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The Compact Muon Solenoid, as well as other experiments within the Large Hadron 
Collider at CERN, will undergo a vast redesign during the decade of 2010. The main 
reasons behind this overhaul are to improve accuracy and longevity of the individual 
experiments. The physics experiments are poised to move beyond the current capabili-
ties of the experiments. The energies involved in the particle collisions will outpace the 
operating capabilities of the current experiments without a major upgrade. 

The main objective of the work done within the scope of this thesis was to develop 
the design of the new sensor modules and their mechanical aspects. The thesis covers an 
introduction into the current Compact Muon Solenoid detector. The main content is the 
progress done with the module design of the next generation tracker modules. These 
new modules will be installed in next incarnation of the Compact Muon Solenoid. The 
development work depicted in this thesis was done between June 2012 and December 
2013. 

The new sensor modules and their designs progressed from preliminary ideas into 
concrete design options during the writing of this thesis. 3D models were created with 
increasing accuracy and exercises on populating the required volume inside the CMS 
were made using the new module designs. One of the most significant advances was the 
simplification of thermal pathways for relaying excess heat out of the delicate compo-
nents and into a cooling solution outside the volume. The inclusion of a new alloy of 
aluminium and carbon fibre played a significant role in the success of this aspect. Two 
separate types of modules were developed with differing approaches to and geometrical 
designs: 2S and PS –modules. 

Current inner tracker design within the CMS includes modules mounted parallel to 
the beamline. This leads to inefficient use of the module’s sensing surfaces. A great deal 
of design effort was put into designing alternative ways for incorporating the new mod-
ules in a more efficient way into the inner tracker volume. A significant reduction of the 
number of required modules is to be expected if the design proves feasible.  
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Compact Muon Solenoid (CMS), kuten muutkin kokeet Large Hadron Collider koko-
naisuudessa CERN:ssä, läpikäy perusteellisen uudelleen suunnittelun tulevana vuosi-
kymmenenä. Pääsyy tähän uudelleen suunnitteluun on parantaa yksittäisten kokeiden 
mittaustarkkuutta ja pitkäikäisyyttä. Fysikaalisten kokeiden vaativuus lähestyy nykyis-
ten rakenteiden sietokyvyn rajaa ja ilman perusteellista päivitystä nykyinen teknologia 
ei pysty täyttämään tulevaisuuden vaatimuksia mm. vaadittavien energiatasojen suhteen. 

Tämän diplomityön päämääränä oli suunnitella CMS:n tulevien uusien detektorien 
rakenneratkaisuja ja mekaanisia ominaisuuksia. Työn alkuosa sisältää lyhyesti CERN 
historian ja siirtyy kattamaan CMS:n kuvauksen. Pääsisältö liittyy eri detektorimoduuli-
versioiden suunnittelutyöhön. Kuvattu kehitystyö tapahtui kesäkuun 2012 ja joulukuun 
2013 välisenä aikana CERN:ssä. 

Uudet detektori moduulit ja niiden suunnittelu edistyi ensimmäisistä luonnoksista 
pitkälle edistyneisiin 3D ja prototyyppi malleihin työn kirjoituksen aikana. Myös ko-
koonpanoharjoituksia CMS:n sisäisten tilavuuksien täyttämiseksi uusilla moduuleilla 
tehtiin 3D mallien avulla. Yksi tärkeimmistä edistyksistä oli lämmönjohtumisen paran-
taminen moduuleista ulkoiseen rakenteeseen. Tämä saavutettiin yksinkertaistamalla 
lämmönjohtuvuuteen liittyvien kokoonpanojen rakennetta ja ottamalla käyttöön uusi 
alumiinin ja hiilikuiden yhdistelmämateriaali. Kehitystyön tuloksena syntyi kaksi mo-
duulien päätyyppiä: 2S- ja PS-moduulit. Nämä moduulityypit voidaan vielä eritellä tar-
kemmin omiin alalajeihinsa. 

Nykyinen Inner Tracker CMS:n sisässä sisältää moduulit, jotka on asennettu pituus-
sunnassa hiukkasputkeen nähden. Tämä johtaa moduulien jäljityspintojen tehottomaan 
käyttöön. Tästä syystä kyseiseen detektorin osa-alueen suunnitteluun käytettiin paljon 
aikaa, jotta vaihtoehtoisia tapoja asentaa yksittäiset moduulit saataisiin kehitettyä. Mikä-
li tässä työssä kuvattu vaihtoehtoinen tapa asennukselle osoittautuu varteenotettavaksi 
vaihtoehdoksi, voidaan tarvittavien yksittäisten moduulien määrää vähentää huomatta-
vasti.  
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Hamburg and University of Aachen. From outside groups I would like to mention An-
dreas Mussgiller of DESY as a great contributor through his thermal and mechanical 
analysis contributions. 
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1 INTRODUCTION 

The writing of this thesis took place during the period between the latter half of 2012 
and the end year of 2013. At that time the author was part of a design group tasked with 
the design of next generation tracker modules to be used in the upcoming upgrade in 
one of the main experiments at CERN. 

The design group included as regularly present in the group meetings: physicists; 
engineers from various fields such as electrical, manufacturing and mechanical; and 
various special appearances from within CERN as well from outside institutions such as 
DESY in Hamburg and University of Aachen in Aachen and various other smaller in-
puts. 

The main aspect covered in this thesis includes the design evolution of the next-
generation particle detector sensors, to be installed during the next large scale upgrade 
operation in the Large Hadron Collider. The development work is scheduled to last until 
around 2022. Hence this thesis covers only a limited timeframe in the design evolution. 
The thesis will also cover in short the history of CERN, from its founding to the present 
day. General concept behind one of CERN’s main experiments; the CMS will also be 
discussed in brief. 

Finally the thesis will move on to cover the progress made on the design of the new 
tracker modules: Named 2S and PS. These modules are the fundamental drivers of the 
rest of the inner barrel structure. Also a chapter is included on the development of the 
so-called tilted inner barrel concept. This concept gives an alternative method of placing 
the sensor modules in a manner that can greatly reduce the number of required sensor 
modules. 
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2 A BRIEF HISTORY OF CERN 

The abbreviation CERN is derived from the French term for the entire research project: 
Conseil Européen pour la Recherche Nucléaire, literally the European council of nuclear 
research. The name came into public knowledge when the project was first conceived 
on 29th of September 1952. However, the French name was later changed to Organisa-
tion Européenne pour la recherché Nucléaire, when the project was officially launched 
in 1954. But, the abbreviation CERN remained. 

The general concept of creating a European nuclear research laboratory was first 
proposed by a Frenchman and physicist Louis de Broglie in a European Cultural Con-
ference shortly after the Second World War in 1949 in the city of Lausanne in Switzer-
land, around 60 km from its current location of Geneva also in Switzerland. However, 
before the experiment was officially formed in 1952, several other conferences took 
place within the years leading up to 1952. (1) 

2.1 Founding of CERN 

The CERN Convention was officially ratified by member countries gradually starting in 
1953. The first countries to ratify the convention and thus becoming the first members 
were such countries, among others, Belgium, France, Federal Republic of Germany 
(West Germany), Italy, The Netherlands, Sweden, Switzerland and The United King-
dom. The experiment officially came into being on 29th of September 1954 by the ratifi-
cation of France and Germany (West). (1) 

2.2 The first accelerator 

The first particle accelerator commissioned at CERN was of the Synchrocyclotron type. 
The concept of a synchrotron was first patented by an American physicist and Nobel 
laureate Edwin McMillan. It was completed in 1957 and had a capacity of producing 
beams with energies 600 MeV. At that time the concept of particle physics was known 
to scientist but as a concept it had not yet been widely accepted. Hence, the first particle 
accelerator concentrated on nuclear physics alone. The Synchrocyclotron accelerator 
remained operational for 33 years, being shut down in 1990. (1) 



5 
 

2.3 Proton Synchrotron 

The second particle accelerator commissioned at CERN was the Proton Synchrotron 
(PS) which was put into use in November 1959. Capable of 28 GeV beam energies it 
became the first accelerator able to shed light on the world of particle physics. 

The significance of the PS diminished over time as new accelerators were built. 
However, it is still operational and currently provides protons for the, now larger, Large 
Hadron Collider ring. (1) 

2.4 Advances in detection techniques 

The early particle collisions were detected using imagery captured with cameras and 
then studied manually. This method was labour-intensive and only accurate to a certain 
point. 

The leap from analog to digital age came with the invention of transistor amplifiers. 
This new concept was implemented by Georges Charpak in 1968. A chamber was pro-
duced to surround the origin of particle collisions, the interaction point (IP). The cham-
ber was filled with gas and a large number of parallel detector wires that were each con-
nected to an amplifier and later to a computer. This allowed much fainter signals to be 
detected and counted at a much increased rate. Charpak received a Nobel-prize for his 
work with particle detectors in 1992. (1) 

2.5 Proton-proton collider 

The world’s first proton-proton collider was commissioned in January 1971. Contrary to 
earlier experiments where the collisions were caused by colliding nucleus with a sta-
tionary object, the new proton-proton collider directed two streams of particles to col-
lide with each other. This concept utilised a much larger portion of the nucleus’s kinetic 
energy in the actual collisions. 

The third accelerator would not fit under the ground of solely Swiss territory and 
therefore it was constructed just under the Swiss-French border, thus expanding CERN 
over, or rather under, a land border of two nations. (1) 

2.6 Super Proton Synchrotron 

The Super Proton Synchrotron (SPS) was the first of the giant accelerator rings at 
CERN. Having a 7 km circumference it was an engineering marvel of its time and com-
pleted by 1976. It was first designed to deliver beam energies of 300 GeV, however 
today it operates at a beam energy level of 450 GeV. 

