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Abstract

The next generation of high-energy physics (HEP) detectors will predominantly be silicon-
based. As pixel sensor technology gains momentum and the number of channels surpasses
one billion (for a volume of approximately 20 m?) to achieve the high resolution required
for "imaging" charged tracks, current densities become very high, resulting in an overall
power consumption of hundreds of kilowatts. Additionally, with increased collider luminosity,
radiation levels rise, leading to higher sensor leakage current. Therefore, cooling becomes
essential for removing the generated heat and preventing thermal runaway caused by temper-
ature increases induced by the sensor leakage current. If not eliminated by cooling, this heat
source creates a positive feedback loop with the increasing flow of leakage current due to its
exponential temperature dependence.

Cooling the detectors and their environment has been a characteristic of Si HEP detectors
since the 1990s. Due to the ever-increasing current requirements, powerful cooling systems
capable of operating continuously for years, for cooling the detector components that operate
in a high-radiation (1.2 Grad) and strong magnetic field (4 T) environment, have become
integral to the detector support structure. Cooling temperatures range between -40 and -
25 °C, and as the detectors cannot be permanently in an isolated environment, they are at
risk of vapor condensation that may cause severe damage. To prevent damage from vapor
condensation, reliable and detailed monitoring of the dew point temperature, and therefore
humidity and ambient temperature, is necessary.

Temperature sensors that can survive in the detector environment, such as Resistance Tem-
perature Detectors (RTDs), are commonly used. However, radiation-tolerant humidity sensors
that provide the required resolution are not readily available. Therefore, the main objective of
this dissertation was to select and characterize a suitable, affordable, and easy-to-integrate
humidity sensor for the challenging HEP detector environment.

Several types of humidity sensors have been considered, those not fully ready for the market
have been excluded as well as those not suitable for the HEP environment. The chosen sensor
is the capacitive humidity sensor MK33-W of the IST AG company. It has demonstrated a linear
dependence of its output on high accumulated proton fluence, which can be compensated for
using a first-order polynomial function. Sensor responsivity has been tested at temperatures
as low as -30 °C, where the sensor reliably provides information on the surrounding humidity
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level after calibration. Furthermore, the sensor has been exposed to a strong magnetic field,
matching the one of the detectors, and has shown insensitivity to it.

Efficient, easy-to-deploy, and cost-effective multi-channel readout units for both humidity
and temperature sensors have been proposed, considering the large number of sensors that
will be distributed throughout the entire detector. Lastly, the integration of the developed
systems into the CMS Detector Control System/Detector Safety System (DCS/DSS) has been
discussed.

Key words: Dew point temperature, relative humidity, temperature, silicon-based detectors,

radiation tolerance, strong magnetic field, sub-zero temperatures, multi-channel readout
system, detector control system, detector safety system, CERN.
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Résumé

La prochaine génération de détecteurs pour la physique des hautes énergies (HEP) sera
principalement basée sur le silicium. Alors que la technologie des capteurs a pixels gagne
en élan et que le nombre de canaux dépasse le milliard (pour un volume d’environ 20 m3)
afin d’obtenir la haute résolution requise pour "imager" les traces chargées, les densités de
puissance deviennent tres élevées, entrainant une consommation totale de plusieurs centaines
de kilowatts. De plus, avec une augmentation de la luminosité de I'accélérateur, les niveaux de
radiation augmentent, entrainant une augmentation des courants de fuite des capteurs. Par
conséquent, le refroidissement devient essentiel pour éliminer la chaleur générée et éviter
une surchauffe causée par 'augmentation de la température due aux courants de fuite des
capteurs. Si cette chaleur n’est pas éliminée par le refroidissement, elle crée une boucle de
rétroaction positive avec le flux croissant de courant de fuite en raison de sa dépendance
exponentielle a la température.

Le refroidissement des détecteurs et de leur environnement est une caractéristique des détec-
teurs Si HEP depuis les années 1990. En raison des besoins toujours croissants, des systemes
de refroidissement puissants capables de fonctionner en continu pendant des années dans
un environnement, pour refroidir les composants du détecteur fonctionnant dans un envi-
ronnement a forte radiation (1.2 Grad) et champ magnétique intense (4 T), sont devenus
indispensables pour la structure de support du détecteur. Les températures de refroidisse-
ment varient entre -40 et -25 °C, et comme les détecteurs ne peuvent pas étre en permanence
dans un environnement isolé, ils sont exposés au risque de condensation de vapeur qui peut
causer des dommages graves. Pour éviter les dommages dus a la condensation de vapeur, une
surveillance fiable et détaillée de la température de point de rosée, et donc de I'humidité et de
la température ambiante, est nécessaire.

Les capteurs de température capables de survivre dans I'environnement du détecteur, tels
que les capteurs de résistance thermique (RTD), sont couramment utilisés. Au contraire, les
capteurs d’humidité résistants aux radiations qui fournissent la résolution requise ne sont pas
facilement disponibles. Par conséquent, I'objectif principal de cette these était de sélectionner
et de caractériser un capteur d’humidité approprié, avec un prix abordable et facile a intégrer
pour I'environnement exigeant du détecteur HEP.

Le capteur d’humidité choisi, le MK33-W, a démontré une dépendance linéaire de sa reponse
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par rapport a une forte dose accumulée, ce qui peut étre compensé en utilisant une fonction
polynomiale du premier ordre. La sensibilité du capteur a été testée a des températures
aussi basses que -30 °C, ou le capteur fournit de maniere fiable des informations sur le
niveau d’humidité environnant. De plus, le capteur a été exposé a un fort champ magnétique
correspondant a celui des détecteurs et s’est avéré insensible a celui-ci.

Des unités de lecture multi-canaux efficaces, faciles a déployer et économiques pour les
capteurs d’humidité et de température ont été proposées, compte tenu du grand nombre de
capteurs qui seront répartis dans '’ensemble du détecteur. Enfin, I'intégration des systémes
développés dans le Systéeme de Controle du Détecteur/Systéme de Sécurité du Détecteur
(DCS/DSS) du détecteur CMS a été discutée.

Mots clefs : Température de point de rosée, humidité relative, température, détecteurs a base
de silicium, tolérance aux radiations, fort champ magnétique, températures sous zéro, systéme
de lecture multi-canal, systeme de controle du détecteur, systeme de sécurité du détecteur,
CERN.
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1§ The CMS detector upgrade for the

High Luminosity Large Hadron
Collider

We cannot solve our problems with the same
thinking we used when we created them.
— Albert Einstein

The question about the fundamental laws governing the Universe and its elementary con-
stituents has persisted for thousands of years. From ancient thinkers to today’s scientists using
specific tools to answer it, the road has been a very exciting one. High Energy Physics (HEP)
and Astrophysics are two scientific disciplines that specialize in the research of the above.
When seeking experimental data to verify theoretical predictions, they use different yet often
complementary techniques.

The astrophysics approach involves the use of cosmic rays and neutrinos, monitored by ex-
perimental apparatus on Earth or satellite- and spaceship-loaded experimental apparatus to
observe the entire spectrum of cosmic particles. The HEP approach uses accelerators, a scien-
tific research tool that has been developing for about a century and has numerous applications.
Both Astrophysics and HEP approaches combine a particle source with a "matching” detector
that captures images of the produced particles, the object of the analysis of the physicists
conducting the study and testing certain theoretical predictions [1].

Contrary to Astrophysics, where "nature" provides the objects of study, HEP uses accelerators
as a tool to provide the same objects. Accelerators provide to particles the energy at which
we would like to study their interactions with other particles. Each approach has its own
advantages and disadvantages, and data from both are used to build a coherent picture of the
Universe surrounding us [2].
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Figure 1.1: Schematic views of (a) an experimental setup for a fixed target experiment, and (b)
of a collider experiment. The inner barrel of the detector of the collider experiment determines
the direction and the momentum of the particle, while the outer measures the particle energy.

Nowadays, we distinguish between two types of accelerator-based experiments: accelerators
with a fixed target and colliders [3]. The accelerators with a fixed target accelerate particles
to the desired energy and scatter the beam against the fixed target material. The targets are
stationary, material blocks, such as graphite or beryllium. Besides studying the interaction, this
approach allows to produce and investigate a secondary beam of particles (stable, unstable,
charged, neutral) for a subsequent collision. The whole process is "photographed” by a particle
detector. In the second approach, the beams are accelerated separately to desired energies
and then brought into collision. The collider accelerators offer higher energy available for the
study of different HEP theories where rare phenomena are studied. The schematics of both
methods are presented in Fig. 1.1.

