UNIVERSITÀ DEGLI STUDI DI BARI “A. MORO”
Dipartimento Interateneo di Fisica “M. Merlin”
Corso di Laurea in Fisica

Tesi di Laurea Magistrale in Fisica Nucleare, Subnucleare e
Astroparticellare

Studies of new Resistive Plate Chambers for the Phase-II
Upgrade of the Compact Muon Solenoid at CERN

Relatore:
Prof. Marcello Abbrescia
Laureanda:
Antonella Pagano

ANNO ACCADEMICO 2015/2016

Vincerò le mie paure
Indosserò l’armatura migliore
In punta di piedi
Con mille guerrieri
Ed in gola il cuore.
Piangerò lacrime asciutte
Perché la corazza rimanga intatta
Giù in fondo all’inferno
Su in alto nel cielo
Con la schiena dritta
[…]
Scalerò le montagne
Con il vento in faccia
Ed il sole alle spalle
Sfidando i nemici
Che restino vivi
Mi daranno forza
Resterò l’unico mostro
Da abbattere a colpi
Di carte ed inchiostro
La mia antagonista porta il mio nome
Che vinca il migliore.

Da quando ti volevo,
ti ho trovata
eccoti, felicità

Levante, La rivincita dei buoni

Contents
1

General introduction

1

2

The LHC and the CMS experiment

3

2.1 Introduction

3

2.2 CERN and LHC

3

2.2.1 Aims and principle

3

2.2.2 CERN accelerator complex

4

2.2.3 Important characteristics of the LHC

5

2.2.4 Overview of the LHC experiments

6

2.3 The CMS experiment

7

2.3.1 Overview of the CMS subsystems

8

2.3.2 The CMS muon system

10

2.3.2.1 Drift Tube Chambers (DTs)

13

2.3.2.2 Cathode Strip Chambers (CSCs)

14

2.3.3 The CMS trigger system

15

2.4 The Upgrades of the LHC

17

2.4.1 The physics opportunities at the HL-LHC

18

2.4.2 Upgrade of the CMS experiment

19

2.4.3 Upgrade of the CMS muon system

20

I

3

Introduction to gaseous detectors

21

3.1 Introduction

21

3.2 Particles and matter interactions

21

3.2.1 Charged particles interactions

22

3.2.1.1 Ionization energy loss

22

3.2.1.2 High-energy radiation effects

24

3.2.1.3 Cherenkov radiation

25

3.2.1.4 Transition radiation

26

3.2.1.5 Multiple scattering

26

3.2.2 Photons interactions

26

3.2.2.1 The photoelectric effect

28

3.2.2.2 Compton scattering

29

3.2.2.3 The electron-positron pair production

30

3.2.3 Neutrons interactions

30

3.3 Gaseous detectors

4

31

3.3.1 Drift and diffusion in gases

31

3.3.2 Operation of gaseous detectors

33

3.3.2.1 Amplification in a gaseous medium

33

3.3.2.2 Operation regimes of gaseous detectors

34

3.3.2.3 Gas mixture

36

3.4 Resistive Plate Chamber (RPC)

38

3.4.1 General structure of RPCs

38

3.5 Resistive Plate Chambers at CMS

39

Gamma Irradiation Facility (GIF++) at CERN

42

4.1 Introduction

42

4.2 Overview of the Gamma Irradiation Facility

42

4.3 GIF++

43

4.3.1 GIF++ Layout

43

4.3.2 Gamma source

46

4.3.3 Muon beam

47

4.3.4 Data acquisition system

49

4.4 Experimental setup

51
II

4.4.1 Trolley and detectors

5

6

51

Data analysis

58

5.1 Introduction

58

5.2 Rate studies

58

5.3 Current studies

67

5.4 Efficiency studies

71

5.5 Studies at working point

75

Conclusions and future developments

79

Bibliography

82

Acknowledgements

86

III

IV

Chapter 1

General introduction
What is the universe made of? How did it start?
These are just some of the questions that researchers and scientists are trying to answer at
CERN, the European Organization of Nuclear Research, using the world’s largest and most
complex scientific instruments to study the basic constituents of matter.
The instruments used at CERN are purpose-built particle accelerators and detectors. In
particular, accelerators boost beams of particles to high energies before the beams collide with
each other or with stationary targets. Then detectors observe and record the results of these
collisions.
The latest addition to CERN’s accelerator complex and surely the world’s largest and most
powerful accelerator is LHC, an acronym for “Large Hadron Collider”: it is a 27 km ring to a
depth of 100 m in which two beams of particles, circulating in opposite directions, are
accelerating. These proton-proton collisions at high energy and high rate give access to the
fundamental components and mechanisms of the universe. These particles collide at four
points along the orbit, corresponding to the four most important particle physics experiments:
ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), ALICE (A Large Ion
Collider Experiment) and LHC-b (LHC-beauty).
To extend its discovery potential, the LHC will need a major upgrade - around 2025 - to
increase its luminosity by a factor of 10 beyond the LHC’s initial design value: this is the aim
of High-Luminosity Large Hadron Collider (HL-LHC) project.
This thesis was conducted in the framework of the detector development for the upgrade of
the Compact Muon Solenoid (CMS) muon system. The work is mainly focused on the
characterization of gaseous detectors based on the Resistive Plate Chamber (RPC) technology.
The main goal is to ensure that such new detectors can sustain the hard environmental
conditions of the CMS muon endcaps at HL-LHC.
In the next chapter, we will describe the Large Hadron Collider (LHC) at CERN and we will
also give a general presentation of the CMS experiment: aims, experimental apparatus and
detectors, with a special attention to the muon spectrometer. In the second part of the chapter,
we will discuss the upgrade plan of the LHC, which is necessary to explore the physics beyond
the Standard Model. In particular, we will focus on the CMS muon system upgrades: in order
to improve existing muon detectors, to increase redundancy and reconstruction capabilities
in the forward region and to extend the muon coverage behind the endcap calorimeter, a new
1

technology of detection must be introduced. In particular, new GEM (Gas Electron Multiplier)
stations and improved Resistive Plate Chamber (RPC) stations have been designed and tested
for this reason.
The third chapter will introduce the concept of gaseous detector, the preferred technology for
the CMS muon system. In the first part of this chapter, we will essentially discuss the possible
interactions between particles and matter (especially gaseous media) and processes that can
be originated in the CMS environment. Then we will give an overview of the gaseous
detectors operation and we will finish with a general description of the RPC detectors and in
particular the ones used in the CMS muon system.
In the next chapter, we will describe the Gamma Irradiation Facility (GIF++) at CERN, a
structure dedicated to the study of detectors performance and aging, simulating the work
conditions of High-Luminosity LHC. In the second part of this chapter, we will focus on the
experimental set up used for the test beam in September 2016, with particular attention to the
RPC chambers tested during this period.
In the fifth chapter, we will finally present the results of the analysis of the data taking during
the test beam in September, 2016, in particular from 3rd to 6th September. Experimental studies
are grouped into several areas of interest: rates, current, efficiency, charge. The analysis is
focused on Italian RPC chambers with different gas gaps: Gt BKHR 1.6 mm, GT BKHR 1.8
mm and GT BKHR 2.0 mm. The KODEL 1.2 1.4 DG-12 and the KODEL 0.5 1.4 MG-05 are
rather two Korean RPC chambers used for trigger purposes.

2

Chapter 2

The LHC and the CMS experiment
2.1 Introduction
In this chapter we will describe the Large Hadron Collider at CERN, the world’s largest and
most powerful particle accelerator. Here proton–proton collisions at high energy can
enlighten most of the several open questions in physics and reveal new interesting
phenomena of the Standard Model and of the extended models beyond SM. In particular, we
will focus on the CMS experiment with a special attention to the muon system. Then, we will
also show the upgrades foreseen to prepare the CMS experiment for the High Luminosity
LHC, specifically the upgrade of the CMS muon system. Finally, we will point out the need
of introducing new technology of detection in the forward region of the muon spectrometer.

2.2 CERN and LHC
2.2.1

Aims and principle

CERN, the European Organization for Nuclear Research (in French Conseil européen pour la
recherche nucléaire), was founded on September 29, 1954 by 12 European countries: the main
idea was to bring together technical, human and financial resources to create the most
advanced and sophisticated particle accelerator complex. The scientific goals are, among
others, the experimental check of the SM, the understanding of the elementary particle mass
and the physics beyond the SM.
The CERN laboratory sits astride the Franco-Swiss border near Geneva and nowadays it is
ruled by 21 member states, involving more than 10000 scientists, engineers, technicians and
administrative staff from more than 100 countries. The fundamental research at CERN has not
only led to numerous discoveries and to the confirmation of various SM hypothesis, but also
has many applications in industry, medical sciences and everyday life: one of the most
powerful example is the creation of the World Wide Web (www) by Tim Berners – Lee in 1989,
developed initially to make easier the sharing of scientific content between research institutes.

3

FIGURE 2.1: Overview of the accelerator system and the CERN experiments.

But many others applications have been developed at CERN, like the use of particle detectors
for medical imaging or hadron therapy.

2.2.2

CERN accelerator complex

The accelerator complex at CERN is a succession of machines that accelerate particles to
increasingly higher energies. Each machine boosts the energy of a beam of particles, before
injecting it into the next machine in the sequence: gradually the accelerated protons reach the
nominal energy of 7 TeV. The acceleration system consists of four main steps: LINAC 2, the
first linear accelerator in the chain, accelerates the protons to the energy of 50 MeV; the beam
is then injected into the Proton Synchrotron Booster (PSB), which accelerates the protons to
1.4 GeV. Then the Proton Synchroton (PS), built in 1959 with a circumference of 628 m, pushes
the beam to 26 GeV; the next acceleration occurs in the Super Proton Synchroton (SPS): it is a
circular accelerator of 7 km of circumference, came into operation in 19576 and originally it
had an energy of 300 GeV, afterwards it has been boosted up to 450 GeV nowadays. The final
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acceleration takes place in the Large Hadron Collider (LHC): here the protons reach the energy
of 7 TeV.
LHC started working on September, 10 in 2008 and it extends over a circumference of 27 km.
In particular, it is a proton – proton collider and the beam pipes, placed 100 m underground,
are made of superconducting magnets with a number of accelerating structures to boost the
energy of the particles along the way.

2.2.3

Important characteristics of the LHC

As already mentioned, the particles used in the collisions at LHC are protons, produced from
hydrogen gas. With an electric field, hydrogen atoms are stripped of their electrons; then the
protons are accelerated through several radiofrequency cavities in the series of accelerators
listed previously. The two beams run parallel but in opposite directions in separate beam
pipes, kept at ultrahigh vacuum - 1010 torr – to avoid collisions between particles and gas
molecules.
The beam particles are grouped in well-defined bunches, each containing 1011 protons. These
bunches have a length of 9 cm and a transverse dimension of few mm, which decreases up to
16 µm in the interaction points, to facilitate the proton – proton collisions. The beams collide
every 25 ns, close to the four main LHC experiments, with a frequency of 40 MHz. They are
guided around the accelerator ring by a strong magnetic field maintained by 1624
superconducting electromagnets [2], made of an alloy of niobium and titanium: among these,
there are 1232 dipoles that bend the beam along the ring and 392 quadrupoles to maintain the
beam well focused. Obviously, two different magnet fields of opposite direction are required
to maintain in the trajectory the protons of the two beams. During the collisions, when the
protons reach relativistic speeds, the current flowing in these magnets is approximately 11700
A and the dipoles’ magnetic field exceed 8 T – about 200000 times stronger than the Earth’s
magnetic field. This requires chilling the magnets to ‑ 271.3°C (1.49 K) – much lower than the
current temperature of the cosmic background radiation, 2.725 K (for this reason, LHC is the
coldest point of the universe) – with a distribution system of liquid helium.
The functioning of LHC is also described by two physical parameters: the luminosity and the
center-of-mass energy.


The luminosity 𝓛 is defined as the number of events detected in a certain time to the
interaction cross section. In a collider, the luminosity is proportional to the product of
the numbers of particles, 𝑛1 and 𝑛2 , in the two beams and to the number of crossings
in a second f, but inversely proportional to the transverse section 𝒜 at the intersection
point [4]
ℒ=𝑓

𝑛1 𝑛2
𝒜

The luminosity integrated over a time period refers to the number of bunch crossings
during this period – and thus the amount of collected data. The luminosity is measured
in cm−2 s−1 , as a flux, but commonly the unit of measurement used is the inverse barn
per second, where
5

1 𝑏𝑎𝑟𝑛 = 10−24 cm−2
Luminosity is an extremely important physical quantity because allows to define the
rate of a given process. In particular, the integrated luminosity multiplied by the
interaction cross-section gives the total number of events produced during a defined
time period
𝑅𝑎𝑡𝑒 = 𝐿𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦 ∗ 𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛
A high luminosity allows to detect also events with a very small cross section, so
extremely rare. The higher the luminosity, the greater the number of collisions in the
final state.


The center-of-mass energy √𝒔 is the total energy available in the collisions. It depends on
the energies 𝐸1 and 𝐸2 of the particles of the two beams and on their momenta ⃗⃗⃗⃗
𝑝1 and
𝑝2 . Furthermore, ⃗⃗⃗⃗
⃗⃗⃗⃗
𝑝1 = −𝑝
⃗⃗⃗⃗2 since LHC is a collider. Then the center-of-mass energy is
given by
⃗⃗⃗⃗1 + ⃗⃗⃗⃗
𝑝2 )2 = √(𝐸1 + 𝐸2 )2
√𝑠 = √(𝐸1 + 𝐸2 )2 − (𝑝
Therefore, the center-of mass energy at LHC is equal to the sum of the energies of the
two opposite beams.

2.2.4

Overview of the LHC experiments

At LHC, protons beams collide in four different points along the accelerator ring, in
correspondence of which four large detectors systems, called experiments, are placed:





ATLAS (A Toroidal Lhc ApparatuS) in point 1;
CMS (Compact Muon Solenoid) in point 5;
LHCb (LHC Beauty) in point 8;
ALICE (A Large Ion Collider Experiment) in point 2.

