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Abstract

The ALICE experiment at CERN has planned an upgrade of the Inner Tracking Sys-
tem (ITS), named ITS3, for the LHC Long Shutdown 3, in 2025. The cornerstone of the
upgrade is a new CMOS pixel sensor built in 65 nm technology and in bent-cylindrical
configuration, replacing the inner layers of the existing detector, the ITS2. The ITS3
will reach much better tracking and vertexing performance, thanks to the improved
spatial resolution and the much reduced material budget with respect to the previous
Inner Tracking System.
The aim of this thesis is to report on the analysis of the data collected at beam tests on
new ALPIDE chips (used for ITS2, based on Monolithic Active Pixel Sensor, MAPS)
which have been bent in a cylindrical configuration as foreseen for the ITS3. This is the
first bending proof of concept for a silicon detector.
In particular, data from beam test taken in 2020 have been studied through a data anal-
ysis framework that I have personally written to accomplish this task; the complexity
of the data analysis is driven by the fact that each ALPIDE chip has a total of 1024x512
pixel MAPS and by the bent geometry of the sensor.
In this thesis, the promising performances obtained by studying the sensor total effi-
ciency and spatial resolution in different experimental configurations will be presented
and discussed.
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Introduction

ALICE (A Large Ion Collider Experiment) is one of the major experiments of the Large
Hadron Collider (LHC) at CERN. It has been built to study the ultra relativistic heavy-
ion collisions; indeed at high energy density or temperature the formation of the Quark
Gluon Plasma (QGP) is expected. The ALICE detector was designed to deal with
events at very high levels of multiplicity of particles, with a high power PID capabil-
ity that spans from 20 GeV/c down to very low transverse momentum (∼0.1 GeV/c)
thanks to the low material budget. During LHC Long Shutdown 2 (LHC LS2), ALICE
has realized a major upgrade, including the upgrade of its Inner Tracking System (ITS)
with ITS2, radically increasing tracking and vertexing performance, mainly thanks to
the CMOS-180 nm MAPS sensors (ALPIDE) used. In addition, the ALICE collabora-
tion has planned to carry out a further upgrade of the three innermost layers of the
ITS2, called ITS3, scheduled for LHC LS3 in 2025.
This upgrade is revolutionary in the field of particle detection, as it will implement
for the first time a bent geometry tracker, trulycurved around the beam pipe. This
new configuration will drastically reduce the material budget, get even closer to the
Interaction Point (IP) and reduce the pixel pitch, dramatically increasing the detector’s
performance thanks to improved impact parameter resolution and tracking efficiency.
In particular, the replaced three innermost layers will be placed at a distance from the
IP of 18,23 and 30 mm, respectively. The cornerstone of this upgrade will be a silicon
CMOS pixel sensor based on the MAPS (Monolithic Active Pixel Sensors) using a 65
nm technology from Towerjazz.

In this thesis work the ALPIDE has been studied in a bent configuration in a beam
test carried at DESY in August 2020. The sensor has been bent down to a radius of R =
18 mm, corresponding to the distance of the innermost layer of ITS3. The chip perfor-
mance have been determined mainly by studying its detection efficiency and spatial
resolution.
In the first chapter, the ALICE LHC detector and the operation of ITS2 are briefly pre-
sented, together with an explanation of the operation of the MAPS technology used for
the ITS2 pixel sensors.
The second chapter discusses the reasons for an additional upgrade of the ITS, illus-
trating the technical limitations of ITS2 and the benefits of upgrading to ITS3 in terms
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of increased tracking and physics performance. Finally, the ITS3 structure will be de-
scribed in detail.
In the third and fourth chapters the data analysis work of the ALPIDE chip in bent
configuration is introduced. In particular, in the third chapter the Corryvreckan frame-
work will be introduced: the framework has been used for the production of the first
graphs from raw data. The graphs that have been used to perform the data analysis
will be presented. In the first part of Chapter 4, the experimental setup will be pre-
sented, with the methods used to carry out the analysis. Firstly, the changes to the
setup in the transition to the bent geometry will be presented with the related code
description modifications on the code of the Corryvreckan analysis framework. In the
second part, the results of the data analysis carried out in terms of efficiency perfor-
mance and spatial resolution will be presented.
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Chapter 1

The ALICE Inner Tracking System

ALICE (A Large Ion Collider Experiment) is an experiment at the LHC (Large Hadron
Collider) optimized to study the Quark-Gluon Plasma (QGP), a state of deconfined
quarks and gluons created at energy densities higher than 1GeV/fm3, as predicted
by Quantum Chromo Dynamics (QCD), the theory of strong interactions. Such high
energy densities can be reached via high-energy Pb-Pb collisions; the QGP fireball is
created and it immediately starts to expand, thermalize and cool down. This state of
matter has been produced in the early universe, few µs after the Big Bang. [1].

The ALICE detector has been designed to cope with events with high particle mul-
tiplicity, as expected for such collisions. To fully exploit the physics possibilities of
these studies it is fundamental to maximize the Particle IDentification (PID) capabili-
ties of the detectors and, to this purpose, ALICE makes use of almost all known PID
techniques that allow a comprehensive study of hadrons, muons, electrons and pho-
tons produced in the collision, down to very low transverse momentum, thanks to the
low material budget.[2].

1.1 LHC - the Large Hadron Collider

The LHC is the world’s largest and most powerful particle accelerator and is located at
CERN (European Organization for Nuclear Research), near Geneva. The LHC facility
consists of an underground ring 26.7 kilometers long in which protons or heavy-ion
beams collide going in opposite directions in two separate ultrahigh-vacuum beam
pipes. The collider is made of superconducting magnets, in particular almost 1200
dipole magnets for beam bending and 392 quadrupole ones, used for beam focusing.

In Figure 1.1 the full accelerator structure is shown. In the LHC protons and nuclei
can be accelerated and collide at center of mass energies up to

√
s = 13 TeV for pp

collisions and
√

sNN = 5.02 TeV per Pb-Pb nucleons pair.
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Figure 1.1: CERN accelerators complete view. The four main LHC experiments (AL-
ICE, ATLAS, CMS, LHCb) and other experimental facilities are illustrated.

1.2 The QGP Quark-Gluon Plasma

The QCD describes the strongly interacting matter at a fundamental level thanks to
the interaction of quarks via gluons exchange. The relative coupling constant αS(q2)

follows a logarithmic decrease for short radius or high momentum (q) values and in-
creases for large distances or small momentum values: this behavior causes the quark
confinement and chiral symmetry breaking.

In Figure 1.2 the QCD phase diagram is shown. The diagram describes the different
possible phases of the strongly interacting matter versus the temperature T and the
baryo-chemical potential. The latter is defined as the energy necessary to increase the
total number of baryons NB of the system by 1:

µB =
∂E

∂NB
(1.2.1)

As it is shown in Figure, 1.2, at low µB the number of baryons and anti-baryons
have similar values, while for high µB only matter is present (as for the case of stars).

Therefore, when reaching high energy density values (high momentum transfer
region), the color force between gluons and quarks should sufficiently decrease to form
a gas state. In other words, as the temperature gets higher, quanta interact at shorter
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Figure 1.2: The Quantum Chromo Dynamics phase diagram.

ranges, and nuclear matter does not exhibit confinement: and this QCD phase is called
Quark-Gluon Plasma, or QGP, which is assumed to last for∼ 10µs after the Big Bang [3].

For low µB values the transition to QGP occurs at the following critical temperature
value:

Tc ∼ 160MeV. (1.2.2)

Lattice Quantum Chromodynamics, or Lattice QCD confirms this prediction as the critical
temperature at which the hadronic gas can undergo the phase transition to QGP.

As it is shown in Figure 1.3, when the interaction occurs, a superposition region
arises: here, the formation of QGP occurs. The formed medium reaches thermal equi-
librium, then expands in the vacuum due to the strong pressure. In this way, the QGP
cools down until it reaches Tc, below which it changes state and hadronizes: this is
called chemical freeze-out, because the chemical ratios between the particles become
fixed. The time the QGP medium takes to achieve the freeze-out is the lifetime of
the QGP itself, from 5 to 10 fm/c1. Then, the final step of the expansion is character-
ized by elastic collisions between the different products, while inelastic collisions are
no longer allowed. Therefore, the chemical ratios are fixed, while the momentum dis-
tributions continue to vary: in the end, when also this process stops, we talk about
kinematic freeze-out.

The necessary conditions to study the QGP formation are reached in laboratory
thanks to ultra-relativistic collisions involving heavy ions, in which a great amount
of energy is released by nucleons in a very thin region of space and short time scale,

1QGP has also a very small size - about a few fm large in diameter.
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Figure 1.3: Heavy-ion collision schematic view.

generating a ”fireball” of fundamental particles at very high temperature and density.
In Figure 1.3 a scheme of such collision event is shown: nuclei undergo relativistic
Lorentz contraction before colliding. After the collision, the participating nucleons
contribute to the formation of the fireball, while the other nucleons, called spectators,
continue to move along the beam direction.

1.3 ALICE - A Large Ion Collider Experiment

The ALICE detector is about 16 × 26 × 16 m3 large. It has been optimized to deal with
high particle-multiplicity events, which are expected in Pb-Pb collisions. It can study
particles down to very low transverse momentum values, about pmin

T = 0.1GeV/c, and
it features very good PID capabilities up to 20 GeV/c. In Figure 1.4 a complete scheme
of the ALICE detector is shown.

The increase in LHC luminosity combined with the upgrade of ALICE - imple-
mented during Long Shutdown 2 - will radically boost its physics-exploiting potential.
In particular, the detector will address heavy-flavor hadrons, low mass di-leptons and
quarkonia measurements at low pT.

The complete apparatus of ALICE is composed of the central barrel detectors, cov-
ering from 45° to 135° polar angle and the MUON spectrometer placed in the forward
direction, with other smaller detectors devoted to event trigger and characterization.

