3 layers will again be replaced by a new detector system made of 6 stitched wafer-
scale half-layers, with close to no material in addition apart from the wafer itself. This will

heavily reduce the material budget and thus increase the track impact parameter resolution.

During the runtime of the detector, the sensors will be exposed to various types of particle
radiation, which can potentially damage the detector and degrade its performance. In an
R&D effort for the I'TS3, several pixel test structures where produced. The Digital Pixel
Test Structure (DPTS) hosts 1024 pixel. In this thesis, several aspects of the radiation
hardness of the DPTS are studied. This includes damages from ionizing radiation as well
as non-ionizing radiation. The ionizing radiation hardness is tested with X-rays and the

non-ionizing radiation hardness with neutrons.

Lastly, the ALICE experiment is envisaged to be upgraded to a whole new detector, called
ALICE 3. The ALICE 3 Vertex Detector will take over the functionality of the ITS. During
its runtime, much higher radiation doses are expected. In order to scope possible technologies,

all results can also be evaluated with those increased particle loads.
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2 The Standard Model and the Quark-Gluon
Plasma

Figure 2.1: Particles in the Standard Model of particle physics. Taken from [Mis19].

The Standard Model of particle physics is an approach to describe all interactions of all known
particles. Despite having known weaknesses, it is exceptionally successful in describing the
nature of particles. The Standard Model includes a total of 17 fundamental particles. These
can be divided into 6 quarks, 6 leptons and 5 interaction particles. An overview of the
particles described in the Standard Model is given in gure 2.1. Quarks are massive particles
having an electric and a so-called color charge. Therefore, they are participating in processes
of all fundamental forces: strong, weak, and electromagnetic interaction. The quarks are
named up (u), down (d), strange (s), charm (c), bottom (b) and top (t), sorted in order of
increasing mass. The class of leptons contains three massive particles: the electrag),(the
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muon ( ), and the tau ( ), also sorted in order of increasing mass. In contrast to the quarks,
leptons do not carry a color charge and because of this, they do not participate in the strong
interaction. They do, however, interact via the electromagnetic and weak interaction. The
other three leptons are called neutrinos. In analogy to the massive leptons, they are called
electron neutrino ¢, muon neutrino  and tau neutrino . These patrticles do not carry an
electric charge. Therefore, they only interact via the weak interaction. Within the Standard
Model, neutrinos are massless. However, more recent measurements indicate that neutrinos
are in fact not massless, which is not accounted for in the Standard Model. The class of
interaction particles contains the gluon (g), the photon ( ) and the Z and the W bosons,
which are the force carriers of the strong, electromagnetic and weak interaction respectively.
The Higgs boson H) was experimentally found by the ATLAS and CMS experiment at CERN

in 2012. The Higgs boson couples to elementary particles with a strength proportional to
the particle mass, e ectively being responsible for giving mass to them. In addition to every
particle, there exists an antiparticle. In an antiparticle, all charge-like quantum numbers,
such as the electric charge and the color charge are inverted. All other properties are the
same with respect to its particle. The fourth fundamental force, gravitation, is not described
by the Standard Model. On small scales, gravitation can be neglected because on the scale
of fundamental particles, it is 33 orders of magnitude weaker than the weak interaction.
[Dem17]

2.1 The Strong Interaction

(a) QCD and QED potential (b) String breaking

Figure 2.2: (a) Potentials of strong interaction described by Quantum Chromodynamics
(QCD) and electromagnetic interaction described by Quantum Electrodynam-
ics (QED) (b) String breaking in mesons and the resulting con nement. Both
taken from [ThoQ9].
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The strong interaction is described by a quantum eld theory called Quantum Chromody-
namics (QCD). Particles that carry a color charge are a ected by the strong interaction.
There are three colors blue, red, and green and three respective anticolors, anti-blue, anti-
red, and anti-green. The strong interaction is mediated by gluons. In contrast to photons in
the electromagnetic interaction, gluon themselves carry charges, in detail one color and one
anticolor. This is emerging from the underlying SU(3) symmetry group that is the basis of
QCD. [Dem17] The potential of QCD can be written as [Tho09]