Perhaps the biggest highlights of the SPS experiment have been the discoveries of 
W and Z particles, by colliding protons and anti-protons. Today the SPS functions as the 
last leg in a chain of accelerators providing beams for the Large Hadron Collider. (1) 
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2.7 Large Electron-Positron collider 

The Large Electron-Positron collider (LEP) was the precursor to the modern Large Had-
ron Collider. It has a 27 km circumference and is entirely underground beneath French 
and Swiss soil. The mining itself took three years with three tunnel boring machines. 
The LEP was able to provide beam energy rates of up to 100 GeV and produced a 
steady stream of Z-particles. The LEP was upgraded once to double the energy output 
and successfully produced W+ and W- particles. It was finally decommissioned in No-
vember 2000 when the construction of the Large Hadron Collider started in the same 
tunnel. (1) 

2.8 The Large Hadron Collider 

Commissioned in September 2008 the Large Hadron Collider (LHC) is the latest and 
most powerful of the particle accelerators at CERN. It is built in the same tunnel as its 
precursor LEP. Figure 2.1 illustrates the variety of accelerator rings and supporting 
structures at CERN. 

 

 
Figure 2.1 The complete set of accelerators and supporting installations currently in 

operation at CERN. The shape of the rings is for illustration purposes only. (2) 
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The LHC is the latest and most powerful particle collider ever commissioned at 
CERN, and the world as of 2013. The LHC can produce beam energy levels of up to 7 
TeV. However, it relies on the previously built smaller scale accelerators. Each acceler-
ator in commission today is part of a series of machines. Each machine brings the beam 
energy to a higher energy level. Finally the beam is transported into the LHC proper. A 
clear lineage can be drawn between the still existing accelerator-rings as each of them 
contributes to the overall energy of the beam produced today. 

The path of the beam in sequential order as it travels to the LHC starts from a con-
tainer of Hydrogen. The protons are extracted from hydrogen atoms by stripping the 
electrons. Then the protons then travel to PS Booster (50 MeV), PS (1.4 GeV), SPS 
(450 GeV) and finally into LHC where the maximum beam energy level of 7 TeV is 
achieved.  

The LHC will undergo upgrades in the near future, at the time this thesis was writ-
ten the planned start for the long shutdown was in the latter half of 2013. Though, this 
shutdown is likely pushed into 2014. The LHC will continue operation at a higher ener-
gy level in 2015 as per the current schedule. The overall construction costs of the LHC 
so far, excluding day-to-day running costs of operation, are estimated at 6.51 billion 
Swiss francs. (1) (2) 

2.9 LHC Experiments 

The current operational collider, the LHC, has four main detector experiments. The four 
main experiments that track collisions caused within the LHC are Alice, Atlas, LHCb 
and CMS. As the main experiments, these four points on the circumference of the LHC 
are located at points, where the beams, normally running in parallel, are guided to col-
lide with each other. (2) 

2.9.1 ALICE experiment 

ALICE, short for A Large Ion Collider Experiment, is one of the four main experiments 
currently in operation at CERN. It specialises in analysing the collision signatures pro-
duced by colliding lead-ions (The LHC is capable of producing collisions with lead-ions 
and protons). 

The main goal of the experiment is therefore to study the properties of quark-gluon 
plasma, a state of matter where quarks and gluons, under ideal conditions become de-
tached as hadrons. Such a state is presumed to exist some 10-12 seconds after the Big 
Bang. The ALICE Experiment has been in the public eye for various experiments relat-
ing to the attempts to create conditions close to those believed to have existed right after 
the Big Bang. The ALICE Experiment is located in the town of Saint Genis-Pouilly in 
France. (2) (3) 
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2.9.2 ATLAS experiment 

ATLAS, abbreviated from the words A Toroidal LHC Apparatus, also one of the four 
main experiments, is designed to cover a wider range of physical phenomenon than the 
other main experiments. The experiment collides protons and studies the effects of such 
collisions. ATLAS experiment is mostly dedicated to the study of the Standard Model. 
(2) 

2.9.3 LHCb experiment 

LHCb, short for Large Hadron Collider beauty, is designed for the study of slight 
asymmetry between matter and antimatter. This type of research is mainly carried out 
by studying interactions of B-particels, particles that contain the b quark. (2) 

2.9.4 CMS experiment 

CMS, short for Compact Muon Solenoid, is a so called general-purpose detector. A 
similiar designation as the ATLAS experiment, the CMS utilises a different technical 
approach. (2) The CMS experiment is covered more thoroughly in the coming chapters. 
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3 THE CMS EXPERIMENT 

The CMS experiment, as mentioned earlier, is one of the four main experiments on the 
perimeter of the Large Hadron Collider (LHC) at CERN. The prime motivation behind 
the construction of the CMS complex is to study, the electroweak symmetry breaking, 
which is presumed to occur according to the Higgs mechanism. (4) 

3.1 CMS Concept 

The CMS complex is made of various sections all of which have their unique tasks 
within the entire CMS construction. Figure 3.1 illustrates the main components found 
within the CMS structure. The CMS experiment surrounds the beamline and the beam 
pipe where the particles travel near light speed before colliding inside the CMS experi-
ment. In the Figure 3.1 the beamline is inside the orange tube running through the CMS 
experiment. 

 

 
Figure 3.1 Section view of the main components within the CMS complex. (5) 
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The general idea of the CMS is to use powerful magnets to bend the trajectories of 
the elementary particles that are released in the collision events. As the released parti-
cles experience the effects of the magnetic field (4 Teslas, bending power 12 Tm) sur-
rounding the beamline, their trajectories begin to curve. 

The trajectories of the particles can be interpolated, thus the energies of the passing 
particles can be attained based on the level of bending their trajectories experience with-
in the magnetic field. The points for interpolation are found by using sensors. As the 
location of pixels within these sensor volume is known, the points through which the 
particles pass, can be obtained (4) 

3.2 Superconducting magnet 

The superconducting magnet is the outermost structure in the CMS chamber. It’s com-
prised of a set of five rings and two layers of end caps see Figure 3.1 for a more detailed 
view. The yoke proper has an overall weight of approximately 10,000 metric tonnes. As 
mentioned earlier the magnet can generate a magnetic field of four teslas. 

The ratio between ‘cold’ mass and stored energy is quite high at approximately 11.6 
KJ/kg, the magnet experiences a much larger mechanical deformation than was present 
in the previous experiments. Although the superconducting magnet has large mass the 
ratio for mechanical deformation of its geometry is relatively low at 0.15 per cent 
against the designed geometrical shape. (4)  
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3.2.1 Superconducting solenoid 

The superconducting solenoid, see Figure 3.2, is winded from into four layers. It is a 
massive construction in its own right, with a length of 12.5 meters and a mass of 220 
metric tons. 

 

 
Figure 3.2 The superconducting solenoid being prepared to be lowered into the LHC 

tunnel. (4) 

 
The wire itself being used is a form of superconducting wire called the Rutherford-

type, based on the location it was first developed. Each cable consists of 36 strands of 
this wire type. Each wire strand can be additionally broken down to 6300 filaments of 
Niobium-titanium measuring approximately 0.006 mm in diameter. 

Due to construction constraints required by physic of the experiment, the thickness 
of the solenoid in radial direction is quite small, the ratio of radial thickness to length 
being approximately 0.1. 

The hoop strain on a cylindrical structure of this nature was higher than the solenoid 
used in the previous experiences. The calculations were done based a magnetic pressure 
of 6.4 MPa, elastic modulus of the, mainly aluminium, construction 80 GPa and the 
structural thickness in radial direction 170 mm, resulting in a hoop stress of 130 MPa. 
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To limit the magnitude of the hoop stress affecting the solenoid, the coil acts as a 
supporting structure as well. The stress is shared partly (70%) by the layers separating 
the four windings and by the cylindrical mandrel (30%). (4) 

3.2.2 Yoke 

The yoke is a large cylindrical structure comprising of 11 large elements, which are 
broken down to 5 barrel wheels and 6 end cap disks. The inner most barrel wheels sup-
port the coils of the superconducting solenoid and its cryostat. Figure 3.3 shows the 
yoke during assembly. 

 

 
Figure 3.3 The yoke during assembly. The inner part supports the vacuum chamber of 

the superconducting coil. (4) 

 
The yoke is assembled, and if need be, can be disassembled relatively easily since it 

rests on top of movable bases. To properly align the yoke components in respect to each 
other a 70 point positioning system was formed during first assembly above ground. 
Once the yoke is moved underground into the LHC tunnel, these reference points were 
used to reassemble the yoke inside the tunnel. (4) 
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3.3 Inner tracking system 

The current inner tracking system incorporated within the CMS plays a crucial role in 
the tracker performance; the most high definition tracker components are located within 
the inner tracker sub-structure. Figure 3.4 illustrates a cross-section view of the inner 
tracker system. 

 
Figure 3.4: A cut view of the CMS Tracker Layout showing one quarter of the complete 
inner tracker assembly. The bottom dashed line represents the beamline. The interac-

tion point (IP) can be seen at coordinates (0,0) (6) 

 
Geometrically speaking the inner tracking system encompasses the inner volume of 

the tracker up to a radius of 1.25 meters and covers the length of 5.8 meters. 
The inner tracking system is required to track on average 1000 particles every 25 ns. 

This frequency is due to the interval of bunches of proton particles passing, and collid-
ing, with each other every 25 ns. 

The inner tracker system is constructed by individual sub-assemblies consisting of 
different types of detector modules; Pixel barrel, Silicon barrel and the micro strip gas 
chamber (MSGC) barrel. These individual sectors can be found in  Figure 3.1. Pixel 
barrel and silicon barrel sections are covered in these chapters. 

To allow a high enough granularity for the electronics a large heat build-up is ob-
served within the electronics associated with transferring information to and from the 
actual tracking modules. This in turn adds mass in the form of elaborate cooling. As 
extra material causes multiple scattering, bremßtrahlung, photon conversion and nuclear 
interactions, extra attention is given to reducing material weight in the upcoming up-
grade. Naturally any material within the tracker is subject to fatigue due to concentrated 
radiation dosage. (4) (5) (6) (7) 



14 
 

 

3.3.1 Pixel detector system 

At the heart of the CMS is the pixel detector system. This structure consists of three 
layers of sensors in parallel to the beamline and two layers of sensors in perpendicular 
to the beamline. Figure 3.5 illustrates these layers in more detail. 

