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Abstract  

After the Higgs boson discovery in 2012, high energy physicists are designing 

experiments that will allow them to discover new particles in order to better 

understand how subatomic particles behave and to better understand what 

happened moments after the Big Bang. 

It might seem a contradiction, but to study the smallest particles known to 

humankind, it is needed to build gigantic machines that even have to cross 

country borders.  

At CERN there is the largest particle accelerator in the world, and it is being 

upgraded to operate at even higher energies (up to 14 TeV). To do this a major 

update in all the technology surrounding this detector must be made. 

Especially on the 4 experiments which are found in the collision points of the 

Large Hadron Collider Beams.  

One of these experiments is the Compact Muon Solenoid, which needs a new 

muon tracker and trigger system to be able to cope with the new demands 

these high energy collision need.  

Gas electron multiplier (GEM) detectors have been around for a while, and it 

was decided that it would be this technology that would be used to create the 

new muon upgrade for CMS.  

Nevertheless this type of detector needs to prove that it is capable to sustain 

long term operations and that it will not age. To demonstrate this a series of 

tests have been made. The detector and some of the materials have been 

tested under several circumstances. With the exception of the rate capability 

tests that have not been conclusive, the rest of the tests show a good 

performance of the GEM detectors.  

When performing the charging up test, the aged detector behaved in the 

complete opposite way to the non-age detector. Both aged and non-aged 

showed very similar gain curves and very low discharge probability. It has been 

possible to find materials for the detector that do not outgas and it has also 

been proven that the detector can accumulate charges similar to those of CMS 

without losing gain.  
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1 Introduction  
The Large Hadron Collider (LHC) at CERN is one of the largest physics experiments of the 

world. This technology has been able to help scientists prove the existence of the Higgs 

boson back in 2012. Since the beginning of 2012 the LHC has been stopped in order to 

analyse data obtained during its first 3 years of operations and to improve and upgrade the 

accelerator. This is such a big installation that there is the possibility to improve many 

different areas of the experiment. From cooling processes, focusing the hadron beams, data 

acquisition, and of course improving the detectors found in the 4 collision points of the ring.  

One of these collision points is known as the Compact Muon Solenoid (CMS) and as other 

parts of the LHC it is also undergoing major upgrades in order to carry on future experiments 

at higher energies to be able to find new particles that may help scientists understand better 

subatomic physics. As part of the numerous upgrades, I have been involved in the Gas 

Electron Multiplier (GEM) detector collaboration for CMS. These detectors are expected to 

be installed in CMS after the long shutdown 2, sometime during 2018 or 2019.  

GEM are a type of detectors that provide high efficiency, very fast time resolution (45 ns) 

and have previously proven to be able to undergo a high-rate capability and a good 

resilience to ageing effects. Although GEM detectors were invented more than 15 years ago 

their manufacturing method have improved and now allow the possibility to build large 

chambers which are suitable to use in muon detector systems. It is expected that using this 

type of detector will improve the tracking and triggering of the CMS experiment as well as 

providing a more redundant system.  

As previously stated, GEM detectors are resilient to ageing, but little research has been done 

in this area, especially in the conditions these detectors will have to undergo at the CMS 

experiment. Therefore it is important to study how the detector’s material behave with 

time, test different options of materials and see if they affect the quality of the detector.  

This ageing study of the detector’s performance is important since it is expected that the 

detectors will have to operate during more than 15 years and occasions to repair or 

substitute them will be scarce. This has been my main focus during the time I have spent at 

CERN and the results obtained are the core of this Master’s Thesis.  
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2 Literature review  
2.1 About CERN   
The European Organization for Nuclear Research (CERN) is a large experimental facility built 

in the outskirts of Geneva (Switzerland) which goal is to carry on research on high energy 

physics and discover some of the mysteries of physics and understand the fundamental laws 

of nature. In order to do so CERN uses complex instruments such as particle accelerators 

and detectors. These accelerate beams of particles to very high speed and make them 

collide at high energy in order to recreate an environment similar to the existing one 

moments after the Big Bang. The results of these collisions at high speed and energy are 

studied and physics’ theories can be experimentally validated or rejected. [1]  

In 1954, 12 European countries founded CERN and today it is a model of international 

scientific collaboration and one of the most important research centres in the world. 