Both approaches can be described with two key parameters: energy and luminosity. The
center-of-mass energy, usually denoted as /s, represents the energy available in collision
experiments, whether it involves a stationary and a moving particle or two moving particles.
For fixed target experiments, the center-of-mass energy can be approximated as:

V5~ v/ Fream (BY

where Ejeqr, is the accelerated particle energy, and /s is the available energy given to the
(possible) trapped particles that will be able to appear. In the case of a fixed target experiment,
the center-of-mass energy grows only with the square root of Ej.,;,. On the other hand, in the
case of a collider, the center-of-mass energy can be approximated as:

\/EZZEbeam (1.2)

which demonstrates that using two beams in opposite directions is much more efficient.
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Louis de Broglie postulated the particle-wave duality as follows:

(1.3)

where A is the particle wavelength, p is an impulse of the particle and £ is Planck constant.
In the case of higher energy, particles probes with small wavelengths can be produced and
small objects can be investigated. Thus, by having a higher energy accelerator we can look at
smaller things. One of the goals of modern particle accelerators is to see if quarks and leptons,
which are the building blocks of present theories, are composed of smaller objects [2].

Together with the centre-of-mass energy, luminosity is related to the number of particles
undergoing collisions. From a statistical point of view, more collisions mean a better chance
of seeing something rare. Instantaneous luminosity describes how frequently the particles
have a chance to interact per unit area. The number of events (collisions) is determined by the
instantaneous luminosity and cross-section, the effective area of two particles for a reaction
to occur, as follows:

8Nreaa;twns 22.0_ (14)
where we assume that the cross-section o does not depend on the time interval and & is
the instantaneous luminosity. Equation (1.4) quantitatively expresses how the requirement
for high statistical accuracy of experimental data translates into the requirement for the
high luminosity of an accelerator. However, instantaneous luminosity cannot be increased
indefinitely, as it might conflict with the performance of the data acquisition system.

Often integrated luminosity is reported, L = |, t? £ dt, which defines the amount of data
recorded for the given time-interval [#;, f»]. The cross-section o is usually measured in barns,
[b], where 1 b =10724 cm?. The measuring unit for the instantaneous luminosity is cm=2s~!,
while the integrated luminosity is usually expressed in inverse femtobarns [fb™!] or inverse

picobarns [pb_l].

After introducing the accelerator key parameters, another aspect of accelerator design that we
must take into consideration is the type of particles that will collide. The colliding particles
choice is based on the spectrum of phenomena that we want to study. Particles participating in
collisions can be composite objects themselves, such as protons or heavy ions. In this case, the
particle energy is shared among its constituents, and the energy available to induce new phe-
nomena is lower and determined by the energy in the reference frame of colliding constituents,
and not in the frame of the parent particles. Finally, the combination of signs of charges of
colliding particles imposes technical restrictions on the configuration and implementation of
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the magnetic field in a circular accelerator apparatus.

In addition to these aspects, there are several technical considerations that must be carefully
evaluated during the design of an accelerator. These may include the choice between linear
and circular accelerator geometry, the radiation energy loss per turn in circular accelerators,
the percentage of time that collisions are actually occurring, and the level of various back-
ground interactions [4]. All of these factors can significantly impact the performance and
effectiveness of the accelerator.

In the following section, the design of the circular Large Hadron Collider (LHC) accelerator
and its future upgrade at the Conseil Européen pour la Recherche Nucléaire (CERN) will be
presented. Key aspects that have influenced the choice of technologies employed at the LHC
are discussed. Additionally, this chapter will cover what is called the "Phase-2" upgrade of
the Compact Muon Solenoid (CMS) detector, one of two all-purpose detectors functioning at
the LHC, followed by a description and analysis of the upgrade plans for its components. The
future upgrade will mainly be Silicon(Si)-based and must operate at temperatures well below
zero degrees Celsius. Given that the detectors will operate below the dew point temperature
of their experimental cavern, it is crucial to monitor the dew point temperature inside the
detector in order to avoid condensation, as it can severely damage the detector sensors and
electronics. Therefore, the necessity of dew point sensors, and thus the need for tempera-
ture and relative humidity sensors, in high-energy physics will be carefully introduced and
discussed at the end of this chapter.

1.1 Accelerator Complex

The role of the accelerator is to increase the energy of the charged particles. The energy
injection is done using radio-frequency (RF) cavities situated at one point of the beam cyclic
trajectory. A magnetic field is used to bend the particles forcing them to move along the circle
and to focus them. The world’s largest accelerator is the LHC located between 45 m and 170 m
below the surface at the Swiss-French border with a circumference of around 27 km. The LHC
is a two-ring accelerator (collider) and is part of the more complex CERN accelerator system.
It is fed with two counter-circulating proton beams injected by a chain of linear and circular
accelerators, depicted in Fig. 1.2.

Prior to their injection into the LHC, the protons undergo a series of pre-accelerations. At
the beginning of the injection chain, an electric field is applied to strip electrons of hydrogen
atoms to yield protons. This way, the protons are separated and can be injected into the cycle.
The protons are subsequently accelerated from 90 keV to a kinetic energy of 50 MeV in the
first accelerator in the chain — the Linear Accelerator 4 (LINAC4). The LINAC4 is followed
by the Proton Synchrotron Booster (PSB), from which the protons get out with 1.6 GeV of
energy. Thereafter, the protons are transferred to the Proton Synchrotron (PS), where the
proton beam is pushed to 26 GeV. Next, the Super Proton Synchrotron (SPS) accelerates the
beam to a kinetic energy of 450 GeV and transfers it to the LHC or delivers it to fixed target

4
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The CERN accelerator complex
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Figure 1.2: The chain of linear and circular machines that accelerates the particle beam until
its injection in the LHC, [5].

experiments in the SPS North Area.

1.1.1 Large Hadron Collider

For the LHC circular accelerator with two Gaussian-shaped beams with dimensions o, and
oy colliding almost head-on and with a small crossing angle, the instantaneous luminosity is
illustrated as follows:

NiN> N,
$:f 1NoNp o
47wxay

(1.5)

where f is the bunch revolution frequency, N; and N, are the numbers of particles per bunch,
and N, is the number of bunches per beam. S represents the geometrical luminosity reduction

5
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factor (S < 1) and it can be expressed as [6]:

1 1
S= ~ (1.6)

Jre(@an?) e (22)

where, o is the bunch length, and @ is the crossing angle. The aforementioned equations,

eq.(1.4) — (1.6), show that the luminosity can be increased by reducing the cross-section of
the beam, by increasing the number of particles in the beam, or by increasing the bunch
revolution frequency. In general, the luminosity of an accelerator gradually increases over
time, while accelerator physicists learn how to operate the machine and squeeze the beam
size at the intersection point.

In the LHC, the energy of the particles is increased up to 6.8 TeV providing proton-proton
collisions with a center of mass energy of up to 13.6 TeV. The beam is split into 2808 bunches,
with a revolution frequency of 11245 turns per second, where each bunch is composed of
1.15-10"! particles. The luminosity reduction factor, S, for the LHC results, is 0.835, and the
beam size in one direction is 16.7um resulting in the instantaneous LHC luminosity of 103*
cm™2s7! [7].

The bending of the 6.8 TeV proton beam and keeping it on the projected circular trajectory
demands a magnetic field of 8.33 T, corresponding to an electrical current of 11.7 kA. Thus,
superconductive technology was used as superconductors show no resistance to a current flow
below a critical temperature. With superconductive magnets, the current density limitations
imposed by Joule heating in standard electromagnets are surpassed. The Niobium-Titanium
(NDbTi) superconducting coils that are used for the LHC magnets, require a powerful cryogenic
system and cryogenic distribution line in the LHC to bring the operating temperature to 1.9 K.

1.1.2 Experiments

The LHC accelerator has eight insertion regions (IRs) as presented in Figure 1.3. These IRs
are the locations where the acceleration systems (RF cavities), detectors, and facilities for
cleaning and dumping of proton beams are installed. They divide the LHC ring into eight
equally long arcs and each of them is equipped with the dipole magnetic system used to bend
the beam along the accelerator!, and quadruple magnetic system used to focus the beam'"
[4]. Additionally, they contain several other systems that provide higher-order multi-pole

magnetic fields for fine corrections of the beam orbit

There are four IRs where collisions happen, and in each of them one main detector is installed:

IThe dipole magnetic system consists of 1232 dipole magnets of 15 meters in length.
I'The quadruple magnetic system consists of 392 quadrupoles magnets, each 5-7 meter long.
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e IR1 - ATLAS (A Toroidal LHC ApparatuS): The ATLAS detector is one of two general-
purpose detectors built to study the Standard Model and beyond, [8].

* IR2-ALICE (A Large Ion Collider Experiment): The ALICE detector is dedicated to heavy-
ion collisions, such as proton-lead (p-Pb) and lead-lead (Pb-Pb). At extremely high tem-
peratures, the quark-gluon plasma is produced, helping to reproduce similar conditions
that existed after the Big Bang, [9].

* IR5 - CMS (Compact Muon Solenoid): The CMS is another general-purpose detector,
complementary to the ATLAS detector, designed with a very broad scientific program,
including both searches for new phenomena and precision measurements in particle
physics, [10].

e IR8 - LHCb (Large Hadron Collider beauty): The LHCb detector is the fourth main ex-
periment, designed to study CP violation from the decays of b hadrons, [11].