 
Figure 3.5 The pixel detector layers of the pixel barrel region. Various tracks with dif-

ferent levels of rapidity are shown as well. The interaction point is shown as IP. (4) 

 
To efficiently track a particle’s track, at least two intersecting points with the sensing 
surfaces of the tracking modules are required. The entire volume around the beamline 
that falls inside the envelope of the pixel tracker system is not completely hermetic i.e. 
particles with a certain track are able to pass the detector with only one interaction with 
the sensing surfaces. Figure 3.6 illustrates this. 
 

 
Figure 3.6 Efficiency of the pixel detector system as a function of rapidity (curvature of 

the particle tracks) (4) 
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The pixel detector system has an effective coverage range as a function of rapidity 
in the range of -2.5 < η < 2.5. 

All the detector modules are placed within the inner tracker system to allow precise 
tracking in a three dimensional space. This requires particle tracking in r (radial), φ (an-
gular) and z (beamline) directions. (4) (5) (6) (7) (8) 

3.3.2 Pixel barrel system 

The pixel strip sensors are mounted on a barrel assembly. The barrel assembly for the 
pixel strip modules is only 570 millimetres long. This is mainly explained by the fact, 
that the pixel strip modules are located closest to the interaction point. 

The barrel assembly supports the sensor module layers at the radial distances of 40 
mm, 70 mm and 11 mm from the beamline. The cooling pipes are also supported by the 
barrel assembly. (4) (6) (7) 

The ends of the barrel are ‘sealed’ using end disks arranged in a turbine like shape, 
see Figure 3.7. 
 

 
Figure 3.7 The module trays in the end disks are tilted. (4) 
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The module locations at the end disks are tilted at a 20 degree angle to allow the 
modules to overlap and ‘seal’ the way of the particle tracks. (4) 

 

3.3.3 Silicon strip tracker 

The silicon strip tracker occupies the volume just after the pixel detector system. The 
sensors within the silicon strip tracker are single sided as are all the sensor modules in 
the existing tracker assembly. 

The silicon strip tracker consists of 15 148 individual modules which can be divided 
into subgroups based on their location and orientation in respect to the beamline and 
interaction point; TIB (tracker inner barrel), TID (tracker inner disk), TOB (tracker out-
er barrel) and TEC (tracker end cap), see Figure 3.4 for more detail. 

Tracker inner barrel, the TIB region is constructed by attaching the modules onto 
four concentric cylinders. The cylinders act as a support for the modules accompanying 
supporting mechanics, such as cooling. 

Tracker outer barrel, the TOB region on the other hand is constructed around a 
single mechanical wheel that supports 668 self-contained sensor groups, called rods.  
 

 
Figure 3.8 The single piece wheel that houses the rods. (4) 
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The wheel is manufactured from carbon fibre epoxy laminate and the cylindrical 
sections have a honeycomb structure. The complete wheel is assembled layer by layer 
using laminating and gluing techniques. The wheel measures 2.180 meters in length and 
covers the radial distance from 0.555 meters to 1.160 meters. 

The modules are located in such a way that the overlap in radial-angular direction is 
always greater than 1.5 mm. In other words two adjacent modules overlap each other by 
12 strips. 

The rods themselves each contain 6 or 12 modules, depending on the amount of lay-
ers they contain. Figure 3.9 illustrates one of these rods. 

 
 

Figure 3.9 Actual rod used for testing purposes. This rod can hold 12 modules. 

 
The rods are inserted into the wheel from the longitudinal direction (from the open 

end into the small slots as shown in Figure 3.8. Thus, a single rod assembly can in theo-
ry be removed for maintenance. However, this would require large scale dismantling of 
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the adjoining structures. Hence maintenance on individual modules is only done during 
shutdowns and if other maintenance is carried out. (4) (6) (7) 

 

3.4 Electromagnetic calorimeter 

The electromagnetic calorimeter or ECAL is a calorimeter based on lead tungstate crys-
tals. The ECAL encompasses the tracker volume with barrel section and endcap sec-
tions. The benefits of the ECAL inside the CMS experiment include high granularity, 
fast operation and radiation resistance, the latter especially an important characteristic 
inside the highly luminous LHC. 

The lead tungsten crystals are assembled into modular units including the crystal it-
self and readout elements. An illustration is presented in Figure 3.10. 

 

 
Figure 3.10 A modular component including the lead tungsten crystal and readout wir-

ing. (4) 

 
These crystal units can then be assembled into larger modules with varying amount 

of individual crystal modules. A tapered shape for the crystals is beneficial when 
mounting them along the beam line. This allows for a near seamless construction. Figu-
re 3.11 illustrates a section from the crystal barrel assembly. 
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Figure 3.11 Tapered crystals assembled into a larger group. These sections will be 

combined to create a wheel around the inner mechanics. (4) 

 
The crystal modules are also used at the ends of the calorimeter volume to create 

endcaps. Two D’s are prebuilt and then combined to create a solid ring for each end. (4) 

3.5 Hadron calorimeter 

The hadron calorimeter is designed to measure especially hadron jets and neutrinos or 
exotic particles that may give further knowledge to missing transverse energy. In the 
current CMS tracker, there are three parts to the hadron calorimeter design: barrel de-
sign (HB), endcap design (HE), outer calorimeter design (HO) and the forward calorim-
eter design (HF). Physically the hadron calorimeter components are further away from 
the beamline than the previously mentioned components. For example, the HB starts at 
a radius of 1.77 meters from the beamline. An outline of the hadron calorimeter compo-
nents can be seen in Figure 3.12. 
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Figure 3.12 The hadron calorimeter components outlined. The numbers on the top and 

right are the pseudorapidity η. (4)  

 
The HB or barrel design consists of 36 identical wedge shaped components which 

together form the two halves of the HB section. Each half is located on opposite sides of 
the interaction point. The use of wedge shaped elements produces a very limited amount 
of non-sensing material in the final construction; the cracks between wedges are only 2 
mm wide. The chemical composition of the absorber material within wedges is 70 % 
copped and 30 % Zinc, in other words brass. 

The active medium is called the scintillator. The active material is a 3.7 mm thick 
Kuraray SCSN82 plastic scintillator. (4) 

 

3.6 Forward detectors 

The forward detectors are one type of calorimeter. They are designed to observe parti-
cles with very high rapidity rates. The CASTOR, a part of the forward detectors, is in-
stalled 14.38 meters from the interaction point. It covers the pseudorapidity range of 5.2 
to 6.6. It is constructed of two halves which when combined envelope the beam pipe. 

The CASTOR is a Cerenkov based design. It is constructed from layers of tungsten 
plates as absorber material. Silica quartz is used as the active material. The Cerenkov 
light phenomenon which is produced by passing particles through the silica quartz mate-
rial is collected in sections and then passed onto photomultipliers. 

The other main component of the forward detectors is the zero degree calorimeter 
(ZDC). It covers even higher pseudorapidity ranges of over 8.3. The ZDC’s is located 
140 meters from the interaction point on opposite sides. (4) 
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3.7 The muon system 

The muon system is especially designed to study the Higgs boson. The predicted decay 
of a Higgs boson leads to four leptons. In some cases all four leptons happen to be mu-
ons. Muons then are relatively easy to detect. An event where a Higgs boson would de-
cay into four muons would be perfectly suitable for the muon system to detect. 

The muon system has three basic functions: muon identification, momentum meas-
urement and triggering. 

The drift tube system part of the muon system consists of 4 stations forming con-
centric cylinders around the beam line. The drift tubes contain sensitive wires, which 
total to 172 000. 

Another element in the muon system is the cathode strip chambers. There are 468 
cathode chambers. The cathode strip chambers provide precision muon measurement 
functions but also triggering. 

The resistive plate chamber system consists of gaseous parallel-plate detectors. The 
speciality of this sub-system is that it can identify the time point of ionizing events at 
very high precision. 

The final sub-system within the muon system is the optical alignment system. A ra-
ther small tolerance for miss-alignment is required for the proper function of the CMS 
project. For example, the tolerance for alignment for the endcap region is from 75 to 
200 micro meters and for the inner barrel chambers from 150 to 350 micro meters. (4) 

3.8 Trigger 

Due to the high number of events i.e. collisions, it is not possible the information from 
each single event. To drastically reduce the number of recorded events a trigger system 
is in place. The trigger system performs the event processing in two steps: Level 1 (L1) 
and High-Level Trigger (HLT). The L1 consists mainly of programmable electronics. 
The HLT on the other hand is software ran with roughly around 1000 processors. By 
using this two-step trigger design the ecent frequency of 40 MHz can be brought down 
to at least 100 kHz when the goal with safety factors is for 30 kHz output. 