Vqep = 37 v 6 (2.1)

where ¢ is the coupling constant of the strong interaction and r the distance for color
charged particles. is the string tension, which is usually given with a value of about
1GeVfm ! [And+83]. Figure 2.2a shows a sketch of the QCD potential compared to the well-
known potential of two electric charges as it can be derived from Quantum Electrodynamics
(QED). For short distances r, both potentials follow the same Xr behavior. However at
long distances, the QED potential asymptotically approaches 0, while the QCD potential
rises linearly. Consequently, the energy stored in the bond between two color charges rises
inde nitely with increasing distance r. At some point, this energy will surpass the energy
needed to create a quark-antiquark pair, which is what then happens. This is sketched in
gure 2.2b. Because of this, no color charges can be observed freely. Generally, either a color
and its respective anticolor combine to a net-zero color charge, as it is observed in mesons,
or all three colors (r, g, b) combine to a net-zero color charge, as it is seen in baryons as for
example protons. This holds true for all known particle systems. This phenomenon is called
color con nement. Going to very small distances, the opposite is observed. The coupling
constant s is becoming smaller with decreasing distance. On a small scale, quarks can be
treated as free particles. [Dem17]

2.2 Quark-Gluon Plasma

Due to the color con nement, in regular matter, color charges cannot be observed freely.
There is, however, a state of matter where quarks and gluons can move freely. In analogy to
a plasma, where ions and electrons can move freely, this state is called Quark-Gluon Plasma.
In order to bring matter into such a state, extreme temperatures and baryon densities are
needed. The Quark-Gluon Plasma can, on earth, only be produced in high-energy heavy-
ion collisions. In xed-target experiments, due to special relativity, the maximum collision
energy is rather limited. On the other hand, very high particle densities can be reached. In
colliding-beam experiments, the collision energy can be much higher, although at the cost of



2 The Standard Model and the Quark-Gluon Plasma 5

decreased particle densities. In both cases, high energy and density can be only sustained for
a very short amount of time, so that the Quark-Gluon Plasma can be only observed indirectly
through certain phenomena that emerge from its nature. First experimental evidence for the
existence has been collected at the CERN SPS in 2000. Measurements were re ned by the
BNL RHIC and CERN LHC in the following years. [And+18; Col22b]
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3 Semiconductor Detectors

Semiconductor detectors are a type of particle detectors. The detection medium is a semi-
conductor in solid state. Commonly used semiconductors are silicon (Si), germanium (Ge)
or gallium arsenide (GaAs) [Spi05]. Positions resolutions in the micrometer scale can be
achieved with silicon-based detectors. The following chapter will focus on silicon as detection

medium only.

The operation of a semiconductor detector requires certain buildings blocks, which are the
active medium itself, signal shaping and ampli cation, signal processing as well as a analog-
to-digital converter. [SpiO5] The exact realization of these building blocks can vary widely.
The availability of CMOS circuits in silicon allows signal processing to be integrated in the
same device as the active medium. In this way, monolithic active pixel sensors (MAPS) can

be produced.

In the active medium of a semiconductor detector, impinging particles create free charge
carriers by ionization. Electrons and holes can immediately recombine or di use through the
active medium. As free charge carriers move in the active medium, an electric current can
be measured at the collection electrodes. Under presence of an electric eld, electrons and
hole can also drift. As this increases the charge collection speed, it reduces the probability
for recombination of electrons and holes. Recombined charge carriers do not contribute to
the signal. The principle of signal generation and collection is shown in gure 3.1. Finally,
the generated charge is proportional to the energy deposited in the active medium. [Spi05]
An overview about di erent theoretical aspects of semiconductors is given in the following
sections. It is shown, how an internal electric eld in the detector can be created by a

pn-junction, removing the need for an external eld.