Additionally, three other small detectors, LHCf (Large Hadron Collider forward), TOTEM
(TOTal Elastic and diffractive cross section Measurement), and MoEDAL (Monopole and
Exotics Detector At the LHC), are located in same caverns as ATLAS, CMS, and LHCD, re-
spectively. LHCf studies the collisions in the forward region [12], while TOTEM measures
total cross-section, and studies diffractive processes and elastic scattering [13]. The MoDEAL
experiment aims to search for the existence of magnetic monopoles [14].

1.1.3 High Luminosity LHC (HL-LHC)

The number of collisions, and therefore luminosity, must increase to have a better probability
of discovering some new physics phenomena and prove the existence of new particles pro-
duced in rare events. Figure 1.4 presents the plan, features, and operation parameters of the
LHC upgrade for the following years. The LHC upgrade is planned in three phases known as
Long Shutdowns (LSs) during which the accelerator is stopped, and the beam instrumenta-
tion is maintained, repaired, and/or changed. During the LS3 (between 2026 and 2028), the
LHC will be upgraded to the High-Luminosity LHC (HL-LHC), where the luminosity will be
increased by a factor of 5 in comparison to the current LHC luminosity, [15], [16].

There are three ways of increasing the luminosity: reducing the crossing angle, reducing the
beam size, or increasing the beam density. The current LHC crossing angle is 286 urad and in
the HL-LHC it will be reduced using novel RF cavities (Crab cavities) [15]. They will be made of
superconducting material Ni and their main task will be to rotate the bunches at the collision
points to reach optimal head-on collisions. In this way, the geometrical luminosity reduction
factor, S, will increase from 0.835 to around 1.

The beam size will be reduced using novel quadruple magnets that will help in better beam
focusing at the collision points enhancing the luminosity. For the HL-LHC, the beam size will
be reduced from 16.7 um to 8.2 um. The beam intensity is increased by increasing the total
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Figure 1.3: The schematic layout of the LHC (the separation of the two rings is not to scale)
is shown in a global coordinate system with the origin in the ATLAS collision point. The
two beams collide in the four experiments ATLAS, ALICE, CMS, and LHCDb. In the other IRs,
systems for acceleration (RF cavities — IR4), cleaning (IR3 and IR7), and dumping (IR6) are
installed.

number of protons in each beam. As protons are charged particles, the beam represents a
current flow. For the present LHC accelerator, the beam intensity is equal to 0.58 A, while for
the HL-LHC is almost twice higher and is equal to 1.12 A.

The above-mentioned discussion is summarized in Table 1.1, where a deeper comparison
analysis of the current LHC and future HL-LHC collider parameters is given. In the future HL-
LHC, the number of protons per bunch will increase up to 2.2- 10!}, and with the r.m.s. beam
size at the interaction point of 8.2 um will lead to the increase of total inelastic collisions™ per
bunch crossing to 112 mbarn, with the instantaneous luminosity of 5- 1034 cm2s7!.

As previously mentioned, the implementation of a high-luminosity configuration requires
several technological advancements. This includes the upgrade of the superconducting
magnet and cold powering system, the introduction of new superconductive RF crab-cavities,
and the upgrade of the collimation system'". These improvements are necessary to achieve
the desired level of luminosity in the accelerator. Therefore, upgrades of the currently existing

Tn an inelastic collision, the number or the nature of the particles after the interaction has changed, while in
elastic interaction, the number and the nature of the particles after the interaction remain unchanged.

VThe collimation system is a collection of protective devices, used to protect the rest of the accelerator from
particles spiraling out of the machine. Furthermore, it can limit the maximum field size of a beam.
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Figure 1.4: Illustration of a bunch crossing with the relative parameters.

Table 1.1: Comparison of collider parameters

Parameter LHC HL-LHC Unit
Collision energy 14 14 [TeV]
Magnetic dipole field 8.33 8.33 [T]
Dipole operating temperature 1.9 1.9 K]
Circumference 26.659 26.659 [m]
Injection energy 450 450 [GeV]
Total Synchr. radiation power 3.6 7.3 kW]
Energy loss A/turn 6.7 6.7 (keV]
Revolution frequency 11245 11245 [Turns per second]
Bunches per proton beam 2808 2808 -
Protons per bunch 1.15-10'  2.2.10" -
RMS bunch length 7.55 8.1 [cm]
Bunch spacing 25 25 [ns]
Beam current 0.58 1.12 [A]
Stored energy/beam 362 700 M]]
RMS beam size at int. point 16.7 8.2 [pm]
Peak luminosity 1-10% 5-1034 [cm 257}
Total inelastic cross section 82 112 [mbarn]

facilities must be well planned. Some of the upgrades will imply the entire replacement of
some sub-detectors and involve silicon material as a main constituent of the future high-
energy physics detectors. The upcoming upgrade is briefly presented in the following section
on the example of the CMS detector upgrade scheduled during the LS3 phase.

1.2 The Phase-2 Upgrade of the Compact Muon Solenoid

The increase in the luminosity poses significant challenges for particle detection with the
current detectors. The particle detection and energy measurement would be drastically
impaired due to the two following reasons:
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* Increased confusion due to pile-up events:" By increasing the luminosity, the number

of particles per bunch increases as well followed by adding additional beam-focusing
elements. For future HL-LHC experiments, the average number of inelastic collisions
per bunch-crossing is even expected to exceed the number of 140 200)VL. Due to the
increase, assigning measured energy depositions in the sub-detectors to the particles
emerging from the hard collisions of interest becomes more difficult. Pile-up energy
depositions could be confused as energy from the showering particles of interest.

* Degrading sensors due to radiation damage: The current sensitive material used for

particle detection could not cope with the expected radiation levels during the HL-LHC
operation. The radiation might have a huge impact on the resolution of some sub-
detectors, and, therefore, detectors with a novel radiation hardness will be required,
especially for regions with harsher radiation levels.

To address the above-listed constraints, the CERN detector collaborations are planning up-
grades and even the entire replacement of some sub-detectors, which will be presented in the
example of the CMS detector.

The CMS detector weighs 14000 tons, is 21 meters long and is 15 meters high. It is cylindrical
and contains several sub-detector systems as illustrated in Figure 1.5. A large solenoid""!
envelops the first three layers: the tracker system, the electromagnetic calorimeter (ECAL)
and the hadron calorimeter (HCAL). The last layer is muon chambers located outside the
magnet. The cylindrical part of the detector is known as a barrel, while the side parts are
called endcaps. Figure 1.6 shows the cross-section of the CMS detector as well as the particle
trajectories reconstructed from the signals that arise as a result of their interactions with the

materials of the detector through which they pass.

The current detector is built to operate at the instantaneous luminosity of 1-10% cm™2s™!
and integrated luminosity of 500 fb~!, [17], while, after the foreseen upgrade of the LHC,

2571 and the target value of the integrated

the instantaneous luminosity will be 51034 cm™
luminosity is 3000 fb~! [18], [19]. The current equipment and instrumentation are not designed

for the radiation dose expected at such high luminosity, thus, the detector upgrade is necessary

VPile-up is defined as the average number of particle interactions per bunch-crossing. There are different
types of pile-up. In-time pile-up is additional proton-proton collisions occurring in the same bunch-crossing as
the collision of interest. Out-of-time pile-up is additional proton-proton collisions occurring in bunch-crossings
just before and after the collision of interest.

VIThe 140 is the average number of inelastic proton-proton collisions per bunch-crossing that corresponds
to the instantaneous luminosity of HL-LHC of 5- 1034 ¢cm™2s~1, while 200 is the average number of inelastic
proton-proton collisions per bunch-crossing estimated for the instantaneous luminosity of 7.5-103% cm 25!

VIIThe solenoid magnet represents the core and "muscles” of the CMS detector and it is the only part of the
detector that does not require upgrade. The purpose of the CMS magnet is to bend the trajectories of the high-
energy particles arising from the proton-proton collision making it a vitally important part for the identification of
the charge and momentum of the detected particles. The solenoid magnet is a 12.5 m long cylinder with a 6.3 m
diameter and its coils are made of the niobium-titanium (NbTi) wires with 2180 turns. It is a superconducting
magnet that operates at a temperature of 4.5 K. The solenoid magnet can carry an electric current up to 18 kA,
creating a uniform magnetic field of 3.8 T along its length, slightly lower than the 4 T design value.

10
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Overall length :28.7m Microstrips (80-180 ym) ~200 m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
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CRYSTAL
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~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
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Figure 1.5: A 3D drawing of the CMS detector. The LHC beams travel along the length of the
detector before colliding at the center. The interaction point is surrounded by the silicon
tracker (blue), followed by the ECAL (tan) and HCAL (yellow) which are all enveloped by the
superconducting solenoid (white). The steel return yoke of the magnet (red) doubles as an
absorber for the muon tracking system and it contains the various muon tracking stations
(white).

as planned during the LS3, also known as a CMS Phase-2 upgrade.