The components of the trigger can be further divided into groups such as local, re-
gional and global components. Figure Figure 3.13 illustrates some of the stages in Level 
1 trigger. 
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Figure 3.13 Level 1 trigger architecture (4) 

 
As data from various sources passes along its path, it’ll finally reach the global 

tracker which is controlled by the trigger control system. The trigger control system 
performs the final control over which signals are passed through and leave the Level 1 
trigger. (4) 
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4 DETECTOR UPGRADE IN GENERAL 

Since 2009, The Large Hadron Collider at CERN has been operating at an energy level, 
that produces collisions with approximately centre of mass energy of 7 TeV. The LHC 
is planned to run at this energy level and provide collisions for the two main experi-
ments: CMS and ATLAS until the end of 2012. A long shut down is planned to take 
place at the end of 2012 or early 2013 and operation is to resume a few months into 
2014. The goal of this shutdown is to upgrade the LHC to be able to provide the two 
experiments with collisions with centre of mass energy of ~14 TeV. (8) 

The present pixel detector system was conceived over 10 years ago and designed 
only for maximum luminosity1 of 1×10!"𝑐𝑚!!𝑠!!. However, with the first stage of the 
planned series of upgrades (phase 1); the luminosity is predicted to reach 
2×10!"𝑐𝑚!!𝑠!! before the next long shutdown. This would result in massive data 
losses in the current read-out-chips. (8) 

These chips need to be replaced in the next long shut down, predicted for the end of 
2016/beginning of 2017. While these chips are integrated parts of the current silicon 
pixel sensors, it becomes feasible to upgrade the entire sensor assemblies as well. (8) 

4.1 Concept of new pixel tracker layout 

In the proposal for the next tracker construction (8) it is proposed that the current pixel 
detector system will be replaced with a new ultra-light weight pixel system comprising 
all in all out of 13 sensor layers in the radial direction and 14 end cap disks in beamline 
direction. The sensors would be placed in such way to maximise 4-hit coverage with 
different orders of rapidity η. (8) The conceptual layout is presented in  

                                                
 
1 Number of particles per unit area per unit time times the opacity of the object. 
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Figure 4.1 Side view of the proposed concept for sensor layout. The numbers on the 

bottom and left are the distance from interaction point in millimetres. The numbers on 
the top and right are the different factors of rapidity η. (9) 

 

 
Figure 4.2 A more artistic view of the various sections envisioned for the upcoming 

upgrade. (9) 
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The main sections of the upgraded CMS detector system would include the TID 
(tracker inner disks), TIB (tracker inner barrel), TOB (tracker outer barrel) and TEC 
(tracker end caps). (9) (8) 

4.2 Main goals of the phase 1 upgrade 

The phase 1 upgrade is meant to tackle many inadequacies that have been encountered 
with the current tracker over time. 

One of the main goals is to improve hermeticity with pseudorapidities under 1.5. 
This translates to gaps where particles can pass undetected. The problem is present es-
pecially at locations within the tracker where the radius is small and Z-value is high i.e. 
close to the beamline and far from the interaction point. The current tracker is not com-
pletely hermetic with rapidity of less than 1.5 leading to inefficiencies of around 15%. 
This is caused when trajectories of the particles curve towards the beamline after colli-
sion. The particles traverse the tracking surfaces of the sensors in the end cap layout 
when they have a rapidity of 1.5 or greater. However, if the trajectories have a rapidity 
of less than 1.5, with certain trajectories the particles are able to pass the tracking sur-
faces of the sensors at one layer or another. (8) 

On the hardware side the most limiting factor are the read-out-chips. The current 
read-out-chips are adequate for luminosities of up to 1 × 1034 cm-2s-1. At these levels of 
luminosity the inefficiency due to buffer size and readout speed limitations are estimat-
ed at around 4%. This inefficiency increases exponentially when luminosity increases. 
Thus inefficiency of the read-out-chips could amount to 15% with luminosity levels of 2 
× 1034 cm-2s-2. (8) 

In terms of acceptable life span the components have a have sufficient radiation 
hardness. The integrated luminosity is predicted to rise as high as 350 fb-1. 2 The current 
tracker construction includes an excessive amount of passive materials. These materials 
degrade the tracking accuracy, due to multiple scattering, photon conversions and nu-
clear interactions. (8) 

It is therefore the goal of the phase 1 upgrade to provide a pixel detector that can 
maintain a high efficiency at higher level of luminosity with less material and provide 4-
hit tracking with particle trajectory rapidity of up to 2.5. (8) 

4.2.1 Goals related to collisions 

The excess amount of collisions experienced by the CMS trackers has increased steadily 
over time. The luminosity is expected to reach as high as 2 × 1034 cm-2s-2. The high 
number of collisions and the subsequent particle tracks are not all of interest. Due to the 
nature of the collisions produced inside the LHC, only a handful of the collisions pro-

                                                
 
2 Particle collision events per femtobarn. 



26 
 

duce a so called ‘hard collision’. The tracker is designed to discriminate between hard 
collisions and soft collisions and to preserve the data acquired from the hard collisions. 

To address this concern the new upgrade is intended to increase the computing 
power of the CMS tracker to allow for a better performance and accuracy with increased 
luminosity. This correlates to, for example, each module having two sensing surfaces 
and proprietary computing capabilities. In essence each module is capable of discrimi-
nating between collisions of interest (hard collisions) and other collisions (soft colli-
sions) (8) 
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5 TRACKER MODULE DESIGN 

The new proposed sensor module design layout is a concept that incorporates two high-
voltage particle sensing elements into one single module assembly with accompanying 
supporting electronics and mounting solutions. Two different module types are in de-
velopment, the 2S module (two-strip sensor) and the PS (pixel strip sensor). Figure 5.1 
illustrates the concept with the so-called 2S module type concept. The module is rough-
ly 120 mm times 100 mm in width and length. 

 

 
Figure 5.1 2S sensor module illustrated. Main elements to be identified are the sensor 
modules illustrated in yellow, various PCB boards in green and the main service elec-
tronics: cyan, white and purple. Picture by the author based on the existing concept. 

 
Various supporting features are needed to enable these silicon sensors to function. 

For example, the silicon strips within the sensors are read using electronic boards con-
taining the read-out-chips on both sides. Each silicon strip sensor is divided into two 
halves both containing the same amount of strips, or channels. The information from 
these channels is read by accompanying read out chips on the electronic boards at both 
sides. The information is then transferred to the so called collector chips, one on each 
board, and further along to the service electronics board that sits in between the two 
readout boards. Finally the information is transferred out of the module using optical 
connections. (8) (9) (10) (11) (12) 
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5.1 Silicon sensors 

Silicon Sensors are essentially strip sensors with 2032 strips in each sensor, divided into 
two halves. Thus, 1016 channels are read on each side using the hybrid boards. 

The sensors are sourced from an external company. For example, Hamamatsu Pho-
tonics was one of the biggest suppliers of current modules in use. 

The sensor thickness plays an important role on the behaviour of the module’s me-
chanical strength and stability. Two thin 200 micrometre sensor on the top and bottom 
would be light weight but also prone to warping due to internal stresses present from 
manufacturing. A thicker silicon sensor would be more stable against warping. Howev-
er, every gram saved on individual components is quickly compounded as huge cost 
saving for the entire detector assembly. (10) (12) 

5.2 Hybrid boards 

The printed circuit boards (PCB’s) on the sides of the tracker module are generally re-
ferred to as hybrid boards. Their function is to read the events registered within the sili-
con sensors. As compared to the existing sensor modules, the new sensor modules in-
corporate a fundamental change: the hybrid boards discriminate non-essential tracking 
information, coming from the silicon strips within the sensors. Hence their designation 
as hybrid boards: they incorporate readout function and rudimentary data-analysis func-
tions. 

Whilst in the existing implementation all data, within the constraints of the machin-
ery, is transmitted and processed outside the sensors, the new concept allows non-
essential information to be discarded at each individual sensor. This is achieved with the 
two layer, two sensor layout. Figure 5.2 illustrates the principle of disregarding events 
that are deemed non-essential. 

 

 
Figure 5.2 The principle behind disregarding particle trajectories deemed to contain 

non-essential information. 

 
The two sensors positioned parallel to each other allow each module to disregard 

non-essential particle tracks and freeing processing power at later stages. The general 
idea is to leave out information from particle tracks with ‘weak’ trajectories. A high 
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curvature in the track would imply that the particle travelling on this trajectory has low 
energy and is therefore not as interesting for the CMS experiment which is focusing on 
high energy particles. A highly curving trajectory will ‘trigger’ three or more channels 
within the silicon strip sensor pair and therefore can be left out of data collection efforts. 
A high energy particle will only trigger two channels and its information is kept for data 
analysis. 

The hybrid boards are expected to have eight readout ASIC’s each reading 127 
strips from the top and bottom sensor. Having eight readout chips on both hybrid boards 
allows for 2032 strips to be monitored. (8) (10) (12) 

5.3 Service electronics 

The service electronics, as they are referred, are located on a third PCB board. Some of 
the main components include a DC-DC converter, connectors to the hybrid boards and 
perhaps most importantly the optical link for transferring data off-module. A high-
voltage Kapton strip will also run from the service board to the silicon strip sensor for 
powering them. Figure 5.3 Illustrates the high-voltage Kaptons. 
 

 
Figure 5.3 Loop in the service board connects to two high-voltage Kaptons carrying 

power to sensors. 

 
The hybrid boards are connected to the service board with wirebonds. These con-

nections will transfer all the data from the hybrid boards after the concentrator chips, 
into the service board. (11) 

5.4 Bridges 

The bridges function as spacer to give the two silicon sensors the correct spacing and 
also to support the silicon sensors against warping i.e. keep them planar. 
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The bridges also serve an important purpose in cooling the module. The heat gener-
ated within the sensors, as well as in electronics, is directed into the bridges and then to 
the cooling medium through four contact points. (13) (14) 

5.5 Module frame 

The frame was envisioned to be manufactured of carbon fibre before, but no further 
designs were prepared before the latter half of 2012. Hence, no existing prototype or 
more accurate carbon fibre material had been decided upon at that time. 

The main requirements for the frame itself were clear: sufficient stiffness to ade-
quately support mounted structures and an attractive weight-to-stiffness ratio. For strict-
ly prototyping purposes our department had two sheets of carbon fibre remaining from 
previous projects. It was decided to cut frames from these two sheets for prototyping 
purposes. The sheets in store were 0.5 mm and 0.7 mm thick. Figure 5.4 illustrates a 
carbon fibre frame cut with a water jet machine. 

 

 
Figure 5.4 Carbon Fibre frame cut from a sheet using water jet cutting. Additional 

items in the figure are 3D printed prototypes of adjoining structures. 

 
The frames cut from a sheet of carbon fibre experienced warping that may be the 

cause of improper storing of the sheets, unsuitable properties or inter laminar stresses. 
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Due to the fact that the frames would be constructed from a more carefully selected ma-
terial the cause of the warping did not merit investigation at this point. 