Nowadays, 21 member states share the organisation’s costs and decisions. In addition, 

other 35 countries collaborate in the different experiments or use the installations for their 

own research. It has been home to different Nobel prizes in physics, in 1992 the French 

physicist Georges Charpak was awarded this prize for inventing and developing the 

multiwire proportional chamber (a predecessor of GEM detectors).[2] 

In the early stages of CERN, European scientific research had just boomed. CERN’s acronym 

comes from the French and it means “Conseil Européen pour la Recherche Nucléaire” with 

time this name changed to “Organisation Européene pour la Recherche Nucleaire” or 

“European Organisation for Nuclear Research”. At that point, fundamental research was 

concentrated in understanding the inside of the atom, but nowadays science has proven 

there is much more beyond the atom and the main topic in which CERN’s research 

concentrates is particle physics (the study  of the fundamental constituents of matter and 

the forces that interact with it).[1]  

To carry on this research, scientists at CERN based their study in the collision of particles 

which had been accelerated at speeds in an order of magnitude as that of the speed of light. 

This is only possible thanks to a complex system of particle accelerators.  

On the contrary of what it would be expected, physicists are not the majority at CERN. In 

order to develop and build such projects, there are 10 times more engineers and technicians 

which offer their “savoir faire” and experience. About 20000 people, including students, are 

working or collaborating with all CERN projects.   

As it happens with other advanced research fields, there has been technology discovered at 

CERN as a collateral effect. The technological means developed to be used in the physics 

experiments, in some cases have given birth to important scientific developments. At CERN 

it is where the World Wide Web (WWW) was born and also here Magnetic Resonance 

Imaging (MRI) was developed.  
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2.2 The LHC  

CERN is known to the general public for being home to the largest particle accelerator in the 

world. This is the Large Hadron Collider (LHC) which is a 27 km long underground (between 

50 to 175 metres deep) ring that crosses the border between Switzerland and France, see 

figures 1 and 2.  

  

  
Figure 1 Map of CERN site and LHC [1]  

  
Figure 2 Maps of CERN sites and LHC access points [1]  

  

This underground complex, consists of a series of superconducting magnets which thanks 

to electromagnetic fields guide and accelerate the particle beams (figure3).  
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Figure 3 View of the inside of the LHC tunnel [3]  

The accelerated particles are protons which come from a series of hydrogen bottles. This 

hydrogen is submitted to an electromagnetic field in order to snatch out the electrons. A 

succession of accelerators allows to increase the energy of the beams as it can be seen in 

figure 4.  

  
Figure 4 Complex of accelerators that provides protons into the LHC [4]  

The first accelerator, Linear accelerator 2 (Linac 2), allows the protons to obtain an energy 

of 50keV. After exiting this accelerator, the beam is injected into the Proton Synchrotron 

Booster (PSB) and an energy of 1.4GeV is obtained. After going through the Proton 

Synchrotron (PS) and the Super Proton Synchrotron (SPS) the beam obtains an energy of 
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450 GeV. Finally two beams are injected in two different pipes of the LHC in order to get the 

protons to accelerate in opposite directions. A total time of 20 minutes is necessary for the 

protons to achieve the maximal possible energy, for the present day configuration, of 8 TeV. 