Central barrel detectors

The central-barrel detectors are the Inner Tracking System (ITS), the Time Projection
Chamber (TPC), the Transition Radiation Detector (TRD), the Time Of Flight (TOF),
the Photon Spectrometer (PHOS) the Electromagnetic Calorimeter (EMCal) and the
High Momentum Particle Identification Detector (HMPID). They are enclosed by the
L3 solenoid magnet, which has a nominal magnetic field of 0.5 T. The azimuthal cover-
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Figure 1.4: Overview of the ALICE detector.

age of the first four detectors of the central barrel is total (0 < φ < 2π) and the rapidity
has up to |η| < 0.9 acceptance. They are ordered by increasing radius from the beam
pipe, as follows:

• ITS (Inner Tracking System), to perform tracking and vertexing. It is located very
near to the beam pipe. Its goal is to precisely find the primary and secondary
interaction vertices with good low pT tracking performances. Moreover, also PID
is possible in the 1/β2 non-relativistic region. It will be better discussed in Section
1.4, together with its upgrade, the ITS2, which has been almost completed during
the ongoing LHC Long Shut Down 2 (LHC-LS2).

• TPC (Time Projection Chamber), a gaseous detector which performs tracking and
PID by studying the specific energy loss. With the ITS they are the main charged
particle trackers of ALICE. It is a cylinder 5m long, while the inner and the outer
radii are about 57 cm and 278 cm, respectively, enclosing an 88 m3 gas volume
[4] It is divided into two parts by a central cathode kept at -100kV, while Multi-
Wire Proportional Chambers (MWPCs) are placed on the endplates. Moreover,
the MWPCs have been replaced by GEM detectors during the LHC-LS2.

• TOF (Time Of Flight detector) [5], with the aim of measuring the flight time from
the Interaction Point (IP) to do PID at intermediate momenta by using Multigap
Resistive Plate Chambers (MRPC) [6]. It is placed at 370 cm radially from the
beam axis.
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• TRD (Transition Radiation Detector), consisting of six layers of MWPCs and a
radiator in front of each chamber. It is used to track charged particles and for
electron identification via TR and dE/dx [7].

Moreover, the ITS and the TPC are light in terms of material budget: at LHC, AL-
ICE has the lowest radiation length with respect to the other experiments in the mid-
rapidity region [8] [9].

In the cylindrical volume outside the TOF there are an EM calorimeter ∼ 20X0 and
1 ∼ λint

2 thick, the PHOS and the HMPID RICH (Ring Imaging CHerenkov) detector,
the latter to identify charged hadrons in the intermediate momentum range.

Forward Detectors

The forward arm covers a little angle range (from 2° to 9°). Many detectors compose it,
including absorbers, a dipole magnet, and 14 planes of triggering and tracking cham-
bers. These systems are detectors focused on triggering or on measuring some global
event features.

In particular, the T0 is a quartz detector delivering information about the interac-
tion time, while V0 is a plastic scintillator mainly used for triggering and for the deter-
mination of the Pb-Pb collisions centrality/event plane. Finally, also the Zero Degree
Calorimeter (ZDC) can measure centrality. It is composed of two further calorimeters
with the aim of counting spectator nucleons at very narrow angles, therefore they are
placed at ∼ 114 m from the Interaction point.

The MUON Spectrometer aims to reconstruct heavy-quark resonances through
their single muons and di-muon decay channels. It is located in the forward rapid-
ity region, with η between 4.0 and -2.5. It consists of a hadron absorber (∼ 10λint) a
dipole magnet of about 3 Tm and tracking and trigger chambers.

2Nuclear interaction length.
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1.4 The Inner Tracking System 2 (ITS2)

ITS2 is the upgrade of the first Inner Tracking System vertex detector. It has been just
installed during LS2 and will work during the LHC Run3. The aim of such a detector
is to deal with high rate collision events such Pb-Pb up to 100 kHz and pp at 400 kHz,
by improving the pointing resolution, when compared to the first version of the ITS by
about 3 and 5 times in rφ and z direction, respectively.

Figure 1.5: Example of Impact parameter (d) and pointing angle (θ) definition.

The resolution on the impact parameter or pointing resolution - which is the de-
tector capability to separate the secondary vertices - improves as the spatial resolution
(∼ reduced size of the pixel of the silicon sensors) gets better. Moreover, the pointing
resolution can improve also with the closeness to the IP (in particular for the first layer)
and the reduction of the x/X0 material budget. An example is shown in Figure 1.5 for
the D0 → Kπ decay.

1.4.1 Pointing resolution

To understand which characteristics should have a golden vertex detector like the ITS,
let us consider for instance a simple detector configuration composed of an inner layer
and an outer layer, at distance r1 and r2 from the Interaction Point like in Figure 1.6,
respectively. If each layer features a spatial resolution σi, a first contribution to the
pointing resolution becomes:

σ
sp
p =

√
(

r2

r2 − r1
σ1)2 + (

r1

r2 − r1
σ2)2 (1.4.1)

On the other hand, multiple Coulomb scattering in the beam-pipe and in the layers of
the detector (especially the innermost) can furtherly spoil the pointing resolution. This
contribution can be written as:

σms
p ∼ r1θRMS (1.4.2)
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Figure 1.6: Simple 2-layer tracker example.

where
θRMS =

13.6[MeV]

βcp
z
√

x/X0[1 + 0.038ln(x/X0)] (1.4.3)

is the RMS width of the Gaussian approximation describing the angular deflection
of the scattering and p, βc, z are the momentum, velocity and the charge of the incom-
ing particle respectively, while X0 the radiation length associated with the material. If
we consider a charged particle of unit charge and suppress the logarithmic term, the
multiple scattering contribution becomes

σms
p =

13.6[MeV]

βcp

√
x/X0 (1.4.4)

Finally the pointing resolution σp can be written as:

σp ∼ σ
sp
p ⊕ σms

p (1.4.5)

thus indicating that is possible to achieve a better σp by having a better spatial
resolution of the detector, going closer to the IP, and having a lower material budget
(in this particular case, of the beampipe and the innermost layer).

Layout

The ITS2 is divided into 2 barrels, the Inner Barrel (IB, from layer 0 to layer 2) and the
Outer Barrel (OB, from layer 3 to layer 6) [2]. Each layer is segmented into further com-
ponents, named Staves. A single Stave unit includes all the structural and functional
components, so it constitutes the smallest completely operative unit of the detector.
The Staves of the IB differ from the OB ones by their length, since the OB Staves are
longer and they have thus a different layout. The ITS2 presents a total number of 48
Staves for the IB and 144 Staves for the OB, respectively.
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Figure 1.7: Schematic view of the ITS2 structure. [2].

The three layers of the IB are built using identical Staves (Figure 1.8, left.). Each one
is divided into:

• Space Frame: main mechanical support stiff structure, based on carbon fiber;

• Cold Plate: included in the Space Frame, it is a foil of highly thermal-conductive
carbon fiber in thermal contact with the Pixel Chips to remove the produced heat;

• Hybrid Integrated Circuit (HIC): structure on which the Pixel Chips and passive
components are placed. It consists of a Flexible Printed Circuit (FPC) in poly-
imide.

In each IB Stave, a HIC unit is placed: each one is made up of nine Pixel Chips
arranged in a row connected to the Flexible Printable Circuit. The active area is 15 mm
× 270.8 mm, with 100 µm gap between adjacent chips going along the z longitudinal
direction [2]. HIC and the Cold Plate are glued together so that the Pixel Chips can face
the Cold Plate to obtain the maximum cooling efficiency. In Figure 1.8 the structure of
the staves of both the IB and the OB are illustrated.

The hermeticity of the barrel comes thanks to the partial overlap of contiguous
Staves. The highest peaks in X0 (around 0.5%) correspond to the overlapping struc-
tures near the Space Frame edges, and the spikes to the reinforcement in correspon-
dence of the upper vertex. The average X0 = 0.35% (Figure 1.9) is the lowest value
experienced ever: this is a key point to reach high resolution of the impact parameter
at low pT (transverse momentum) values [2].

The Staves of the OB are similar as a concept to the ones of the IB, but they are
divided in Half Staves along the longitudinal direction (Figure 1.8), each one divided
in further modules (the modules number increases with the radius) [2]. As for the
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Figure 1.8: On the left and the right, the structure of the Staves of the Inner and the
Outer Barrel, respectively. In particular, the FPC, the support structures, and the pixel
chip wafers are shown for both cases. [2].

case of the IB Staves, the adjacent Half-Staves of the OB are superimposed over a little
region, enough to ensure the hermeticity of the detector. In this case, the material
budget peaks are around ∼ 1.25%X0.

1.5 ALPIDE, the Monolithic Active Pixel Sensor for ITS2

The requirements on the particle sensor for vertexing in High Energy Physics are very
demanding, especially in terms of material budget, readout capabilities, power man-
agement, granularity and radiation hardness.

The Monolithic Active Pixel Sensor (MAPS) technology is the answer to the need
to merge both pixel sensor and the CMOS readout into a single Silicon structure - so
that an interconnection between the chip and the readout is not necessary anymore -
meeting the requirements of higher granularity and lower material budget. Thanks to
this technology, very small pixel Si sensors can be produced.

A comparison between hybrid pixel and MAPS pixel structures is shown in 1.10.
In the first case, the pixel and the CMOS readout electronics belong to different com-
ponents which are coupled together, while MAPS has a CMOS-pixel forming a single
structure on the substrate. The latter is also called in-pixel configuration. In this sec-
tion, the main properties of MAPS will be presented, mainly concentrating on the chip
ALPIDE, the MAPS developed for the ITS2 upgrade 3.

3Some fundamental concepts regarding Si detectors are presented in Appendix A.
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Figure 1.9: Azimuthal distribution of the Layer 0 material budget in ITS2. The value is
averaged over the full barrel length. Figure from [10].

Figure 1.10: Comparison between hybrid pixel (left) and MAPS structure (on the right).

1.5.1 MAPS working principle

Typically, a MAPS implemented for High Energy Physics experiments is composed by
three layers, as in Figure 1.11:

1. p++ highly doped substrate, acting as mechanical support;

2. epitaxial layer p−, few tens of micrometers thick, implemented as the sensitive
volume;

3. Upper layer with:

• n-well diode, the electrode aimed to collect the charge;

• n-type implant, named n-well (PMOS);
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• p-type implant, named p-well (NMOS).

In addition, the implementation of a deep p-well as in Figure 1.11 under the n-well
allows isolating the circuits placed on n-doped silicon bulks (for example PMOS) from
the epitaxial layer and to host the CMOS in-chip circuitry. The metal layers compose
the in-pixel circuits and distribute the signal and bias voltages from the periphery of
the chip.