Phase-2 of the CMS detector upgrade is a major upgrade project that is currently underway.
This is being achieved through the installation of new detector layers and the upgrade of
existing detector components with new sensors and readout electronics, [19]. Fig. 1.7 presents
a cross-section of the CMS detector with an overview of the upgrades foreseen for the HL-LHC.

One of the key features of the Phase-2 upgrade is the installation of a new detector layer called
the High-Granularity Calorimeter (HGCAL). This layer will provide improved accuracy in the
measurement of the energy of particles produced in collisions. It will replace the current ECAL
and HCAL endcaps and will be made up of about six million individual sensor cells that are
capable of measuring the energy of particles with high precision.

The Phase-2 upgrade also includes the installation of new tracking detectors called the Inner
Tracking System (ITS) and the Outer Tracking System (OTS). These detectors will provide
improved accuracy in the measurement of the momentum of particles produced in collisions

11
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Figure 1.6: Cross-section of CMS detector with reconstructed particle trajectories. The charged
particles such as electrons, muons, and charged pions (71%) are bent inside and outside the
solenoid whereas the neutral particles such as photons and neutral pions (7°) traverse without
being bent. The silicon tracker is mainly for measuring the momentum of particles whereas
the ECAL and HCAL measure the energy deposits. The electrons and photons deposit their
energy inside the ECAL whereas the hadrons deposit in both ECAL and HCAL. The muons are
the only particles that traverse all the way to the muon chambers.

Barrel calorimeters:

New BE/FE electronics

ECAL: reduced temperature
HCAL: partially new scintillator

Tracker:
Radiation tolerant, high granularity
Reduced material budget

Tracks in L1 trigger hardware
Coverage up to [n| = 3.8

. | Muon system:
New electronics

Extended coverage GEM/RPC
1.5<mn<24
Muon tagging at higher

HGCal:

Radiation hardness
Timing information
Coverage 1.5 <In|<3.0

MIP Timing Detector:
Precision timing for PU mitigation
Barrel: Crystals + SiPM

Endcap: Low gain avalanche diodes

Figure 1.7: Cross-section of the CMS detector showcasing planned upgrades for the HL-LHC.
The green boxes represent the sub-detectors that will be completely replaced, while the red
boxes indicate either new modules or extensions of the current ones. The HGCAL sub-detector
is going to replace the ECAL and HCAL endcaps represented in blue and yellow, respectively.

12



The CMS detector upgrade for the High Luminosity Large Hadron Collider Chapter 1

by measuring the trajectories of charged particles with high precision.

Other important features of the Phase-2 upgrade are the upgrades of the existing Barrel
Calorimeters (ECAL and HCAL) and the Minimum Ionising Particle Timing Detector (MTD).
The upgraded ECAL will operate at a reduced temperature, while the HCAL upgrade will
contain the implementation of partially new scintillators. The upgrades of both calorimeters
are followed by the integration of new back-end and front-end electronics.

The MTD is used to measure the time of arrival of particles produced in proton-proton
collisions at the LHC with a resolution of about 50 picoseconds. It is divided in Barrel Timing
Layer (BTL) and Endcap Timing Layer (ETL). The foreseen upgrade of the MTD is based on the
integration of new silicon photomultipliers (SiPMs) in the detector barrel (BTL) and low-gain
avalanche diodes in the detector endcap (ETL). Finally, the Phase-2 upgrade involves the
upgrade of the existing muon detectors.

The new data acquisition and trigger systems are required to improve the speed and detection
efficiency of the CMS detector. This will allow researchers to collect data from more LHC
collisions and study a wider range of physics phenomena.

1.2.1 Silicon Detectors in High-Energy Physics

Silicon material is selected as a major constituent of the detector upgrades (especially for
the Tracker and for the HGCAL). Silicon is a widely used detector material in a variety of
radiation detection applications in particle, nuclear, and atomic physics due to its ability to
produce a large number of free charge carriers per incident radiation. This allows for excellent
resolution, even when the deposited energy is low. In particle tracking applications, silicon
detectors can be made very thin while still providing a good signal-to-noise ratio. The ability
to micro-pattern the material using lithographic methods also allows for excellent spatial
resolution. Among semiconductor materials that offer similar characteristics, silicon is the
primary material used in the microchip industry and thus has the advantage of low cost and
extensive manufacturing experience.

Silicon as an Active Material

Silicon is a semiconductor material belonging to group IV of the periodic table, with a band gap
energy of Eg = 1.12 eV. Table 1.2 gives an extensive overview of the silicon material properties.
The electrons in a crystal lattice of silicon can occupy either localized states associated with
individual atoms or delocalized states within the lattice itself. The latter set of states is known
as the conduction band, and electrons occupying these states are not bound to fixed lattice
locations and can move freely through the crystal. The probability that an electronic state of
energy E at a temperature T is occupied by an electron is given by the Fermi-Dirac distribution:

13
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Table 1.2: Properties of silicon material

Parameter Value Parameter Value
Energy Bandgap [eV] 1.12 Density [gm/cm?®] 2.328
Electron Mobility [cm?/Vs] 1500  Melting Point [°C] 1420
Hole Mobility [cm?2/Vs] 600 Dielectric Constant 11.8
Thermal Conductivity [W/(cm - K)] 15 Resistivity [{2cm] 103
Breakdown [Vem™!] 3-10° Absorption Edge [um] 1.4
Lattice Constant [A] 5.43 Refractive Index 3.5

Thermal Expansion Coefficient °C™l] 2.6-107® Hardness [kg/mmz], T=300K 1000

1

fe(E) = eE-EpIkyT 4 ]

(1.7)

where kp is the Boltzmann constant and EF is the Fermi energy, which is the point at which
the probability of a state being occupied is 50%.

Electrons (e) in a crystal lattice can be promoted to the conduction band through thermal
excitation or the deposit of external energy. This process leaves a vacancy in the crystal lattice,
which can be described as a quasi-particle known as a hole (h). On average, approximately
W ~ 3.65 eV of energy is required to create a single electron-hole pair, although the exact
value depends on the specific nature of the energy deposition. By applying an electric field,
electrons and holes can be separated spatially, a principle that forms the basis for the use of
silicon (or any other semiconductor) as detector material.

In pure silicon crystals, the intrinsic charge carrier density is roughly 10'° cm™3 at room tem-
perature. This is significantly higher than the number of charge carriers created by ionization
from a charged particle traversing the same volume. To reduce the intrinsic charge carrier
density and make silicon a viable detector material, dopants are introduced.

From a Crystal to a PN Junction

Dopants, which are atoms from group III (e.g. boron) or group V (e.g. phosphorous) added
to the silicon crystal lattice, introduce additional energy levels into the band gap due to their
different number of valence electrons. The introduction of a group V dopant results in the
creation of a loosely bound state in the band gap just below the edge of the conduction band,
which can be easily promoted to the conduction band through a process known as n-type
doping. This process results in an abundance of quasi-free electrons, referred to as majority
charge carriers, and holes, referred to as minority charge carriers. Group III dopants result in
the introduction of a state in the band gap just above the edge of the valence band through
a process known as p-type doping, creating an abundance of holes and electrons. When a
p-type and an n-type doped material come into contact, they form a PN-junction in which

14
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Figure 1.8: Schematic of p- and n-type doped silicon regions forming a PN-junction. Once the
PN-junction is established, the mobile charge carriers recombine in the contact region. The
resulting concentrations of free charge carriers, space charge density, and electric field are
illustrated.

the acceptor states in the p-type region are filled by the electrons from the donor states in the
n-type region, resulting in a negatively charged p-type region and a positively charged n-type
region, creating a potential difference AV across the junction (see Fig. 1.8). In equilibrium,
the contact region is free of intrinsic charge carriers.

From a PN Junction to a Detector

The size of the depleted volume is determined by the doping concentration and is limited
to at most a few micrometers. It can be controlled by adjusting the external voltage Vj; 4.
This voltage is applied to the contact electrodes in a reverse direction and the depleted region
expands proportionally to the square root of the sum of the applied bias voltage and internal
junction voltage. The effective voltage, V., is defined as Ve = Vpyjqs+ AV, where AV is
typically well below 1 V. This is known as reverse biasing, which is the way HEP detectors
operate. This mode of operation allows for the efficient detection of particles by creating a large
depletion zone for the charges produced by the incident particle to be collected. Examples
of such sensors include silicon strip and silicon pixel sensors, which are used in the Tracker

15
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Figure 1.9: One-quarter view of the tracker layout in r-z projection. The Inner Tracker contains
pixel modules made of two readout chips (green lines) and pixel modules with four readout
chips (yellow lines), while the Outer Tracker exhibits the pixel-strip (PS) and 2-strip (2S)
modules denoted by blue and red lines, respectively.

sub-detector.