ATLAS and CMS [5] are two multi-purpose experiments that are able to perform
measurements of precision of the Standard Model mechanisms and to measure new physics
through the precise detection of elementary particles, the reconstruction of hadron jets and
the identification of the missing energy corresponding to weakly interacting particles. They
have similar layout (an inner tracker, an electromagnetic calorimeter, a hadron calorimeter
and a muon spectrometer), but both experiments are made with different technologies of
detectors and a different assembling.
LHCb is a specific-purpose experiment whose aim is to study the asymmetry between the
matter and the anti-matter in the universe. So LHCb focuses on the detection of rare processes
involving b-quarks and the violation of CP [6].
ALICE was essentially designed to study the confinement of the quarks through the quarkgluon plasma, a state of matter produced in heavy ion collisions (as Pb-Pb) [7].
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2.3 The CMS experiment
The Compact Muon Solenoid (CMS) experiment is one of the two large general-purpose
particle physics detector system at LHC: it is a worldwide collaboration that includes more
than 3500 scientists and engineers from 186 institutes and 42 countries. The most important
scientific goals of CMS are the precise measurements of the Standard Model, the discovery of
the origin of the mass of the particles (the Higgs Boson), the search of new particles (SUSY,
for example) and more generally the investigation for physics processes beyond the SM.

FIGURE 2.2: Front view of the CMS detector system

The detector system is designed to identify each particle passing through it: to obtain this
result it is necessary to collect several information about the particle (mass, kinetic energy,
electric charge, impulse). Thus knowing the particles produced in an event and the energy, it
is possible to determine the type of decay.
The position of the objects inside CMS is usually described in the polar coordinate system,
where the origin is the theoretical point of interaction between the two proton beams, the 𝑥
axis is directed towards the center of LHC, the 𝑦 axis is directed upward and the 𝑧 axis runs
parallel to the beam line. Due to the cylindrical symmetry of the detector system, the tracks
reconstruction algorithm uses a coordinate system based on 𝑅 = √𝑥 2 + 𝑦 2 , which is the
distance from the 𝑧 axis; the angle 𝜃, the polar angle with respect to the beam line, and the
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pseudo-rapidity 𝜂, which describes the angle of a particle with respect to the beam axis. It is
defined as
|𝑝| + 𝑝𝐿
𝜃
1
𝜂 = − ln (tan ) = ln (
)
|𝑝| − 𝑝𝐿
2
2
where 𝑝 is the momentum of the particle and 𝑝𝐿 its projection on the axis defined by the beam
line. The coordinate system at CMS is shown in the figure below.

FIGURE 2.3: The CMS coordinate system

2.3.1

Overview of the CMS subsystems

The CMS detector system is a cylinder of 14000 tons, 21 m long and 15 m in diameter. As
customary for collider detectors, CMS is structured in layers arranged in an onion-like
structure, around the interaction point: it includes 5 subsystems, each with specific tasks and
characteristics.


The tracking system is the central part of CMS: it is constituted by three layers of
silicon pixel detectors in the barrel immediately around the interaction point (up to 11
cm radius) and ten layers of silicon strip sensors in the outer region and the endcaps
(the last layer is located at 130 cm from the beam line). It is used to identify the tracks
of individual particles and match them to the vertices from which they originated. The
curvature of charged particle tracks in the magnetic field allows also the measurement
of their charge and momentum. The overall system covers the detection region 𝜂 < 2.5,
including a total of 66 million pixels and 9.6 million strip channels. [8] [9]
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The electromagnetic calorimeter (ECAL) is a hermetic calorimeter, composed of
crystals of lead tungstate, 𝑃𝑏𝑊𝑂4 , a very dense but optically clear material. It has a
radiation length of 0.89 cm and a rapid light yield (80% of light yield within one
crossing time of 25 ns) of about 30 photons per MeV of incident energy. There are more
than 61000 scintillating crystals in the barrel and 15000 in the endcaps. They are read
out by silicon avalanche photodiodes (barrel) and photo-triodes (endcaps) and sit in a
matrix of carbon fiber to ensure optical isolation. The ECAL covers the pseudorapidity region up to 𝜂 = 3 [10] [11]



The Hadronic Calorimeter (HCAL) consists of layers of dense material (brass)
interleaved with tiles of plastic scintillators to measure the energy dissipated by objects
made of quarks and gluons (hadrons), read out via wavelength-shifting fibers by
hybrid photodiodes – this combination was optimized to guarantee the maximum
amount of absorbing material inside the magnet coil. Additionally, it allows the
indirect measurements of weakly interacting particles (as neutrinos) by the detection
of missing energy. Hence, the HCAL must be completely hermetic to capture all the
collisions products: for this reason, the HCAL layers were constructed in a staggered
way to have no gaps through which particles can escape without being revealed. The
HCAL contains about 70000 scintillator tiles and photo-detectors, covering the region
|𝜂| < 3. [12] [13]



The magnet is a superconducting niobium-titanium solenoid that generates a uniform
field of 3.8 T in the tracker system and the calorimeters: it is 13 m long and 6 m in
diameter and it is at the temperature of 4 K. The magnetic field is essential to bend the
charged particles and allows the precise measurement of their momentum. In fact, the
momentum p is related to the magnetic field:
𝑝 = 0.3𝐵𝑅
where R is the curvature radius of the track and B is the magnetic field. [14]



The muon system has a major role in CMS since the muons are clean signatures of
interesting physics processes. The CMS muon system is the outermost of the detectors
and it covers the detection region 𝜂 < 2.4. It consists of different technologies of
gaseous detectors (drift tubes, resistive plate chambers, cathode strip chambers) for
the muon identification, the measurement of their momentum and the general
triggering. A more detailed description of the muon system is given in the next section.
[15]
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FIGURE 2.4: Overview of the CMS experiment, showing the interaction of particles in the different
layers of detection

2.3.2

The CMS muon system

As suggested by the name itself, the muon detection is one of the most important goals of the
experiment: in fact, at the energies of LHC, many physics processes produce muons or
particles which decay into muons in turn.
Muons are elementary particles – are not believed to have any sub-structures, not thought to
be composed of any other simpler particles – belonging to the lepton group. They have an
electric charge of -1 and a spin of 1⁄2 – for this reason, they are also called fermions. So they
have the same charge and properties of electrons, but they have a rest mass equal to
105.7 MeV⁄c 2, about 207 times heavier than electrons. Muons decay via the weak interaction
and the most dominant muon decay mode is also the simplest one:
𝜇− → 𝑒 − + 𝜈𝜇 + 𝜈̅𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑚𝑢𝑜𝑛𝑠
𝜇+ → 𝑒 + + 𝜈𝑒 + ̅̅̅
𝜈𝜇 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑎𝑛𝑡𝑖𝑚𝑢𝑜𝑛𝑠
and the mean lifetime is equal to
(2.1969811 ± 0.0000022) µs
Due to their greater mass, muons are not so sharply accelerated when they encounter
electromagnetic fields, and do not emit much bremsstrahlung – the irradiation energy is
inversely proportional to the square of the mass of the particles - then this phenomenon
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mainly concerns high-energy electrons. This allows muons of a given energy to penetrate far
more deeply into matter than electrons.1
Since the reconstruction of muons is a powerful tool to identify interesting decay modes, the
muon spectrometer is one of the major assets of the CMS experiment. The muon system has
three different functions: muon identiﬁcation, momentum measurement and triggering. Good
muon momentum resolution and trigger capability are also enabled by the high-ﬁeld
solenoidal magnet and its ﬂux-return yoke [16]. In order to reach the maximum efficiency and
momentum resolution, the CMS design includes three different technologies of gaseous
detectors: the Drift Tubes (DT), the Cathode Strip Chambers (CSC) and the Resistive Plate
Chambers (RPC): in particular, the RPCs are double-gap chambers, operating in avalanche
mode to ensure good performance at high rates. They produce a fast response, with good time
resolution but coarser position resolution than the DTs or CSCs. They also help to resolve
ambiguities in attempting to make tracks from multiple hits in a chamber [17].
Due to the shape of the solenoid magnet, the muon system was naturally driven to have a
cylindrical, barrel section and two planar endcap regions. Because the muon system consists
of about 25000 m2 of detection planes, the muon chambers had to be inexpensive, reliable, and
robust. In the barrel region, where the neutron-induced background is small, the muon rate is
low and the 4 T magnetic ﬁeld is uniform and mostly contained in the steel yoke, drift tube
chambers and resistive plate chambers are used. Here, these detectors covers the pseudorapidity region |𝜂| < 1.2 and are organized into 4 stations interspersed among the layers of
the flux return plates (Yoke Barrel). Each station is composed by a DT alternating with one or
two RPC.
In the 2 endcap regions of CMS instead, where the muon rates and background levels are high
and the magnetic ﬁeld is large and non-uniform, the muon system uses cathode strip
chambers and resistive plate chambers. There are 4 stations of CSCs in each endcap, with
chambers positioned perpendicular to the beam line and interspersed between the ﬂux return
plates. With their fast response time, ﬁne segmentation and radiation resistance, the CSCs
identify muons between |𝜂| values of 0.9 and 2.4; the RPCs cover the region of 0.9 < |𝜂| < 1.6.
In the CMS muon spectrometer are implemented 250 DTs, 540 CSCs and 912 RPCs in total.
Figure 2.5 shows the arrangement of DT Chambers and RPCs in the barrel region: “MB”
represent the Drift tubes and “RB” the RPC. Then Figure 2.6 a quadrant of the CMS muon
system: the Z axis corresponds to the beam line and the origin is the interaction point. In this
picture, “RE” represent the RPCs in the endcaps and “ME” the CSC detectors.

A charged particle can lose energy in the interaction with matter in 3 different ways: Bremsstrahlung,
Cherenkov effect and ionization. Bremsstrahlung mainly concerns with high-energy electrons - the
energy lost in this process is inversely proportional to the square of the mass of the incident particle –
and, due to their lighter mass, they are strongly decelerated and lose energy by emitting light radiation.
The Cherenkov effect is a rarer phenomenon, which provides the emission of electromagnetic radiation
when the particle has a higher speed than light in that particular material. So the loss of energy for
muons mainly occurs by ionization, which is a process regulated by the Bethe-Bloch law.
1
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FIGURE 2.5: The arrangement of DTs and RPCs in the barrel region

FIGURE 2.6: A quadrant of the CMS longitudinal cross-section showing the muon spectrometer. The
Z axis corresponds to the beam line and the origin is the interaction point.
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2.3.2.1

Drift Tube Chambers (DTs)

The Drift Tube (DT) is the main detection technology of the CMS barrel: it consists of a set of
rectangular wire chambers with an inner geometry that ensures the uniformity of the electric
fields and therefore the homogeneity of the drift velocity inside the gas volume. The CMS DT
system consists of 250 chambers, covering the detection region 𝜂 < 1.3. Each DT chamber is
composed of a stainless steel wire, which serves as an anode, of radius of 50 µm: this wire is
connected to a positive voltage and it is located in the center of the cell, which is realized with
two parallel aluminum planes, 13 mm in distance; the two planes are separated by “I”-shaped
aluminum bars, which are the cathodes of the chamber (Figure 2.7).

FIGURE 2.7: Schematic view of a CMS Drift Tube detection cell, showing the geometry of the
chamber and the electric field lines.

These detectors are filled with a gas mixture of 𝐴𝑟⁄𝐶𝑂2 (80: 20) and operate at a gas gain of
105 . In order to have a uniform electric field within each cell, further electrodes have been
added, thereby ensuring a drift velocity of 5.6 cm⁄µs, with a maximum drift time of 375 ns.
The position of the incident muon, with respect to the wire, is calculated with the information
of the drift time of the charges induced in the gas by the muon. Then combining several layers
of DTs, the track of the muon is reconstructed with a space resolution of ~ 180 µm; the
resulting muon reconstruction efficiency is higher than 98% for a time resolution of few
nanoseconds.
DT chambers are organized into 4 stations, called MB1, MB2, MB3 and MB4, alternated with
layers of iron, which act as the yoke of the return flow of the magnetic field. Each station is
then divided into 12 segments and there are 12 muon detection chambers – in the last station
there are 14 chambers instead.
Despite of its good performance, the DT technology failed at particle rates higher than several
10 Hz because of the long drift time of the charges inside the gas. Moreover, they have to
operate in a uniform and low magnetic field in order to maintain the linear space-time
relationship. Furthermore these chambers cannot be used in the endcaps: here the particle flux
is about 102 − 103 Hz⁄cm2 and the magnetic field can reach up to 3.1 T [17].
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2.3.2.2

Cathode Strip Chamber (CSCs)

The Cathode Strip Chamber (CSC) serves the same function as the DT but in the endcaps of
the CMS muon system, where there is a high particle flux and a non-uniform magnetic field.
It is a trapezoidal multiwire proportional chamber, in which the cathode plane is segmented
into copper strips, perpendicular to the wire direction (Figure 2.8). A muon crossing this
detector will induce signals both on the wires and the cathode strips: the combination of these
two signals gives the position of the incident particle with a typical space resolution of
~ 50 µm and a time resolution of ~ 6 ns. The maximum size of each CSC are 3.4 × 1.5 m2 and
the width of the gap is 9 mm, filled with a gas mixture of 𝐴𝑟⁄𝐶𝑂2 /𝐶𝐹4 (30: 50: 20). The 𝐶𝐹4
component is used to prevent aging of the wires and thus to extend the lifetime of the
detectors.

FIGURE 2.8: Geometry of the Cathode Strip Chamber (CSC).

The CSC system includes 540 detectors (273000 strips and 211000 wire groups), organized into
4 stations in each endcap, called ME1, ME2, ME3 and ME4. They are perpendicular to the
incident particle beam and interspersed with iron layers; all CSCs in each station overlap to
avoid dead areas and inefficiencies. When a muon hits one of these chambers, the position of
the incident particle is described by two different coordinates because wires and strips are
perpendicular to each other. In this way, the cathode plans provide the measure of the 𝜙 –
coordinate, while the wires measure the 𝑟 – coordinate.
Furthermore, the CSCs provide a quick trigger thanks to their wires finely spaced, in addition
to precision measurements of the position and time [17].
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FIGURE 2.9: Schematic view of a CMS Cathode Strip Chamber, showing the wire plane and the
segmented cathode. The signals from both electrodes are combined to recover the exact position of
the muon hit.