3.1 Basics of Semiconductors

Semiconductors are elements with an electrical conductivity between conductors and insula-
tors. Their band gap is smaller than the band gap of insulators, but larger than the band
gap of metals. Silicon is a semiconductor from the fourth group of the periodic table. Its
bandgap isEgy = 1:12eV [Spi05]. Within the crystal, every silicon atom has bonds to four
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Figure 3.1: Example of charge collection within in an ionization chamber. This ionization
chamber could for example be a semiconductor like silicon. Taken from [Spi05,
Fig. 1.9, P. 9].

neighboring atoms. Impurities in the crystal lattice can alter its electrical properties. Doping
makes use of this e ect. Implanting atoms from the third group creates holes in the crystal
lattice, which can act as acceptors. Little energy is needed to move an electron from another
atom into this hole e ectively moving the hole to another lattice site. For silicon as bulk
material, often Boron (B) is used. The resulting material is called \p-type". By implanting
atoms from the fth group, donators are introduced, as the additional electron is not strongly
bound. Phosphorous (P) is frequently used and the result is a \n-type" semiconductor. As
mentioned, the dopant atoms can change the properties of the crystal lattice. The presence of
lightly bound charge carriers increases the conductivity. [Spi05] The concentration of doping
atoms can vary strongly. Subscripts are often used to stress di erent doping levels in di erent
parts of a semiconductor system. For example, P silicon is more heavily doped with holes
than P~.

If a p- and a n-type regions are brought into contact with each other, electrons and holes
di use over all of the crystal. As electrons di use away from the n-type region, they leave
positively charged holes in the crystal lattice. The opposite is happening for holes, as electron-
lled hole sites are negatively charged. An electric eld between the n-type region and p-type
region is built, counteracting the charge carrier moving until an equilibrium is reached. This

is visualized in gure 3.2. The zone is referred to as the depletion region, as there are no free
charge carriers present. Alternatively, it is described as space charge region as this region is
the only part of the crystal showing a macroscopic electric eld. The absence of free charge
carriers makes the pn-junction an insulator if no external eld is present. [Spi05]

By applying an external eld, the size of the depletion region can be varied. Areverse bias
is applied if the negative terminal of the voltage source is connected to the p-type region and
vice versa. The increase availability of electrons in the p-type will Il holes and therefore
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Figure 3.2: Schematic drawing of a pn-junction. Taken from [The07], background removed.

increasing the depletion region. In the n-type region, additional electrons will leave the
crystal, increasing the depletion region also on that side. [SpiO5] The depletion region is
important for semiconductor detectors, as the presence of an electric eld enables e ective
separation of electron-hole pairs generated by particles crossing the detector. The drift of the
charge carriers is then creating an electric signal at the electrodes.

At room temperature, the depletion region is not an ideal insulator. Thermally excited
electrons are still able to cross the depletion region. Thus, even without ionization from e.g.
an incident particle, a small current will ow. This is called leakage current. The leakage
current strongly depends on the level of impurities in the crystal lattice. With impurities
present, electrons do not have to traverse the whole depletion region at once. Furthermore,
the temperature exponentially in uences the leakage current, which follows [Spi05, Eq. (1.13),
P. 16]

E
leakage / TZexp 2kBgT : (3.1)

T is the temperature, kg Boltzmann's constant and E4 the band gap of silicon of 112eV.

In general, leakage current is unwanted, as it increases the power consumption as well as
the noise. A good approach to limit the leakage current is to control the temperature of the
sensor, as a decrease of 1€ will cut the leakage current by a factor of 10 [Spi05].
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3.2 Particle Interaction and Signal Generation

As discussed before, impinging particles create free charge carriers in a semiconductor. In
this section, more details are given on how the interaction of incident particles with the
semiconductor works. Furthermore, it is discussed, how an electric signal is emerging from

these e ects.

Figure 3.3: Exemplary mean energy loss curves for di erent incident particles and di erent
target materials. Taken from [Wor+22].

Charged and massive patrticles, such as protons loose, parts of their energy, when traversing
through matter. The energy loss per distance‘(’,—'i is dependent of the particle species and its
energy and can be described by the Bethe-Bloch formula [Wor+22]:

dE _ 2Z 1 1 2me® 2 2Wmax ()
x 4 N Aremeczz N In |2 2 (3.2)
This formula is valid for charged particles with 0:1 1000 [Wor+22]. Moreover, the

formula is not suited to describe electrons as projectiles, as additional interaction processes
have to be considered therez is the charge number of the incident particle andZ the charge
number of the absorber. A is the mass number of the absorberN, Avogadro's constant,

re= €2=4 omec? the classic electron radiusme the electron masscthe speed of light, = o
p_——— . . . . .
=1= 1 v2=¢, Wnax the maximum possible energy transfer in a single collision and

the mean excitation energy in eV. The term ( )=2 is a density e ect correction. At low
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particle momenta (0:1 1), most of the the energy loss is dominated by ionization of
the target material. The energy loss decreases with< 2 as the particle momentum increases.
At 3 4, the energy loss is minimal. Particles in this regime are called minimum-ionizing
particles (MIP). At even higher momenta, the energy loss increases again due to radiative
e ects. [Wor+22; Dem17] Exemplary mean energy loss curves are shown in gure 3.3. The
characteristic minimum for MIPs can be seen for di erent target materials.