1.2.2 The Phase-2 Upgrade of the Tracking System

The tracker is located in the innermost part of the CMS detector, placed around the interaction
point. The tracker is a detector system, with a volume of 5.6 m in length and 2.4 m in diameter,
that serves to reconstruct the path of particles and determine the momentum of particles, [20],
[21]. Due to the presence of the magnetic field, charged particles travel in a curved trajectory
and the bending of the trajectory depends on the momentum of particles. The greater the
particle’s momentum, the less curved is their trajectory.

The detectors used for this purpose are semiconductor detectors made of silicon as active
material, [22]. Particles passing through semiconductor detectors create electron-hole pairs. In
the external field, the charges are separated, returning an electrical signal that is proportional
to the energy of the incident particle. The signal left by the particle is very precisely located,
with a precision of up to 10 pm. Based on a large amount of collected data, the paths are
reconstructed in software and the corresponding impulse is attached to the particle.

The primary goal of the new Tracker System is to ensure adequate track reconstruction per-
formance at the much higher pileup levels of the HL-LHC. The tracking system is subdivided
into two parts: the Inner Tracking System (ITS), placed directly around the interaction point,
and the Outer Tracking System (OTS). The layout of the Phase 2 Tracker is depicted in Fig. 1.9.
The granularity of the outer tracker and inner detector in the new system will be roughly 4 and
6 times greater, respectively, than the current systems, to achieve at HL-LHC similar levels of
occupancy as at a luminosity of 103* cm™2s~!, [23].

The Inner Tracker in the CMS detector will be equipped with pixel modules. The high-
luminosity operation poses challenges for the design of the Inner Tracker in terms of radiation
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Figure 1.10: Illustration of the p T module concept. The correlation of signals in closely-spaced
sensors enables the rejection of low-p T particles; the channels shown in green represent
the selection window to define an accepted stub. A low-momentum track falls outside the
acceptance window and produces no stub. [24]

tolerance of sensors and readout electronics, as well as data volume to be stored in the front-
end pipelines and sent out at high trigger rates. Thin silicon sensors (of thickness 100-150
um), segmented into pixel sizes of 25 x 100 um? or 50 x 50 um?, are expected to exhibit
the required radiation tolerance and to deliver the desired performance in terms of detector
resolution, occupancy, and two-track separation. ATLAS and CMS are carrying out a common
development to design a pixel chip with 2500 um? cell size, in 65 nm CMOS technology. The
Inner Tracker is composed of a barrel part with four cylindrical layers and eight small plus
four large disc-like structures in each forward direction. The Inner Tracker is designed to allow
for the replacement of degraded parts during an extended technical stop, without requiring
the removal of the CMS beam pipe. This is achieved by using inclined rails that enable the
detector to be extracted and inserted.

The use of tracking information in the Level 1 trigger implies that the Outer Tracker has to
send out self-selected information at every bunch crossing, using local data reduction in the
front-end electronics to limit the volume of data that has to be sent out at 40 MHz. This is
achieved by pT modules that are capable of rejecting signals from particles below a certain
pT threshold. The principle of operation of the pT modules is illustrated in Fig. 1.10.

These modules come in two versions: 2-strip modules (2S) and pixel-strip modules (PS).
The 2S modules have strips that are 5 cm long and are used in the outermost three layers
of the Outer Tracker, while the PS modules have strips that are 2.4 cm long and one of the
sensors is segmented into macro-pixels, providing measurement of the z (r) coordinate in
the barrel (endcaps). These PS modules are used in the first three layers of the Outer Tracker
and in the radial region of 200-600 mm. In the endcaps, the modules are arranged in rings,
with PS modules in the rings at low radii and 2S modules at larger radii. To connect the
upper and lower sensors of the module, each module is read out independently by front-
end electronics, preventing communication between the sensor halves, which leads to a
geometrical inefficiency of stub"!!! finding. To overcome this limitation, CMS has developed
an innovative layout where the first three barrel layers are populated with progressively tilted
modules, which are nearly perpendicular to incident particles over the entire barrel length.

VIA Jocal track segment.
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Figure 1.11: Integrated particle fluence in 1 MeV neutron equivalent per cm?, for the Phase-2
Tracker sub-detector. The estimates shown correspond to a total integrated luminosity of 3000
fb~! of pp collisions at /s = 14 TeV, and have been obtained with the FLUKA software.

Table 1.3: Maximum expected fluence for selected detector regions or components of the
tracker. Values are for 3000 fb~! of pp collisions at /s = 14 TeV assuming a total cross-section,
0 pp, of 80 mb. The positions in r and z at which the quoted maximum fluence levels for the
respective region or component type are reached are also given.

Region or component Max. fluence [neq/ cmz] rmm] z[mm]

IT barrel layer 1 2.3-10'° 28 0
IT barrel layer 2 5.0-101° 69 0
IT barrel layer 4 1.5-10% 156 89
IT forward, ring 1 1.0-10'6 51 252
IT service cylinder 1.3-10% 170 260
OT PS modules 9.6-10 218 129
OT 2S modules 3.0-10' 676 2644

The upgraded Tracker must be fully efficient for a target integrated luminosity of 3000 fb™!,
with an appropriate margin of 50% to accommodate uncertainties in the FLUKA simulations,
[25], and the potential delivery of additional integrated luminosity. This requirement must be
fulfilled without any maintenance intervention for the Outer Tracker. The Inner Tracker, which
uses pixel detector modules, is planned to maintain the current accessibility concept, allowing
for regular extraction and replacement of modules and other elements as they accumulate
substantial radiation damage. FLUKA simulations have been performed to estimate the
radiation exposure of the different detector regions, which is about one order of magnitude
higher compared to the requirements used for the design of the existing Tracker, reaching a 1
MeV neutron equivalent fluence™™ of 2.3-10'® n,,/cm? in the innermost regions of the Inner
Tracker (Fig. 1.11). The particle fluence depends primarily on r, while the variation with z is
very moderate. The maximum fluence levels expected for various parts of the new Tracker are
summarized in Table 1.3.

The minimization of material in the tracker has been a primary goal in the optimization
process. Improvements to the configuration, special module design, and new cooling and

XFluence = the particle flux integrated over time [particles/cm?]. Flux = the number of particles passing
through a unit area perpendicular to the beam, in one second [particles/ cm?/s].
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Figure 1.12: Schematic view of the ECAL sub-detector. The barrel consists of 61 200 PbWO,
crystals divided into 36 supermodules, while there are 14 648 PbWO;, crystals in the endcaps.

power distribution techniques have greatly reduced the mass in the tracking volume. The
support structures will hold the detectors in place and provide mechanical stability, while the
cooling systems will remove the heat generated by the detectors and readout electronics.

1.2.3 Phase-2 Upgrade of the Barrel Calorimeters
ECAL Barrel Calorimeter

The Electromagnetic Calorimeter (ECAL) plays a crucial role in measuring the energy of
particles that interact through electromagnetic interactions, such as photons, electrons, and
positrons, during the collision of proton beams, [26]. The ECAL is constructed from layers of
lead tungstate (PbWQ,) scintillator tiles, emitting light when particles strike. These tiles are
arranged in a matrix of cells, with each cell covering a small area of the calorimeter. When a
particle passes through the ECAL, it deposits some of its energy in the scintillator tiles, causing
them to emit light. This light is then detected by photomultiplier tubes (PMTs) located behind
the tiles, which convert the light into an electrical signal. The signal is then amplified and used
to determine the energy of the particle. Figure 1.12 depicts the schematic view of the ECAL
structure marking its main constituents: preshower, endcaps and barrel supermodules.

Figure 1.13 shows the total accumulated fluence for the ECAL Barrel region for an integrated
luminosity of 3000 fb~!. The accumulated neutron equivalent dosage for the ECAL Barell

region will be in the range from 1.2-10' n.4/cm? to 2.5-10' n,4/cm?.
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Figure 1.13: Integrated particle fluence in 1 MeV neutron equivalent per cm?, in the ECAL
Barrel region. The estimates shown correspond to a total integrated luminosity of 3000 fb~! of
pp collisions at /s = 14 TeV, and have been obtained with the FLUKA software.

The Phase-2 upgrade of the CMS ECAL is needed to maintain the ability to trigger efficiently on
electrons and photons via the improved rejection of anomalous signals in the photodetectors,
to mitigate radiation-induced effects that would degrade the energy resolution, and to satisfy
the upgraded hardware trigger requirements. During the Phase-2 upgrade, the front-end elec-
tronics will be replaced. The data will be transferred off-detector at 40 MHz, simultaneously
overcoming present limitations in trigger latency and acceptance rate. The supermodules
will be operated at a lower temperature during Phase-2, 9 °C, which will significantly reduce
the aging-induced noise increase in the avalanche photodiodes (APD) and further mitigate
the APD noise and provide better out-of-time (OOT) pileup rejection. A new front-end chip
will be designed with a shorter shaping time, better anomalous signal rejection in APDs, and
capability for precision timing as well.