Due to the enclosed area in the middle of the frame, manufacturing would result in a 
large amount of waste pieces. Therefore, early on it was noted that a C-shape frame 
with one edge open would be a far more likely outcome. (12) 

5.6 Thermal management aspects 

Many components in the tracker modules generate heat when under use, such as the 
PCB boards and the actual sensors. The main goal of the thermal management aspect is 
to keep temperature difference, abbreviated in this paper as ∆Tº, between the sensors 
and the cooling medium as low as feasibly possible. This requires adequate heat man-
agement and heat convection from the modules to a cooling solution. Ideally a cooling 
pipe solution would run along the sensor modules and collect the heat build-up. Figure 
5.5 illustrates the cooling pipe running along the tracker modules. 

 

 
Figure 5.5 General view of the cooling solution similar to current setup. The cooling 
pipe runs along the sensor edges and the modules are connected to it using inserts. 

Carbon fibre frame dubbed as rod is hidden for clarity. 

 
Different components contribute to different levels of heat generation. The heat flux 

through each four contact pad also differs from one to another due to the fact that they 
are located at unequal distance from heat generating components. 

A preliminary heat transfer study was conducted by a summer student, Riikka Häsä, 
in our group during the period of June-August 2012 (15). These studies were first pre-
sented by Antti Onnela on a meeting in September 2012 (14). 
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The main aspects influencing the heat transfer efficiency were presumed to be the 
length of the insert, to which the contact pads fasten to and the quality of the adhesion 
between the insert and the actual cooling pipe. The adhesive used for the first analysis 
and stress tests was Araldite 2000. Also the fact that the cooling medium is planned to 
be carbon dioxide, could result in interesting thermal behaviour inside the cooling pipe. 
In other words the state of the cooling medium (liquid or gaseous) close to the cooling 
pipe walls can affect the performance. 

For the analysis it was determined that the operating temperature of the sensors 
should be -10 degrees Celsius. Due to the fact that the flowing cooling medium, carbon 
dioxide, is maintained at -20 degrees Celsius, there is a ‘space’ for ∆Tº of 10 degrees 
reserved for the components between the cooling medium and sensors. Figure 5.6 illus-
trates the presumed temperature difference between the centre of the sensor and one of 
the contact pads. 

 

 
Figure 5.6 Presumed temperature distribution in the module. Also pictured is the as-

sumed temperature difference between the sensor centre and the contact pad. Picture by 
Riikka Häsä 

 
The allocated ∆Tº of 10 degrees was expected to be distributed between the actual 

sensor (5-7 ºC) and the rest of the heat conducting structure from the sensor inner sur-
face to the cooling medium (3-5 ºC). 

5.7 Supporting structures 

Generally speaking the first ideas of a global support structure for the modules within 
rods and all auxiliary elements. A general impression for a possible supporting structure 
would resemble the current barrel wheel with cut-outs for rods. However this idea may 
as well change significantly as the design progresses. (12) 
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6 2S MODULE DESIGN EVOLUTION 2012-2013 

This thesis was written while the author was part of a group tasked with designing the 
next generation of detector modules to be used in the upcoming upgrade, where the cur-
rent sensor module design will be replaced with the new version. The author was part of 
the group from June 2012 until December 2013.  

The starting point for the module design was first modelled by Antonio Conde Gar-
cía, who also acted as the author’s supervisor. Most of the changes were agreed upon in 
weekly meetings, where our group collaborated on the design aspects. Our group mainly 
consisted of, in alphabetical order: Abaneo, Duccio; Blanchot, Georges; Conde Garcia, 
Antonio; Kovacs, Mark Onnela, Antti. Our FEA analysis was done by a colleague in 
DESY, Hamburg: Andreas Mussgiller. My input to the design process is also included 
in this chapter. 

6.1 First 2S module assembly concept 

The first CAD files and the starting point for future development had been created by 
the group’s previous 3D designer Tristan Falcy who had just ended his contract at 
CERN. The initial CAD model is shown in Figure 5.1 

 

 
Figure 6.1 Initial CAD model of the 2S module concept. Model by Tristan Falcy. Pic-

ture by the author using original model extracted from CERN database. 
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As our group convened for the first time and the knowledge of all parties involved 
was presented it became evident that certain changes were to be made before continuing 
further with the design. 

One of these changes was due to concerns voiced by Alan Honma: The sensors are 
meant to be wire-bonded to the hybrid boards on both sides. Such wire bonds are neces-
sary also in many other locations in the module for example, between the hybrid boards 
and the service board. The wire bonds in other words carry the information from one 
section of the module to the next. 

In the preliminary CAD model the sensors were not placed on an equal distance 
from the PCB boards on the sides. This would have resulted in difficulties with the wire 
bonding as one side would have longer wires than the other. It was therefore decided to 
implement a change to the design present in the first CAD model. Figure 6.2 illustrates 
the situation present in the preliminary CAD model. 

 

 
Figure 6.2 A side view of the module showing the difference in distance from the mid-

plane of the PCB board to the sensors. 

 
The design was then changed in a way that allowed the two modules to rest at an 

equal distance from the surfaces of PCB board. This is illustrated in Figure 6.3. 
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Figure 6.3 The sensors have been moved to an equal distance from the mid-plane of the 

PCB board. 

 
However, bringing the sensors to an equal distance to the PCB board results in a 

problem with the bridges, which support the sensors and in turn connects them to the 
frame. Also, the ends of the bridge assemblies connect the module to a larger assembly 
structure later on. And also transfer the heat out of the module into a cooling solution 
present in the larger assembly. 

The PCB boards rested on top of the frame, therefore the frame ’moves’ in relation 
with the PCB boards between the sensors. A new design was required for the bridge 
assembly geometry to allow this transition of the sensors in relation to rest of the mod-
ule assembly. 

The bridge assemblies consist of two, at the time presumed to be made of alumini-
um, feet at the ends and supporting bars of high thermal conductivity material in the 
middle. Also a layer of pyrolytic graphite sheet (PGS) was intended to be placed on the 
top and bottom to further enhance the thermal conductivity properties of the assembly. 

In order to adjust the position of the sensor modules relative to the PCB boards, new 
aluminium foot geometry was designed, dubbed the ’S-shape’. This allowed us to adjust 
the distance accordingly by changing the parameters of the aluminium feet dimensions.  
Figure 6.4 illustrates this concept. 

 
 

 
Figure 6.4 Left: illustration of the frame on top of the aluminium feet. Right: a closer 

view of the new aluminium feet design ’S-shape’. 
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These changes were first presented to a wider audience by Antti Onnela in a CMS 

Tracker Upgrade seminar in July 2012 (12) (13). 

6.2 Bridge assembly 

It became evident that the bridge assembly structure first envisioned would cause para-
mount difficulties during assembly. Alan Honma voiced the concern in a group meeting 
(16) that the multiple layers of material and accompanying layers of glue within the 
bridge structure would result in poor accuracy in height and stiffness. 

Since the bridge assemblies would have to support the weight of the individual 
components that the module comprises of and hold them in place to high degree of ac-
curacy, they would require high stiffness. Also a coefficient of thermal expansion (CTE) 
match, especially to the sensors has been a key point in the development and choosing 
of material candidates. Figure 6.5 shows the main components. 

 

 
Figure 6.5 Original bridge assembly concept included 6 separate pieces and accompa-

nying layers of adhesive to bond the individual pieces. 

 
The pieces that constitute one bridge assembly, each module needs two, are two al-

uminium feet with a varying hole geometry for securing the modules later on, two bars 
of highly thermal conductive material (thermal pyrolithic graphite was proposed) and 
two layers of PGS. Such a layout would include in total of three adhesive layer for top 
and bottom resulting in all together six adhesive layers. 
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6.2.1 Thermal analysis of different material combinations 

The thermal aspects of the bridge assemblies include the thermal expansion they experi-
ence during heat build-up, which leads to stresses in accompanying parts if there is a 
CTE mismatch. Also the thermal conductivity is crucial in keeping the ∆Tº, the temper-
ature difference between the sensor and cooling medium, inside acceptable bounds. 
Naturally the mass is also an important variable, even to an extent of outweighing the 
importance of best thermal conductivity. This is due to the fact that even small reduc-
tions in mass of a single sensor module correlates to a substantial reduction of overall 
mass of the entire structure, with thousands of modules and the accompanying support-
ing structures. 

It became feasible to study different options and to visualize the impact of removing 
layers from the proposed bridge assembly concept or to change their materials, to re-
duce variables and improve stiffness. 

An outside specialist, Andreas Mussgiller from DESY, performed the most critical 
thermal analysis tasks. He also compiled a set of options for the bridge assembly mate-
rials with different combinations. Figure 6.6 summarises the findings in Mussgiller’s 
analysis in relation to temperature difference (sensors to cooling medium) and the mass 
of the bridge assemblies. 

 

 
Figure 6.6 Results of different bridge assembly materials in respect to total weight of 

the assembly and the temperature difference of the sensor and cooling medium. Andreas 
Mussgiller, DESY 
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The coloured lines in the Figure 6.6 correspond to different materials. Black: 550 
µm carbon fibre bars, red: 360 µm carbon fibre bars, green: special foam manufactured 
by Allcomp with a density of 0.35 g/cc, purple: special foam manufacture by Allcomp 
with a density of 0.09 g/cc. 

The different point indicators correspond to: QI: quasi-isotropic fibre layout, UD: 
uni-directional fibre layout. For the foams, full foam connecting the contact pads: col-
oured squares and coloured circles. Coloured circles for a foam connecting the contact 
pads but with a hollowed out centre. 

The different points in relation to the ∆Tº axis in each set (connecting lines), with all 
options, are in ascending order: no PGS material, PGS material, FGS material. 

The findings provided positive signs of a possibility of removing some layers and 
still preserving thermal properties. (17) 

6.2.2 Further design simplification 

It was proposed (16) that the design group investigate the possibility of creating a uni-
body design for the bridge. The advantages in terms of manufacturing would be a clear 
increase in simplicity, reduced number of glue layers and reduced number of layers that 
the heat flux needs to penetrate. 