It is expected that after the present day upgrade LHC will be able to operate particle beams 

at 13 TeV. Once the protons obtain this energy they are collided in one of the 4 main CERN 

experiments (LHCb, ALICE, ATLAS or CMS). [5]  

These collisions create very large amount of events in the form of particles projected in all 

directions. Most of these collisions do not provide useful information, therefore it is very 

important that in the collisions points a series of detectors exist to tell the data acquisition 

systems if the information related to a certain collision should be saved or not. The amount 

of collisions generate so much information that it is impossible to save all data and only that 

considered relevant for research is saved. This detectors used to decide if data is important 

or not are called triggers. [6] As previously stated, GEM detectors at CMS will also be used 

as a triggering system. [7]  

A Toroidal LHC Apparatus (ATLAS) and CMS are the two largest particle detectors in the 

world. They both weight about 7·106 kg and were built to carry on high energy physics 

research at a big scale. They were constructed in two different ways in order to reciprocally 

validate results. If a certain particle is observed in one of the detectors and it is not observed 

in the other one at the same exact time, the results are not considered valid.  

It was both in ATLAS and CMS that in 2012 it was empirically proven the existence of the 

Higgs boson through decay mechanisms.  

  

Figure 5 Image of CMS (left) and ATLAS (right) detectors  
  

ATLAS possesses six different subsystems of detectors in different layers around the 

collision point. This subsystems register the trajectories, momentum and the energy of each 
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particle. This way it is possible to identify them. A gigantic magnetic system curves the 

trajectory of these particles in order to obtain better measurements. [8]  

A Large Ion Collider Experiment (ALICE), has the goal to study the physics behind strong 

collisions of matter in an extreme density of energy. To achieve this, heavy ions such as 

those from lead are studied.[6]  

The Large Hadron Collider beauty (LHCb), allows us to understand differences between 

matter and antimatter. This is done by studying particles called beauty quarks.[6]  

  

2.3 The Compact Muon Solenoid  

As previously said the CMS detector has the same goal as ATLAS but a different approach is 

used and the magnets design is also different. CMS is built around a giant solenoid that takes 

the form of a cylindrical coil made of superconducting cables. This coil is capable to generate 

magnetic fields up to 4 tesla (100000 times stronger than the Earth’s magnetic field). CMS 

is such a massive experiment it took more than 10 years to build it until it was operative to 

receive the firs beam in the late 2008, it was not until a year later that the first collisions 

were observed [9].  

CMS has a big difference with respect to the other 3 detectors. It was built outdoors (on the 

surface) in 15 different sections. Once these sections were built, a 90 meter deep hole was 

dug and each section was lowered with high precision and later assembled.  

This detector is 21.6 m long, has 15 m of diameter and weighs over 126 kg. More than 4000 

people from almost 200 different research institutes and universities form the CMS 

collaboration which operate and execute research in CMS. Some of the main goals of the 

CMS detector after the Long Shut Down 1 (LS1) will be to explore physics at the TeV scale, 

carry on research on the Higgs boson, study heavy ion collisions and try to find evidence of 

concepts outside the standard model such as supersymmetry or extra dimensions.  

The different layers of the CMS detector contain subdetectors that allow scientists to 

measure energy and momentum of different subatomic particles such as photons, electrons 

and muons. Although these particles have already been largely studied, it is by exploring 

their energy and momentum of these after a collision that scientists are capable to 

reconstruct from which other heavier particles have these (electrons, muons, photons) 

been originated. 

CMS can be seen as an onion, it is composed of different layers [10] which correspond with 

the different types of subdetectors (Figure 6).  
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Figure 6 Slice view of the CMS detector  

2.3.1 CMS layers  

CMS has 5 main layers which go from the most inner parts (next to the collision point) to 

the most outer layer. These layers are named as: layer1 the tracker, layer 2 the 

electromagnetic calorimeter, layer 3 the hadronic calorimeter, layer 4 the magnet and layer 

5 the muon detectors and return yoke.  

The CMS tracker is based on silicon sensor and is the closest part to the collision. The 

inner part of the tracker is known as the pixel detector. This subdetector is called tracker 

because it records the path taken by charged particles. It can reconstruct the path of high 

energy muons, electrons and hadrons and more important, it is capable of observing the 

paths from particles which make the decay of other particles with a very short life time such 

as beauty quarks. These are used to understand the differences between matter and 

antimatter.   