HCAL Barrel Calorimeter

The purpose of the Hadron Calorimeter (HCAL) is to measure hadrons energy depositions, [27].
The active material, the scintillators and fibers, is not expected to have a significant impact on
the physics performance of CMS for the full HL-LHC period. Therefore, the replacement of
HCAL Barrel scintillators and fibers will not be necessary. The Phase-1 front-end electronics
with Silicon Photomultipliers (SiPMs) will continue to be used for the HL-LHC period. However,
the current HCAL Barrel back-end electronics, based on the uTCA standard, will not be able to
sustain the 750 kHz Level-1 trigger rate planned for Phase-2, new back-end electronics based
on the design developed for the ECAL Barrel will be produced and installed.
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Figure 1.14: Overview of the CMS calorimeter endcap upgrade design.

1.2.4 The High Granularity Calorimeter

The CMS High Granularity Calorimeter (HGCAL) is a high-resolution calorimeter that is being
developed for the Phase-2 upgrade of the CMS experiment at the LHC. The primary goal of
the HGCAL is to replace the current ECAL and HCAL endcaps, which use degraded PbWO,
crystals, due to decreasing crystal performance and increasing ambiguity in the association of
energy depositions to particles, [28].

The HGCAL is designed to be radiation tolerant, particularly in regions with harsh radiation
levels, and to have a more granular measurement of energy depositions to treat pile-up in the
offline event reconstruction. Furthermore, the additional recording of the time of each energy
deposition with @ (50 ps) precision is helpful in the rejection of pile-up. The HGCAL design
is aimed at offering robustness and good performance through the full HL-LHC operational
lifetime.

The HGCAL is designed with an electromagnetic (CE-E) and hadronic section (CE-H), both
of which have excellent transverse and longitudinal segmentation for 3D measurement of
shower topologies. An overview of the CMS calorimeter endcap design is presented in Figure
1.14. The electromagnetic compartment, CE-E, will be made of 28 sensitive layers interspersed
with Cu, CuW, and Pb absorber plates, equivalent to a total depth of 25 radiation lengths (Xj)
or 1.3 nuclear interaction lengths (1n). The hadronic compartment, CE-H, will comprise 22
sensitive layers with steel as passive material in between, adding another 8.5 (An) to the total
depth of HGCAL. This section is designed to measure the hadronic shower maximum.
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Figure 1.15: Integrated particle fluence in 1 MeV neutron equivalent per cm~, accumulated in

HGCAL after an integrated luminosity of 3000 fb™!.

The simulation, presented in Figure 1.15, indicates that the highest fluence is around 10'6
Neg/ cm? and the highest dose around 2 MGy. Research has shown that silicon sensors can
tolerate these levels, and even fluences up to 1.5- 1016 Neg/ cm? (50% higher than expected for
an integrated luminosity of 3000 fb™!) without losing adequate charge collection. Therefore,
silicon was chosen as the active material throughout the CE-E.

The sensors are divided into three different active thicknesses, depending on their radius and
radiation doses. Figure 1.16 depicts a sketch of the silicon module and its integration in the
CE-E and CE-H. Each sensor has a pad of approximately 0.5 cm? or 1.0 cm?, depending on its
thickness. This is chosen to ensure a sufficient signal-to-noise ratio for a Minimum Ionizing
Particle (MIP) measurement. This also allows for proper calibration of the system, and at the
same time, the range of transverse size is well suited to eliminate pileup energy along the
longitudinal development of the shower.

The total area of silicon in the HGCAL is more than 600 m?. To cover this area cost-effectively, a
hexagonal geometry for the silicon sensors was chosen and the baseline of the sensor size has
been adjusted from 6" design to 8" (Fig. 1.17). Each of the approximately six million diodes
will be read out individually. In total, 30 000 silicon-based modules will be made.

In regions with relatively low levels of radiation in the hadronic compartment, square scin-
tillating tiles with SiPM readout will be used as sensitive material. Their size will start at 4
cm? and will increase with increasing detector radius up to 30 cm?. The total number of
associated readout channels is 4 - 10°, which is more than one order of magnitude less than
the silicon-based channels.
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Figure 1.16: Left: Subdivision into readout diodes of a silicon module. The left part of this
sketch shows the 1.0 cm? cells used for 200 and 300 um sensors, while the right part shows the
0.5 cm? cells used in 120 um sensors. Right: The left part shows the arrangement of the silicon
modules in the CE-E and in the front part of the CE-H, while the right part shows the mixed
structure of silicon- and scintillator-based modules used in the back part of the CE-H.
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Figure 1.17: (a) Schematic view of the stacked layers of a CE-E silicon module. (b) 8" prototype
module.

The fine granularity of the HGCAL will also allow precise timing measurements, which will
further help mitigate the pileup effects. This will be possible by implementing an entirely new
reconstruction software in the framework of the CMS particle flow reconstruction.
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Figure 1.18: An R-z cross-section of a quadrant of the CMS detector, including the Phase-2
upgrades (RE3/1, RE4/1, GE1/1, GE2/1, MEQ). The acronym iRPCs in the legend refers to the
newly improved RPC chambers RE3/1 and RE4/1. The locations of the various muon stations
are shown in color (MB = DT = Drift Tubes, ME = CSC = Cathode Strip Chambers, RB and RE =
RPC = Resistive Plate Chambers, GE and MEO = GEM = Gas Electron Multiplier). M denotes
Muon, B stands for Barrel and E for Endcap.

1.2.5 Phase-2 Upgrade of the Muon Chambers

The muon chambers are used to measure the trajectory of muons, which are heavy particles
that are similar to electrons but much more massive, [29]. Muons pass through all the detector
layers without interacting with them, thus muon chambers are placed at the very end of the
detector, outside of the calorimeters.

The muon system of the CMS detector will not undergo a major upgrade during Phase-2
of the HL-LHC. The muon system in the CMS detector comprises several different types of
detectors, including Drift Tubes (DT) and Resistive Plate Chambers (RPC) in the barrel, and
Cathode Strip Chambers (CSC) and RPCs in the endcaps. These systems are expected to be
able to tolerate the increased radiation levels during Phase-2 without significant degradation,
and as a result, there are no plans to replace them. However, measurements are ongoing to
confirm their radiation tolerance margins. The only exception is the readout electronics of
the DTs, which will be replaced due to radiation damage and this change will also remove
the current trigger rate limitation of the system at 300 kHz. Additionally, some of the CSC
chambers readout electronics will also be upgraded due to new trigger specifications.

Additionally, to address the issue of lack of redundant coverage in some regions, new detector
technologies will be used in this region to improve efficiency for the muon trigger. To maintain
good efficiency for the muon trigger in these regions, four stations are being complemented
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Figure 1.19: Principle architecture of the Phase-2 CMS DAQ.

with additional chambers that make use of new detector technologies with higher rate capa-
bility. The first two stations (named GE1/1 and GE2/1) will use Gas Electron Multiplier (GEM)
chambers for their high granularity and good position resolution, while the last two stations
(named RE3/1 and RE4/1) will use low-resistivity RPCs with lower granularity but good timing
resolution (Figure 1.18). An additional GEM station will be installed in the space that becomes
free behind the new endcap calorimeters, allowing for muon tagging with a matching track in
the tracker extension.

Phase-2 upgrade of the muon chambers will also include new tracking algorithms and software
tools to improve the reconstruction and identification of muon tracks. These algorithms and
tools will make use of the increased granularity provided by the new CSCs to improve the
accuracy of the muon momentum measurements.

1.2.6 Trigger and Data Acquisition System

The Trigger and Data Acquisition (DAQ) System of the CMS detector at the LHC is responsible
for collecting and processing the data produced by the detector and selecting the most inter-
esting events for further analysis, [30]. The trigger and data acquisition system play a critical
role in the operation of the CMS detector, as it must handle a large volume of data produced
in the LHC collisions and select the events that are most likely to be of scientific interest.

The proposed new hardware trigger scheme includes a feature that uses track information,
which is mandatory to maintain the present physics acceptance of the system. Without this
feature, the data transfer rate needed would be 4 MHz at 200 pileups. This data transfer rate
is beyond the capabilities of foreseeable technologies, given the constraints on the space
available for data transfer links. Additionally, this would also imply a significant increase in
computing power and DAQ bandwidth for the online event selection process.
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To allow sufficient time for the hardware track reconstruction, matching of tracks to muons,
and gathering calorimeter information, the latency of the trigger must be increased to 12.5
us. This change requires an upgrade of the readout electronics in the ECAL Barrel, as well as a
proper design of the front-end electronics to overcome the latency limitations and eliminate
hardware trigger rate restrictions.

Based on the expected performance of the trigger with track information, a trigger acceptance
rate of 750 kHz is needed for beam conditions yielding 200 pileups to maintain similar physics
acceptance as in Phase I. This specification can be easily accommodated in the design of all
new detector readout electronics. However, an additional upgrade in the inner rings of the
CSC stations 2 to 4 will be necessary to overcome data losses that will appear at trigger rates
beyond 500 kHz.