A suitable material was found from a French company Novapack. The design group 
approached many companies, but the material supplied by Novapack in the end seemed 
the most promising by its properties as well as pricing. The material in theory promises 
attractive mechanical properties and is manufactured in two version with differing CTE 
values. The main properties of the material are presented in Figure 6.7. 

 

 
Figure 6.7 Specifications of the Aluminium-carbon alloys offered by Novapack (18) 

 
The material, according to Novapack (18) (19), is an aluminium alloy that is poured 

into a matrix consisting of carbon fibres pre-grown into the desired fibre orientation. 
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The amount of carbon present in respect to the alloy influences the thermal properties of 
the product. The V2-4 version matches the CTE value of the silicon sensor and was 
therefore chosen as the target of the group’s interest. 

The initial correspondence with the company resulted in the basic design parameters 
recommended for a unibody bridge structure. These included a minimum wall thickness 
of 0.5 mm all-round for weight effeciency. 

The first CAD models were then drawn. They are presented in the Figure 6.8.  
 

 
Figure 6.8 Two concepts of a unibody bridge. Left: a simpler design to be used in FE 

analysis. Right: A rigid bridge with a number of holes drilled to the side to reduce mass.  

 
The consensus was then to attempt to find an optimized width for the new bridge 

concept. However, first the new concept was sent to Andreas Mussgiller for thermal 
analysis without yet focusing on the width aspect. It was first necessary to determine if 
the material can perform as well as the previous concept. Also, this first version for 
analysis did not include the necessary reinforcements between the top and bottom parts 
of the bridge. 

Some expectations were presumed with regards to the first round of analysis with 
the new concept, that later required clarifications. The performance of the new concept 
in relation to the previous ideas is presented in Figure 6.9. 
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Figure 6.9 The new unibody concept is identified by a star in the figure. It is positioned 
roughly in the middle in terms of mass. The sensor temperature is around half a degree 

warmer than with the original concepts for the bridge. (17) 

 
Since the unibody bridge concept appeared encouraging in regards to mass and sen-

sor temperature (”only” half a degree poorer) further study was merited. Also the signif-
icant savings in complexity especially with having no need for adhesive layers within 
the bridge itself was more than encouraging. (17) (16) 

 

6.2.3 Design aspects relating to the use of aluminium-carbon fibre com-
posite 

Since the AL-CF material has better heat conductivity in one planar direction versus the 
other, it became clear that careful consideration should be given to the fibre direction. 
Also, the fibre direction to be chosen would play a significant part in determining the 
overall cost of each piece. 

By default the material is manufactured in blocks roughly (XYZ) 300 mm x 300 
mm x 10 mm. The fibre orientation in these blocks is XY-direction. For our application 
the ideal fibre orientation is from top to bottom, hence it is feasible to machine individ-
ual parts in the corresponding way. The width of our bridge is not determined exactly, 
but it is in region of 8 mm. Thus a material waste of 2 mm is to be expected in Z direc-
tion on the blocks. 

The material is dusty in a sense that carbon dust will fall of the surface. One can al-
most use the material as a highlighting pencil to demonstrate the amount of fine dust 
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coming of the surface. Carbon dust cannot be permitted to be released from the surfaces 
as it will cause problems if it comes to contact with delicate electronics. Hence encasing 
the bridges in a Parylene coating, or something similar, is a must. At the time when this 
thesis was written, initial contact had been made with a few companies specializing in 
coating metals, but no definite decisions had been made. 

6.2.4 Geometrical optimization 

As the research into the thermal properties of the AL-CF alloy progressed, the design 
group began to look at the geometry with a more critical approach. A more optimized 
geometry was desired especially to save mass, even if it entailed additional machining 
costs. 

The region within the AL-CF bridges at the middle on each side of the sensor (along 
the hybrid boards) has contributes little to nothing on the overall thermal load. Hence it 
became feasible to study if a cut-out in the bridge would aversively affect the thermal 
performance. The loss in overall mass of the module was the driving force for this ap-
proach. Figure 6.10 illustrates this approach. 

 

 
Figure 6.10 In this version, the bridges have cut-outs in the mid-section to reduce 

weight. Also a third bridge is added to the middle. 

 
The exact length of the cut-out is to be determined with FEA analysis by our col-

league in DESY, Andreas Mussgiller. The added bridge in the middle will provide an 
additional cooling contact to the service electronics board. 
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Also, in Figure 6.10, the mounting holes have been moved from the far end of the 
bridges on the inside to bring them closer to their respective heat sources. 

The added middle bridge is designed to improve heat extraction from the sensor 
edge closest to the service electronics board. It is situated between the modules with a 
tab extending as far beneath the service board as do the ‘original’ bridges. A thermal 
study performed by Andreas Mussgiller shows that a module with the added bridge can 
be cooled more efficiently. The thermal difference between the maximum sensor tem-
perature and the coolant found with the analysis was 8.6 degrees Celsius. However the 
coolant was simulated to flow at -28.6 degrees Celsius. (20) 

6.3 Hybrid boards 

The issue of creating wire bonds between the sensor and the accompanying hybrid 
boards on the side of the module arose again in the early months of 2013. Alan Honma 
presented the issues that our group was facing with wire bonding in a presentation held 
for outside contractors (11). 

6.3.1 Flexible hybrid boards 

The issues relate to the different wire bonding machines used by various contractors and 
collaborators for CERN. Most machines aren’t able to perform a large step in bonding 
height without hitting the adjacent bond. As the 2S module had two different versions in 
respect to the gap between sensors (4.0 mm and 1.8 mm versions), but as the hybrid 
boards were always the same thickness the bonding height was never perfect. However, 
an alternative solution was presented. This is illustrated in Figure 6.11 
 

 
Figure 6.11 A section view of 2S with a 4.0 mm gap between sensors and the adjoining 

hybrid board. 

 
The point of interest is the loop created by the Hybrid PCB board. This loop allows 

the wire bonding height to be reduced considerably. The top sensor (yellow) is wire 
bonded to the top side of the hybrid PCB board (green). The bottom sensor (yellow) is 
then wire bonded to the lower end of the PCB board (green). 

The illustration in Figure 6.11 provides a limited wire bonding height for both 4.0 
mm and 1.8 mm module versions. In other words, the wire bonds will ‘step’ down from 
the sensors on the 4.0 mm version. In the 1.8 mm version the wire bonds will ‘step’ up-
wards from the sensor edges. 
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For the PCB board to be able to bend into such a shape it would have to be flexible. 
Alan Honma proceeded to contact a Swiss company specializing in the production of 
flexible PCB boards (21). They are able to grow very thin (circa 74 µm) circuit boards. 

The flexible boards offered by Hightec are grown onto a glass substrate by spinning 
polyamide while at the same time building the insulating layers for the circuit. The met-
al layers are then either sputtered or electroplates into the board. Once the spinning of 
polyamide and building of layers is complete, the desired components are soldered on 
top of the board. The whole process takes place on top of a glass substrate. Finally the 
board is extracted from the glass surface by dissolving the adhesive layer between the 
glass and the board (21) (22). The ultimate producer of these boards was not decided at 
the time of writing of this thesis.  

Our application would require a flexible board (for the loop) but also rigidity. The 
rigidity requirement is due to the fact that the wire bonding operation requires a rigid 
surface; otherwise the previous bond wires will break as adjacent ones are applied if the 
substrate is bouncing up and down. 

At a later stage it was decided to sacrifice some modularity and instead of having 
only one hybrid board variant that would suit module versions with different sensor 
gaps. This meant that a more likely design for the fold over part would resemble the 
situation depicted in Figure 6.12. 

 

 

 
Figure 6.12 Top: 2S 4.0 mm module. Bottom: 2S 1.8 mm module. 

 
The fold over part of the hybrid board is scaled according to the gap between the 

sensors corresponding to the module version in question. This facilitates easier wire 
bonding and results in limited wire bond height. This method also allows the hybrid 
boards to be physically connected to the sensors with a glue joint, for example. Thus, as 
the boards are attached to the sensors, their bowing should be limited during wire bond-
ing as per the pressure asserted by the wire bonding machine. This approach was rec-
ommended by Alan Honma. 
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7 PS MODULE DESIGN EVOLUTION 2012-2013 

The PS Module, short for Pixel Sensor, shares many similarities with the 2S module 
concept. The main difference between the versions is, however, the pixel sensor strips 
found in the PS module. 

As was the case with the 2S module version, the changes made to the original PS 
concept took place between June 2012 and end of 2013. The work naturally continues 
still, but the author was part of the process during that timeframe. 

7.1 First PS module assembly concept 

One of the first CAD models passed on as inheritance, so to speak, to the author after 
taking up position at CERN is pictured in Figure 7.1. 
 

 
Figure 7.1 Catia file of the PS module with close resemblance to the initial situation. 

 
As the 2S module was overhauled and developed, many of the changes made could 

be ported to the PS module version as well. For example, the unibody bridge concept, 
fold over hybrid boards and so on. 
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7.2 Concepts imported from 2S module 

The PS module design started to evolve according to a similar path as with the 2S mod-
ule. However, due to different geometrical constraints and cooling aspects, it is quite 
possible that the PS module will in the end differ significantly from the 2S module ver-
sion. 

Some of the approaches which were ported from the development of the 2S module 
are depicted in Figure 7.2. 

 

 

 
Figure 7.2 Illustrating the biggest changes from the original PS module CAD version. 

 
The AL-CF unibody bridges are present in the PS module at the moment. The cool-

ing of the PS module is proving challenging even with the new bridge pieces (23). The 
design group decided to move away from cooling the PS module through mounting tabs 
as envisioned earlier. Instead, it seems likely that the module has to be glued to a cool-
ing platform and thus utilize the total surface area of the bottom sensor as a pair for ad-
hesive bonding between the cooling structure and the module itself. 
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The hybrid boards have received fold over parts and their height is increased to 
match the gap between the top sensors and the pixel strip sensor at the bottom. Contrary 
to the 2S module where the boards are wire bonded to the silicon sensors, in the PS 
module the boards are wire bonded to the top silicon sensor on the top side and to the 
pixel strip sensor on the bottom side. 