Figure 1.11: MAPS section with a charged particle (black arrow) passing through the
sensor. Faltering lines represent diffusing and drifting electrons.

Modern MAPS (Figure 1.11) are mostly fabricated using an high resistivity epitaxial
layer, where ρ > 1kΩcm typically. Applying a small reversed voltage to the diode, the
depletion region increases. The unit pixel cell is repeated in both x and y directions
forming a matrix.

When a charged particle crosses the pixel sensor it loses energy via ionization with
the creation of e-h pairs along the track. The electrons formed in the epitaxial layer
get trapped there, because the two junctions (p−-p++ and p−-p-well) work as barriers.
They first move via diffusion through the epitaxial layer, reaching a depletion region
of the diode (Figure 1.12) or recombining4.

Moreover, the electrons of pairs generated in the p-wells or the substrate can move
under thermal diffusion in the epitaxial layer5, and then can be collected too.

Thanks to the small size of the pixel, which is 29.24× 26.88µm2, the MAPS shows
excellent spatial resolution values also at high occupancy levels.

On the other hand, a crossing MIP generates ∼ 1500 electron-hole pairs for a 25
µm epitaxial layer: this value is ten times lower with respect to a usual silicon sensor

4This effect is negligible when considering non-irradiated sensors.
5Notice that an e− can cross the p-p+ junction only in one direction
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of about 100 micrometers. As a consequence, the energy resolution is lower and the
related PID possibilities are restricted.

In a MAPS the signal can be described by the following equation:

∆V =
Qcoll
Cp

(1.5.1)

where Cp is the pixel input capacitance6, ∆V the signal and Qcoll corresponds to
the total collected charge. Clearly, to get a better signal, Cp should have the lowest
possible value, and this is reached by minimizing Cr, the capacitance of the in-pixel
readout circuit. The reduction of Cr is achieved by applying a reverse bias voltage to
the collection diode and choosing the right diode geometry configuration.

1.5.2 Sensor design

Many parameters determine the design of a MAPS in terms of charge collection and
general performances. The most relevant is the pixel pitch7, which should have the
smallest reachable value. At the same time, the latter is limited by the in-pixel circuit
size and the rate of the readout.

The size of the n-well diode and the spacing from the corresponding p-well - which
characterize the geometry of the collection diode and its capacitance - determine the
design of the pixel.

Recalling the goal of the Q/C ratio optimization, as the n-well size gets smaller,
also the relative capacitance decreases. However, this behavior also leads to a smaller
charge collection inside it: the final Q/C value should be determined experimentally.

1.5.3 ALPIDE

The goal of the ITS2 to improve the readout rate and the position and momentum
resolution, in particular for low pT particles, requires a radically light detector with
high readout speed capability and granularity. A summary of the requirements for the
sensors of the ITS2 is shown in Table 1.1.

The ALICE PIxel DEtector (ALPIDE), the chip chosen for the ITS2, is a large chip
(1.5cm× 3cm) structured in 512 rows × 1024 columns MAPS, with a hit-driven binary
readout. It features TowerJazz’s 180 nm technology as a CMOS imaging process. A
photo of an ALPIDE chip is shown in Figure 1.13.

As mentioned in Section 1.5.1, the presence of the deep p-weel allows, by shielding
the corresponding n-well, the fabrication of PMOS transistors without penalizing the
related charge collection process.

6Given by both the contribution of the capacitance of the readout circuit Cr and the junction capaci-
tance Cj

7Distance between the center of adjacent pixels.
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Figure 1.12: 3D section of a 4-pixel MAPS structure

Parameter IB OB
Sensor thickness (µm) 50 50
Spatial resolution (µm) 5 10
Dimensions (mm2) 15 × 30 15 × 30
Power density 300 300
Time resolution 30 30
Detection efficiency (%) 99 99
Fake hit rate a 10−5 10−5

TID radiation hardnessb (krad) 2700 100
NIEL radiation hardnessb (1 MeVneq/cm2) 1.7 × 1013 1012

a Per pixel and readout.
b Including a safety factor of 10, revised numbers w.r.t. TDR.

Table 1.1: Requirement for pixel sensors in ALICE ITS2 for Inner and Outer Barrel (IB
and OB, respectively). Table from [2].

The in-pixel circuitry is based on a discriminating amplifier (kept continuously ac-
tive) in combination with a memory where data can be strobed.

The time resolution of the event depends on the rise time of the amplifier (which is
below 2 µs).

The readout of the pixel matrix is asynchronous, made by using a priority encoder
circuit per double column, thus the process is fast and power-efficient since the occu-
pancy is low and only hit pixels are read [11].
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Figure 1.13: ALPIDE chip - wire bonded to a carrier board card. It is 30 mm× 15 mm2

large and 50 µ thick.

15





Chapter 2

The Inner Tracking System 3

2.1 Present limitations of the ITS2

Figure 2.1 (left) shows the material budget breakdown for layer 0 (the innermost) of
ITS2. The silicon sensor is responsible for only about the 15% of the total, while the
mechanical support, power, and data distribution and the cooling system give the main
contribution. The silicon sensor (50 µ thick) should be - ideally - the only needed
component, so a natural question is if it is possible to remove the passive components
by using new wafer-scale and ultra-thin CMOS sensors.

The need for a new type of silicon sensor capable to satisfy these new require-
ments is the guideline towards LS3. Since during the ITS2 R&D it has been shown that
further improvements in cooling system, mechanical support structure and power and
signal distribution can be made [10], the ALICE collaboration has planned a further
upgrade of the Inner Tracking System, named ITS3, for the LHC RUN4 and to be in-
stalled in Long Shutdown 3 (LS3) in 2025, replacing the three innermost layers of the
existing detector

Figure 2.1: Azimuthal distribution of the Layer 0 material budget in ITS2 compared to
the expected material budget for the same layer in ITS3. The value is averaged over
the full barrel length.
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Development of a new wafer-scale bent sensor

The cornerstone of the upgrade is a new CMOS MAPS built using 65 nm technology,
instead of the 180 nm technology of ALPIDE, and a bent-cylindrical configuration.

The proposed new detector will replace the three innermost layers of the ITS2 (the
Inner Barrel), with the aim to get closer to the IP, reduce the material budget to the
minimum by using a single and thinner silicon wafer, bent around the beam pipe
(which will have a lower radius, too). Therefore, thanks to these improvements the
ITS3 will achieve better spatial resolution, reaching very high tracking and vertexing
performance (as described in Section 1.4).

In ITS2, small sensors are built up edge-to-edge on top of an FPC which provides
both power supply and data bus. The goal is to replace this type of module with a
single large sensor thanks to the stitching technology1, performing internally the power
distribution management and limiting the connections to the outside to the edges.

Since stitching allows the production of a wafer-scale CMOS image sensor, it is
possible the fabrication of a novel circuit, 15 mm × 140 mm large, corresponding to
about half the length of the stave. Columns are read out by groups of 16 by sequence,
however, is it possible to read out all of them in parallel. Data transmission goes from
the bottom of the columns (corresponding to one of the long sides of the chip) to the
periphery.

Since the periphery of the sensor is outside the acceptance of the detector, there are
not constraints on its size, which will be set depending on the requirements. Concern-
ing the power supply, a flexible PCB (located under the chip digital periphery) will
provide it to the sensor.

The final large sensor will be thinner with respect to ALPIDE, reaching value thick-
ness values of about 20 µm to 40 µm, corresponding to radiation length values from
0.02% to 0.04% X0. [12].

2.2 ITS3

Mechanical structure

The ITS3 will have a considerably reduced material budget and will be closer to the IP
thanks to the lower radius of the beam pipe. Also the ITS3 will consist of two distinct
barrels, Inner and Outer Barrel, respectively. This upgrade aims at replacing the Inner
Barrel of the ITS2 with an even better detector [13], so the four outermost layers - from
3 to 6 - will be the same as ITS2. The Inner Barrel of the ITS3 structure includes two
halves, the half-barrels, allowing the detector to be placed around the beam pipe, each

1Stitching technology allows fabricating silicon sensors of arbitrary dimensions, where the limit is
given only by the size of the wafer.
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one made of three half-layers, as it is shown in Figure 2.2. At z = 0, each half-layer is
divided into further two halves, the quarter-layers. Each quarter is a single large pixel
chip with a half-cylindrical geometry configuration.

Figure 2.2: ITS3 Inner Barrel scheme. [10].

The integration scheme differs little from the one used for ITS2, in which the de-
tector is decoupled from the beam pipe. The Inner Barrel is supported by the Service
Barrel (Figure 2.3), bound to the TPC cage.

The ITS3 Inner Barrel is divided into two substructures, the End-Wheels and the ex-
ternal Cylindrical Structural Shell (CYSS), both consisting of Carbon Fibre Reinforced
Plastics and connected between each other. In addition, open-cell carbon foam is used
for the production of the spacers (Figure 2.4) located between the layers, with the goal
to fix their relative radial position. Hence the connection between the 3 IB half-layers
is performed by the half-wheel spacers.

Each quarter-layer is made of a large single chip, and on the A-side End-Wheel
(Figure 2.2) the relative periphery and interface boards are located. An FPC is glued
on the A-side to the chip, over a length of 5 mm. The electrical interconnection is
performed by aluminum wedge wire bonding, and finally the FPC goes from the chip
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Figure 2.3: Inner Tracking System 3 layout, including the Inner Barrel integration in-
side the detector. The yellow structure is the service barrel, while the magenta one is
the TPC cage. [10].

edge towards a panel located at the terminal of the End-Wheel: here, interconnections
to data and power supply cables are completed. On the C-side, the cables exit from
the relative End-Wheel, then run towards the A-side from the outside of the CYSS. A
summary of the parameters related to the ITS3 Inner Barrel is shown in Table 2.1.

Beam pipe inner / outer radius (mm)

IB Layer parameters Layer 0 Layer 1 Layer 2
Radial position (mm) 18.0 24.0 30.0
Length (mm) 270 270 270
Pseudo-rapidity coverage ± 2.5 ± 2.3 ± 2.0
Active area (cm2) 305 408 508
Pixel sensors dimensions (mm2) 280 × 56.5 280 × 75.5 280 × 94
Number of pixel sensors / layers 2 2 2
Pixel size (µm2) O(15×15) O(15×15) O(15×15)

Table 2.1: Summary of ITS3 foreseen geometrical parameters [10].