The DAQ system is also being upgraded to implement the increase of bandwidth and comput-
ing power required to accommodate the larger event size and trigger rate, as well as the greater
complexity of the reconstruction at high pileup. Figure 1.19 shows the principle schematics of
the baseline Phase-2 CMS DAQ. Compared to Phase I, the bandwidth and computing power
requirements are increased by factors of about 10 (15) and 15 (30) respectively, for operation
at pileups of 140 (200). These increases are well within the projected network technology
capabilities expected at the time of Phase-2. Assuming an online event selection of 1/100
event at the high-level trigger (HLT), as is the case in the current system, the subsequent rate
of recorded data will increase to 5 (7.5) kHz from LHC Run I levels of about 1 kHz at pileup of
140 (200) respectively.

1.3 Need for Dew Point Measurements in High-Energy Physics Ap-
plications

The high radiation dose resulting from the LHC operation at full luminosity and the CMS
Phase-2 upgrade may pose a loss of performance of the sensors and the following electronics
due to the following reasons:

* Increased leakage currents: Radiation-induced defects can significantly impact the

performance of a detector. These defects increase the reverse-bias leakage current,
leading to the emission of both electrons and holes. Large leakage currents Ij,4¢ in
the sensor are generally undesired because they result in the reduction of the effective
bias voltages and worsen the sensor noise behavior. It is proportional to the acquired
equivalent fluence ¢, and the depleted volume V as:

leak =@ Peq-V (1.8)

where «a is a current-related damage factor that represents the contributions of constant
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and decaying defects in time after irradiation.

The most important impact of leakage current characteristics on detector operation
conditions results from the strong temperature dependence of the current. The current
at a temperature 7 is obtained from a reference measurement at a room temperature
Tref as:

sttt (ool o)
leak = lleak\Llref Tref exp 2.k \T Tref .

where E is the band gap. It can be concluded that it is very important to cool down the
sensor during operation as in that case the leakage current is strongly suppressed and
thus also the noise is reduced.

* High power dissipation due to the increased granularity: The downside of having such

a finely segmented detector is the increased need for readout electronics and power
supply components, causing the total power dissipation in hundreds of kW. To remove
heat from electronics and sensors, a large cooling capacity is required.

Due to the aforementioned constraints, powerful cooling systems are indispensable detector
parts used to distribute coolant (even at subzero temperatures) throughout the detector
structure. The CMS sub-detectors, such as the Tracker and the HGCAL, are going to operate
at a temperature of -35 °C, while the operating temperature of the ECAL sub-detector will be
reduced to 9 °C instead of the present 18 °C.

Consequently, the dew point temperature must be carefully monitored and controlled in CMS.
This is due to several factors. The presence of moisture can cause corrosion and other types of
damage to detector components. Maintaining a low dew point minimizes the likelihood of
moisture accumulating on these components, thereby reducing the risk of damage. Moisture
can also impact the performance of certain detector components, such as PMTs. PMTs are
sensitive to humidity and may produce false signals if the humidity level is too high. In
some cases, moisture can interfere with the measurement process itself. For example, in a
calorimeter, a device used to measure the energy of particles, the presence of moisture can
affect the way the detector absorbs and measures the energy of the particles. Therefore, by
carefully monitoring and controlling humidity and temperature, researchers can help ensure
that their experimental apparatus is functioning correctly and that the data they collect is
accurate and reliable.

In the present CMS detector, the Tracker sub-detector is the only one functioning at the
subzero temperature at the moment given that it is already built out of silicon. The dew point
measurements are done far from the detector, at about 100 meters away, using a sniffer system.
The system extracts gas samples from different positions inside the detector and transfers
them to a gas analysis rack in an underground service cavern. Dew point analysis is performed
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(a) Wet Mirror dew point sensor (b) Vaisala DMT242 dewpoint transmitter

Figure 1.20: The most reliable dew point sensors present in the market.

using industrial Vaisala DMT242 transmitters and Wet Mirror dew point sensors, known for

their reliable performance in dry environments (Figure 1.20). The number of sniffer points to

be added in the CMS detector is clearly limited due to space limitation, complexity of piping

to reach the service cavern and economic reasons. Consequently, distributed sensing with

the “sniffing” solution, which is able to provide only time-averaged dew point measurements,
must be complemented by more detailed dew point temperature mapping throughout the
detector volume.

1.3.1 Dew Point Sensor Requirements

Any dew point sensor to be introduced in the CMS detector volume should ideally comply
with the following requirements:

(@

(b)

(©

(d)

(e)

0

Be radiation tolerant. The sensor performance can degrade after radiation but in a
relatively slow and well-modeled (possible to “correct”) way.

Be insensitive to a magnetic field (up to 4 T), or have a well-established parameterization
of the effect of the magnetic field on its performance.

Have small dimensions (mm size or surface mount device—SMD) in order to be easily
integrated into the detector environment.

Provide reading across several tens of meters long distances, as the powering and readout
stations are several tens of meters away from the measurement point.

Any drift of the sensor operation parameters should be known in advance as no recali-
bration can happen in situ.

Be capable of integration in detector control systems, based on the industrial standard
hardware, and be capable of providing reliable data quasi-online since it is used as a
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safety check of the detector environment.

For what follows, we distinguish between two categories of dew point sensors: (1) direct dew
point measurements and (2) those combining relative humidity and temperature measure-
ments leading to a dew point temperature calculation. Vaisala DMT242 and Wet Mirror dew
point sensors belong to the first category of instruments. However, it is not possible to install
these sensors in the very limited (mm) space that Si-detectors have available for services
although there are efforts to miniaturize them.

Modules of the second category calculate the dew point temperature using appropriate
approximation-based measurements of relative humidity and temperature. In these mod-
ules, both temperature and relative humidity sensors can fulfill dimensional requirements.
However, it is currently only possible to find standard industrial temperature sensors, and not
humidity sensors, that are radiation tolerant at the radiation levels of interest. Therefore, our
research target is the selection of the humidity sensor candidates and the verification of their
performance under radiation.

1.3.2 Temperature Sensors in High-Energy Physics Applications

Temperature measurement is a crucial aspect in high-energy physics detectors, where the
temperature of various components and systems must be monitored. Several types of tem-
perature sensors are commonly employed in these applications, including thermocouples,
resistance temperature detectors (RTDs), and thermistors. Each of these sensors has distinct
advantages and disadvantages, and the selection of the most appropriate sensor for a given
application requires a thorough consideration of these factors.

Thermistors are temperature-sensitive resistors that exhibit a significant change in resistance
with a small change in temperature. They are commonly used in applications that require a
fast response time and high accuracy in a narrow temperature range. Thermistors are relatively
inexpensive, and they are capable of measuring a wide range of temperatures, but they can
be sensitive to mechanical stress. In 2005, several negative temperature coefficient (NTC)
thermistors from EPCOS, Siemens, and BTC, together with the positive temperature coefficient
(PTC) temperature sensor produced by Infineon were exposed to the 64 MeV proton beam for
8 hours [31]. The equivalent cumulative dose of about 200 kGy (2 - 1014 Neg/ cm?) was reached
for the characterization of the sensors during the 8-hour irradiation process. NTC thermistors
showed no shift in parameters during the beam period, while PTC sensors showed abnormal
behavior due to the radiation-induced effects. A comparison of the readout of EPCOS NTC
and Infineon PTC temperature sensors during the irradiation period is shown in Fig. 1.21.

Thermocouples are temperature sensors consisting of two dissimilar metals joined together at
one end. They work by measuring the voltage difference between the two metals, which is
proportional to the temperature difference between the two ends. They are widely used in
industrial applications due to their robustness, wide temperature range, and fast response
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Figure 1.21: Comparison of the readout of NTC and PTC temperature sensors during the 8 h
irradiation period. One PT100 temperature sensor (radiation tolerance verified) was placed
nearby for the control of beam-induced local heat-up of the test board and material, [31].

time. However, thermocouples require a reference junction, which can limit their accuracy in
extreme temperatures, and they can also be sensitive to electromagnetic interference.

RTDs are temperature sensors consisting of a resistor made of a material with a high-temperature
coefficient of resistance. They are commonly made of platinum (Pt), nickel-chromium (NiCr),
or copper (Cu) and have a linear resistance-temperature relationship. RTDs are highly accu-
rate, with very stable and repeatable output, making them ideal for applications that require
precise temperature measurements. Platinum RTDs have been demonstrated to be capable of
withstanding the challenging conditions in the CMS detector environment, including expo-
sure to high levels of irradiation and magnetic field up to 4 T. Pt RTDs have been used in the
Tracker since its inception, and their usage has been significantly expanded in the design of
the LS3 CMS detector upgrade. The main challenge with utilizing these sensors is the need for
a cost-effective, multi-platform, and easy-to-deploy monitoring system.