Figure 3.4: Photon absorption coe cient for di erent energies in silicon. Taken from [Spi05,
Fig. 1.20, P. 23].

Photons interact di erently with matter. The absorption coe cient for photons in silicon is
shown in gure 3.4. At energies below approximately 100 keV, the photo-e ect dominates.
This is the relevant process for the absorption of X-ray photons from>>Fe discussed in the
later chapters. In the photo-e ect, a shell electron of the target material is being kicked out
of the atom by an impinging photon. The energy of the electron is equal to the energy of
the previous photon'. Electrons with an energy of 6keV have a range in the order ofum
and are thus likely being stopped within the active layer. The electron ionizes silicon in the

crystal analogously to external incident particles.

The average generated charge in the active medium can be calculated as [Spi05, Eq. (1.5),
P. 12]

Qs = —€; (3.3)

where E is the energy deposited in the active medium by the traversing particle.E; is the
average energy to create an electron-hole pair in silicon and is the elementary charge.E; is

1A small portion of the energy is needed for the ionization. At photon energies of 6 keV, this is negligible.
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approximately 3:6 eV for silicon. The band gap of silicon is only about £3 of this value. Due
to energy and momentum conservation, a large portion of the energy goes into excitation of

the lattice. [SpiO5] In combination with the capacitance of the sensorCsensor & Voltage

Qs

Csensor

Vsignal = (3.4)

can be measured.

3.3 Radiation E ects in Semiconductor Detectors

Per de nition, particle detectors are constantly subject to irradiation. Several e ects will im-
pact the sensor performance. For semiconductor detectors, there are two major mechanisms
of radiation damage, which are discussed in detail in the following.

3.3.1 TID Damage

On top of the epitaxial layer, a layer of silicon dioxide (SiO,) is placed in order to achieve
electrical isolation between the silicon and the metal layers of the MOS. TID damages are
mainly generating surface defects, which are a ecting the region of the circuitry in the sensor.
An energy of about 18eV is needed, to create an electron-hole pair in the SiQoxide layer.
lonization in this layer also creates an electron-hole pair. On the one hand, the electron has
high mobility and is able to leave the layer. On the other hand, the movement process of
the hole in this layer is very complex. Holes can be trapped at certain positions in the oxide
layer. The presence of a hole at the oxide-silicon boundary means an additional positive
charge, which lastly alters the electric eld. This can potentially change the characteristics
of the transistor and therefore of the whole frond-end circuit. [Spi05]

The e ects introduced by ionizing radiation are only dependent on the amount of absorbed
energy. If the density of the sensor is constant, the ionization damage per volume is propor-
tional to the absorbed energy per mass, which is given in units OTG = Gy. This energy is
also referred to as Total lonizing Dose (TID). As the ionization energy is material-dependent,
the TID has to be given with respect to the material of interest. [Spi05]

Due to presence of thermal activity within the crystal lattice, the mobility of a trapped hole
can be increased. If the hole is being untrapped, the previously induced damage is healed.
The process is called annealing and is heavily temperature-dependent. Only little annealing
occurs at room temperature. At temperatures of more than 100 C signi cant annealing could

be achieved in a short amount of time. [Spi05; Wer+06]
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3.3.2 NIEL Damage

Damage by non-ionizing energy loss is created by the interaction of incident particles with
the nuclei of the crystal lattice and can alter the electrical properties of the active medium.
In a silicon crystal, an energy of about 25eV is needed to fully displace a silicon atom from
its lattice position. The collision of the incident particles with a lattice atom is restricted
by the energy and momentum conservation. Therefore, the actual recoil of the silicon atom
depends on the species and energy of the incident particle. For example, a 1 MeV neutron
will displace about 1000 silicon atoms in an area with a size in the order of:Qum. [Spi05]

Figure 3.5: Non-ionizing damage vs. energy for di erent incident particles, plotted relative
to 1 MeV neutrons. Taken from [Spi05, Fig. 7.1, P. 280].