2.3.3

The CMS trigger system

The CMS data acquisition system has the fundamental task of collecting all the digitized data,
coming from each detector, and rearrange them in a coherent way: thus, it must reconstruct
the events before further physical analysis. About 17 events are produced for each protonproton interaction at the maximum LHC luminosity, for a total of 109 events per second;
however, most of these events will constitute the so-called background. So, the role of the
CMS trigger system consists of reducing the trigger rate to 100 Hz by selecting only the
interesting events [18]. This selection must occur within 25 ns – which is the time interval
between two bunch crossing: a time interval too short for the trigger to choose to accept or
reject the event. For this reason, the trigger system is organized in two main levels:


Level 1 (L1): at the level of the detectors, the L1 trigger combines the preliminary
reconstruction from the muon system and from the calorimeters; it has not more than
3.2 µs to make a decision and after the L1 selection the event rate is reduced from 400
MHz to maximum 100 kHz [19]. The L1 trigger has local, regional and global
components: the first phase is performed by the Trigger Primitive Generators (TPG),
that collects data from the energy stores of the calorimeters’ towers, the track segments
and the hit from the muon chambers. The muon trigger is connected to the triggers
from the detectors (DTs, CSCs and RPCs), that collect information only about those
muons that exceed the 𝑝𝑇 threshold and then transfer them to the Global Muon
Trigger (GMT). This trigger compares the tracks and chooses to accept or reject them,
according to the hit number for example. The calorimeter trigger confronts the energy
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stores in ECAL and HCAL with the 𝐸𝑇 threshold. Then these are the regional triggers
that combine the available and discriminated information and send it to the Global
Trigger, which is the last step before HLT. At this point, there is not a global view of
the event and before reaching the HLT, data pass through a network – that is able to
support a flow of 1 Tb⁄s – in which they are assembled by generating a global event.

FIGURE 2.10: Representation of the CMS L1 trigger system. The preliminary reconstruction of muons
is associated to the calorimeter signals to apply selection cuts and reduce in this way the initial rate
down to 100 kHz.



High Level Trigger (HLT): the HLT is a sophisticated software algorithm processed
by a computer farm. This algorithm includes all the CMS subsystems in order to select
interesting candidates of a particular event topology, defined by the physics of interest.
The entire process takes ~ 40 ms and brings the event rate down to about 100 Hz [20].
All the events that have exceeded the HLT requests must be stored and processed to
be ready to be analyzed. The real and simulated data are then stored in an
infrastructure called World LHC Computing Grid: this computing system consists of
more than 170 centers in 34 countries, connected via high-speed networks. So all the
information is shared with the physics community that will perform fine analysis of
the data sets and extract the relevant signatures of a particular physics phenomenon
or decay.

A very important role in the selection of interesting events and the reduction of the L1 trigger
rate is played by the muon trigger system, whose task is to identify the muons and rebuild
their position and their transverse momentum 𝑝𝑇 [21] . The crossover operation of DTs, CSCs
and RPCs, thanks to the good spatial resolution of the first two detectors and the excellent
time resolution of the last one, can cover a detection area of 𝜂 = 2.4, obtaining a robust and
highly efficient system, with good rejection of background events.
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Therefore, all these detectors can collect the necessary information to distinguish each particle
that passes through it. We can conclude that:







photons do not interact in the tracker of the system but produce a relevant signal in
the electromagnetic calorimeter, where they are also stopped;
electrons and positrons behave in the same way of photons, but they are also revealed
in the tracker, where it is also possible to see their trajectory;
charged hadrons interact both in the tracker and in the hadronic calorimeter: here, in
particular, they release all their energy;
neutral hadrons have a similar behavior of the charged ones, but they are not revealed
in the tracker;
muons interact in the muon system;
neutrinos escape all the detectors and can be only detected by offline analysis of the
missing energy.

2.4 The Upgrades of the LHC
The High Luminosity Large Hadron Collider (HL-LHC) is a proposed upgrade to the LHC
performances, in order to increase the potential for discoveries after 2025 [22] [23]. To do this,
the LHC needs to be upgraded gradually, both the accelerator system and the experiments. It
is possible to distinguish two major aspects of the upgrade: the increase of the center-of-mass
energy in order to provide more energy during the collisions and reveal massive particles and
the increase of the instantaneous luminosity to have access to very rare physics phenomena
and decays.
CERN began planning to increase luminosity of the LHC even before the machine went into
operation; major revisions to the machine or the experiments can only be accomplished
efficiently during long shutdown periods [24]. During the first long shutdown – which is
started in 2013 and ended at the beginning of 2015 – the improvement of the magnet
interconnections allowed to increase the center-of-mass energy from 7 − 8 to 13 TeV and soon
14 TeV. The instantaneous luminosity, previously about 7.5 × 1033 cm−2 s−1 , can approach at
this point the nominal value ℒ = 1034 cm−2 s−1 . After LS1, the LHC Run 2 started: the bunch
spacing is reduced from 50 ns to 25 ns. Under these conditions, CMS has achieved an average
of about 25 inelastic interactions per bunch crossing. Then, the accelerators have stopped
again the operation during LS2, the second long shutdown: in this phase, the injector chain
will be further improved and upgraded to release very bright bunches (high intensity and low
emittance). The peak luminosity could reach 2 × 1034 cm−2 s−1 , providing an integrated
luminosity of over 300 fb−1 by 2023. To maintain its present performance, in the period from
LS1 and LS2 there will be several staged upgrades for the CMS detectors. Finally, there will
be another long shutdown, LS3, in which the luminosity will be brought up to 5 − 7 ×
1034 cm−2 s −1. The high luminosity period that follows LS3 is also renamed High-Luminosity
LHC (HL-LHC) or Phase-II.
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FIGURE 2.11: The LHC upgrade schedule with the various shutdowns and the expected beam
performance.

2.4.1

The physics opportunities at the HL-LHC

The CMS physics program at the HL-LHC will start from the experience acquired and the
results obtained during the past years and will continue to search for the answers of
fundamental questions in particle physics with both precision measurements and direct
searches for new physics [24]. The new upgrades for the detection system considers also the
impact of radiation damage and pileup phenomena.
The study of the Higgs boson will be once again central to the program: it will include precise
measurements of the Higgs boson couplings and the quest for rare SM and BSM decays. In
particular, the coupling to the second-generation fermions will be investigated with the Higgs
boson decay into two muons; also the Higgs boson coupling to charged leptons will be a
crucial measurement. In addition, the role of the Higgs boson in the electroweak symmetry
breaking will be tested in studies of scattering processes. But the Higgs boson is not the only
target of the HL-LHC research: new particles are expected at the TeV scale but have not yet
been seen. This could mean that they exist at masses above the current level of sensitivity or
that they could be at lower masses but their cross sections are too low to be easily observed;
so, sensitivity for searches of new particles increase with higher luminosity. Furthermore,
improvements in analysis will open the possibility for searches for even more rare events and
for new heavy gauge bosons (to 6 TeV or more) and Standard Model couplings: to achieve
these aims it is imperative to keep the detector quality at the same level of the present data
taking.
One of the next priorities for the HL-LHC physics program will be also the hunt for dark
matter: the origin of the dark matter is still one of the most fascinating enigmas of our time,
especially after the evidence of it, as has been reported by astrophysical and cosmic
microwave backgrounds experiments. If dark matter is caused by a particle, it is definitely not
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a member of the Standard Model: for this reason, the discovery of supersymmetric particles
would be a huge step forward in the comprehension of dark matter. A particularly thrilling
possibility is to use the Higgs boson as a tool for the search of dark matter at LHC: in fact, the
Higgs boson may create a connection between the Standard Model and other new physics
sections. In this way, the extensive dataset of HL-LHC will be crucial in the study of the nature
of these observed new particles and this will require precise measurements of their properties,
such as cross sections, masses and spin-parity.

2.4.2

Upgrade of the CMS experiment

The basic goal of the Phase-II upgrade is to maintain the excellent performance of the CMS
detector (efficiency, resolution and background rejection) and the main challenges that must
be overcome are radiation damage to CMS detectors and electronics from the high integrated
luminosity of the HL-LHC, the very high pileup (high multiplicity of proton-proton collisions
per bunch crossing) and the increase of the background rate [25].
Several major upgrades are foreseen for the Phase-II of the LHC:






Tracker: it must be completely replaced to overcome the radiation damages by LS3.
To maintain an appropriate track reconstruction performance, the granularity of both
the outer tracker and the pixel systems must be increased by a factor ~ 4. A number of
design improvements will lead to a much lighter outer tracker (by shortening the
lengths of silicon sensor strips), additional layers will be installed in the endcaps and
the overall system will be extended to 𝜂 = 4 to better match the range of coverage of
the calorimeters. Furthermore, the tracking data will participate to the L1 trigger to
maximize the rate reduction and the selection efficiency.
Calorimeters: the electromagnetic and hadronic endcap calorimeters will also suffer
important radiation damage by LS3; the replacement is called the High Granularity
Calorimeter (HGC) and has electromagnetic and hadronic sections with excellent
transverse and longitudinal segmentation. The overall system will ensure the 3D
reconstruction of the showers. The electromagnetic section consists of ~ 30 tungsten
and copper plates interspersed with silicon sensors as the active material. This section
has 25 𝑋0 and one interaction length (𝜆). The hadronic part has a front section of 12
brass and copper plates interleaved with silicon sensors for a depth of 3.5 𝜆 : the
hadronic shower maximum will be covered with this configuration. This setup is
followed by a “backing hadron calorimeter”, with brass plates interspersed with
plastic scintillating tiles read out with wavelength shifting fiber, to provide and overall
depth of ~ 10 𝜆 for the full calorimeter.
Muon system: the muon system in the region 1.5 ≤ |𝜂| ≤ 2.4 currently consists of four
stations of CSCs: it is the only region of the muon system without a redundant
coverage despite the fact that it is a significant region for muons in terms of
backgrounds and momentum resolution. To maintain the good performances, it is
proposed to increase these four stations with additional chambers that make use of
new detector technologies with higher rate capability. The two first stations of the
forward muon system (where the magnetic field is still reasonably high) will be
equipped with Gas Electron Multiplier (GEM) chambers for good position resolution
in order to improve momentum resolution. The last two stations instead will use low19

resistivity Resistive Plate Chambers (RPC), with lower granularity but good timing
resolution to minimize background effects. In addition, several layers of GEM
chambers will be added in the last stage of the endcap calorimeters in order to increase
the coverage for muon detection to |𝜂| ≈ 3.
An important effort will be spent to improve or replace also the readout electronics, data
acquisition systems and the monitoring beam system [24].

2.4.3

Upgrade of the CMS muon system

The muon system of CMS was initially designed to work in the LHC environment with
luminosity up to 1034 cm−2 s−1, so it is not possible to keep the high level of the performance
without an extended program of updates to many of the system components. It is in fact
necessary to ensure an acceptable L1 trigger rate while maintaining a high selection efficiency.
There are three types of muon upgrades proposed for Phase-II to achieve these aims:






upgrade of existing muon detectors and associated electronics: it is necessary a
replacement due to the limited radiation tolerance of some components, but also
because it gives the opportunity to increase the trigger rate capability. Since the HLLHC radiation levels and doses will be beyond the design expectations of the LHC,
irradiation tests must be developed to confirm that all types of muon detectors will
survive the tougher conditions. Moreover, it is necessary to apply some changes to the
gas mixtures used in RPCs (Freon) and CSCs ( 𝐶𝐹4 ) to satisfy the most recent
greenhouse gas rules.
additional muon detectors in the forward region 𝟏. 𝟔 < |𝜼| < 𝟐. 𝟒 to increase
redundancy and enhance the trigger and reconstruction capabilities: in fact, for good
performance of the muon trigger and offline muon identification in the presence of
background, delta rays, bremsstrahlung, it is important to record a sufficient number
of muon detector hits for each track.
extension of muon coverage up to |𝜼| = 𝟑 or more behind the new endcap
calorimeter to increase the acceptance for all final states with muons, especially
multiple-muons states. The additional coverage should also reduce backgrounds
where missing transverse energy can be generated or altered by non-identified high𝑝𝑇 muons.
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Chapter 3

Introduction to gaseous detectors
3.1 Introduction
The interaction of radiation with matter has always aroused great interest in many areas: for
example, in radioprotection (protection of humans and surrounding environment from the
harmful effects of penetrating radiation), medicine (hadron therapy to treat tumors),
telecommunications, but mostly in nuclear physics. At CERN, in order to identify the type of
particles produced in proton-proton collisions and to measure their kinematical
characteristics (momentum, energy, velocity), it is necessary to know how these objects
(mainly charged particles, 𝛾-radiation, neutrons) behave interacting with a sensitive material.
The interaction should possibly not destroy the particle that we want to detect. In this chapter,
we will introduce the main processes of interaction of radiation with matter, that can be
encountered in the CMS detectors (especially in the CMS muon system). Then, we will
describe the basic operation of gaseous detectors, with some hints on gas mixtures used in the
detectors and how they work. Finally, we will describe the general features of RPC and in
particular the characteristics of the CMS RPC system.

3.2 Particles and matter interactions
In physics, the word “radiation” is used to indicate the emission or transmission of energy in
the form of waves or particles through space or a material medium. There are different
radiation types: for example, electromagnetic radiation - radio waves, visible light, x-rays and
𝛾 radiation - or particle radiation, such as 𝛼 and 𝛽 radiation or neutron radiation; there are
also acoustic and gravitational radiation.
Radiation in matter can be directly or indirectly ionizing: the directly ionizing one is
essentially composed by charged particles (electrons, protons, 𝛼 particles) that lose energy
with continuity in the medium, as a result of Coulomb processes with atomic electrons. The
indirectly ionizing radiation instead (photons, neutrons, neutrinos) are free of charge and they
interact through collisions with the atoms of the medium: during these collisions, they can
lose much of their energy and put in motion charged particles that dissipate in turn energy
into Coulomb interactions.
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Now we will see below the various phenomena of interaction of radiation with matter,
depending on the type of incident radiation.