Cooling system

Also the cooling circuit contributes, as said above, to the final material budget. To re-
move the heat produced by the IB layers of the ITS, the possibility also to use a low
speed (< 2m/s) air flow combined with peripheral liquid cooling has been studied
during the R&D for ITS2. It has been experimentally shown that this option is possible
only for sensors reaching less than 20mWcm−2 power density [14]. On the other hand,
the higher the airflow, then the stiffer the mechanical structure should be to minimize
the sensor vibrations and keep them smaller than the intrinsic value of the spatial res-
olution. This fact leads to a higher material budget as the airflow increases.

20



Figure 2.4: Engineering model for the ITS3 Inner Barrel. [13].

The heat dissipation inside the ITS3 IB works by convection, thanks to an artificial
airflow running through the layers; a contribution to cooling comes also from the car-
bon foam rings since they are kept in thermal contact with the chips, leading thus to a
reduction of the thermal gradient across the layer. In general, carbon foam materials
constitute the best way to perform heat exchange, due to the mix of low density and
exceptional thermal conductivity. In order to keep the mechanical stability (vibrations
caused by the airflow must be avoided) and the thermal performances, the design pro-
cess will optimize the speed of the airflow.

Some considerations on the power consumption should also be made. The ALPIDE
total power consumption is 180 mW, about 40 mWcm−2 power density. Nevertheless,
about 150 mW dissipate via the digital interface circuits and the high-speed data output
links: their location is near to one of the edges of the chip within a small area. So only
∼ 1/6 of the total power consumption comes from the pixel matrix, corresponding to
a power density of ∼ 7 mWcm−2. This would be a good value considering the air flow
cooling option [10].

Summary

The main changes introduced in the passage from the ITS2 to the ITS3 are the follow-
ing:

• the first layer of ITS3 will be closer (R=18 mm) with respect to the one of ITS2
(R=23 mm).

• bending, thinning, and stitching constitute a revolutionary step in chip produc-
tion. In particular, the chip will be thinned down to 20-40 µm (corresponding to
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0.02-0.04%X0);

• the new chips will implement the new CMOS 65 nm technology instead of the 180
nm used in ALPIDE. The spatial resolution will improve thanks to the reduced
pixel size;

• the water cooling can be replaced by air cooling when reaching a power con-
sumption under 20 mW/cm2 (now ALPIDE is at 40 mW/cm2) [10];

• the mechanical support can be removed if, by rolling the Silicon wafers, the stiff-
ness increases;

• the readout boards/circuit board can be removed if integrated into the circuit;
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Particle density (cm−2)
LS2 upgrade LS3 upgrade

Layer Hadronica QED electronsb Hadronica QED electronsb

0 43 7 73 12
1 25 3 43 8
2 17 2 29 6
acalculated for central Pb-Pb collisions and including secondaries
production in the material, with a 0.2 T magnetic field.
bcalculated at 50 kHz of interaction rate and for 10 microseconds
of integration time, with a 0.2 T magnetic field.

Table 2.2: Summary of the maximum expected particle density per each ITS Inner Bar-
rel Layer [10].

2.3 Performance of the detector

The new ITS will radically improve the ALICE tracking performances in terms of ver-
texing precision and tracking efficiency. To study the ITS3 performances many simula-
tions have been made: some considerations about the experimental conditions should
be made before this.

2.3.1 Experimental conditions

The value of the particle flux traversing the detector (Layer 0 in particular) and the
corresponding radiation load will increase due to the closer position of the inner layers
with respect to the interaction point.

In addition, a further contribution to the radiation load comes from e+e− pairs
(QED electrons), coming out when the crossing ions interact electromagnetically. In
Table 2.2 the values of the particle density for both the ITS3 and ITS2 Inner Barrel are
listed. Despite the steep increase of the particle density (∼ 70%) in correspondence of
the innermost layer, the hit occupancy (number of hit pixels in the chip) will still be
sufficiently small (1× 10−3), thanks to the large granularity of the detector.

In such conditions, Layer 0 will measure a particle flux around 4 MHz cm−2 in case
of a Pb-Pb 50 kHz interaction rate: the ALPIDE chip is easily capable to sustain such a
value. Despite the fact that the radiation load is also going to increase (∼ 60%− 70%),
it will be still under 1× MeV neq /cm2 (NIEL2) and 10000 krad (TID3). ALPIDE fully
maintains its performance under this radiation load value.

2Non Ionizing Energy Loss.
3Total Ionizing Dose.
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Figure 2.5: Left: Comparison between the simulated ITS2 and ITS3 pointing resolution.
LS2 and LS3 ITS upgrades are represented using blue and red lines, respectively. Right:
Comparison of the simulated tracking efficiency for ITS2 and ITS3.. [10].

2.3.2 Tracking

A Fast Monte Carlo Tool (FMCT) gives a good estimate of the tracking resolution and
efficiency, considering effects as secondary interactions, multiple scattering and also
detector occupancy; however, it does not consider the energy loss of the particles inside
the beam pipe and the detector [2]. Thanks to this tool many detector parameters
like the number of layers and relative radial position, the resolution and the material
budget have been set.

In Figure 2.5 a comparison between the calculated values of the pointing resolution
in both ITS2 and ITS3 is shown (η = 0.5, for pions). Solid lines come out from the fit of
the tracks only with respect to the ITS layers, the dashed ones instead including both
the ITS and the TPC.

It should be noticed that when pt = 1 GeV/c the value of the ITS3+TPC pointing res-
olution is about two times better than the ITS2+TPC one. Also the Full MC simulations
shown in Figure 2.5 confirm this result.

2.3.3 Physics goals

Most of the measurement of the observables studied by ALICE at low pT will benefit
from the improvement in spatial resolution, combined with the lower material budget:
in particular, the studies of heavy-flavor production (especially for baryons) and of
low-mass e+e− (dielectrons) - relevant for the ALICE physics goals in the next years -
will take advantage from the upgrade.
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Λc production

To inspect the thermalization and hadronization of charm and bottom quarks in the
QCD medium, the study of the charmed and beauty baryons production becomes de-
terminant. During Pb-Pb collisions heavy quarks can recombine with lighter-flavor
ones inside the QGP. In this case, a significant increase in the charm/beauty baryons
production is expected4 at low momentum (< 10 GeV/c).

For pT between 1 GeV/c and 6 GeV/c, an increase of the baryon-to-meson ratio has
been observed for light-flavors, in particular for p/π [15] and Λ/K0

S [16]. This effect
can be explained in terms of recombination of light quarks and radial collective flow
dependent on the mass of the hadron [16].

Crucial information about the thermalization and hadronization of the c quark in-
side the QGP can come out from a precise measurement regarding the charm sector.
Moreover, further evidence of charm quarks deconfinement in the fireball can come
out from these measurements.
Experimentally, the main problem comes when measuring the very short lifetime of
charmed baryons: for instance, Λc has a cτ ∼ 59µm, which is about 2 times smaller
than the one of D0 meson. The most detectable decay channels for the Λc are:

Λ+
c → pK−π+, Λ+

c → pK0
S.

In the first case, the three-prong combinatorial background is large, while in the second
case the K0 has a too long decay length, so it is not possible to precisely determine the
decay vertex.
The Λ+

c → pK−π+ is the benchmark channel for the ITS2 development [2] and also for
the ITS3 IB upgrade because optimal and precise tracking and spatial resolution are
required since the distance of the decay tracks from the major interaction vertex is typ-
ically only about few tens of microns. Therefore, the Λc measurement is a perfect test
for the assessment of the improvement introduced by the ITS3, especially regarding
the heavy-flavor physics performances.

As mentioned above, the same studies carried out for the ITS2 have been done
for the ITS3 case, using the same method as described in [2], applying a correction
to the geometry parameters of the ITS2 to reproduce the pointing resolution of the
ITS3 configuration, as shown in Figure 2.5. The same has been done for the simulated
performance of the Λc reconstruction, as illustrated in Figure 2.7.

A precise measurement of the pT-integrated yield of Λc production is the key to
determine the total σc̄c cross-section since it should test the enhancement of the relative
Λc abundance with respect to D mesons. The total charm-anticharm cross-section is
crucial for calculations of charmonium regeneration models in the QGP framework, so

4Compared with the same momentum region in pp collision measurements.
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Figure 2.6: Comparison between the ITS3 and the ITS2 in terms of track finding effi-
ciency and transverse momentum resolution [10].

Figure 2.7: Simulated performance of the Λ+
c reconstruction for ITS2 and ITS3. Statis-

tical significance (left) and S/B ratio (on the right) are plotted versus pT. Figure from
[10].
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also the quarkonium studies will benefit from the significance increase in low trans-
verse momentum regions.

Thermal Dielectrons

It is possible to detect the EM radiation coming out from the high-T system arising in
heavy-ion collisions thanks to low-momentum real photons, or virtual ones generat-
ing dilepton pairs with low invariant mass. The ALICE central barrel can detect them
down to pT < 100 MeV.
However, their production rate value is tiny, because suppressed by the 1/α2

EM pro-
portionality, so a high-performing electron identification is needed to overcome the
combinatorial background where a hadron of the pair is wrongly identified as an elec-
tron.

The thermal dielectron pairs measurement performance will benefit from the ITS3
upgrade. Firstly, this becomes possible thanks to the lower material budget (by the
30% for the beam pipe and six times lower for the first IB layer), so that the number
of produced electrons by photon conversion will decrease about three times before the
first point of the measured track.
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Chapter 3

Corryvreckan

Introduction

Data reconstruction of a test beam requires high flexibility because of the large vari-
ety of data acquisition conditions present in a single setup, so to reconstruct particle
tracks an event reconstruction algorithm/data analysis framework is required. Cor-
ryvreckan [17] is a framework, written in C++, used for test beam data reconstruction
and analysis, which performs offline event building also in data-taking conditions with
high complexity. The required external dependencies are minimal and the execution is
fast and lightweight. In this chapter, the fundamentals of the Corryvreckan working
operation flow are illustrated. All the plots provided as examples in this chapter are
taken from the data analysis I have performed of the August beam test by using this
framework and thanks to further modifications that I have written to the Corryvreckan
source code.