Figure 3.5 shows the relative non-ionizing damage of di erent incident particles with respect

to the damage done by neutrons with an energy of 1 MeV. The amount of non-ionizing
energy loss (NIEL) is related to the induced damage. It is commonly hypothesized that the
non-ionizing energy loss is proportional to the amount of created damage (NIEL-Hypothesis).
However, it has been observed experimentally that this hypothesis does not hold true for all
particle energies and species. [Spi05] Nevertheless, the non-ionizing energy loss is a useful
tool to quantify the damage, especially if only a single particle species, such as neutrons, and
a narrow energy range is used. In particular, the non-ionizing dose is given as non-ionizing
energy loss relative to 1 MeV neutrons per area, where commonly cnf is used. This will
lead to a unit of dose given as 1MeV g cm 2.

Consequences of NIEL damage are irregularities of the crystal lattice. The three main mecha-
nisms are formation of mid-gap states, creation of states close to the band edges and changing
of doping characteristics. Mid-gap states are additional states in the semiconductor which
are increasing the probability of movement of electrons through the depletion region. This
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increases the leakage current of the sensor (cf. section 3.1). Additional states close to the
band edges can temporarily trap charges and therefore alter the characteristics of the semi-
conductor detector. Lastly, incident particles can cause nuclear reactions of crystal atoms,

which can then alter the doping pro le. [Spi05]

3.4 Segmented Semiconductors

Position information can be obtained by appropriately segmenting the silicon detector. A one-
dimensional position measurement can be realized using silicon strips. The silicon strips of
the ALICE ITS Silicon Strip Detector (SSD) (see also section 4.3.1) had a size of 95m 4cm
[Aam+08]. [Spi05]

Silicon Pixel Detectors (SPD) are segmented in two directions by having a full 2d-segmented
anode plane on top of the active medium. However, all pads have to be interconnected to
the readout. One possibility is to bump bond another microchip for readout with tting
layout on top of this plane. This scheme is widely used (for example in the rst version
of the ALICE Inner Tracking System, cf. section 4.3.1), but complicated and expensive to
produce. [Spi05] The possibility of producing CMOS circuits in silicon enables integration
of the readout into the same silicon of the active medium. Suchmonolithic devices can be
constructed in di erent ways. In a Charge Coupled Device (CCD), the charge is temporarily
collected in the pixels itself. Another approach is to also integrate ampli cation circuitry in
the pixels. This approach is calledactive pixel [Spi05]

In monolithic active pixel sensors (MAPS), the active medium and the read-out electronics
are produced in the same microelectronic device. The process used for this is very similar to
the processes used in the fabrication of optical imaging sensors. A challenge emerging from
the high-energy physics application is the expected radiation load. To this date, the radiation
hardness of MAPS is limited to approximately 10kGy and 13?1 MeV neq cm 2. [Wer+06]
Therefore, MAPS do not yet o er a full alternative to bump-bonded hybrid pixel systems
for applications with very high expected radiation dose, as for example the ATLAS Inner
Tracker. In the ALICE Inner Tracking System, where the rate is lower due to less luminosity,

a fully MAPS-based detector system was installed in 2022 [Abe+14]. A concrete example of
how monolithic active pixel sensors can be realized is given in section 5.1.

3.5 Applications in High-Energy Physics Tracking Systems

Due to the good spatial resolution and the low material budget, silicon detectors are well
suited for tracking systems in many high-energy physics experiments, such as at the CERN
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LHC. One signi cant property to consider is the track impact parameter resolution, which
represents the minimum distance between a reconstructed particle track and the interaction
point. Multiple scattering is among the factors that can limit the maximum achievable track
impact parameter resolution. [Wer+06] The scattering angle can be calculated as [Spi05, Eq.
(1.3), P. 8]

0:0136 Ge\ec
RMS - ———

1+0:038 In — (3.5)
pr

Xo

Z

wherepry is the transverse momentum of the traversing patrticle x the thickness of the detector
and X the radiation length. The radiation length is a material-speci ¢ constant given in
units of length, which describes the length needed to decrease the incident particle energy
to 1=e To minimize the uncertainty introduced by multiple scattering grms should be
minimized, which can obviously be done by decreasing the material thickness, when X
is xed by the choice of material, in this case silicon. [Spi05] Additionally, not all of the
material will be silicon, as for example electrical connections have to be are implemented
using metal layers. The thickness should be minimized, considering mechanical stability,
electrical connections, power consumption, and other requirements. In general, one aims at

keeping the overall radiation length as small as possible.