3.2.1

Charged particles interactions

Fast charged particles interact basically with atoms and the interaction is mostly
electromagnetic (the weak interaction is by definition negligible for most of the particles –
except neutrinos – while the typical range of the strong interaction is ~108 − 1010 orders of
magnitude lower than the atomic sections)[26]: they might expel electrons (ionization),
promote electrons to upper energy levels (excitation) or radiate photons (bremsstrahlung,
Cherenkov radiation, transition radiation).
3.2.1.1

Ionization energy loss

This is one of the most important sources of energy loss by charged particles. A heavy charged
particle – with a mass much greater than the electron mass – crossing a layer of material will
interact with the atomic electrons and transfer part of its energy. In the case of ionization, the
atomic electrons acquire a sufficient amount of energy to be ejected from the atom, thus
creating electron–ion pairs in the medium. Sometimes, the atoms are only excited by the
incoming particle and release electrons through de-excitation processes.
The average value of the specific (calculated per unit length) energy loss due to ionization and
excitation whenever a particle goes through a homogeneous material is described by the socalled Bethe-Bloch formula [27]:
𝑑𝐸
2𝜋𝑒 4 𝑧 2
2𝑚𝑒 𝑐 2 𝛽2 𝛾 2 𝑇𝑚
−〈 〉 =
𝑁𝑍
[ln
(
) − 2𝛽 2 − 𝛿(𝛽𝛾)]
𝑑𝑥
𝑚𝑒 𝑐 2 𝛽2
𝐼2
where 𝑧𝑒 is the charge of the incoming particles, 𝑚𝑒 the mass of the electron at rest (0.5 MeV),
𝑁 and 𝑍 respectively the atomic density and atomic number of the medium. 𝐼 represents the
average ionization and excitation potential of the medium. The parameter 𝑇𝑚 represents the
maximum energy transfer for a single interaction and it is given by
𝑇𝑚 =

2𝑚𝑒 𝑐 2 𝛽2
1 − 𝛽2

The parameter 𝛿 is a correction term that becomes important at high energies. It accounts for
the reduction in energy loss due to the density effect – as the incident particle velocity increases,
matter becomes polarized and its atoms can no longer be considered as isolated.
This expression is limited to the region 0.1 ≲ 𝛽𝛾 ≲ 1000 and in first approximation is:





independent of the particle’s mass;
small for high-energy particles (about 2 MeV⁄cm in water – the energy loss can
roughly assume a proportionality to the density of the material);
proportional to 1⁄𝛽 2 for 𝛽𝛾 ≤ 3 (mip, minimum ionizing particle): the greater the
velocity, the lower the probability of energy loss;
basically constant for 𝛽 > 0.96 (logarithmic increase after the minimum);
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FIGURE 3.1: Specific ionization energy loss for muons, pions and protons in different material.



proportional to 𝑍⁄𝐴 (~0.5 for all elements but hydrogen and the heaviest nuclei).

At very low energies (𝛽𝛾 ≲ 0.1), the electron can no longer be considered at rest: in this
situation, the particle velocity is comparable to the orbital velocity of the atomic electrons and
electron processes happen. Additional corrections such as shell, Bloch and Barkas corrections
are required to fully described the low energy range. Moreover, in some transparent materials,
part of the ionization energy loss is transformed into the emission of visible or near-visible
light by the excitation of atoms or molecules: this phenomenon is called photoluminescence; if
it takes place with a fast ( < 100 𝜇𝑠 ) excitation/de-excitation, we talk of fluorescence or
scintillation in this case.
At higher energies, radiative processes become more important than ionization. The average
energy loss is no longer a continuous function of the parameter 𝛽𝛾 , based on Coulomb
interactions, but it becomes a complex combination of various effects, such as 𝑒 + 𝑒 − pair
productions, Bremsstrahlung and photo-nuclear interactions. In the case of the CMS muon
system, most of the incident particles have a mean energy loss close to the minimum – so they
are identified as minimum ionization particles (MIP) [28]. In Figure 3.2 it is shown an example
of the average of energy loss of positive muons in copper.
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FIGURE 3.2: Stopping power for positive muons in copper as a function of 𝛽𝛾 = 𝑝⁄𝑀𝑐 . Solid curves
represent the total stopping power, a combination of several effects.

3.2.1.2

High-energy radiation effects

According to classical electromagnetism, a charged particle undergoing acceleration emits
electromagnetic waves; in particular, particles deflected by the electric field of the crossed
material radiate photons: in this case, we talk about bremsstrahlung or braking radiation. This
physical phenomenon is particularly relevant for electrons and positrons, particles with a very
small mass for which the Bethe approximation starts to be inadequate at lower energies.
For this effect, the average fractional energy loss by radiation for an electron of high energy is
approximately independent by the energy itself and it can be described by
1 𝑑𝐸
1
≅−
𝐸 𝑑𝑥
𝑋0
where 𝑋0 is the radiation length (it is the mean distance over which a high-energy electron
loses all but 1⁄𝑒 of its energy in the matter) and it is characteristic of the material.
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FIGURE 3.3: Fractional energy loss per radiation length in lead as a function of the electron and
positron energy.

As we can observe in this graph, the total average energy loss by radiation increases rapidly
with energy, while the average energy loss by collision is practically constant. Furthermore,
at high energies radiation losses are much more relevant than collisions ones.
3.2.1.3

Cherenkov radiation

Cherenkov radiation, also known as Valivov-Cherenkov radiation, is electromagnetic
radiation that occurs when a charged particle passes through a medium at a speed greater
than the velocity of light in the same medium. The total energy loss due to this process is
negligible but anyway Cherenkov radiation is significant in the particles detection. The
photons are emitted in a coherent light cone at an angle from the direction of the incident
particle that verify the following relation:
cos 𝜃 =

1
𝑛𝛽

where 𝑛 is the refractive index of the medium. The total energy radiated is small, some 10−4
times the energy lost by ionization.
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3.2.1.4

Transition radiation

Transition radiation (TR) is a particular form of electromagnetic radiation emitted when a
relativistic (𝛾 ~ 1000) charged particle crosses from one medium to another with different
dielectric permittivity. This process is related to Cherenkov emission and even in this case the
total energy emitted is low (typically, the expected number of photons per transition is smaller
than unity).
3.2.1.5

Multiple scattering

In addition to inelastic collisions with the atomic electrons, particle passing through a medium
is subject to repeated elastic Coulomb scattering from nuclei, although with a smaller
probability. The global effect is that the path of the incident particle becomes a random walk
and the information on the original direction is partly lost, thus creating some problems for
the reconstruction of direction in the trackers. Summing up many small random changes on
the direction of the incident particle of unit charge crossing a thin layer of material, the
distribution of its scattering angle can be approximated by a Gaussian distribution – this
approximation is coarse, the occurrence of scattering at large angles is underestimated and
some particles can suffer more relevant deflections due to Rutherford scattering [29].

3.2.2

Photons interactions

Along with the muons and the high energy electrons, the CMS muon detectors are subject to
high energy photons in the endcaps; the photon energy varies from few hundred keV to
several tens of MeV. Photons mostly interact with matter via photoelectric effect, Compton
scattering and 𝑒 + 𝑒 − pair production; other processes, as Rayleigh scattering and photonuclear
interactions, have generally a much smaller cross section. But while a charged particle shows
a continuous energy loss in matter, the photons are neutral particles and their interaction does
not occur in a continuous way, but rather abruptly with a total or partial energy loss. Because
of this phenomenon, photons cannot be directly detected, but only via their secondary
products of interaction.
Considering a beam of photons with energy 𝐸 and intensity 𝐼0 , that interacts with a layer of
material characterized by a specific absorption coefficient, also known as attenuation coefficient;
the intensity of the beam will undergo a decrease after the interaction. Then, the relation of
the attenuation becomes (introducing even the density 𝜌 of the material):
𝐼(𝑥) = 𝐼0 𝑒 −𝜇𝑥 = 𝐼0 𝑒

𝜇
−( )(𝜌𝑥)
𝜌

Similarly, the number of interacting photons depends on the number of incident photons 𝑁0 ,
the attenuation coefficient 𝜇 and the depth of the material:
Δ𝑁 = −𝑁0 𝜇 Δ𝑥
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Thus,
𝑁(𝑥) = 𝑁0 𝑒 −𝜇𝑥
represents the number of the emitted photons.
As already mentioned, there are several mechanisms of absorption with different relative
significance, depending on the energy of the photons. At energies lower than 10 𝑘𝑒𝑉 the
photoelectric effect is dominant; then the Compton scattering (or incoherent scattering) up to
several tens of 𝑀𝑒𝑉. At higher energies, the dominant process is the electron-positron pair
production.

FIGURE 3.4: Main absorption processes for the photons interaction: photoelectric effect, Compton
scattering, electron-positron pair production.

The total attenuation coefficient is simply defined as the sum of all the partial coefficients:
𝜇
𝜇
𝜇
𝜇
( )
=( )
+( )
+( )
𝜌 𝑡𝑜𝑡𝑎𝑙
𝜌 𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝜌 𝐶𝑜𝑚𝑝𝑡𝑜𝑛
𝜌 𝑝𝑎𝑖𝑟
Each of these processes is complex and accompanied with secondary effects, such as
fluorescence, emission of Auger electrons, recoil electrons of annihilation of positrons.
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FIGURE 3.5: Total and partial attenuation coefficients in lead

3.2.2.1

The photoelectric effect

In this phenomenon, the total energy of the incoming photon is spent to remove one electron
from an inner shell of the atom. This process can take place only if the energy of the photon
𝐸𝛾 is higher than the binding energy 𝐸𝑗 of the electron in the material to be removed. The
electron ejected from the atom has an energy 𝐸𝑒 = 𝐸𝛾 − 𝐸𝑗 and leaves the medium in a excited
state. The medium then returns to the ground state through two different mechanisms:


the Auger process, which corresponds to an internal electronic rearrangement and the
subsequent emission of an electron (Auger electron). In fact, when a core electron is
removed, leaving a vacancy in the atomic structure, an electron from a higher energy
level fills the vacancy, resulting in a release of energy. This energy is transferred to
another electron, which is ejected from the atom.
 the fluorescence: here, the vacancy on a j-shell is filled by an electron from an outer ishell by emitting an X-ray photon with an energy 𝐸𝑋𝑟𝑎𝑦 = 𝐸𝑗 − 𝐸𝑖 , where 𝐸𝑗 and 𝐸𝑖 are
respectively the binding energies of the j-shell and the i-shell.
The photoelectric effect – which was essential in the development of quantum physics – can
be used for detecting photons below the MeV.
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3.2.2.2

Compton Scattering

Compton scattering, discovered by Arthur Holly Compton, is the inelastic collision between
a photon and an electron. It results in a decrease in energy of the photon and part of this
energy is transferred to the recoiling electron. Let 𝐸 be the energy of the incident photon –
corresponding to a wavelength 𝜆 – and suppose the electron is initially at rest and free. After
the collision, the photon is scattered at an angle 𝜃 with an reduced energy 𝐸 ′ , corresponding
to a wavelength 𝜆′ .

FIGURE 3.6: Schematic representation of the Compton scattering.

The conservation laws of momentum and energy lead to the following relation, known as
Compton formula:
𝜆 − 𝜆′ = 𝜆𝑐 (1 − cos 𝜃)
where 𝜃 is the angle at which the photon is scattered, while 𝜆𝐶 = ℎ⁄𝑚𝑒 𝑐 ≅ 2.4 pm is the
Compton wavelength for the electron. From this relation, the energy of the scattered photon
and the energy of the recoil electron are given by

𝐸𝛾′ =

𝐸
1+

𝐸
(1 − cos 𝜃)
𝑚𝑒 𝑐 2

𝐸
(1 − cos 𝜃)
𝑚𝑒 𝑐 2
𝐸𝑒 =
𝐸
(1 − cos 𝜃)
1+
𝑚𝑒 𝑐 2
𝐸
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In the case of backscattering (𝜃 = 𝜋), the electron obtains the maximum energy (also known
as the Compton edge)
𝐸𝑒𝑚𝑎𝑥 =

𝐸
𝑚𝑒 𝑐 2
1 + 2𝐸

If the photon energy is much below 𝑚𝑒 𝑐 2 – so the scattered electron is non-relativistic – the
total cross section is given by the Thomson cross section, known as Thomson limit:
𝜎𝑇 ≅

8𝜋𝛼 2 8𝜋𝑟𝑒2
=
3
3𝑚𝑒2

where 𝑟𝑒 = (𝑒 2 /4𝜋𝜀0 )/(𝑚𝑒 𝑐 2 ) ≅ 0.003 pm is the classical radius of the electron. Moreover, if
the photon has higher energy than 𝑚𝑒 𝑐 2 , the total cross section falls off with increasing energy
(Klein-Nishina regime):
𝜎𝐾𝑁 ≅

3𝜎𝑇 ln 2𝐸
8 𝐸

Furthermore, in case the target electron is not at rest, the energy of the scattered photon can
be larger than the energy of the incoming one, thus part of the energy of the photon is
transferred to the recoiling electron: this process is called inverse Compton and it is very
significant in the emission of high-energy photons by astrophysical sources.
3.2.2.3

The electron-positron pair production

Pair production is the most important interaction process for a photon above an energy of a
few MeV: during this process, the photon is absorbed by producing an electron-positron pair
in the medium. In order for pair production to occur, the energy of the incoming photon must
be above a threshold, which is given by 2𝑚𝑒 𝑐 2 = 1.022 MeV: its energy must be greater than
the sum of the rest masses of the two produced particles. However, this situation allows both
energy and momentum to be conserved.
The cross section is described by the following relation:
𝜎~

7 1
9 𝑛𝑎 𝑋0

where 𝑛𝑎 is the density of atomic nuclei per unit volume and 𝑋0 the radiation length.

3.2.3

Neutrons interactions

The dominant background in the CMS endcaps are neutrons with energies between 10−8 and
103 MeV. They are neutral particles, thus not sensitive to Coulomb interactions with matter,
but they may give rise to collisions with the atoms in the medium or interact directly with the
atomic nuclei, through nuclear collisions. The detection of free neutrons is really hard to
accomplish, especially with gaseous detectors. However, a neutron crossing a detector can
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interact with the material around the gas volume, producing secondary emission of charged
particles or photons, that in turn can ionize or excite the gas. There are several interactions
with different probabilities, depending on the neutron incident energy.

FIGURE 3.7: Classification of free neutrons, depending on their energies, and the most probable type
of interaction with matter.

The fission induced by neutrons happens at relatively low energies: the nucleus of an atom
splits into smaller part (lighter nuclei) and release a large amount of energy in the form of
secondary emission of neutrons or photons (gamma rays). The elastic neutron-nucleus
scattering is mainly responsible of the neutron moderation (as in a common nuclear reactor):
in this case, the energy and the direction of the incident neutron are modified, while the target
nucleus recoils and remains in its ground state. Then, the neutron capture is a process
consisting in the absorption of the neutron by the medium, followed by the emission of
gamma rays or charged particles. At higher energies (over several MeV), the neutrons interact
via inelastic scattering: some energy of the incident neutron is absorbed to the recoiling
nucleus, so the nucleus stays in an excited state. The momentum is conserved in such an
inelastic collision, while the kinetic energy of the system is not conserved. Secondary
radiations are then emitted from the nuclei to return to the ground state [30].

3.3 Gaseous detectors
In this section, we will discuss the details of gaseous detectors, from their development to
their operation. This will allow us to speak later of the RPC, a particular type of gaseous
detectors.