3.1 Analysis observables in beam test

The purpose of a beam test of a tracking/vertexing detector is usually to measure its
detection efficiency and spatial resolution. Typically, the setup of a beam test consists
of a telescope of reference planes and a Detector Under Test (DUT) positioned in a
beam of ionizing particles. The position of such reference is designed in order to obtain
the best possible tracking resolution.

The reconstruction chain of the program is divided into specific modules, depend-
ing on the task to be accomplished, ranging from the track reconstruction by the ref-
erence planes, to the final analysis of the DUT performance. This modular structure
allows the user to modify the source code to add functionalities, for instance when
dealing with a new sensor type or novel sensor configurations, to produce the neces-
sary plots.
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Figure 3.1: Scheme of a test beam setup, with one DUT and four reference planes. In
the DUT surface, an example of the search window is shown.

The final data analysis carried by Corryvreckan produces plots using the ROOT[18]
data analysis framework. All the numbers presented in this description are also used
as a reference for the analysis that has been carried out.

Consider now a simple test beam telescope like in figure 3.1, with a generic mrows×
ncolumns pixel detector as DUT. Given the raw data file produced and stored at the end
of a single test beam run, Corryvreckan analyses the data file and extracts the plots by
following these steps:

• Masking: identification and masking of the pixels of the DUT fired at a rate
higher1 with respect to the average firing rate of a pixel considering a single run.

• Prealignment: correlation of the hits on all the planes of the telescope with the
hits on the first reference plane, using as input for the position the manually
measured coordinates of the geometry file. Then the planes are aligned along x-
shift and y-shift using the Gaussian fit mean of the hit position and the geometry
file is updated...

• Clustering: since more than 1 pixel can be fired with a single particle hit, a group
of contiguous fired pixels with a charge collection larger than a fixed threshold2

are named clusters. The hit position is then estimated using the center-of-gravity
technique.

1In this work, this rate value was set as 1000 times higher than the average.
2In this analysis, the threshold changed depending on the considered run, where each run counted

about 300k events.
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• Pre-tracking: building of straight-line pre-tracks using the cluster on all the de-
tectors, including also the DUT.

• Alignment: the pre-tracks in 3 degrees of freedom (x-shift, y-shift, z-rotation)
are used to align the detectors, using the updated geometry coordinates from the
prealignment procedure.

• Tracking and tracking association: for each event, the clusters in the reference
planes are used to reconstruct the straight-line tracks. Then, a χ2 test is used for
the goodness-of-fit. Then, the tracks are associated with the respective clusters
identifying the latter on the surface of the DUT within a circular window centered
on the track intercept. In the data analysis presented in this thesis, the window
radius has been set to 250 µm.

• Residuals: the spatial residuals in the (x, y) plane of the DUT, defined as the (row,
column) distance (xtrack − xhit, ytrack − yhit) between the associated cluster and the
intercept of the track, are calculated.

• Efficiency calculation: a track is considered as efficient when the hit falls inside
a pre-defined search window3, as in Figure 3.1. So the detection efficiency is com-
puted as ε = k/n, where k and n corresponds to the numbers of efficient and
total tracks, respectively.

The spatial resolution is computed in a second time after the Corryvreckan data
processing. It is calculated as the difference between the variance4 σ2

res of the gaussian
fit of the residual distribution and the square of the track resolution σtrack

5:

σ2
sp = σ2

res − σ2
track (3.1.1)

Usually, the spatial resolution and the efficiency are plotted versus the charge threshold
of the pixel or the cluster size, with the aim to determine the performance of the sensor.

3.2 Corryvreckan Modules for Data analysis

Corryvreckan execution is divided, as mentioned in Section 3.1, into several modules
executed in chain. At the end of each module execution a corresponding .root file,

3The determination of the size of the search window depends on the experimental setup and the
chosen particle beam type and energy. For instance, in the case of higher multiple scattering typically
the size is larger.

4The variance σ2 is defined as E[X2]− E[X]2, where E[X] is the expectation value of the distribution.
5σtrack depends on the reference planes intrinsic resolution and other uncertainties, due for example

to multiple scattering.
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containing many plots, is produced as output. In this section, the most relevant mod-
ules used for the data analysis of this thesis work are presented. In addition, during
the analysis, some modifications have been applied to the source code to produce new
plots. At the end of this section, the modifications and the relative plots are shown and
explained.

Coordinate systems and Geometry file

Local coordinate systems and a global reference frame, for the planes and the full setup
respectively, are defined inside the framework. The global reference frame is always a
right-handed Cartesian frame. The beam direction in general determines the positive
z-axis. The origin of the 3-axis systems typically is fixed depending on the position
of the detectors inside the setup. Also, the local reference frames of the detectors are
Cartesian and right-handed: the sensor plane corresponds to the (xlocal,ylocal) plane.

Before running Corryvreckan, the geometry file configuration of the detector must
be set. Inside it, as shown in Figure 3.2, the data related to the intrinsic performance of
the various telescope planes are entered, as well as the relative distances between the
planes within the experimental setup. The Corryvreckan execution reconstructs the
event and performs the analysis taking the geometry file as a first input.

In addition, is possible for each sensor to define a Region Of Interest (ROI). The
ROI allows the tracks and the cluster to be labeled as within a certain region of the
plane of the sensor or not. This additional information is particularly useful during
analysis and especially efficiency computation because it is possible to put some re-
strictions in tracks/clusters to eventually exclude from the analysis some known bad
regions of the chips. In case of a rectangular chip, the four corners can be provided to
define the ROI. So the ROI is defined as follows inside the code, using the roi keyword
as in Figure 3.2:

roi = [0, 0], [0, 512], [1024, 512], [1024, 0],

where 1024 × 512 corresponds to the rows × columns configuration of an ALPIDE
chip.

[Prealignment] and [Alignment]

The z position of the detector planes must be measured manually in the test beam
setup, then entered in the geometry configuration file for the analysis. On the other
hand, x and y positions and the rotations are not precisely measurable in this way, de-
spite having a large influence on tracking: also a little misalignment might correspond

32



Figure 3.2: Particular of a geometry file with the defaults for the first tracking plane
of ALPIDE type in a beam telescope. The file includes specifications like the z posi-
tion in the global coordinate system, the role (reference) of the plane, and information
about intrinsic features of the sensor like the number of pixels and the intrinsic spatial
resolution.

to a large shift in terms of pixel coordinates. Therefore, during the analysis an align-
ment procedure is necessary. Corryvreckan has specific modules to accomplish it and
to increase the tracking performance.

More specifically, the track residuals of each plane must be centered around 0 and
their distribution must be the narrowest possible, so the final goal of the alignment
procedure is to force the adjustment of the distribution of the residuals improving the
precision of the initial manually inserted position values for the planes. The width
of the residuals distribution depends on the tracking resolution of the detector and
other factors like the beam energy, the material budget of the planes, and the distance
between the telescope planes, as explaned in Section 3.1.

The [Prealignment] module produces the spatial correlation plots. They are filled
with the spatial difference between the cluster on a given plane minus the position of
any cluster on the other planes. These plots do not have to be centered at 0, because
they might reflect somehow a physical displacement of the plane with respect to the ref-
erence plane, but it is useful to check if these shapes are Gaussian-like and sufficiently
symmetric before proceeding with the other steps of the analysis. In Figure 3.3 a corre-
lation plot for the DUT is shown.

The [Alignment] procedure is automatic: to increase the tracking quality of the
telescope, the shift and rotation of the planes are iteratively repeated relative to the
reference plane. Upon completion of the alignment procedure, the residuals for the
reference planes are calculated and their distributions plotted. An example is shown
in Figure 3.4.
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Figure 3.3: Correlation plot of a DUT ALPIDE chip in the x direction xre f − x, the input
data for the position of the detector planes are taken from the geometry file. The red
curve is the Gaussian fit, as it is performed by Corryvreckan.

Figure 3.4: Plot of the residuals distribution, in x direction, for a reference plane, as it
is returned by the [Alignment] module of Corryvreckan. The Gaussian shape suggests
that the alignment procedure has been completed in the right way.
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Figure 3.5: Particular of an updated geometry file for the first tracking plane of ALPIDE
type in a beam telescope. After having completed the alignment procedure, the precise
information on the position is updated and used for the analysis.

Once the alignment procedure is complete, a new geometry file is produced taking
into account the displacements of the relative positions between the planes and of the
rotation in the x, y plane that could not be measured manually, and the geometry is not
changed anymore. An example is shown in Figure 3.5.

This file constitutes the input file for the final analysis procedure of the DUT, which
is essentially divided into the [AnalysisDUT] and [AnalysisEfficiency] modules.
From now on, the updated geometry file is used to reconstruct tracks with the ref-
erence planes: then, the tracks are matched to clusters on the DUT surface. Not all the
reconstructed tracks are used as reference tracks for the DUT data analysis. During the
alignment procedure, all tracks that have a reduced χ2 greater than 3 are rejected.

[AnalysisDUT]

This Corryvreckan module aims to measure tracking-related quantities for the DUT,
but above all the residuals in the x and y directions are calculated and plotted. These
plots have been largely studied during the analysis, because of their strict relation with
the spatial resolution, as described in Section 3.1. In Figure 3.6 the residuals distribu-
tions in the x and y directions are shown.

In a second time, I have implemented further plots by directly modifying the source
code of Corryvreckan. Then, the program was recompiled. In particular, the histogram
of the residuals (both in x and y) in 3D as a function of the (row, column) plane of the
DUT has been implemented, using the TH3F ROOT class [18], such that Corryvreckan
automatically can produce this plot when running the [AnalysisDut] module. An
example is shown in Figure 3.7. The projection of this graph has been produced and
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Figure 3.6: Example of the distribution of the residuals, in x and y, for the DUT of the
beam test studied in this thesis.

analyzed in a second time and will be discussed in Chapter 4.

[AnalysisEfficiency]

The main purpose of this part of the Corryvreckan flow, which is also the last in the
order of execution, is the study of the detection efficiency of the DUT. In particular,
during the analysis, the total efficiency value (which is returned as a percentage by the
Corryvreckan computation) and the 2D total efficiency map of the chip surface were
examined. An example of the latter is illustrated in Figure 3.8. It is particularly useful
when it comes to identifying any inefficient areas due, for example, to misalignment
problems or a non-optimal description of the setup geometry.
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Figure 3.7: 3D distribution of the residuals in X, as a function of row and column of the
DUT surface.