Under the assumption that the particle track is reconstructed by two points only, the impact
parameter resolution is given by [Spi05, Eq. (1.2), P. 7]

' 2 2#
2 2 1 1

- + — 3.6
b 1 r1=ro >=rq 1 ( )

where is the spatial resolution of the tracking layers andr; and r, are the distances of the
tracking layers with respect to the interaction point. It can be seen that the track impact
parameter resolution pro ts from a low spatial resolution of the tracking layers as well as from
a small ratio r1=r,. Thus, the rst layer should be as close as possible to the interaction point.
These requirements have implications on the pixel design as well as the spatial positioning of
the tracking layers in the nal detector. [Spi05]
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3.6 Generation of X-rays with >°Fe

A widely used source for soft X-rays in lab environments is*®Fe. This isotope decays via
electron capture with a probability of 100:00 % [Jun08]. The reaction equation on subatomic

level is
p+te ! n+ ¢ (3.7)

As the electrons from the (innermost) K-shell have the probability of being within the the
nucleus, it is most likely that an electron from this shell participates in the nuclear reaction.

In the moment of reaction, the iron nucleus changed into a manganese nucleus by lowering
the charge number by one. The manganese atom is consequently in an excited state as there
is a vacancy in the K-shell. This vacancy is lled with an electron from a higher shell as this
con guration is energetically more favorable. The excess energy will the be emitted in form
of an X-ray photon. As the energy levels of the atom are discrete, only discrete photon energy
are emitted. These transitions are then noted asK or K for Iling electrons originating
from the L- or M-shell respectively. In case of manganese, these corresponding energies are
known as [Jun08]

E(Mn-K )=5:90keV (3.8)
E(Mn-K ) =6:49keV: (3.9)

Precisely, these lines are not monoenergetic but the observed lines are composites of, for
example, MnK . 1 and Mn-K . 2, which di er by 0 :011 keV [Jun08]. This di erence in energy
cannot be resolved in view of the energy resolution of the detector prototypes used for the
work program within this thesis. Physically, these energy di erences are a consequence of
ne structure e ects splitting the energy levels in the atomic shell.

The emission ofK occurs with a probability of 24:4 % [Jun08], wherea¥K is emitted in 2:9 %
[Jun08] of the cases. Thus, th&kK peak is expected to be much more prominent than thek
peak in recorded spectra. An alternative process is the emission of Auger electrons, where
the excess energy is carried away by emission of an outer shell electron. With a probability
of 60:1% [Jun08], an AugerK electron with an energy of 519keV is emitted. The range

of 10keV electrons isrg = 2:88 10 “gcm 2 [Ber+17], while lower energies mean decreased
ranges. Combined with the density of air of = 1:16gL ! [Will4] one nds upper limit of

the range ofr = @ = 2:5mm, which renders the contribution of Auger electrons towards
sensor spectra negligible in this setup. Other possible Auger electrons posses lower energy
than the Auger-K and thus their range is even shorter. There are more possible X-ray and
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Auger emissions, which add up the probability to 100 %. However, for the spectra, these are
negligible, because their relative intensity is quite low and will most likely not be observable

as peaks.

The half life of the >°Fe decay is 274 years [Jun08] and thus often not negligible when
comparing the intensity of °°Fe sources.
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4 LHC, ALICE and the ITS3 Upgrade

This chapter provides an overview about the Large Hadron Collider (LHC), the ALICE
experiment and in particular the ALICE Inner Tracking System (ITS) and the upcoming
ITS3 upgrade.

4.1 Large Hadron Collider

Figure 4.1: Schematic view of the CERN facilities and accelerators. Taken from [For21].