3.3.1

Drift and diffusion in gases

When a charged particle interacts in a gaseous medium, it produces free charges, also known
as primary charges. These charges may in turn produce secondary radiation, interacting with
the atoms of the matter. This clear signature of the incident particle can be extracted from the
gas to produce an electrical signal, to be sent then to a data acquisition system. Therefore, the
comprehension of these processes is essential to be able to choose the most suitable gas
mixture in particle detectors.
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In absence of an external electric field, the primary electrons and ions lose their energy in the
multiple collisions with the gas molecules, following the Maxwell distribution
𝜀𝑇
𝑑𝑁
= 𝐹(𝜀𝑇 ) = 𝐶 √𝜀𝑇 𝑒 −𝑘𝑇
𝑑𝜀
3

where 𝑁 is the number of charges, 𝑇 the temperature, 𝑘 the Boltzmann constant and 𝜀𝑇 = 2 𝑘𝑇

the average value of the thermal energy of the gas. These charges are reported in thermal
equilibrium with the gas molecules through a diffusion process, described by a Gaussian
distribution. It gives the dislocation of the charges at the distance 𝑥 from the collision starting
point and after a time 𝑡
2

𝑥
𝑑𝑁
1
(−
)𝑑𝑥
=
𝑒 4𝐷𝑡
𝑁
√4𝜋𝐷𝑡

where 𝐷 represents the constant of diffusion and it depends on the nature of the charges and
the medium. We can also define the mean free path 𝜆 as the average distance between two
collisions:
𝜆=

1
𝑁𝜎𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

with 𝜎𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 the cross section of the interaction and 𝑁 the number of atoms per volume.
In the presence of an external electric field, the charges will move along the field direction and
will accelerate up to reach the drift velocity 𝑣𝑑 (𝑣𝑑 = 105 cm⁄s for the ions, 𝑣𝑑 = 107 cm⁄s for
the electrons). Then, the electrical mobility of the charges can be defined as
𝜇=

𝑣𝑑
𝐸

and using the Einstein’s relation, we can show that the mobility is related to the coefficient of
diffusion:
𝜇=

𝑒
𝐷
𝑘𝑇

In particular, the drift velocity and thus the mobility of electrons, moving in a gaseous
medium under the influence of an external electric field, are not constant because they can
acquire a large amount of energy between two collisions due to their small mass. So,
𝑣𝑑𝑒 =

𝑒𝐸𝜏
2𝑚𝑒

where 𝜏 is the mean time between two collisions. Since the wavelength of such electrons is
comparable to the size of the gas molecules, the cross section of the interaction, and thus the
mean time between two collisions, strongly varies with 𝐸 (Ramsauer effect). Furthermore,
with the ideal gas approximation, the drift velocity is proportional to the reduced electric field
𝐸 ⁄𝑃 , where 𝑃 is the gas pressure. These last relations are particularly significant for the
operation of gaseous detectors: in fact, it is necessary to minimize the interaction of the
electrons with the atoms of the medium in order to reduce the diffusion of the charges, which
could worsen the performance of the detection [31].
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3.3.2

Operation of gaseous detectors

The main purpose of particle detectors is to identify infinitesimal objects and study their
properties. Most of particle detectors, used even nowadays, were invented and developed in
the 20𝑡ℎ century. Gaseous detectors are increasingly used in many HEP (High Energy
Physics) experiments with custom made design and specific operating conditions due to their
lightness and flexibility in terms of geometry, composition and performance. Furthermore,
the low density of the detection medium allows to have a total amount of primary charge
relatively small, compared to other technologies.
In this section we will describe the basic operation of gaseous detectors and their evolution,
from the wire chambers to the modern micro-pattern gas detectors, up to the RPC.
3.3.2.1

Amplification in a gaseous medium

In presence of electric fields higher than few kV⁄cm, the electrons can acquire enough energy
between two collisions to cause the excitation and/or ionization of the gas. They also produce
free charges that can ionize further atoms: this is the avalanche and it is responsible for the
amplification of the primary charge in gaseous detectors. As previously defined, the
ionization mean free path is the average distance traveled by an electron before being involved
in a process of ionization. Then we can define the first Towsend coefficient as the inverse of the
mean free path:
𝛼=

1
𝜆𝑖𝑜𝑛

If 𝑛 is the number of electrons at a specific position, after a path 𝑑𝑥 along the drift direction,
the number of electrons after amplification is given by
𝑑𝑛 = 𝑛𝛼𝑑𝑥
and from this relation we can also get the gas gain 𝑀:
𝑛 = 𝑛0 exp(𝛼𝑥) ⟹ 𝑀 =

𝑛
= exp(𝛼𝑥)
𝑛0

In particular, if the electric field is non-uniform, the Towsend coefficient is a function of the
position 𝑥 and the gain between 𝑥1 and 𝑥2 can be expressed as:
𝑥2

𝑀 = 𝑒𝑥𝑝 (∫ 𝛼(𝑥)𝑑𝑥 )
𝑥1

According to the Korff’s approximation,
𝐵𝑃
𝛼
= 𝐴𝑒 − 𝐸
𝑃

where 𝑃 is the gas pressure and 𝐴 and 𝐵 are two parameters depending on the gas type and
on the electric field applied.

33

However, the amplification factor cannot increase indefinitely: secondary processes, such as
UV photon emission which trigger other secondary avalanche or distortions of the electric
field due to space charge effects, produce discharges inside the detector. In this way, the
measurement is compromised and the detector may get injured. Anyway, there is a
phenomenological limit, known as Raether limit, and it corresponds to 𝛼𝑥~20 (𝑀 = 108 ).
3.3.2.2

Operation regimes of gaseous detectors

As shown in Figure 3.8, we can distinguish several operation regimes depending on the
magnitude of the voltage, type of detector and gas mixture composition.

FIGURE 3.8: Gain-voltage characteristics for gaseous detectors, showing the different operating
modes.



Ionization mode: the number of primary charges produced in a detector by an
incident particle depends on the type, the energy of the particle and the properties of
the medium. For highly ionizing events, a large amount of charge is emitted in the gas
medium and it starts moving along the electric field direction. So, a large signal is
inducted on the electrodes of the detector. In this regime, it is thus not necessary to
amplify the charge before the collection and a relatively low electric field is enough to
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generate easily understood signals (typically lower than 10 kV⁄cm). However, it is
important to notice that, for very low electric field, a significant part of the primary
charge may get lost due to recombination phenomena. The ionization chamber is a
powerful detector that works in this regime and it can be considered the progenitor of
most of the modern gas detectors.
Proportional mode: a lot of gaseous detectors are used to detect charged particles or
high-energy photons. Under these conditions, the primary charge released in the
detector is not sufficiently large to be able to generate a signal greater than the average
noise of the readout system. So, before the collection of the signal, the primary charge
must be amplified. In particular, if the d.d.p reaches a certain threshold value 𝑉𝑇
(depending on the geometry of the detector), the electric field between the electrodes
is intense enough to allow free electrons to start further ionization. In such way, they
trigger an avalanche process, which depends on the electric field and the composition
and properties of the gas mixture. After the amplification, the number of the electrons
is proportional to the primary charge and the signal produced is related to the energy
deposited by the crossing particles. But when the electric field gets too high, the gas
amplification factor increases too much and further secondary charges are released,
with the formation of very large avalanches. The space charge causes the distortion of
the electric field nearby the avalanche. This phenomenon leads to a gradual loss of
proportionality. At CMS, the DTs, CSCs and RPCs operate in this regime, but this
mode of operation is widely used in gaseous detectors (proportional counters, multiwire chambers and also the recent micro-pattern gaseous detectors.
Geiger mode: in this regime, the avalanche formation is not limited by special
precautions. The UV photons or ions of the primary avalanches, that recombine on the
surface of the cathode, produces avalanches throughout the detection volume. Then,
this process stops when the positive space charge become so large to shield the electron
field applied. Geiger detectors are essentially for counting particles, since the
information of the charge is lost during the amplification process. A particular choice
of materials and gas composition (gas quenchers) can increase the interaction
probability in order to make Geiger detectors useful for radio-protection applications.
The CMS detectors do not operate in this regime because it would be impossible to
reconstruct the exact position of the incident muons. The detectors would also need
more time to evacuate all the charges produced, which is not compatible with the fast
rate capability of the CMS endcaps.
Streamer mode: increasing more and more the value of the electric field, the space
charge density becomes comparable with the charge density on the surface of the
electrodes, causing the focusing of the field lines toward the avalanche region. The
secondary photoelectrons can also drift along the distorted field and induce additional
avalanches. These latter avalanches can sum up with the original ones, producing a
plasma filament in the medium, known as streamer. The streamer can propagate
between the electrodes and cause a discharge, which could be dangerous to the
operation of the detectors if not carefully monitored. In fact, the advantage of the
streamer mode is that a simple and cheap structure can produce very large signals.
But streamers can provoke also a powerful breakdown: for this reason, it is customary
to cover the electrodes with highly resistive layers to limit the energy and the
propagation of the discharges and to protect the detectors and the readout electronics.
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3.3.2.3

Gas mixture

The choice of the gas is essential to ensure the good operation of particle detectors. Virtually,
any type of gas can be used to produce the amplification of the charges. However, the ideal
gas mixture is chosen according to specific requests, such as:




low operating HV, possibility to work with high gain;
good proportionality, ability to sustain high rates;
long mean life, fast recovery time.

Since most polyatomic molecules can de-excite through non-ionizing processes, noble gases
are used to detect MIPs at relatively low electric field. Argon is commonly used because it
gives an acceptable number of electron-ion pairs per unit length and it is cheaper than Xenon
or Krypton. Unfortunately, during the formation of the avalanche excited argon atoms are
created, which in turn de-energize emitting UV photons of 11.6 eV. These photons contribute
in a substantial way to the further ionization of the gas. In fact, they extract photoelectrons
from the metallic walls of the electrodes: for this reason, gains greater than 103 − 104 cannot
achieve without entering into the discharge permanent regime. Moreover, the ions 𝐴𝑟 + are
neutralized when they reach the cathode by extracting an electron or a photon, causing
delayed glitches. The addition of quenching gas is thus necessary to absorb these photons and
dissipate the energy through non-ionizing processes. In particular, weakly-bound molecules,
such as 𝐶𝑂2 , have a very efficient absorption in the energy range of the argon emission; they
de-excite through vibrational or rotational transitions. A contextual advantage to using gas
quenchers is the significant increase in the drift velocity of the electrons, which is crucial to
have detectors operating at high rates. However, the large use of quenchers has negative
consequences on the mean life of the detectors because of the dissociation suffered by these
molecules. In addition, these dissociated molecules can recombine into solid or liquid
polymers that can be deposited on the electrodes (Malter effect).
The so-called cold gases can also help to improve the space and time performance of the
detectors. Molecules such as 𝐶𝐹4 have a large inelastic cross section and can cool down the
electrons.
In Figure 3.9 it is reported the drift velocity, varying the gas mixture. Figure 3.10 instead shows
the longitudinal 𝜎𝐿 and the transverse 𝜎𝑇 diffusions for different gas species, involving Argon.
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FIGURE 3.9: Comparison of electron drift velocity for different gas species.

FIGURE 3.10: Comparison of electron longitudinal and transverse diffusions for different gas species.
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3.4 Resistive Plate Chamber (RPC)
In this section, we will finally introduce the Resistive Plate Chambers (RPCs), which are the
detectors described in this thesis. This particular type of gaseous detector is used mainly for
its excellent time resolution (1 ns), able to assign an ionization event to the correct bunch
crossing 25 ns spaced each other. RPCs in CMS are equipped with 2-3 cm wide strips,
implying a lower spatial resolution, compared with the resolution of the other detectors used
in the CMS muon system, the Drift Tube (DT) and the Cathode Strip Chamber (CSC). For this
reason, the RPCs are coupled to both the DTs and the CSCs in the muon system to obtain
simultaneously a good spatial and temporal resolution. In this configuration, a redundant
measurements system is obtained.

3.4.1

General structure of RPCs

An RPC detector usually consists of two flat and parallel high resistivity electrodes (glass,
bakelite). The high resistivity of the electrodes limits the production of the streamers, without
an external electric shutdown circuit [32] [33] [34]. In fact, when the electrons arrive at the
anode, they neutralize the positive charges and the voltage drops below a minimum threshold.
Consequently, the multiplication process is extinguished. The electrodes, in turn, can be
recharged within a constant time, proportional to their resistivity and much greater than the
production time of the avalanche (~10 𝑛𝑠). Thus, the charge multiplication is extinguished by
itself (self-quenching mode) and the streamer is limited in an area around the primary
ionization, leaving the remaining part of the sensitive detector area free for other incident
particles.
A lattice of cylindrical spacers (usually made of polyvinyl chloride) ensures rigidity to the
structure and a uniform spacing between the two electrodes. A further PVC frame has the
purpose of containment of the gas mixture – tetrafluoroethane and isobutane, with small
percentages of sulfur hexafluoride. This is then glued to the electrode connected to the ground
to form a second rigid panel.
On the surfaces of the electrodes facing the gas mixture, a layer made from linseed oil is
applied to make these smooth and uniform. Furthermore, the use of this layer, which has a
resistivity similar to that of bakelite, has proved essential to obtain a high efficiency and a low
noise level. A thin graphite layer on the outer surface of the electrodes instead distribute the
high voltage across the surface. Due to the high resistivity, this layer is transparent to the
electrical pulses produced in the detector. In this way, the signal is read directly from the
copper strip. A layer of polyethylene-terephthalate (PET) of 200 𝜇𝑚 thickness is applied to
ensure insulation between the graphite layer and the pickup strips. These strips are produced
by a mechanical erosion process on a copper foil on the PET layer. Usually, the copper strips
are few cm wide and about 2 𝑚𝑚 apart
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FIGURE 3.11: Schematic structure of a typical Resistive Plate Chamber

from each other. They have a characteristic impedance of 50 Ω to realize the connection to the
discriminators of readout electronics.