Figure 3.8: 2-dimensional Efficiency Map of an ALPIDE chip used as DUT. On the right
the color scale of the efficiency values. The yellow colors refer to efficiency values over
the 99% on the shown region. Plot took from the data analysis.
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Chapter 4

Data Analysis of bent ALPIDE beam
test performance

In this chapter, we will discuss the analysis of the data obtained during the August
2020 beam tests at DESY on curved ALPIDE chips. The analysis consists of the evalu-
ation of the performances of a bent ALPIDE chip placed inside a telescope, which was
composed of a total of 7 ALPIDE planes (6 reference planar planes + 1 bent Detector
Under Test, DUT).

4.1 Experimental Setup

The beam test was performed at DESY beam test facility using a 5.4 GeV electron beam.
The beam was produced by e+/e− pair conversion of bremsstrahlung photons using
the e+/e− synchrotron DESY II. The particle type and energy selection was carried by
a dipole magnet [19].

The experimental setup consisted of 7 ALPIDE chips, numbered from 0 to 6. The
DUT ALPIDE_3 was placed in the center of the setup, bound to a cylinder with a radius
R = 18 mm. The DUT place onto the cylinder can be seen in detail in Figure 4.1, while
the detail of the setup is shown in Figure 4.2. In addition, a 3D model of the setup in
scale is presented in Figure 4.3.

In FIGURE4.3, a 3D view of the setup is shown. The beam goes along the z axis,
while the DUT vertical position (y axis) is adjustable so that the beam could be centered
on different regions and uniformly hit the chip. All the reference planes work at Vbias =

0V, while the DUT works at Vbias = 0V.
Two scintillators plus photomultipliers put in coincidence - placed before and after

the telescope - constitute the trigger system. The separation time between the events,
limiting the rate of the trigger is ∆t = 100µ. In addition, there is a veto 50 µs on
triggering after a scintillator output signal.

The data acquisition process was based on the EUDAQ2 [20] framework, with runs
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Figure 4.1: Detail of the DUT ALPIDE chip used in the beam test.

Figure 4.2: Scheme of the setup of the beam test.
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Figure 4.3: 3D scale scheme of the August 2020 beam test setup.

each one made up of about 300k events. Each run takes data scanning the whole DUT
surface. In the context of this thesis work, 32 runs have been analyzed.

4.2 Update to geometry description

Since the geometry of the experimental setup is also described within Corryvreckan,
the part of the source code related to the geometry description had to be updated.
Therefore, I have directly modified the source code to better describe and finally match
the bent geometry of the DUT, implementing a coordinate transformation written in
C++. In this section, the contribution to the final geometry code description and the
related tests will be presented.

4.2.1 Coordinate System and Geometry file

The coordinate system, as anticipated in the section on the description of the setup, sees
the beam running along the z axis and the DUT free to rotate around the x axis thanks
to the cylindrical support with radius R = 18mm. Recall that the global coordinates
correspond to the (xglobal, yglobal, zglobal) set of the laboratory reference frame, while the
local coordinates describe the pixel position (xlocal, ylocal) on the surface of the DUT, in
unit of pixel number.
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Figure 4.4: On the left, 3D representation of the global and local reference frames, the
one of the laboratory system and the DUT plane, respectively. On the right, projection
of the cylindrical support on the (y, z) plane.

It is possible to describe the position of a hit (x0,local, y0,local) on the ALPIDE surface
in global coordinates, thanks to a simple change of variable that takes into account the
bent geometry of the DUT as a function of the angle φ, as represented in Figure 4.4.

The change of coordinates is the following:
xglobal = −xlocalPx

yglobal = Rsen(φ)
zglobal = R− Rcos(φ)

(4.2.1)

where

φ =
ylocalPy

R
. (4.2.2)

Px and Py are the pixel pitches in x and y directions on the chip plane. The change of
coordinate of eq. 4.2.1 has been translated in C ++ and implemented in the source code
of Corryvreckan, in a specific module named detector and devoted to the geometrical
description of the setup and the Detector Under Test.

To accomplish this task, a pre-existing coordinate transformation called local_to_global

and the corresponding inverse function named global_to_local have been updated.

Consequently, the program was recompiled with the updated geometry: the result-
ing geometry has then been plotted with ROOT and it is shown in Figure 4.5. In Figure
also a sample reconstructed track is represented, with the associated clusters used for
the reconstruction.

Moreover, a test run was chosen and intensively analyzed to check the total effi-
ciency of the sensor (see Section 3.1 and the values of the residuals in x and y coordi-
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Figure 4.5: 3D plot of the geometry of the system after the modification in the Cor-
ryvreckan code. The origin of the laboratory system (global coordinates) coincides
with the center of the bent chip, tangent to the cylindrical support. The black dots on
the chip surfaces correspond to the clusters associated with a single track reconstruc-
tion.

nates. In Figure 4.6 the 2D efficiency map of the DUT, after the change in the geometry
implementation, is shown. All the efficiency values presented after the update are
over the 99%. In addition, in Figure 4.7 the plot of the residuals in x direction after the
update is shown.

All the results of this thesis have been obtained with the updated geometry descrip-
tion, and they will be discussed and presented in the following sections.

4.3 Data Analysis

4.3.1 Analysis Strategy

In the following section, the most significant results of the performance of the DUT
studied during the beam test of August 2020 will be presented.

The goal was the study of the efficiency and spatial resolution of an ALPIDE chip
for the first time curved down to a radius of 18 mm, to check if there were deviations
from the case of non-bent ALPIDE sensors in terms of performance. To do this, the new
bent geometry has been implemented by deeply modifying the Corryvreckan source
code as described in Section 4.2. In addition, a program in ROOT C ++ was also written
to be able to perform the analysis of the Corryvreckan output .root files to study the
DUT performance.
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Figure 4.6: Left: efficiency map of the DUT, in a single run, before the update to ge-
ometry description implementation. Right: after the geometry update, the map shape
becomes uniform and the efficiency is over the 99% on the whole chip surface.

Figure 4.7: Distribution of the residuals in x of the DUT after the update to geometry
description. The full chip surface, without cuts, has been considered for the efficiency
analysis.
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The program has aims to extract the physical quantities required for data analysis,
such as the cluster size, the residuals sigma σres, the detection efficiency and the spatial
resolution of the detector. Since the run number is high, it is not convenient to extract
data one-by-one by terminal or by using ROOT TBrowser [18]. Therefore, the frame-
work has been specially implemented for the simultaneous analysis of multiple runs -
each presenting different threshold and average cluster size values - according to these
specific needs.

Firstly, a macro-block in ROOT C++ devoted to the multiple input-output man-
agement of .root files have been developed: this is the core of all the others because
it allows opening a variable number .root files inside the folder/path of interest and
loops every type of operation over the file set.
When opening a .root file, the program extracts the run number and the mean of the
cluster size corresponding to that run. In this way, each run is labeled using a string
containing the run number and it is possible to analyze multiple files in parallel, distin-
guishing the runs among each other depending on their run number and the associated
threshold or average cluster size value.
Therefore, each macro starts from this block and then completes its specific task, like
the extraction of the residuals or of the total efficiency. Once the run number or the
cluster size of the runs are known, the program lists them in a .csv file, which can be
read or modified a second time. This file constitutes the input for the other programs
of the framework and allows for a comparison of many variables (residuals, efficiency)
as a function of the run number1 or the cluster size, over different runs.

This approach allows to study of the behavior of many quantities as the run number
changes, but only with one execution of the program.

The charge threshold is a key parameter defining the ALPIDE performance. The
threshold can be adjusted by changing some parameters, namely ITHR and VCASN.
These parameters are related with the ALPIDE in-pixel electronic circuitry [21]. Higher
values of the first correspond to higher charge threshold values, while as VCASN de-
creases, the charge threshold decreases, too. It is possible to study the relationship
between charge threshold performing a threshold scan; in Figure 4.8, the threshold scan
of the bent ALPIDE used as DUT is shown. For the aim of this work, then from now
and on, I will always refer to the charge threshold (without further details on ITHR or
VASN). Moreover, an additional separate set of runs with higher statistics has been used
to perform the preliminary studies, which will be described in detail in Section 4.3.2.
As anticipated above, each run session corresponds to a different threshold value and
takes data scanning the whole DUT surface. As the threshold changes, also the mean
of the cluster size on the chip surface does, too: when the first increases, the cluster
size in the chip decreases.

1It is also possible to select only a certain run number range/data taking period of interest.
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Figure 4.8: Threshold scan plotted as a function of VCASN for the ALPIDE chip used
in the August 2020 beam test.

The main steps of the data analysis workflow are the following, each one corre-
sponding to a different code devoted to the specific task:

• run checking: quick checks of the chip performance over a variable number of
runs by extracting some fundamental plots from .root Corryvreckan output files.
In the early steps of the analysis, many checks on a single run have been made
to adjust many parameters related to the geometry and the alignment using Cor-
ryvreckan.

• cluster size: the trend of the cluster size was first studied as a function of the run
number and the threshold and several plots were produced to study the depen-
dence on the average cluster size.

• residuals: as mentioned in Section 3.1, their study is fundamental to derive the
spatial resolution. For this reason, their behavior has been studied in-depth writ-
ing dedicated programs.

• efficiency: study of the total value of the detection efficiency of the detector, as
previously defined in Section 3.1. The efficiency value has also been studied as a
function of the run number and cluster size.

• resolution: the resolution is computed as in equation 3.1.1. The tracking resolu-
tion of the beam test telescope was computed by using a dedicated tool [22].
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4.3.2 Run checking

At first, a block of code was developed to be able to perform a quick check of the quality
of the output files and plots as they are returned by running Corryvreckan on the raw
files. The program extracts the plots from the .root files: the most significant are the
2D efficiency map of the chip (which allows a global check of the total efficiency value
over the chip surface, an example is shown in Figure 4.9) and the distributions of the
residuals in x and y (which are expected to be Gaussian, see Figure 3.6), which were
repeatedly checked and analyzed especially when the part of the Corryvreckan code
describing the geometry of the DUT was updated.

Determination of the ROI

Once the most appropriate geometric description was decided, the chip showed uni-
form efficiency values on several runs and always above 99%.

Figure 4.9: 2D efficiency map of the DUT before the application of the windows size as
ROI. The efficiency value is attested over the 99% on the whole chip surface.