The Large Hadron Collider (LHC) is located at European Organization for Nuclear Research
(french: Organisation euroenne pour la recherche nuckaire acronym: CERN) across the

border between Switzerland and France. To this day, it is the largest particle accelerator for
protons and lead-ions. The accelerator was rst started up in 2007. A schematic overview of
the CERN accelerator complex is given in gure 4.1, where the LHC is the largest red circle.
The accelerator itself is a synchrotron located in a approximately 27 km long tunnel. The
accelerator is fed with a row of pre-accelerators. For protons, at the time of construction, these
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were: Linac 2, PS Booster (PSB), Proton Synchrotron (PS) and Super Proton Synchrotron
(SPS). The rst is a linear accelerator while the latter ones are synchrotrons. By the start
of Run 3 in 2022, Linac 2 has been replaced by Linac 4. During heavy-ion runs, the the
initial acceleration takes place in Linac 3. The ions are then further accelerated in the Low
Energy lon Ring (LEIR, not labelled in schematic) after which they are injected into the PS.
While being injectors for the LHC, the PS and SPS are also used to deliver hadron beams to
xed-target experiments like CLOUD or NA61/SHINE, as well as freely usable beamlines for
prototype tests in the East Area (EA, beam from PS) and North Area (NA, beam from SPS)
experimental halls. In the LHC, one beam of hadrons is accelerated clockwise and the other
one counterclockwise. At injection, the collision system of two protons has a center-of-mass
energy ofp s =900GeV. In the LHC, the particles are accelerated up top s=13:6TeV for
protons and pm = 5:02TeV per nucleon pair in lead-lead collisions [Col22b]. There are
four points the two beam pipes intersect and hadrons can collide. Around these points four
large detectors are installed: ATLAS, ALICE, LHCb and CMS [Col22b].

4.2 ALICE

Figure 4.2: Schematic view of the ALICE detector at the start of Run 3. Taken from [Taul7].

The ALICE (A Large lon Collider Experiment) experiment at CERN is optimized for the
study heavy-ion collisions, which is realized as lead-lead in the LHC. In high-energy lead-lead
collisions, very high particle densities and temperatures are reached. This creates an environ-
ment su cient for Quark-Gluon Plasma to form. The particles emerging from this short-lived
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state of matter can be detected by the ALICE experiment. Despite being optimized for heavy-
ion collisions, the ALICE experiment is being used to take data during proton-proton and
proton-lead collisions, delivering valuable reference data for the study heavy-ion collisions as
well as other dedicated proton-proton collision studies. In gure 4.2, a schematic drawing of
the ALICE experiment is given. The detector consists of the central barrel and the muon
arm. The central barrel subdetectors are housed within the L3 magnet (red). The magnet
is a non-superconducting solenoid creating a static eld of up to ®T. The muon arm is
installed in forward direction towards the so-called C-side. It features a non-superconducting
dipole magnet (blue), tracking planes (pink and dark blue) and absorbers (dark gray). The
Inner Tracking System (ITS, green) is the innermost detector and surrounds the interaction
point. It is surrounded by the Time Projection Chamber (TPC, blue), the Transition Ra-
diation Detector (TRD, yellow) and Time Of Flight (TOF, orange). These detectors cover
and azimuthal angle of 360. The pseudorapidity acceptance is at least j 0:84 at any
azimuthal angle. Even further outside, there are several calorimeters installed (light blue).
These do however cover only a fraction of the azimuthal angle. [Aam+08]

4.3 The ALICE Inner Tracking System

The detector system closest to the interaction point in ALICE is the Inner Tracking System
(ITS). It is a silicon-based detector optimized for tracking, especially precise determination
of the track impact parameter. This parameter quanti es the ability to separate the primary
vertex and secondary vertices of a collision. A good track impact parameter resolution is
bene cial for the study of heavy- avor decays, as their lifetime and thus their time-of- ight

in the detector is very short. [Mus19] The mean lifetime of a . is about (202 3) 10 s
[Wor+22]. At approximately the speed of light, this gives a mean decay length of about
(60:5 0:8)um. For the ¢, in order to di erentiate primary and secondary vertex, the track
impact parameter resolution needs to be lower than this. Increasing the track impact parame-
ter resolution will enhance heavy- avor production measurements, but also other observables
as low-mass dielectrons [Col22b].