3.5 Resistive Plate Chambers at CMS
As already mentioned, an RPC is capable of tagging the time of an ionizing event in a much
shorter time that the 25 𝑛𝑠 between two consecutive LHC bunch crossings. Therefore, a fast
muon trigger based on RPCs can identify without any ambiguity the bunch crossing to which
a muon track is associated, even in the presence of high rate and background. This trigger has
also to estimate the momentum and to provide the time and position of a muon hit with the
required accuracy, in an environment where rates may reach 103 𝐻𝑧/𝑐𝑚2 .
The CMS RPC basic double-gap module consists of 2 gaps (referred as up and down gaps, also
top and bottom), operated in avalanche mode with common pickup readout strips in between
(Figure 3.12). So, the total induced signal is the sum of the 2 single-gap signals. In this
configuration, the single-gaps operate at lower gas gain (hence lower high voltage) with an
effective detector efficiency higher than for a single-gap. Table 3.13 lists the basic construction
and operating parameters of the CMS double-gap RPCs.
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FIGURE 3.12: Schematic layout of a double-gap RPC at CMS

TABLE 3.13: Basic construction and operating parameters of the dougle-gap RPC at CMS

Several and extensive ageing tests have been performed with both neutron and gamma
sources to verify long term performance of the detectors in the LHC bakground environment.
Results confirm that over a period of 10 CMS-operation years, no efficiency degradation is
expected while all other characteristic parameters stay well within the project specifications
[35].
The time resolution is also linked to electric field. An option to improve the time resolution,
the maximum sustainable rate and smaller current values on the electrodes is the multi-gap
geometry (MRPC). In MRPCs the applied voltage is distributed among all the gaps and the
signals induced on the readout strips are generated by the motion of the charges in any of the
gaps. An advantage given by the multi-gap configuration is to avoid that more avalanches
join in a single streamer. Anyway, the properties and the operation of several MRPCs
prototypes are still studied in laboratories, such as the GIF ++ at CERN.
Numerous studies indicate also a clear correlation between the RPCs performance and the gas
mixture used for the detection. The choice of the gas mixture is thus essential: the CMS RPCs
use a mixture formed by tetrafluoroethane (𝐶2 𝐻2 𝐹4 ), isobuthane (𝐶4 𝐻10 ) and sulfur
exafluoride 𝑆𝐹6 (95.2: 4.5: 0.3). Water vapour is added to the gas mixture to maintain a relative
humidity of about 45% and to avoid changes of the bakelite resistivity. This mixture ensures
a good gain and limited extensions of avalanches; the Freon was chosen as active component
for its high first Townsend coefficient, thus ensuring gains ~104 − 105 . Moreover, it has been
preferred over other gases, such as Argon, for its quenching properties. Sulphur hexafluoride
is a very electronegative gas, which reduces the size of the avalanche and the probability of
having secondary streamers away from the principal one, by capturing spurious electrons ad
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negative ions travelling in the detector. Thus, the maximum attainable gain increases, but the
detector efficiency decreases because these molecules could also capture primary electrons
produced by the incident particle. The addition of polyatomic molecules, however, causes the
formation of polymer deposits on the electrodes and the production of hydrofluoric acid. This
acid is very aggressive and can easily corrode the detector, accelerating the aging process. The
isobutane, an organic gas absorbs UV photons mainly produced in ion-electron
recombination. Isobutane can dissociate and deposit on the electrodes, acting as insulators
and causing a drop in the detector performance.
Finally, RPC are gaseous detectors operating at atmospheric pressure and temperature. For
this reason, variations in the environmental parameters (pressure, temperature, humidity)
may change the gas density and therefore affect the gas gain and the response of the detector.
A temperature increase produces a reduction in gas density and therefore an increase of the
mean free path of the ions. The resistivity of bakelite depends on the relative humidity of the
gas, because the conduction mechanism on the bakelite electrodes is thought to be ionic and
therefore requires water to be provided. In fact, bakelite is a hygroscopic material, which can
absorb water molecules: the use of dry gases implies an increases of resistivity. Tests show
that maintaining the gas moisture ~ 40-50% can slow down the aging process of the detectors.
Furthermore, the resistivity also depends on the temperature: an increase of this parameter
provokes a reduction of the bakelite resistivity. The humidity effect is rather less evident and
its contribution becomes significant only for relatively high values. Moreover, RPCs are very
sensitive to pressure variations. In fact, if the density increases, keeping unchanged the electric
field, the electron mean free path decreases. So, in order to maintain a stable gas gain, it is
necessary to adjust the applied voltage, considering the environmental contributions. For this
reason, it is necessary to introduce the effective voltage 𝐻𝑉𝑒𝑓𝑓 , which depends on the applied
voltage, the pressure and the temperature:
𝐻𝑉𝑒𝑓𝑓 = 𝐻𝑉𝑎𝑝𝑝 ∗

𝑃0 𝑇
∗
𝑃 𝑇0

where 𝑃0 and 𝑇0 are the standard pressure and temperature. Thus, the gas gain depends on
the 𝐻𝑉𝑒𝑓𝑓 and in order to maintain it stable, 𝐻𝑉𝑎𝑝𝑝 must be changed step by step.
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Chapter 4

Gamma Irradiation Facility (GIF++)
at CERN
4.1 Introduction
In this chapter we will present the GIF++ (Gamma Irradiation Facility), a structure at CERN
dedicated to the study of detectors performance and aging, simulating the work conditions of
High-Luminosity LHC. In particular, we will describe the experimental apparatus used for
the test beam in September 2016. The data collected during this test beam will be analyzed in
the next chapter.

4.2 Overview of the Gamma Irradiation Facility
As already mentioned, the High-Luminosity LHC (HL-LHC) upgrade is setting a new
challenge for particle detector technologies. The increase in luminosity will produce a higher
background radiation with respect to present conditions.
In CMS muon system, the background radiation is mainly constituted by gamma rays and
neutrons. Low energy neutrons (< eV) interact primarily with the atoms of bakelite and PET
layer of the detector through elastic scattering and neutron capture. Photons represent the
largest contribution to the background radiation, even if only 1% of them can generate lowenergy electrons by photoelectric effect or Compton scattering (this one with greater
probability). The high level of background radiation generates a large number of events in
detectors. This configuration may result in aging effects, causing a loss in terms of efficiency.
It is therefore necessary to have a structure dedicated to the studies of the performance and
aging effects of the detectors, simulating the HL - LHC operation conditions, including the
high background rate.
At CERN, the Gamma Irradiation Facility (GIF) was an experimental laboratory where
various tests and studies on the detectors were carried out. This structure involved a muons
beam and photons from a Cesium-137 source, which emitted with an activity of 650 GBq. GIF
worked from 1999 to 2004 and was able to validate many of the gaseous detectors used
nowadays in the CERN experiments. For example,
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 for CMS experiment: RPC, CSC, GEM, gRPC, ECAL;
 for ATLAS experiment: MDT, RPC, TGC, CSC;
 for ALICE experiment: TOF, AMS, CPC, RPC;
 for LHCb experiment: MWPC;
 COMPASS detectors;
But the gamma source used at GIF is too weak for the new HL – LHC requirements. For this
reason, the GIF++ has been built: its construction began in the summer 2013 and the first
operations started in May 2015. GIF++ is a unique place where high energy charged particle
beams (mainly muon beam with momentum up to 100 GeV/c) are combined with a ~ 14 TBq
Cesium-137 source. The higher source activity produces a background gamma field which is
a factor 30 more intense than that at GIF, allowing to cumulate doses equivalent to HL-LHC
experimental conditions in a reasonable time. [36] [37] [38].

4.4 GIF++
4.4.1

GIF++ Layout

The GIF++ has an area of 225 m2 and is located in the 887 building at CERN (at Pressevin).
The radiation experimental area, where detectors are tested by the gamma source and the
muon beam, covers a region of 100 m2, known as bunker. In particular, this area is divided
into two independent irradiation zones, the upstream zone and the downstream one, making
it possible to test real size detectors, of up to several m2, as well as a broad range of smaller
prototype detectors and electronic components. Furthermore, the bunker is shielded with
thick breeze blocks to absorb the gamma radiation. Before installing the detectors inside the
bunker for experimental tests, they pass over an area of 83 m2, where all the necessary
connections (gas, electricity, monitoring) are realized for each detector. In the Service Area (2
x 40 m2) there are the gas and electricity supplies: the first floor of this area contain 17 gas
racks with 21 gas distribution panels, with a gas recirculation system. Here, there are various
gases available, as Ar, CO2, N2, He, SF6, CF4, iC4H10, C2H2F4. Then, two gas mixers and a control
system of the gas parameters are used to test detectors with the same gas mixture used in
CMS, to recreate the same identical operating conditions of the experiment. On the other hand,
in the ground floor of the Service Area there are 17 electronic racks, the DCS (Detector Control
System) for the detectors monitoring, as well as the users’ equipment. Finally, the Control
Room is dedicated to the monitoring and recording of the data acquired during testing. In the
control system, all the safety functions are also integrated: these include infrared detectors to
indicate life forms in the bunker in the testing phase, smoke and explosives e/o flammable
gases detectors, and any other specific security systems for the source operation. So, thanks to
the unified control system it is possible to execute and monitor all the operation from a single
console and even in remote control. The figures in the next pages show the GIF++ structure
[39].
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FIGURE 4.1: GIF++ structure

FIGURE 4.2: GIF++ top view
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FIGURE 4.3: View of GIF++

FIGURE 4.4 GIF++ bunker
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4.4.2

Gamma Source

The gamma source used at GIF++ consists of Cesium-137. Cesium-137 is a radioactive isotope
of Cesium, which is an alkali metal, and is usually formed as one of the most common
products by nuclear fission of Uranium-235 in nuclear reactors and weapons. The Cesium-137
atom has an atomic weight of 136,907 u and consists of 55 protons and 82 neutrons. It has a
half-life (time required for a quantity to reduce to half its initial value and in nuclear physics
it describes how quickly unstable atoms undergo) of about 30,17 years. This long half-life of
Cesium-137 allows a constancy of working conditions, even for long testing periods. The
initial activity of Cesium-137 is equal to 13,9 TBq, which means 13,9 * 1012 decays per second.
About 95% of Cesium-137 decays by beta emission to a metastable nuclear isomer2 of Barium,
Barium-137m. Ba-137m has a half-life of about 153 seconds and it is the main responsible for
the emission of gamma radiation. Then, Cesium-137 decays directly into the stable Barium136 in the remaining 5% of cases [40] [41].
The energy of the photons produced by Barium-137m is equal to 662 keV: in this way, the
Cesium-137 spectrum of the primary and scattered photons approximates the energy
spectrum expected for the gamma background in CMS muon detectors. As already mentioned,
the new GIF++ source is 30 times more intense than the previous GIF one. It is located 1,50 m
above the ground and at a distance of 1 m from the muon beam line. The irradiator presents
two windows with opening angle of 74°, one towards the upstream zone, the other one
towards the downstream region. An angular correction lens then provides uniform photons
distribution on the detectors surface. The incident photons spectrum also depends on the
distance from the source and the detectors position within the experimental bunker. The
irradiator is also equipped with a mobile system of attenuators. It is composed of 6 lead
attenuators, 3 for the upstream zone, 3 for the downstream one. In this way, the gamma
radiation emitted by the source can be attenuated by a factor between 1 and 50000 to test the
detectors in different irradiation conditions. The lead, used for the attenuators, shields gamma
and X radiation at low energy (E < 500 keV): in this energy range, the predominant effect is
the photoelectric absorption – photons totally absorbed due to the high atomic number Z of
lead. For higher energies, the Compton interaction becomes predominant: in this situation,
the atomic number of the material has not an incisive influence in the absorption. The photons
emitted by the GIF++ source have energy of 662 keV, so the Compton interaction is dominant
for them. For this reason, the lead attenuators do not shield completely such photons, but only
attenuate them. This attenuation system causes a radiation level practically independent in
the two zone (upstream and downstream) to perform tests under different conditions. The
backscattered radiation, coming from the opposite zone, is almost zero. However, it is
advisable to always consider possible backscattered photons, due to reflection e/o diffusion
phenomena [42].

The isomerism is the phenomenon for which different substances for physical properties and chemical
behavior have the same molecular formula (same molecular mass and composition percentage of
atoms).
In physics, metastability denotes the phenomenon when a dynamical system spends an extended time
in a configuration other than the system's state of least energy.
2
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4.4.3

Muon beam

Together with the gamma source previously described, in the GIF++ bunker a muon beam is
available for 6-8 weeks per year. This muon beam comes from the H4 line of the SPS Super
Proton Synchrotron in the North Area [43] [44]. Protons are extracted from the SPS primary
beam with an energy of ~ 400 GeV and each particle bunch contains about 1012 particles. Then,
the beam is deflected to collide against T2 target and produce two beams, H2 and H4. These
secondary beams consist of different particles: protons, electrons, neutrons, pions, muons. The
H4 beam is then conducted within the EHN1 area, where the GIF++ is located. In addition,
the H4 beam passes through two different laboratories before reaching the GIF++: at this point,
the beam contains lots of different particles, so it must be filtered to obtain a beam mainly
composed of muon. At GIF++ the beam has an energy equal to 100 GeV and each bunch is
formed by 104 muons. The beam size is 10 x 10 cm and it is at 2060 mm from the ground. The
muon trigger is then set with two plastic scintillators outside the bunker. In the upstream zone,
the scintillator has a surface of 40 x 40 cm and the LEMO cable for the signal has a length of
39.1 m, which gives a delay of 195.5 ns; in the downstream zone, the scintillator surface is
equal to 35 x 80 cm and the LEMO cable is 22 m long, creating a delay of 110 ns. The thickness
of both the scintillators is equal to 2.2 cm. The following images show same properties of the
source and the muon beam at GIF++.

FIGURE 4.5: GIF++ irradiator
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FIGURE 4.6: Gamma radiation flux at GIF++ bunker

FIGURE 4.7: Schematic view of H4 beam
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4.4.4

Data acquisition system

The data acquisition is carried out in the GIF++ Control Room: a control system performs
various measurements, known as scans, on the detectors under examination, applying
different values of the voltage and the absorption factor to obtain experimental data for
specific operating conditions. The DCS (Detector Control System) and DAQ (Data
Acquisition) systems monitor and record the essential parameters of the detectors, even in
real time. In the tool panel used for the control activities, the user can select the value of the
voltage and current to apply to the RPC chambers and also choose the detectors to test. Figure
4.8 shows the tool panel where all the activities previously described can be performed.

FIGURE 4.8: Tool panel for the detector parameters setting for the data acquisition

Before performing the scans, it is crucial to set the absorption factor applied to the GIF++
gamma source. The setting of this parameter can be provided via a console controlling the
source filters: each filter can be set to different absorption factor values and the total value
applied is given by the product of each filter values. Obviously, this operation can be done
both for the upstream and downstream zone at GIF++. In the next figure, we can see the
Control Filter system console and the ABS Filter system, useful for the absorption parameters
setting.
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FIGURE 4.9: To the left, the Control Filter System console; to the right, the ABS Filter system with the
possible absorption factor values.