After passing this first test, the study of the residuals in both x and y directions has
been performed. The reduction of the width of the residual distribution ”as much as
possible” is fundamental as it largely affects the effective value of the spatial resolution.
At the same time, the behavior of their sigma on the surface of the chip was studied in
order to determine the Region Of Interest (ROI). This work was necessary since not
all the chip surface was ”free”2, but a large part was superimposed on the cylindrical

2We recall that the whole ALPIDE surface accounts for 1024 × 512 pixels.
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support to which the DUT was bound, thus resulting in a higher material budget in
correspondence of the cylindrical support and a window free from that, being approx-
imately 5 mm wide, as it is shown in Figure 4.10. The study of residuals is particularly
appropriate in this case because a much lower σres is expected in correspondence of the
window, due to a lower material budget, which as described in Section 1.4.1 largely
affects the spatial measurements in tracking.
Therefore, this study also made it possible to accurately determine the coordinates of
the ROI, which values have been then provided as input to the geometry file during
the final analysis via Corryvreckan.

Figure 4.10: Photo of ALPIDE placed on the cylindrical support. The height of the
material-free window in the cylindrical support is highlighted in red.

To study this effect, 10 runs from the August 2020 data-set with higher statistics,
were chosen and studied to this purpose. Then, the single .root files of every single
run from this dataset have been merged using the ROOT hadd function3, to study the
associated σres and see if there could be improvements due to the higher statistics (10
runs versus single run).
To reach this goal, I have modified Corryvreckan (see Section 3.2) in the analysis phase.
I have written and added to the source code a 3D plot of the residuals as a function of
the (row, column) position, such that Corryvreckan returns it now as an output plot
when executing the module[AnalysisDUT]. Then, I have performed the 1D and 2D
projection, with respect to the z axis and the x− y plane, of the sigma of the residuals
σres from the 3D new histogram created before. The results of these projections have
been plotted and studied.

3This function allows adding together ROOT histograms plotting the same quantities from different
.root files.

48



The first produced plot was the DUT 2D σres map, produced thanks to the ROOT
function FitSlicesZ()[18], that allows performing a fit to a 3D graph, directly plotting
the 2D distribution of the residual sigma on the surface of the DUT, as shown in Figure
4.11. As the number of runs considered at a time increases, the shape of the window
becomes more easily visible, like in Figure 4.12 and the ROI can be easily determined.
At the end of the process, the coordinates chosen for the ROI were the following:

roi = [0, 237], [0, 423], [1024, 423], [1024, 237].

A particular of the new geometry file after the implementation of the new ROI is
shown in Figure 4.16, where also the positions of the clusters associated to a single
track are shown as black dots. The whole window is highlighted on the DUT surface.
In Figure 4.13 the 2D efficiency map of the chip after the selection of the ROI inside of
the Corryvreckan analysis is shown.

The second plot the σres 1D-projection on a single bin of the DUT. It allows check-
ing in a sensible way the variation of the sigma as a function of the lower or higher
statistics. Figure 4.14 shows the σres value for a single run, projected on a single bin
located in-window. Figure 4.15 shows the same plot for the whole high statistics run
dataset, with a sensible improvement due to the higher available statistics, so that the
shape of the window becomes more distinguishable.

4.3.3 Cluster Size

As anticipated in Section 3.1, the cluster size is the number of pixels of a single cluster:
in Figure 4.17 the distribution of the cluster size referred to the associated tracks for a
single run is shown.
In this thesis, crucial quantities like the total efficiency and the spatial resolution of the
DUT have been studied as a function of the chip cluster size. Therefore, the behavior
of the cluster size as a function of the charge threshold has been studied to check the
consistency with the expected ALPIDE cluster size trend. The size of the clusters cre-
ated on the chip surface should decrease as the charge threshold of the pixels increases
4, as it is shown in figure 4.18.
Since the cluster size follows the predicted behavior plotted as a function of the thresh-
old, it is possible to produce plots of the other quantities under study as the function
of the cluster size. The values of the mean of the cluster size distribution for the whole
analyzed dataset are listed in Table4.1.

4In ALPIDE, is possible to change the charge threshold for all pixels at the same time by changing
the pixel amplifier parameters.
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Run Number Threshold [#e−] Mean of the cluster size distribution
355212049 169 2.48
355212050 132 2.88
355212051 107 3.22
355212052 89 3.53
355212053 75 3.83
355212054 64 4.12
355212055 56 4.40
355212056 49 4.71
355212057 42 5.06
355234406 273 1.82
355234407 208 2.19
355234408 163 2.56
355234409 132 2.91
355234410 110 3.20
355234411 95 3.47
355234412 82 3.72
355234413 73 3.96
355234414 65 4.21
355234415 57 4.47
355234416 51 4.79
356095953 313 1.62
356095954 246 1.94
356095955 193 2.30
356095956 157 2.62
356095957 131 2.92
356095958 113 3.18
356095959 99 3.42
356095960 88 3.64
356115029 80 3.85
356115030 72 4.06
356115031 65 4.30
356115032 59 4.60

Table 4.1: In this table, the run number and the related values of threshold, and the
mean of the cluster sizes to the associated tracks for the DUT are reported for all the
analyzed data-set.
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Figure 4.11: 2D projection of the residuals y sigma on the DUT surface (see color scale
on the right). The plot refers to a single run with high statistics. The height of the
window is highlighted in red.

4.3.4 Residuals

The study of the residuals is closely linked, as already mentioned in eq. 3.1.1 of Section
3.1, to the value of the spatial resolution of the sensor. The distribution of the residuals
on the chip surface for both x and y direction should follow a Gaussian: lower the
sigma σres, then better the resolution of the detector. In particular, for each run the plot
of the residuals has been extracted from the .root Corryvreckan output file, then the
distribution has been fitted with a Gaussian and the sigma has been extracted, like in
Figure 4.19. The fact that the distribution is Gaussian and centered to zero tells that
the geometry positions are correct and the alignment procedure was performed in the
right way. The plot in Figure 4.20 shows the behavior of the σres in x as a function of
the run number and the cluster size, respectively. As expected, an increasing cluster
size leads to a better residuals value (due to charge sharing) up to a value of the cluster
size mean ∼3. After this value, they get worse, probably due to the too low threshold,
which means that too much noise might have been detected in this region.
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Figure 4.12: 2D projection of the residuals y sigma on the DUT surface (see the color
scale on the right). The plot refers to 10 runs with high statistics, whose root files have
been merged before creating the histogram. The height of the window is highlighted
in red.

4.3.5 Resolution

The study of spatial resolution is of fundamental importance, because together with ef-
ficiency, as already mentioned, it provides the most reliable parameters regarding the
performance of the DUT. In this analysis, the residuals are defined as xtrack − xhit and
the value of the resolution is computed with equation 3.1.1, as anticipated in Section
3.1. The exact computation of σtrack was performed through a framework specially de-
veloped for this purpose, in which it was possible to enter the exact distances between
the tracking sensors and obtain the tracking resolution for the DUT [22]. In Figure 4.21,
the tool with the August beam test setup configuration is shown: as indicated in the
configuration, in the original setup there were 2 DUTs, but only the first has been stud-
ied, since the second was not working. However, the presence of the second DUT has
to be taken into account in the σtrack computation, too.

Analogously to the study of the residuals, also the resolution has been studied: once
the residuals were extracted and their sigma calculated, the resolution was calculated
and plotted using equation 3.1.1. The plots of the resolution in x direction as a function
of the cluster size are shown in Figure 4.22: the trend as expected is the same as the
one presented by the residuals but shifted down. When compared to the flat chip case
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Figure 4.13: 2D efficiency map of the DUT after the application of the windows size as
ROI. The efficiency value is attested over the 99% on the whole chip surface.

Figure 4.14: Projection of the residuals x as a function of row and column onto a single
bin located inside the window. The plot is taken from the high statistics run dataset.
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Figure 4.15: Projection of the residuals x as a function of row and column onto a single
bin located inside the window. The plot is taken from the whole high statistics run
dataset merged in a single .root file, showing a sensible improvement in the σres value.

Figure 4.16: Detail of the DUT input parameters in the final version of the Cor-
ryvreckan geometry file after the ROI determination.
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Figure 4.17: Distribution of the Cluster Size of the tracks for a single run.

Figure 4.18: Mean of the cluster size distribution for the whole dataset, plotted as a
function of the charge threshold. Each point represents a single run. The curve follows
the same decreasing trend as for the flat case chips.
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Figure 4.19: Plot of the DUT residuals distribution in x direction for a single run, cal-
culated as the difference between the track intercept with the DUT surface and the
position of the cluster associated to that track. The red curve represent the result of the
gaussian fit.

(Figure 4.23), a similar trend can be observed. The minimum of the bent chip resolution
is 1 µm higher with respect to the flat chip case: this small difference is still under
study and might be caused by factors like a non-optimal implementation of the bent
geometry for the DUT, or might be due to some misalignment. But in general, it can be
said that a good agreement has been reached between flat and bent configuration.

4.3.6 Efficiency

Finally, below are the values of the efficiencies as the value of the cluster size varies,
as shown in Figure 4.24. The efficiency values found for the DUT after the change in
the framework describing the geometry have always been above 99 %, with a further
improvement up to peaks of 99.55 % after the input of the final ROI in the geometry file
of Corryvreckan. As expected, the trend at low cluster size values can be explained by
the corresponding too high threshold. The bent chip has good performances showing
uniform efficiency values almost everywhere, with no deviations and in agreement
with the flat chips performances. In general, it must be evidenced that the best working
operation interval for these chips is around the threshold of 100 #e−, at which the
spatial resolution and the efficiency are optimized.
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Figure 4.20: Sigma of the DUT residuals distribution in x direction as a function of the
mean of the cluster size distribution. Each point corresponds to a single run. The plot
includes the whole run data set.
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Figure 4.21: Tool used for the telescope tracking resolution estimation. Image from
[22].
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Figure 4.22: Spatial resolution in x direction of the bent DUT, plotted as a function of
the cluster size. The minimum value of σsp ∼ 6.5 µm is reached in the interval [2,3]
of the mean of the associated cluster size distribution, corresponding to a 100÷150
#e− threshold range. The plot includes the whole run data set. On bottom, also the
threshold axis is present.