7.3 Sandwich assembly concept 

Due to the problems of transferring adequate amount of heat off-module our group de-
veloped an alternative concept for the module with a so-called sandwich approach. Up 
to now the module has consisted of multiple individual parts that have been joined by 
the small tabs at the ends of the bridge pieces. While this approach is relatively light 
weight, it also transmits the heat generated in the electronics into to silicon sensors, 
which is not a desired effect. 

Such a sandwich structure could be produced with various approaches. A perhaps 
simplest way to achieve this could be a large piece of lightweight foam that is large 
enough to support the sensors and electronics. Thermal coupling between the sensors 
and the electronics could be reduced by milling out slots at intersecting regions. 

A full foam supporting structure, sandwiched by carbon fibre sheets, has its benefits 
but also its drawbacks. A big question is the thermal connection from the heat sources 
(sensors, electronics and so on) into the carbon fibre sheets and down to the foam and 
back out again through carbon fibre sheets. The glue joint between the carbon fibre and 
the foam is also a risk. The glue could simply soak in to the foam adding weight. Natu-
rally a good adhesion is required to create a viable thermal path into the foam. 

Hence a perhaps more viable alternative was conceived. This alternative idea fol-
lows the concept of using a sandwich assembly rather than a foam filler, a decision was 
made to revert back to the aluminium carbon fibre alloy provided by Novapack. This 
material is naturally denser and increases the module mass considerably. A sketch of a 
sandwich construction with the AL-CF material as the ‘filler’ can be seen in Figure 7.3. 
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Figure 7.3 A PS Module with the sandwich support structure approach. 

 
To combat the added mass due to shifting towards the use of AL-CF the sandwiched 

pieces need to be as light as possible, but at the same time transmit enough heat out of 
the module. 

For this reason, the design group studied the effects of creating cut-outs in the AL-
CF filler to thermal performance. Figure 7.4 reveals one concept for the cut-out shapes. 

 

 
Figure 7.4 PS Sandwich module with parts of it hidden from view to reveal the internal 

structure of the AL-CF filler material. 
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By cutting away material from the AL-CF parts the objective is to achieve a light 
weight but thermally adequate construction. It was estimated the weight of one module 
with foam filler parts to be 23.63 grams (24). Mass estimate for a PS module with AL-
CF as filler material and 1 mm minimum wall thickness is estimated to come in at 32.06 
grams (24), which is quite an increase compared to the foam structure and would make 
the module too massive. However, the PS module version with 0.5 mm wall thickness 
weighs only marginally more than a foam approach, 25.20 grams (24). 

Thermal studies were conducted by Andreas Mussgiller at DESY using three differ-
ent module versions: one with foam structures and two with AL-CF. The difference 
between the two AL-CF structures was the minimum wall thickness of 1.0 mm vs. 0.5 
mm. Figure 7.5 shows illustrations of a general thermal distribution on the pixel and 
strip sensors during thermal load. 

 

 
Figure 7.5 Thermal analysis on temperature sensors with two different PS module ver-

sions. (24) 

 
One can observe two cooling pipes running below the module in parallel. The cooling 
pipes contain a cooling liquid set at -20 degrees Celsius. The module was loaded with 
4.72 Watts of power. This resulted in overall temperature difference of: 5.05 degrees 
Celsius for the foam version, 5.06 degrees Celsius for the AL-CF version with 1.0 mm 
wall thickness and finally 5.40 degrees Celsius for the AL-CF version with 0.5 mm wall 
thickness. 
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8 TILTED BARREL CONCEPT 

The case with the existing tracker module layout is that the modules are located perpen-
dicular to the beamline, often also referred to in this paper as the z-axis. This is not an 
issue close to the beamline as the modules are more or less perpendicular to the particle 
tracks originating from the interaction point. However, the effective surface area de-
grades quickly, as the modules are positioned further along the beamline. Since in this 
approach, the modules remain facing the beamline, their sensing area in respect to the 
particle tracks decreases. The particle tracks originate at or close to the interaction point, 
that doesn’t move along the beamline. In other words, to catch a particle, more and 
more modules are needed since the area facing the particle track diminishes along the 
beamline. 

The official situation with the upcoming tracker layout has been to pursue a similar 
approach but other solutions are actively being discussed. Our group has been looking 
into a version of the inner tracker layout where the modules are tilted individually, as 
they are positioned further and further away from the interaction point, to keep them as 
ideally located as possible in respect to the particle tracks (25). 

The author was given free hands to search for a possible solution for placing the 
modules in a tilted layout that would avoid collisions and allow services to be routed to 
each module. With existing constraints relating to maintaining full or at the very least, 
acceptable coverage of particle tracks. 

8.1 Original concept 

The concept of tilting the individual tracker modules independently is an intriguing 
one. And it also allows major savings in the number of modules. Ideally the same cov-
erage inside the inner tracker system with tilted modules, would amount to roughly only 
half the number of modules, compared to the traditional approach. With ideal module 
locations the number of modules could be reduced from 7416 to 3460 (25). However, 
due to the fact, that deviation from optimal coordinates will be necessary to avoid colli-
sions, the reduced number of modules is expected to settle between 4000 and 4500 indi-
vidual modules. 

The first conceptual sketches were modelled by the author in late 2012. A mathe-
matical model provided by Duccio Abbaneo and Stefano Mersi was used to calculate 
the locations of each module’s barycentre in a three dimensional space around the 
beamline. Figure 8.1 illustrates the initial starting point. 
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Figure 8.1 General view of the tilted module concept. Modules included in the picture 
are only 1/4th of the total number of modules needed for one layer (three layers in total 

would encompass the entire inner tracker system). The thin white lines represent the 
particle tracks, to which each module is perpendicular to. 

 
In this first approach the sensors surfaces are placed in perpendicular to the particle 

tracks. Such an approach would be the most ideal case. In such an approach the sensing 
surfaces are always facing the particle tracks and thus utilize the sensing surface area of 
each module to most effect.  

It can be seen in Figure 8.1 that the modules are quite densely packed close to the 
interaction point, which is also the Z=0 in the Catia file’s coordinate system. And begin 
to fan out as they are placed further along the beamline, or Z-direction. It thus became 
instantly clear that the ideal coordinates would result in heavy clashes and unnecessarily 
large module overlaps in some locations. This is mainly due to the fact that the initial 
coordinate files only took into account the envelope of the two sensors found in each 
module and excluded all additional structures within each separate module. These struc-
tures naturally need to be fitted as well and supplied with connections to the outside 
systems. 

To work around these resulting clashes, the module locations need to be adjusted by 
tweaking the source coordinate file. Intuitive parameters to tweak at the beginning were 
the radius of each module pair, or ring, and the gap between the modules in each pair. 

8.2 Addressing the clashes between adjacent modules 

As mentioned earlier, the biggest issues of clashes occurring are located at the ‘be-
ginning’, on top of the interaction point or Z=0. Different workarounds can be em-
ployed to avoid clashes. The general idea is the same with different approaches; only 
the method of optimization varies. Figure 8.2 illustrates this. 

X 
Y 

Z 
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Figure 8.2 Two approaches for providing adjustment for module pairs. 

 
Ideally the modules in each pair can be moved along the theoretical particle track, or 

they can be moved in relation to each other keeping their combined barycentre at the 
particle track. 

As the modules are placed in parallel to the beamline they need to give sufficient 
coverage, meaning that the particles can’t be allowed to bypass the sensing surfaces by 
travelling between them. This is calculated by placing the modules on the outer layer of 
the module pairs to their optimal locations, if possible. Then the lower pair by definition 
gives excessive coverage since they are slightly closer to the interaction point. 

The software used for populating the module locations is given coordinates by an 
algorithm that for example, substitutes changes to made to a single module’s coordi-
nates by adjusting the adjacent ones. 

The modules of the upper layer are given an area of overlapping coverage, for ex-
ample 1.5 mm. Meaning, that the adjacent module’s sensor surfaces overlap each other 
by roughly 1.5 mm in the beamline direction. As the modules are placed further along 
the beamline they are given higher amounts of coverage, or simply overlap. This over-
lap can be up to 20 mm or so. As the modules are further and further away even exces-
sive overlap will not produce clashed. 

Therefore, to accommodate all the modules without clashes and ample space for 
supporting structures, the coordinates are adjusted by changing the tilt of the modules in 
respect to the beamline (Z-axis), their radius (Y-axis) and their overlap in respect to 
each other (movement along the beamline). Currently all the adjustments are done man-
ually using an excel table to export the coordinates into Catia. Naturally there are limits 
as to how far one can deviate from the optimal locations without creating holes in the 
coverage, where particles could pass undetected, or not have enough hits in as they trav-
erse the layers of the inner detector. 
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8.3 Sectioning of tilted modules 

It becomes feasible, especially in respect to creating supporting structures, to section the 
expanse of modules into identical partitions. For example, units of three to four mod-
ules, that have identical radius, tilt and gap, accept naturally their position along the 
beamline with manageable deviations from the optimal coordinates. 

Such an approach has its drawbacks. The modules are never quite in their optimal 
locations. On the other hand, by partitioning the modules into groups it becomes more 
feasible to create identical structures of these groups. This approach better accommo-
dates the designing of support structures, cooling and routing cables and so on. Figure 
8.3 illustrates this approach. 

 

 
Figure 8.3 Modules running along the beamline have been sectioned into five sections. 

 
The modules are easily imagined to be part of a ring that circles the beamline. The 

number of modules per ring in the inner most layers is at the moment nine. And the 
number of rings varies based on the locations of the modules. However, 15 or 16 rings 
of modules should provide enough coverage, before the end cap portion of the tracker 
design takes over. In the more outer layers the number of modules and rings increases. 
There is thought to be a need for 3 layers of modules, and each layer consists of two 
sub-layers. 

By sectioning one can imagine identical set of rings for each section. Not taking into 
account the section closest to the interaction point (left most edge in Figure 8.3) four 
variations would be needed to construct 12 to 13 rings. This is estimated to reduce cost 
and complexity by a wide margin. 