Then, during the experimental tests execution, the data needed for subsequent analysis
(voltage, current, rate) are collected using specific electronic devices. These data are recorded
as root files, to be then reprocessed with a tool, producing a corresponding text file. In addition,
the user can also select the time interval of interest through this specific tool. The final files are
then collected and saved on DFS (Data File System), to be available for offline analysis. All
these operations can be carried out through 4 electronic modules:


CAEN-HV: this module provides not only the high voltage to the detectors, but also
measure the voltage applied to the electrodes and the monitored voltage – actually,
the experimental measured voltage. The effective voltage, which is the value correct
with the environmental parameters, is derived from the applied voltage. The
corrective relation for the effective voltage is the same already seen in the previous
chapter for the CMS RPCs. Moreover, this module provides the parameter that
describes the state of the high-voltage power system (0 = HV Off; 1 = HV On and
stable; 3 = Ramp up – gradually increasing of the voltage up to the predetermined
value; 5 = Ramp down – gradual decrease of voltage down to zero);
 CAEN-LV: this module provides the low voltage to the front-end boards and measure
the parameters of the low-voltage control equipment.
 ADC: measures the return current from the detectors. In fact, this current is more
stable than the one monitored by the CAEN module.
 DIP: this module collects information on environmental parameters, such as the
temperature inside and outside the bunker, humidity, pressure, source state (1 =
source ON, 0 = source OFF) and attenuation factor.
Finally, the Gas Parameters module monitors the parameters relative to the gas mixture
circulating in the detectors (pressure, temperature, relative humidity, composition).
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4.5 Experimental setup
In this section, we will introduce the activities carried out at the GIF++ experimental
laboratory at CERN, in collaboration with the CMS-RPC group. The main goal of the CMSRPC group tests is to characterize, calibrate and monitor the RPC detectors in high radiation
conditions – not only the RPCs already used in the CMS muon system, but also new RPC
prototypes.

4.5.1

Trolley and detectors

Detectors (not only RPC) to be tested in the GIF++ bunker are contained in the so-called
trolleys; in particular, for the RPCs tests there are two trolley located in the upstream zone.
Each chamber is identified by a code, for example T1_S1, where T indicates the trolley and S
is the slot in the trolley. In addition, each chamber is identified depending on the production
place and on the CMS muon system region for which it was designed. We will describe below
the RPC chambers analyzed at GIF++ and we will see in detail the detectors tested in the
September 2016 test beam.
The first trolley, also called consolidation trolley, contains 6 RPC chambers with the same
characteristics of the RPCs currently installed in the CMS endcaps. There are 2 RPC chambers
belonging to the old production for CMS discs 1 and 2 and 2 new chambers for the discs 3 and
4, with thinner and more resistive electrodes of bakelite. Tests of these chambers are used to
check whether the chambers already installed in the CMS muon system can also be adapted
to the CMS upgrade operating conditions. Then, in the slots 5 and 6 of the same trolley there
are 2 Korean single gap chambers, with trigger function. Here the list of the trolley 1 detectors:
T1_S1 = RE2-2 – NDP – BARC-08
T1_S2 = RE2-2 – NDP – BARC-09
T1_S3 = RE4-2 – NDP – CERN-166
T1_S4 = RE4-2 – NDP – CERN-165
T1_S5 = RE4-2 KODEL (TN046, BO99, TW117)
T1_S6 = RE4-2 KODEL (TN133, BO06, TW116)

FIGURE 4.10: Trolley 1 – test beam 2015
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In the trolley 3 there are iRPC prototypes, chambers whose operation is based on the classical
RPC principles but with improvements; they are built for the ring 1 in the discs 3 and 4 of the
CMS endcaps. From August 2015 to May 2016, 2 different Korean RPC prototypes were tested:
one chamber had the same structure as an RPC double gap, but with slightly smaller thickness.
The second detector was a multi-gap chamber (double bi-gap) with a gas gap of 0.8 mm.
Furthermore, during these tests there was a consolidation chamber in this trolley, produced
by the Pakistani group. Here the list of the detectors tested:
T3_S1 = RE1 – KODEL – 186 multi-gap
T3_S2 = RE1 – KODEL – 185 2 gap
T3_S4 = RE2-2 – PL-140
Achieve RPC chambers with thinner gap or multi-gap can improve the detection efficiency.
In fact, the gap size greatly affects detectors performance: the gap thickness decrease improves
the time resolution and a higher maximum efficiency can be reached.
From May 2016 new prototypes were tested: first of all, there were 2 chambers, realized by
the group from Lyon, with the same characteristics of the classic RPCs but with glass
electrodes. The other 2 chambers in the trolley are RPC prototypes, produced by the Italian
General Tecnica [45]: they have high resistive electrodes of bakelite and gap thickness of 1.8
mm and 2.0 mm respectively. The RPC chambers in this trolley are:
T3_S1 = RE1 Lyon LR-GRPC
T3_S2 = RE1 Lyon HR-GRPC
T3_S3 = RE1 GT-BKHR 1.8
T3_24 = RE1 GT-BKHR 2.0
Then, during the test beam A, held from 1st to 14th September 2016, the detectors configuration
within the trolley 3 has changed: the chambers of the group of Lyon were removed and an
additional italian RPC chamber with a gap of 1.6 mm was added. In particular, the detectors
tested are:
T3_S1 = RE1 GT-BKHR 1.6
T3_S3 = RE1 GT-BKHR 1.8
T3_S4 = RE1 GT-BKHR 2.0
T3_S5 = RE1 KODEL 1.2 1.4 DG-12
T3_S6 = RE1 KODEL 0.5 1.4 MG-05
The following tables show the dimensions and main characteristics of the RPC chambers
tested in this test beam.
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Configuration
GT
BKHR 1.6

GT
BKHR 1.8
GT
BKHR 2.0

Double gap
(works in
single gap –
TOP)
Double gap
(works in
single gap –
BOT)
Double gap

Bakelite
thickness

Bakelite
resistivity

Gas gap
thickness

Strip
number

Dimension

1.6 mm

2 – 5 * 1010
Ωcm

1.6 mm

96

100 x 70 cm

1.8 mm

2 – 5 * 1010
Ωcm

1.8 mm

96

100 x 70 cm

2.0 mm

2 – 5 * 1010
Ωcm

2.0 mm

96

100 x 70 cm

TABLE 4.11: GT BKHR 1.6, 1.8 and 2.0 characteristics

KODEL
1.2 1.4
DG-12
KODEL
0.5 1.4
MG-05

Configuration

Bakelite
thickness

Bakelite
resistivity

Gas gap
thickness

Strip
number

Dimension

Double gap

1.4 mm

2 – 5 * 1010
Ωcm

1.2 mm

64

83 x 46 cm

Multi gap
(double bigap)

1.4 mm

2 – 5 * 1010
Ωcm

0.5 mm

64

83 x 46 cm

TABLE 4.12: KODEL 1.2 1.4 DG-12 and KODEL 0.5 1.4 MG-05 characteristics

Figure 4.13 shows the structure of the trolley 3 for the test beam in September 2016: in particular, the
two KODEL chambers were the closest to the gamma source, with trigger purposes.

FIGURE 4.13: Trolley 3 schematic structure for the test beam in September 2016
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Furthermore, the total surface of each chamber is divided into two partitions, A and B, of
equal area in the longitudinal direction: this configuration is very useful, especially for the
rates measurement, as we will see in the next chapter.
Inside the GIF++ bunker the position of the RPC chambers is described by a system of
coordinates X, Y and Z, which considers the gamma source in the origin (0,0,0). In particular,
during the test beam of September 2016 the trolley 3 coordinates (relative to the gamma
source) are:
X = 111 mm (horizontal displacement)
Z = 3132 mm (distance from the origin)
The diagram below shows the coordinate system at the GIF++ bunker, while the following
images show the experimental setup used for the test beam of last September [46] [47].

FIGURE 4.14: Coordinate system at GIF++ bunker
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FIGURE 4.15: Gamma source at GIF++ bunker

FIGURE 4.16: Trolley 3 view: GT BKHR 1.6 mm is the closest to the source (before the
installation of the KODEL chambers)
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FIGURE 4.17: Side view of trolley 3
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FIGURE 4.19: Another view of trolley 3: it is possible to see the two KODEL chambers before the GT
ones.
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Chapter 5

Data analysis
5.1 Introduction
In this chapter, we will finally present the results of the analysis of the data taken during the
test beam in September 2016, in particular from September 3 to September 6. Experimental
studies are grouped into several areas of interest: rates, current, efficiency, charge and those
ones related to the working point.

5.2 Rate studies
One of the main goal of the GIF++ tests, as already mentioned, is to verify the performance of
RPC detectors in environmental conditions similar to those present in CMS, hostile conditions
due to the high number of incident particles. This background radiation is mainly composed
of low energy gamma rays and neutrons, which can “hide” the muons and their interactions
if the detector has exceeded the maximum number of counts at a particular time interval. So
it is necessary to estimate the maximum rate a detector can support [48].
At CMS experiment, endcaps and the forward zone are characterized by high particles flux,
while in the barrel region flux will be more than one order of magnitude lower. Let’s recall
that the CMS detectors have a sensitivity of 100% for charged particles, about 1% for gamma
rays and about 0.1% for neutrons. Neutrons slightly contribute to the background rate, even
if their flux is greater than other particles one. So, the background rate is mainly due to the
interaction of gamma rays.
During LHC Run-I and II, background rates expected for the Phase-II of HL-LHC in the muon
detectors have been estimate; in particular, the relation between rate and luminosity is linear.
In the endcaps, the maximum expected rate is about 200 Hz/cm2, while in the barrel is 100
Hz/cm2. However, these values must be corrected, even considering the LHC energy increase
from 13 TeV to 14 TeV: thus, the rate reference value in the endcap regions closer to the LHC
beam (where the new RPC chambers will be installed) will be about 700 - 900 Hz/cm2.
The rate capability is defined as the maximum number of events per second that a detector is
able to count, also known as the maximum number of detectable particles per second. The
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rate capability must therefore be greater than the expected rate and depends on the intrinsic
characteristics of the detector. In fact, low resistivity electrodes produce high-rate, but in
contrast the current increase causes a greater instability of the detector. In addition, the
discharge surface depends on the resistivity of the electrodes and the size of the gap: a high
resistivity and lower gap volume produce a higher electric field and thus limit the discharge
region. This region also depends on the voltage applied to the detector, and then on the electric
field.
So below, we will discuss the rates results obtained in the GIF++ tests. Firstly, it is important
to calculate the flux of the gamma rays emitted by the GIF++ Cesium-137 source. Theoretically,
this incident flux is directly proportional to the activity of Cesium-137 source and inversely
proportional to the absorption factor ABS applied to the source and the distance between the
detectors and the source:
𝜙 ∝

𝐴
4𝜋 ∗ 𝐴𝐵𝑆 ∗ 𝑑2

where 𝐴 = 13.9 TBq, while the distance from the source in this configuration is equal to 313.2
cm. Varying the absorption coefficient applied to the GIF++ upstream area, the following
approximate flux values have been obtained:
ABS

Gamma flux (Hz/cm2)

6.9

1,64 * 106

10

1,13 * 106

22

5,13 * 105

46

2,45 * 105

69

1,64 * 105

100

1,13 * 105

220

5,13 * 104

TABLE 5.1: Theoretical gamma flux from the Cesium-137 source at GIF++

The theoretical data shown in Table 5.1 are much greater than the current ones at CMS
experiment – approximately a factor 102 greater. Obviously these values are an approximation,
as in the relation the geometric acceptance of the source must also be considered. The values
simulated by GEANT4 can be viewed in the reports [49] [50]. An alternative way to estimate
the incident flux emitted by the gamma source is to consider the measured rates of the KODEL
0.5 1.4 MG-05, which is the first chamber within the trolley 3 to be hit by the gamma source
radiation. In particular, these rates correspond to the configuration in which the KODEL
multi-gap chamber is at the working point (thus, at the maximum efficiency) and low
threshold. Anyway, the gamma radiation flux values reported in the legends of the graphs,
that will be presented subsequently, are the ones reported in Table 5.1.
The rate measurements are performed modifying the voltage applied to the detectors; the
same measurements are then repeated with different incident flux values, obtained by varying
the gamma source absorption factor.
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The following graphs (Figures 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9 and 5.10) show the rate values
measured for the GT BKHR 1.6, 1.8 and 2.0 mm chambers, depending on the high voltage
applied. In particular, for each chamber there is also the corresponding graph with a
logarithmic scale on the ordinate axis and another one in which the data related to the
configuration Source OFF are shown.

FIGURE 5.2: Background rate vs HVeff – GT BKHR 1.6 mm
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FIGURE 5.3: Background rate vs HVeff – GT BKHR 1.6 mm (logarithmic scale)

FIGURE 5.4: Background rate vs HVeff – GT BKHR 1.6 mm (Source OFF)
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FIGURE 5.5: Background rate vs HVeff – GT BKHR 1.8 mm

FIGURE 5.6: Background rate vs HVeff – GT BKHR 1.8 mm (logarithmic scale)
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FIGURE 5.7: Background rate vs HVeff – GT BKHR 1.8 mm (Source OFF)

FIGURE 5.8: Background rate vs HVeff – GT BKHR 2.0 mm
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FIGURE 5.9: Background rate vs HVeff – GT BKHR 2.0 mm (logarithmic scale)

FIGURE 5.10: Background rate vs HVeff – GT BKHR 2.0 mm (Source OFF)
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The rate values shown in the graphs (from 5.2 to 5.10) represent the total rate, calculated as
the average rate of the two partitions A and B. The experimental data show that the number
of counts really increases with the increase of the applied voltage. Moreover, as the incident
flux, the measured rate also increases. These dependencies can be observed more clearly in
the graphs with the logarithmic scale on the ordinate axis. The maximum recorded rate values
are about 103 Hz/cm2, larger than the ones in the endcaps for the Phase-II upgrade (~ 900
Hz/cm2). It is also useful to perform rate measurements with the source off: these
measurements provide an evaluation of the intrinsic noise of the detectors (noise rate), mainly
due to the electronics. As shown in the graphs, the noise rate is ~ 10 -1 – 1 Hz/cm2, thus so
much low compared to the measured background rates. In addition, the graphs in Figure 5.11
operate a comparison among the three GT BKHR chambers.
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FIGURE 5.11: Rate vs HVeff – Comparison among GT BKHR 1.6, GT BKHR 1.8 and GT BKHR 2.0 at
different absorption factors
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Figure 5.11 shows that rate values actually increase when the absorption factor applied to the gamma
source decreases. Moreover, the smaller the gas gap, the higher the rate values measured at the same
voltage: in fact, the GT BKHR 1.6 mm has recorded higher rates than the other chambers. This
phenomenon happens because the electric field is greater for small gap and the more intense the electric
field, the greater the charge registered on the detectors (and thus the number of detected events).
These experimental curves can characterize the detectors, but also provide information on the detectors
state: for example, decreasing rate values could indicate an increase in the bakelite resistivity, thus
aging effects.