Figure 4.23: Spatial resolution of the flat ALPIDE chips in x direction, plotted for differ-
ent runs as a function of the cluster size. On bottom, also the threshold axis is present.
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Figure 4.24: Total efficiency of the DUT plotted as a function of the mean of the cluster
size distribution; each point represents a single run. Also the axis with the threshold
values is indicated. The plot includes values from the whole data set. The efficiency
values and their errors are returned by Corryvreckan by using the TEfficiency ROOT
class functions[18].
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Conclusions

The upgrade of the ALICE Inner Tracking System 2, the ITS3, is scheduled for the next
Long Shutdown (LS3) of the Large Hadron Collider (LHC) at CERN.
The three innermost layers of the current ITS2 will be replaced by 3 layers of large-
scale bent silicon sensor, curved around the beam pipe. The new detector, thanks to a
new thinner and closer beam pipe and the reduced thickness of the new sensors and
the new configuration, will greatly reduce the material budget. This, together with the
greater proximity to the Interaction Point, will allow to dramatically increase the res-
olution on the impact parameter, radically improving the physics performance of the
detector.
In the present work, the performance of an ALPIDE sensor in bent configuration was
studied, with the data analysis of a test beam in which the chip was curved down to a
radius of 18 mm, corresponding to the closest ITS3 layer to the IP.
Data analysis was carried out in two stages. First of all, the Corryvreckan framework
was used to produce some fundamental plots for the analysis starting from the raw
files containing the data recorded during the beam test. Moreover, Corryvreckan has
also been modified at the source code level to update the new bent geometry and to de-
fine further new histograms useful for the final analysis, to be produced by the frame-
work. Once the output files with the updated version of Corryvreckan have been pro-
duced, a ROOT code framework has been written to intensively analyze the outputs
and the plots obtained by Corryvreckan. This program allows to simultaneously ana-
lyze several sessions of data, comparing the trend of some observables as a function of
specific parameters of the chip, such as the cluster size.

The two main results of the present thesis are the following:

• the trend of the mean of the cluster size distribution has been studied as a func-
tion of the charge threshold, resulting in a decreasing trend curve and thus con-
firming the expectation based on the flat ALPIDE chips behavior.

• the performance of the chip in terms of spatial resolution and efficiency were
studied as a function of the cluster size. Both spatial resolution and efficiency
have shown promising results. The former showed a trend in accordance with
a flat ALPIDE and a minimum value of ∼6µm, slightly higher than the 5 µm
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foreseen. The latter has been found higher than 99%, in agreement with the non-
bent result.

The results here reported then represent a very first proof of concept of the bent-
principle at the core of the ITS3 upgrade.

62



Appendix A

Silicon detectors

A silicon detector is a semiconductor apparatus which works as a solid state ionization
chamber. They are largely used in particle detection thanks, among other character-
istics, to their high density and integration, sensitivity, radiation hardness, relatively
low production costs. In the following sections, we intend to explore the basic working
principles and functionalities.

A.1 Doped Silicon Detectors

Silicon is an element of the fourth group, its gap energy1 is about 1.1 eV at room tem-
perature and in a crystalline structure it forms covalent bonds with four other atoms.
Silicon at room temperature has an intrinsic charge concentration of 1.45 ×1010 cm−3;
the thermal energy is sufficient to break some bonds and pass electrons in the conduc-
tion band of the semiconductor. The excited electron is free to move in the crystal and
leaves free a position called hole [23].

Silicon, like other semiconductors, can be doped (Figure A.1). This is possible by
adding it some impurities, consisting of atoms with a different numbers of valence elec-
trons. For example, for group IV semiconductors such as Silicon, typical impurities
consist usually of elements of group III and V. Depending on the type of impurity used,
holes (group III impurities) or electrons will then be added to the crystal. If doped with
acceptor atoms, i.e. with a lower atomic number, they are called p-type semiconductors;
those doped with donor atoms are instead called n-type semiconductors.

Therefore, for standard doping levels2, the charge carriers are mainly due to doping
and these are electrons in n-doped crystals and holes in p-doped crystals, respectively.

1The band gap or gap energy of an insulator or (not doped) semiconductor is the energy range that is
closed/forbidden to electrons, i.e. the difference between the valence band and the conduction band.

2Standard doping levels are of the order of one impurity atom for every 106 ÷ 108 semiconductor
atoms.
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Figure A.1: Left: n-doped Si crystal. Right: p-doped Si crystal.

p-n junction ad I-V characteristic

However, the doping by itself is not sufficient for particle detection, as the signal would
be totally obscured by the thermally generated pairs. Since it is difficult to reduce the
thermal pairs only by decreasing the temperature, the other way is the depletion of
the silicon volume from the free charge by applying a reverse bias voltage.

By contacting a p-doped semiconductor and an n-doped semiconductor, a new
structure is formed, called p-n junction. The difference in electron and hole concen-
trations near the junction triggers a spontaneous current of electrons from the n-type
to the p-type region and holes in the opposite direction. After passing into the region
in which they are a minority, they recombine with the present majority carriers, leav-
ing positive charges in the n region and negative charges in the p region (due to the
presence of ions of the atoms used for the doping) and creating what is called deple-
tion region (Figure A.2). Therefore, an electric field is generated in the region of the
junction; the process stops when this becomes strong enough to prevent the motion of
the majority charges between the two regions. Typically, the depletion region with the
isolated p-n junction is about 10−2 ÷ 1µm thick.

When applying an external voltage Vbias, the depletion region and the junction po-
tential barrier increase or decrease depending on the polarization (direct or reverse
bias operation).
A silicon detector works in reverse bias operation mode, thus the Vbias applied to the
n side of the junction is larger with respect to the p one. Therefore, the potential barrier
gets higher and the depletion region is wider. The total voltage is given by:

V = Vbias + Vbi (A.1.1)
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Figure A.2: From above to bottom: (a) scheme of the atomic configuration of the p-n
junction, (b) the relative E field and (c) the corresponding potential. (d) represents the
band configuration at the junction equilibrium.
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Figure A.3: Representation of the E field and the depletion region given different val-
ues for Vbias with respect to VFD. Figure from [24].

where Vbi is the built-in voltage of the semiconductor3.

The characteristic curve of a p-n junction shows the trend of the current as a func-
tion of the applied voltage to the ends of the junction in the I-V plane. The study of the
characteristic of a device allows to predict its operation in a certain application context.
In Figure A.4 the characteristic of a Silicon diode in the reversed bias region is shown.
The right region is characterized by a sharp increase in the current due to the presence
of an electric field so intense as to generate pairs of charge carriers in an uncontrolled
manner due to the Zener effect or avalanche production. By increasing the reverse bias
voltage too much, the junction is compromised irreversibly.
The trend of the current I as a function of the voltage V in the regions outside of the
Breakdown in an ideal junction, is described by the Shockley equation:

I = Im(eV/ηVT − 1) (A.1.2)

where Im is the inverse saturation current (i.e. the current generated by the minority
carriers created within the junction), η is a constant called ideality factor and VT is the
thermal voltage (25 - 26 mV at 300 K).

Si detectors and charged particle interaction

The characteristics of doped semiconductors and the ability to create electron-hole
pairs with very low energy injections make them particularly suitable in the field of
particle detection. Consider a portion of a doped semiconductor immersed in an elec-

3In case of ND ∼ 1012 cm−3 and NA ∼ 1016 cm−3 doping concentrations, Vbi ∼ 0.5 V.
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Figure A.4: Characteristic curve of a Si diode in the reversed bias region. Current and
voltage are shown in absolute values. Figure from [24].

tric field like in Figure A.5; as the particle passes through the crystal, it will release a
certain amount of energy to the electrons it encounters in its path, making them pass
in the conduction band. A certain number of electron-hole pairs will therefore form
which, under the action of the electric field, will generate a measurable current. The
presence of majority charge carriers, however, makes the process inefficient due to the
rapidity with which recombination occurs. If, on the other hand, an reverse biased p-n
junction is used, in the depletion region there are no majority charge carriers, this can
therefore be used as a sensitive area.

The width W of the depletion region is given by the following expression:

W = Wp + Wn =

√
2ε

e
(

1
NA

+
1

NB
)V (A.1.3)

and considering then the typical case with NA >> ND
4, the previous equation be-

comes:

W 'Wn '

√
2εV
eND

=
√

2εVρµe (A.1.4)

where ε represents the absolute dielectric constant of the semiconductor, e is the
elementary charge, NA and ND density of acceptor and donor atoms in the doped
crystals, V the total voltage, ρ the resistivity of the material and µe the mobility of
the electrons. By increasing the reverse bias voltage up to a value VFD, the depletion

4At least by one order of magnitude.

67



Figure A.5: Interaction between a ionizing particle and a reverse biased p-n junction.

region increases until it occupies the entire junction (full depletion region condition).
The voltage VFD required to reach the fully depleted junction with thickness d is given
by:

VFD =
qd2

2εµρ
(A.1.5)

When the bias voltage is higher than VFD, the overbias voltage Vbias −VFD adds by
consequence an offset E f ield = Vovervoltage/d. The signal in a detector of this type can be
described with the Shockley-Ramo theorem [25]. The theorem states that the current
induced by the motion of the charge q on the single electrode k is described by:

Ik(t) = −q~v(x) · ~Ek(x) (A.1.6)

with ~v velocity of the charge q and ~Ek the weighting field obtained by setting the po-
tential of the k-th electrode to 1 and the other to 0. In the approximation of a detector
as a flat-faced capacitor, the density of the field lines on the electrodes depends on the
position of the particle.
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Annina, perché sai attendere, ascoltare, accogliere e amare i miei piccoli e grandi passi.
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74
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Lara, perché sono grato anzitutto di averti ritrovato, sappiamo che non è accaduto per
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Luce, perché se tu non ci fossi il mondo sarebbe veramente un posto tristissimo! E
anche per aver costruito insieme in questi anni un pezzettino del Regno di Dio, ser-
vendolo col canto e la grande Musica. Grazie.
Lucia Pace, per avermi accompagnato instancabilmente e pazientemente negli anni di
liceo.
Mage, perché l’amicizia con te è stata il mattoncino della costruzione di qualcosa di
ancora più grande.
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Virgi, perché tra un tira e molla e l’altro non hai mai mollato la presa su di me. E te ne
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