The mid-section or the area closest to the interaction point is the most challenging 
due to limits on available space for each of the modules envelopes. Thus this area was 
given most thought at the beginning. 

8.4 Middle section 

Middle section encompasses the set of rings, each which contain a set number of mod-
ules. For example, the inner most layer of the inner tracker has 9 modules per ring, the 
second layer has 26 modules and the third layer has 36 modules per ring. 

The middle section then can be imagined as part of each layer including rings -3, -2, 
-1, 0, 1, 2 and 3. Ring 0 is located on top of the interaction point and the adjacent rings 
are further along the beamline. In Figure 8.3 rings 0, 1, 2 and so on can be seen starting 
from the left. 
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8.4.1 Middle section support structure 

The middle section could be supported with a structural solution that would be parallel 
to the beamline; this would mimic the existing rod concept. As the modules are placed 
in close proximity to each other, this solution has the benefit of addressing issues with 
free space. An overall view can be seen in Figure 8.4. 

 

 
Figure 8.4 7 modules mounted on a rod are shown. The orange sections represent such 

rods with cooling insert. Carbon fibre sandwich structures can be seen between the 
rods as they act as joining pieces. 

 
The modules visible in Figure 8.4 represent the rings 0, 1, 2, 3, -1, -2 and -3 in re-

spect to the interaction point. Such a structure would in effect form a ‘solid’ object of 
the mid-section. 

Such a structure is envisioned to have cooling pipes running on the sides, which 
then connect to contact pads in the modules through cooling inserts. 

8.4.2 Middle section with flat rods –approach 

The idea of combining a flat section of modules with tilted sections was proposed by the 
author during the first half of 2013. This approach was not immediately picked up as it 
is not necessarily the most efficient way of forming a hermetic envelope around the 
beam line. The idea came back on the drawing board during fall of 2013 as the prob-
lems with cooling the PS module came more and more pronounced. An initial sketch of 
the modules is depicted in Figure 8.5. 
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Figure 8.5 The complete middle part of the first out of three envelopes populated with 

PS modules. 

 
The middle-section consists of a top and bottom layer. Both layers have the same 

amount of modules. For this particular layout the number of modules is 63 per layer, 
126 modules in total. Both layers are formed by rods that are parallel to the beam line.  

The placement of the rods in respect to each other is influenced by the angular shift 
needed to create a hermetic barrel. In this case with 9 rods per layer the needed angular 
shift is 20 degrees with each rod. 

These individual rods, of which there are 18 in total, each contain 7 modules which 
are placed in such a way that there are three modules on top and four on the bottom. 

 
Cooling 

If in the end the middle section would be constructed using the placement of modules in 
a flat manner then the routing of cooling and support elements could be moved in be-
tween the layers. 

X 
Y 

Z 
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First sketches for cooling the modules included three approaches. The first two are a 
variation of a cooling pipe going back and forth between the modules whereas the third 
variation includes two straight pipes running in between the modules.  
 

 
Figure 8.6 A single cooling pipe winding between the modules. Picture by the author. 

 
In Figure 8.6 a single cooling pipe is attached to a larges supporting element. The 

cooling pipe is placed to run along the centre-line of each module in its longer direction. 
This facilitates good heat pickup from the centre-line. Also each straight section of the 
cooling pipe is dedicated to the cooling of only one module. 

 

 
Figure 8.7 A single cooling pipe with a slightly different approach. Picture by the au-

thor. 

 
Figure 8.7 illustrates a slightly altered approach, still using only one cooling pipe. In 

this case the cooling pipe’s straight sections are placed just under the edge of two mod-
ules, one on top and one below. Thus the cooling pipe picks up heat from two modules 
at a time. On the other hand, each module has two contact points to the cooling pipe. 
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This idea is intriguing because by positioning the cooling pipe’s in this manner, a 
possibility could exist to make the modules themselves load bearing elements. The cool-
ing pipe would be encapsulated by a larger piece designed to convey heat to the entire 
cooling pipe surface area and also to pick up heat from a larger surface area under the 
modules. If the modules can support the weight on their own, this approach would make 
for a light weight structural unit. 

8.5 Ring section 

The ring section is envisioned to be constructed using individual rings, each holding the 
module pairs of that ring. Rather than combining multiple rings into a single section as 
in the middle-section. 

The main driving force behind this approach is the fact that the modules are spaced 
further away from each other when they are at a further distance from the interaction 
point. 

One approach is that the gap between the tilted layers of each ring would be set a 
level where a supporting structure would fit in between. The structure could be a single 
part or multipart construction. Figure 8.8 shows these two approaches. 

 

 
Figure 8.8 Left: Ring support structure with one element. Right: Ring support structure 

with two elements. Picture by the author. 

 
A double support ring would entail four cooling pipes per each ring. Two cooling 

pipes for each half of the ring: top and bottom halves. Whilst added cooling capacity, 
although it was not clear at the time of writing this thesis, if two cooling pipes are nec-
essary. On the other hand, a dual support structure has a larger mass compared to a sin-
gle support structure. 

A single support structure would be as light weight as possible with this approach. 
A single support structure would only include two cooling pipes. In either case the 
modules could be mounted to the structures using sloped AL-CF components roughly 
the length of the module. (16) 

Y 

Z 
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9 CONCLUSION 

It has been an interesting one and a half years for the CMS tracker upgrade. The me-
chanical aspects of the components under development by the design group have come 
a long way since June 2012. The modules 2S (two strip) and PS (pixel strip) have seen 
quite a few design leaps and many unknowns have been tackled. The progress has been 
positive especially with the reduction of complications relating to the sensor spacing 
and the use of aluminium-carbon fibre composite material within the module structure. 
At the beginning the spacers which acted also as thermal pathways and fixing elements 
included various components and layers of protective materials as well as layers of ma-
terial to improve thermal conduction. With the introduction of AL-CF as a material for 
the spacers, it has been possible to reduce the number of components and also improved 
heat flow out of the module. 

One other major advancement with regard to the modules has been the development 
of the flexible hybrid concept. This has allowed the design group to design electric 
boards with a flexible base that can now fold around their base material. This is very 
beneficial characteristic since it allows us to bring the wire bonding surfaces very close 
to each other. A negligible height difference between the bonding surfaces means lim-
ited bond wire length and allows a large variety of bonding machines to operate the pro-
cess. 

A great deal of effort was also directed towards the studying of how to mount the 
modules within the inner tracker volume. A new approach, called the tilted inner barrel, 
would allow a great reduction of modules needed and still provide ample coverage of 
particle tracks. A reduction in mass translates into a reduction of material that becomes 
under heavy radiation. Hence, even for a non-mobile structure such as the CMS, a low 
mass is highly beneficial. 

 



58 
 

REFERENCES 
 

1. CERN Web Communications, Information for Journalists. Web Page. 
[Online] [Referenced on 22nd of January 2013] CERN. 
http://public.web.cern.ch/public/en/About/About-en.html 

 
2. CERN Communication Group, LHC the Guide. Publication. 60 pages. CERN 

2008 
 

3. CERN, Alice Experiment. Web Page [Online] [Referenced on 5th of September 
2013] CERN. http://home.web.cern.ch/about/experiments/alice 

 
4. CMS Collaboration, The CMS Experiment at the CERN LHC. Book. IOP Pub-

lishing Ltd, 14th of August 2008. 2008-JINST-3-S08004. 317 Pages. 
 

5. CMS Collaboration, CMS Detector design. Web Page. [Online] [Referenced on 
29th of January 2013] CERN. http://cms.web.cern.ch/news/cms-detector-design 

 
6. CMS Collaboration, The Tracker Project, Technical Design Project. Book. 

CERN 15th of April 1998. 92-9083-124-3. 539 Pages 
 

7. CMS Collaboration, The Muon Project. Book. CERN 15th of December 1997. 
92-9083-121-3. 441 Pages. 

 
8. CMS Collaboration, Upgrade of CMS Detector Through 2020. Book. Evrydiki 

P. Konstaraki Scientific Textbook Publishing June 2011. 978-92-9083-362-8. 
311 Pages. 

 
9. DESY, The CMS Tracker Upgrade for HL-LHC. Publication. DESY 2012. 

 
10. Vasey, Francois, TK Phase II Electronics: 2S-PT Modules. Presentation. CERN 

2012. 
 

11. Honma, Alan, 2S Module Status. Presentation. CERN 2013. 
 

12. CMS Tracker Design Group, Weekly Group Meetings. Meeting. CERN 
1.6.2012 -31.12.2013. 

 
13. Onnela, Antti, News on the 2S Module Design. Presentation. CERN 2012. 

 
14. Onnela, Antti, Studies on Module Support Inserts. Presentation. CERN 2012. 

 



59 
 

15. Häsä, Riikka, Heat Transfer Capacity of the 2S Module Support Inserts. 
Presentation. CERN 2012. 

 
16. CERN, Design Group Seminars. Seminar. CERN 1.6.2012 – 31.12.2013. 

 
17. Mussgiller, Andreas, Update on Finite Element Analysis. Presentation. DESY 

2012. 
 

18. Novapack, Composites Data-Sheet. Product Brochure. Novapack 2012. 
 

19. Novapack, Materials Presentation at CERN. Presentation. Novapack 2012. 
 

20. Mussgiller, Andreas, FEA Results for Latest 2S Module Designs. Presentation. 
CERN 2013. 

 
21. Hightec, Hightec Custom Made MicroCircuits. Web Page. [Online] [Referenced 

on 22nd of February 2013]. Hightec. www.hightec.ch 
 

22. Honma, Alan, Report on Visit to Hightec. Presentation. CERN 2013. 
 

23. Mussgiller, Andreas, FEA of PS Module. Presentation. CERN 2013. 
 

24. Mussgiller, Andreas, Thermal Analysis of PS Module. Presentation. CERN 
2013. 

 
25. Chávez Niemelä, Aleksis, Alterntive Concept for CMS Inner Tracker. Presenta-

tion. CERN 2013. 
 