5.3 Current studies
In addition to the rate data, the tests performed on the RPC chambers provide information
about the current produced in the detectors. The following graphs show the current trend as
a function of the voltage applied to the RPCs. In particular, the experimental measurements
do not provide any information on the current trend at low voltage (range of values in which
each detector is approximately ohmic); the current values reported below are thus essentially
generated from the avalanche production in the gas. Furthermore, the graphs in Figures 5.12,
5.13 and 5.14 show the current density values, obtained by dividing the detected current by
the total RPCs surface (100 x 70 cm).

FIGURE 5.12: Density Current vs HVeff – GT BKHR 1.6 mm
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FIGURE 5.13: Density Current vs HVeff – GT BKHR 1.8 mm

FIGURE 5.14: Density Current vs HVeff – GT BKHR 2.0 mm
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The current values of GT BKHR 1.6 mm refer to the single TOP chamber: the corresponding
BOT chamber was not considered, because of some malfunctions (the detected currents were
too high). Similarly, only the GT BKHR 1.8 mm BOT chamber has been studied. So, the GT
BKHR 2.0 chamber was the only one to operate in double gap configuration and the
corresponding total current values are calculated by summing the ones of the TOP and BOT
chambers respectively.
As well as for the rate studies, in each of the graphs in Figures 5.12, 5.13 and 5.14 there are
many curves, corresponding to different absorption factors. In addition, we also performed a
comparison among the three GT BKHR chambers in terms of current density: each graph
below refers to a different incident gamma flux (thus a different absorption factor).

FIGURE 5.15: Density Current vs HVeff – Comparison among GT BKHR 1.6, 1.8 and 2.0 mm at
different absorption factors
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The “Current Density vs. High Voltage” graphs (from Figure 5.12 to Figure 5.15) are so similar
to the ones shown in the previous paragraph (from Figure 5.2 to Figure 5.11): in fact, the
current density increases with high voltage applied to the RPC chambers and decreases with
the increase of the absorption coefficient. In addition, the GT BKHR chamber with a smaller
gas gap measure current values significantly higher than the other two chambers with larger
gap.
Current and rate thus are two physical quantities closely related to each other. In particular,
the relation between current and rate is linear (so, they are directly proportional), as shown in
the graphs below (Figures 5.16, 5.17 and 5.18) where the current density values are plotted as
a function of the rate. These three graphs refer to the same incident gamma flux (same
absorption coefficient), 0.0513 MHz/cm2.

FIGURE 5.16: Density Current vs Rate – GT BKHR 1.6 mm

FIGURE 5.17: Density Current vs Rate – GT BKHR 1.8 mm
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FIGURE 5.18: Density Current vs Rate – GT BKHR 2.0 mm

Performing a linear fit of these experimental data, we can extrapolate the parameters of the
relation between current density and rate. In this particular case, the angular coefficient of
each of these linear fit (the fit parameter p1 in the legend) represents the charge produces by
the avalanches inside the detector. So, the deposited charge is given by

𝐶𝑑𝑒𝑝 =

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝐶𝑢𝑟𝑟𝑒𝑛𝑡
𝑅𝑎𝑡𝑒

[

C
∗ s cm2 = C]
s ∗ cm2

For the three RPC chambers, the collected charge values are comparable (same order of
magnitude) and the average charge value is constant and roughly equal to 21 pC.

5.4 Efficiency studies
The efficiency study is critical to characterize a detector: in fact, in this way we can quantify
the fraction of detected particles with respect to the total ones. As already mentioned, the
factors affecting the detector efficiency are several: electrodes resistivity, size and number of
gaps, gas mixture, environmental factors (temperature, pressure, humidity) and especially the
effective applied voltage. In particular, the efficiency dependence on voltage is parameterized
by a sigmoid:
𝜀=

1+𝑒

𝜀𝑚𝑎𝑥
−𝜆(𝐻𝑉𝑒𝑓𝑓 −𝐻𝑉50% )
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where 𝜀𝑚𝑎𝑥 is the maximum efficiency, which is reached asymptotically for 𝐻𝑉 → ∞, 𝐻𝑉𝑒𝑓𝑓 is
the effective voltage, corrected with the external environmental factors, 𝐻𝑉50% is voltage
corresponding to the 50% maximum efficiency and 𝜆 is defined as
𝜆=

1
𝐻𝑉90% − 𝐻𝑉10%

and is a parameter indicating how fast a detector passes from 10% to 90% maximum efficiency.
The GIF++ efficiency tests are performed when the muon beam is available and there are
several approaches to measure the efficiency. Since there is no external independent tracking
system provided by GIF++ infrastructure, the approach developed for the test beam of
September, 2016 involves the reconstruction of the incident muon track, using the RPC
chambers in trolley 3 as trackers while they are being irradiated. In our particular case, the
KODEL 0.5 1.4 MG-05, KODEL 1.2 1.4 DG-12 and GT BKHR 2.0 chambers worked as trackers,
while the GT BKHR 1.6 and GT BKHR 1.8 are analyzed. Furthermore, the strips on the RPC
chambers are parallel to each other and oriented along the same direction: this configuration
simplifies the reconstruction algorithm and each event is recreated only two-dimensionally.
The algorithm reconstructs all the detected muon hits on the tracker chambers; then these
tracks are associated to those detected on the tested RPC chambers. The efficiency is thus
calculated as the ratio between the number of the tracks detected on the GT BKHR 1.6 and 1.8
chambers and the total number of tracks reconstructed in the tracker chambers [51].
Figures 5.19 and 5.20 show the efficiency curves of the two RPC chambers GT BKHR 1.6 and
GT BKHR 1.8 in different irradiation conditions. In particular, we can see the experimental
efficiency values as a function of the high voltage applied to the chambers.

FIGURE 5.19: Efficiency vs HVeff – GT BKHR 1.6 mm
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FIGURE 5.20: Efficiency vs HVeff – GT BKHR 1.8 mm

The efficiency of the two RPC chambers actually increases with the high applied voltage and also
depends on the absorption factor applied to the GIF++ gamma source: the more the source is shielded,
the smaller is the incident flux and thus the detector will be more efficient. In particular, these graphs
show that at high voltage applied to the RPC chambers, corresponding to rates of the order of kHz/cm2
(expected rates during the Phase-II at LHC), the efficiency of both RPC chambers is approximately 96%
at plateau, so more than the minimum efficiency required by CMS (95%).
Furthermore, the GT BKHR 1.6 chamber reaches the maximum efficiency for lower voltage values than
the GT BKHR 1.8 one. This phenomenon can be explained once again with the gap size: in fact, at the
same voltage, a higher electric field between the electrodes is generated in smaller gaps. So, the size of
the avalanche generated in the gas mixture is limited and therefore the RPC chamber can detect a great
number of particles without loss of information. The detector is thus more efficient.
The graphs in Figure 5.21 were realized precisely to better show this phenomenon: each of these graphs
operates a comparison between the efficiency curves corresponding to the two RPC chambers at the
same absorption coefficient (thus, at the same incident flux).
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FIGURE 5.21: Efficiency vs HVeff – Comparison between GT BKHR 1.6 and GT BKHR 1.8 at different
absorption factors
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As shown in Figure 5.21, the efficiency of the two RPC chambers was also evaluated with the
gamma source turned off: in this configuration, there is not a real incident flux on the RPC
chambers (in fact, rates with the gamma source turned off are very low, as shown in the
paragraph 5.2). For this reason, the efficiency values corresponding to this configuration are
the highest estimated, if compared with those obtained with the shielded source.
The efficiency curve is also an important indicator of the aging of the detector: efficiency
decreasing values indicates that the detector materials are undergoing a progressive
degradation. The loss of efficiency is usually due to the fact that the electrodes resistivity
increases as a result of the persistent irradiation, resulting in lower rate and current values
and thus lower efficiency. This leads to an increase of the voltage applied to the RPC chambers
in order to maintain the same level of efficiency; thus the working point also moves towards
higher values.

5.5 Studies at working point
After performing the efficiency data analysis, it is necessary to estimate the optimal working
voltage, also known as working point. This value can be extrapolated from the sigmoid of the
detector efficiency as a function of the high effective voltage. Figure 5.22 shows a typical
sigmoid of a RPC detector at CMS: the knee of this curve is defined as the HVeff value for which
the detector reaches 95% maximum efficiency. The working point is then defined as:

𝐻𝑉𝑘𝑛𝑒𝑒 + 100 𝑉
𝐻𝑉𝑘𝑛𝑒𝑒 + 150 𝑉

𝑓𝑜𝑟 𝑅𝑃𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑀𝑆 𝑏𝑎𝑟𝑟𝑒𝑙
𝑓𝑜𝑟 𝑅𝑃𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑀𝑆 𝑒𝑛𝑑𝑐𝑎𝑝𝑠

FIGURE 5.22: Efficiency vs. HVeff for a typical CMS RPC detector
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As we can see from the graphs in the previous paragraph, the working point and the efficiency
values are depending on the incident particles flux: for increasing values of the incident flux,
the efficiency decreases and the working point moves toward higher voltage values. In fact, a
significantly increasing incident flux produce a larger charge that must be collected at the
electrodes, but if the electric field is not intense enough to collect and neutralize the charge,
further particles, that arrive in an already discharged area of the detector, can find an electric
field approximately equal to zero and therefore they will not be correctly revealed (this
phenomenon depends on the dead time, an intrinsic characteristic of the detector, defined as
the time after each event during which the system is not able to record another event).
These experimental dependencies can be clearly observed reporting the efficiency values and
the working point as a function of the rate measured on the GT BKHR 1.6 and GT BKHR 1.8
chambers, as Figures 5.23 and 5.24 show. Each experimental point in the following graphs
corresponds to a different absorption coefficient (errors were evaluated with the error
propagation method).

FIGURE 5.23: Efficiency vs Rate – Comparison GT BKHR 1.6 and GT BKHR 1.8
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FIGURE 5.24: Working Point vs Rate – Comparison GT BKHR 1.6 and GT BKHR 1.8

Another important information that can be derived from the working point at different
absorption factors is the corresponding current and rate values. In particular, the current
density is directly proportional to the rate, as already mentioned in the paragraph 5.3; the
angular coefficient of the linear fit in Figure 5.25 represents exactly the registered charge. As
well as in the previous graphs (Figure 5.23 and Figure 5.24), each experimental point refers to
different absorption factors.
The deposited charge is then roughly equal to
22.25 ± 0.28 pC
which is comparable with the average charge value found previously in the current studies
(21 pC) and represents a further experimental confirmation of the linear relation between
current density and measured rate. Therefore, the mean value of the charge deposited in the
detectors remains constant with the rate and it is roughly the same for both GT BKHR 1.6 and
GT BKHR 1.8 chambers. So Figure 5.26 shows the deposited charge as a function of the rate
and makes a comparison between the two RPC chambers. Once again each experimental point
refers to different absorption factors.
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FIGURE 5.25: Density Current vs Rate – Comparison GT BKHR 1.6 and GT BKHR 1.8 at working point

FIGURE 5.26: Charge vs Rate – Comparison GT BKHR 1.6 and GT BKHR 1.8 at working point

78

Chapter 6

Conclusions and future
developments
As already mentioned, the Phase-II upgrade of LHC will allow to reach the nominal energy
of 14 TeV to an instantaneous luminosity of 5 * 1034 cm-2 s-1: this upgrade will result in a
background radiation increase and different operating conditions.
All the analysis carried out in the previous chapter (rates, current, efficiency and working
point) are used to characterize the tested RPC chambers and to make comparison of their
operation, in order to verify that they are suitable for the new operating conditions of HLLHC. However, it is necessary to make a longevity analysis of the detectors: these further tests
are used to study the natural aging of the detectors and the inevitable deterioration of their
performance, which must be maintained above the minimum required level. In particular, the
detectors used for the HL-LHC must maintain constant thei performance for 10 years. So, for
these longevity tests the detectors are subjected to a long irradiation period, in stable
conditions and at the working point: if the current and the efficiency values (and thus also the
integrated charge – which is proportional to the aging of the detectors) remain constant
throughtout the test period, then there have been no aging phenomena. A first longevity test
was performed only for a trial period od 50 days (from January 14 to March 3, 2016),
alternating 6-7 days with irradiation to 1-2 days with the gamma source turned off. In
particular, this test was carried out on the RPC detector T1_S6, without any absorption factor
applied to the source. Recently, new longevity tests were performed, in particular on the RPC
chambers RE2-2-NPD-BARC-9, RE4-2-CERN-165, RE4-2-CERN-166 and RE2-2-NPD-BARC-8.
Further information about the several scans and the configurations used during these tests are
available on the website http://webdcs.cern.ch/index.php?q=longevity&p=runregistry
As for the rate capability analysis, the maximum rate expected for the Phase-II upgrade at HLLHC was estimated at 900 Hz/cm2, including also correction terms. The tests on the detectors
have shown that the highest rates recorded are roughly equal to 1 – 2 kHz/cm2, much higher
than the estimated value. Obviously, the rate capability is not sufficient to characterize a
detector, therefore further efficiency tests were carried out in order to verify that, despite the
substantial rate increase, the efficiency is maintaned above 95%. The results in the previous
chapter clearly show that for the highest recorded rates the efficiency of the RPC chambers
remains above 95%, thus fulfilling the CMS requirements. These results therefore show that
the RPC detectors can support all the upgrades scheduled for HL-LHC. In particular, the
chamber with the smallest gap, the GT BKHR 1.6, seems to reach better performance than the
others: in fact, supplied with lower voltages, manages to reveal higher rates (and thus higher
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currents). In addition, it reaches the maximum efficiency value for lower voltages than the GT
BKHR 1.8, which makes it much more stable.
After the test beam of September, 2016, the GIF++ activity continued with new tests on the
detectors, in order to verify their performance, rate capability, efficiency and several
parameters related to the aging phenomena (bakelite resistivity increase, decrement of the
current and efficiency values). In particular, in early 2017 new tests in the 904 laboratory were
carried out: in this case, there was not a gamma source as in the GIF++ bunker, but the
detectors were affected only by cosmic radiation. In addition, a new test beam for the RPC
detectors will start for a period of about 30 days, from 1st to 23rd May, 2017. For this particular
test beam, there will be an optimization of the trigger system, especially for the efficiency
analysis, and a new RPC chambers, GT-2.0-2.0-BKL-JUL16-04, is expected for tracking
purpose and will be installed in trolley 3.
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