1.3.3 Humidity Sensors in High-Energy Physics Applications

The demand for compact and low-cost sensors for humidity monitoring has driven the de-
velopment of miniaturized electronic sensors, with capacitive-based sensors being the most
widely used, accounting for nearly 75% of the commercial market.

In the CMS experiment, several miniaturized commercial sensors have been evaluated and
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Figure 1.22: (a) Photos of the HIH - 3610 and HIH - 4030 humidity sensors produced by
Honeywell and (b) their scheme of the construction elements.

used, but none have fully met the requirements. For instance, the Honeywell HIH-3610, [32],
and HIH-4030, [33], series (Fig. 1.22) have been considered due to their small size, low cost,
and fast response, [34], [35]. These sensors are based on polymer capacitive sensing elements
and require at least three wires and an adequate voltage supply for each measurement point,
[36]. Additionally, a separate measurement of the local temperature must be taken as the
output of these hygrometers is influenced by temperature (typically requiring four more wires
for each standard thermometer). These devices are also vulnerable to damage from radiation
as they are not designed for radiation hardness. Furthermore, detailed analysis at CERN
showed that these sensors have an estimated absolute error in relative humidity measurement
of at least £2 %rh even after individual calibration. This error increases to +3 — 5 %rh when
operating at temperatures below 0°C.

During the first long shutdown of the LHC machine, the HIH-4030 sensors were integrated
into the Tracker Bulkhead area of the CMS experiment. These sensors were read out using
Arduino microcontrollers, but they were not expected to survive once an operation with a
beam starts. Nonetheless, they were integrated into the detector online monitoring to provide
cross-checks for the readings of other hygrometers and gain a better understanding of the
humidity situation in the experiment during the LS1 phase.

Another capacitive-polymer technology-based sensor is the Precon HS-2000 (Fig. 1.23 (a)),
[37], which integrates the relative humidity and temperature measurements on the same small
chip, providing a direct reading of the dew point and reducing the number of wires needed for
each measurement point to four (Fig. 1.23 (b)). However, studies at CERN in 2012 showed that
the Precon HS-2000 is not resistant to radiation and is sensitive to the magnetic field.

Finally, the HMX2000 sensor was selected for relative humidity monitoring in CMS. Front and
backside pictures of a sensor are presented in Fig. 1.24. The HMX2000 is a piezoresistive device
that consists of four cantilever silicon beams connected to form a Wheatstone Bridge. The
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Figure 1.23: (a) A photo of Precon sensor HS2000 and its (b) pin diagram (front view).

Figure 1.24: Photographs of the front and backside of a HMX2000 humidity sensor.

beams are coated with a polymeric material and the electrical resistance of the piezoresistors
changes in response to humidity-induced changes in the size of the polymeric resistive ele-
ments. Studies at CERN in 2005 showed that these sensors provide a non-linear response with
long-term drifting and a low response (0-100 %rh in 100 mV), requiring complex amplification
and power to be operated and read-out over a long distance. The HMX2000 has good radiation
tolerance characteristics and is insensitive to strong magnetic fields. For these reasons, 16
HMX2000 sensors were integrated in 2012 in the Tracker Bulkhead area of CMS, coupled with
miniaturized analog Pt100 temperature sensors, requiring 4+4 wires to provide a dew point
temperature reading for each measurement point. However, the proper operation of these
hygrometers and their calibration and readings have never been documented over the years.

Additionally, the R&D research at CERN explored the use of fiber optic humidity sensors.
The work of Makovec et. al. focused on the development of a radiation-tolerant optical
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Figure 1.25: Schematic of the proposed radiation-tolerant optical hygrometer based on FBG

hygrometer based on fiber Bragg gratings (FBGs) and coated with a polyimide polymer overlay
(asillustrated in Fig. 1.25), [38]. The sensors were characterized across a temperature range of
-20 °C to 20 °C and, furthermore, exposed to the gamma beam. The results indicated that their
performance was impacted by exposure to strong gamma-ionizing radiation, with a shift in
the natural wavelength peak of each sensor being observed as a result.

In addition to their work on FBG-based humidity sensors, Makovec et. al. also investigated the
use of long-period gratings (LPGs) for humidity sensing, [39]. Their LPG sensor was coated
with a TiO, layer and subjected to the same radiation dose used for the FBG hygrometer. The
sensitivity of the LPG sensors was found to be non-linear, making calibration more challenging.
Despite their radiation tolerance, these sensors are still susceptible to mechanical stress and
temperature changes, which can affect the lattice distance of the fiber. A further limitation
of these sensors is that they are not easily integrated into standard industrial processes or
high-energy physics experiments.

1.4 Summary

Using Si-based sensors in HEP detectors is becoming more and more common and technolog-
ical solutions assuring the smooth functioning and long survival of the sensors are important.
Cooling at subzero temperatures and monitoring the dew point temperature is challenging
due to space, radiation and magnetic field issues. Cooling is important for two main reasons:

(i) toremove the heat produced by millions of densely packed bias and readout channels
that dissipate hundreds of kW of power in a closed volume,

(ii) to limit the increase of leakage currents in silicon. Leakage currents increase lin-
early with the received radiation dose and decrease exponentially as a function of the
temperature drop.

Cooling the detector structures at below-zero temperatures should be carefully done to avoid
vapour condensation. As dew point temperature measurement is the measure of the detector

33



Chapter 1 The CMS detector upgrade for the High Luminosity Large Hadron Collider

“dryness”, it is an essential parameter to monitor. The dew point temperature of a volume can
be calculated knowing the measurements of relative humidity and temperature. Temperature
sensors that can survive inside the detector environment are common (RTDs) but not humidity
sensors that can be radiation tolerant and provide the required resolution. Thus, the objectives
of this Ph.D. dissertation are the selection and characterization of the radiation-tolerant
humidity sensor followed by the development of the radiation-tolerant dew point monitoring
system for high-energy physics applications.
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Y4 Humidity Sensors: Methods and
Materials '

Nothing is softer or more flexible than water,
yet nothing can resist it.
— Lao Tzu

Humidity measurement is a crucial aspect in a variety of fields, ranging from meteorology and
agriculture to domestic appliances, biomedical applications, and the automotive industry [41]-
[43]. It is also required as part of various industrial processes, e.g., for high-quality chemical
production in the food/beverage industry, in the mining sector, in the cement industry, and in
industrial chemistry [44]-[46]. It is used as well in pharmaceutical applications, e.g., during
the manufacturing of tablets and capsules to avoid additional humidity, which would damage
the quality of the product [47]. Furthermore, the necessity for humidity sensors in high-
energy physics applications is discussed in the preceding chapter, making it one of the most
challenging domains for future generations of humidity sensors.

As a result of industrialization, the demand for accurate and reliable humidity sensors has
increased, making it one of the most important fields in modern sensor technology. However,
measuring humidity is not "simple", as the sensors must satisfy a number of requirements,
including short response time, high sensitivity, negligible hysteresis, and a large operating
range for both humidity and temperature, [48], [49]. Furthermore, the materials used in hu-
midity sensors must exhibit good long-term properties, making the search for stable humidity-
sensitive materials ongoing [50]-[52].

This chapter will delve deeper into the topic by examining relevant definitions in relation

Ipart of this chapter has been published in [40].
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Figure 2.1: Phase diagram of water [53]. T3 is the triple point where all three phases coexist
in equilibrium. Ts,, and T are melting and boiling temperatures of water, respectively. The
critical point is determined by the critical temperature Ty, and the critical pressure of 218-10?
MPa.

to humidity measurement, exploring the most advantageous transduction principles, and
comparing the properties of commercial humidity sensors. An overview of these sensors is
necessary to fully understand the possibilities and limitations of presently available humidity
sensors in the market and to make informed decisions about the selection of the potential
candidate for use in the HEP environment.

2.1 Concept of Humidity

Water exists in three distinct phases - liquid, gas (vapor), and solid (ice) - and its phase is
determined by the temperature and pressure of its environment (Fig. 2.1). In the study of
water in the atmosphere, two important terms are used: humidity and moisture. Humidity
refers to the amount of water vapor present in gases, while moisture refers to the water content
in liquids and solids due to adsorption or absorption.
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The humidity may be expressed as specific humidity'!, absolute humidity, relative humidity, or
as mixing ratio'!. In a system of moist air, the ratio of the mass of water vapor to the volume of
the system is called the absolute humidity AH:

_n-MW
v

AH

(2.1

where 7 is the number of water molecules with molecular mass M,,, and V is the volume. The
AH is normally expressed in g/m?3.

The relative humidity is defined as the ratio of the actual water vapor pressure'V, p,,, at a given
temperature to the saturation water vapor pressure, ps4;, at the same temperature and it is
expressed in percentages:

- Puw
Psat

RH -100 (2.2)

The saturation pressure p;,; defines the maximum amount of water vapor that can be present
in the air at a given temperature