431 ITS

The rst iteration of the ALICE Inner Tracking System (ITS, for clarity referred to as ITS1)
was made up by silicon semiconductor detectors arranged in di erent shapes and six individual
layers. The innermost two layers were Silicon Pixel Detectors (SPD), followed by two Silicon
Drift Detectors (SDD). The ITS1 was nished by two layers of Silicon Strip Detectors (SSD).
A schematic drawing of the detector layers is given in gure 4.3. While the SPD provided only
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Figure 4.3: Sketch of the original ALICE ITS as it was present during LHC run 1 and 2.
Taken from [Aam+08].

a binary signal for trajectory determination, the SDD and SSD could additionally be used
for particle identi cation (PID) via energy loss d E=dx in low-py ranges [Abe+14]. Table 4.1
shows the dimensions of the several layers present in ITS1. To be noted is also the radiation
length of 1:1% Xo. This was, at the time of construction, already the lowest for all LHC
experiments [Abe+14].

Table 4.1: Dimensions for the ITS1 subdetectors. Taken from [Aam+08].

Layer | Type | r (cm) z (cm) | Area (m?) | Channels
1 pixel 39 141 0:07 3276800
2 pixel 7.6 14:1 0:14 6553600
3 drift 15.0 22:2 0:42 43008
4 drift 297 297 0:89 90112
5 strip 431 431 2:20 1148928
6 strip 489 489 2:80 1459200

Total 6:52 12571648

4.3.2 ITS2

The ITS1 remained in operation for LHC Run 1 (2009-2013) and Run 2 (2015-2018), until it
has been decommissioned and replaced by the ITS2 during LHC Long Shutdown 2 (LS2, 2018-
2022). The ITS2 features new silicon detector layers consisting of Monolithic Active Pixel
Sensors (MAPS) named ALPIDE. The detector compromises 7 layers of quasi-quadratic pixel
of approximately 29um 27um. The dimensions of every layer are noted in table 4.2. A
schematic overview about the detector layers is given in gure 4.4. The three innermost
layer form the Inner Barrel (IB) while the outermost 4 layer are called Outer Barrel (OB).
The ALPIDE chips have a thickness of 50um in the IB and 100um in the OB, while the
ITS1 used silicon chips with a thickness of 35@um. This leads to heavily reduced radiation
length, especially in the IB, where 0:35% Xy per layer are achieved. The OB modules
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Figure 4.4: Schematic view of the ALICE ITS2 as it was installed during LHC LS2 and in
use during LHC run 3. Taken from [Abe+14].

lower the radiation thickness to 1% Xg per layer. In total, the radiation length of the
ITS2 is lowered by roughly one quarter with respect to the ITS1 while even containing an
additional layer. The distance between the interaction point and the innermost layer could
be reduced from 39cm to 22cm. While the active area has been increased by about 30%
from 6:52 m? to 9:28 m?, the number of channels has increased been increased by three orders
of magnitude from approx. 126 million to approx. 12:6 billion. Therefore, the average pixel
density is heavily improved. [Abe+14]

The spatial resolution of the ITS1 was in the order of tens ofum, being lower in the layer
close to the interaction point. The ITS2 features 5um in all layers and directions. Reduced
radiation length, reduced distance to the interaction point and increased spatial resolution
are expected to increase the track position resolution of the primary vertex by a factor of
three or even higher. As mentioned in section 4.3.1, the ITS1, speci cally SDD and SSD, were
capable of PID via specic energy loss. During ITS upgrade studies, it was found that the
availability of PID capabilities comparable to ITS1 have only little e ect on several analyzed
benchmark channels. It was therefore decided to not include a dedicated energy measurement
in the readout. Approaches to still realize an energy resolution by special readout techniques
are currently under investigation. The redesign of the complete readout chain enables the
ITS2 to operate with a maximum rate of 100kHz in Pb-Pb collisions and 400kHz in pp
collisions. This is an improvement by two orders of magnitude compared to the ITS1 with
maximum rate of 1 kHz and about a factor of two higher than needed for the ALICE upgrade
[Abe+14].

Technically, the chips are mounted on staves of carbon foam providing a support structure.
Behind the chips, a cold plate from carbon ber is mounted. Through this cold plate, cooling
water is circulating to dissipate the heat away from the detector. Electrical interconnection
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