The tracker records particles with a precision up to 10 µm but it also needs to be as light as 

possible in order to disturb the particle as less as possible. Since it is the part of CMS which 

receives more particles it also needs to use materials that are radiation resistant.   

This subdetector is completely made of silicon (the pixels and the silicon microstrip 

detectors). When particles arrive at a certain part of the tracker, the pixels and the 

microstrips generate electric signals which are sent to the electronic system to be amplified 

and detected. The total area of the tracker is similar to that of a tennis court, it has 75 million 

readout channels and has about 6000 strips/cm2.  

The Electromagnetic Calorimeter (ECAL) was made to accurately measure the energy of 

electrons and photons and their positions. It is made of lead tungstate which is very dense 

but also transparent. It is a metallic material but the addition of oxygen in its crystalline 
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structure it becomes transparent and behaves as a scintillator (it produces light proportional 

to the particle energy) when certain subatomic particles go through it.   

The Hadronic Calorimeter (HCAL) measures the energy of hadrons. It also is an indirect 

detector of non-interacting, uncharged particles such as neutrinos. It consists of layers of 

heavy materials interwoven with plastic scintillators.   

The endcaps of HCAL were made of brass which was recycled from old Russian artillery 

shells. 

The magnet is the layer around which the whole detector was built. It provides a 4 Tesla 

field to allow to determine the particle ratio of charge/mass from analysing the curved path 

of the particle. It is 13 m long and has 6 m of diameter. To achieve such a powerful magnetic 

field, it is necessary to cool down the niobium-titanium coils to temperatures near 0 K. 

The magnet’s goal is to bend the path of particles resulting from the collisions. Measuring 

the path of the particle it is possible to know how much momentum a particle has. It is 

necessary to have such a powerful magnetic field in order to measure particles with an 

energy in the order of the TeV. In addition, the magnet also provides structural support to 

the whole system.  

The muon detectors and the return yoke are the most outside layer of the detector. As the 

CMS name suggests, the main goal of this experiment is to detect muons. Muons are 

charged particles with a very high mass (200 times heavier than an electron) [11]. The earth 

is constantly hit by muons that provide from cosmic rays, but the decay of certain particles 

also produce muons. Detecting these muons is a precise way to detect certain particles. A 

clear example is the decay of the Higgs boson into 4 muons. The muon system is set in the 

most outer layer of CMS because these particles can penetrate several meters of iron 

without interacting. This way, the subdetectors in the outer layer will surely only detect 

muons.  

With the present day CMS configuration, 3 systems are used to detect muons. These are, 

the drift tube (DT), cathode strip chambers and resistive plate chambers (RPC). DT are used 

in the central barrel region and CSC in the end caps. RPC are installed both in the barrel and 

the end caps. [10] [12], [13]  

RPC are a type of gaseous detector that make a muon trigger complementary to those made 

by DT and CSC. This detector is made of two parallel plates (an anode and a cathode) made 

of a highly resistive polymer. Both layers are separated by a gas volume. When a muon 

arrives at the RPC it hits some electrons in the gas area which eventually hit other electrons 

creating a chain reaction known as an avalanche of electrons. These electrons end up hitting 

a pattern of metallic strips after a certain time (very small delay). The strips send an electric 

signal which gives up the measure of the muon momentum and via a fast (109 s) data 

acquisition system it is decided if these data are worth recording or not. [2]  
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Figure 7 Diagram of n RPC detector [9]  

2.4 The Gas Electron Multiplier  

Although CMS was designed to be a redundant muon system, certain regions of the detector 

are not redundant. The region corresponding to |η|>1.6 only has CSC detectors (figure 9) 

and these are currently at the limit of their performance. It is of vital interest for CMS to 

have a long term functioning muon detector system after the long shutdown 3. The high η 

region needs a robust and redundant tracking and triggering system that can sustain higher 

rates (RPCs are discarded). It would be very beneficial for CMS to have muon detectors with 

a good spatial and time resolution in the high η endcap region. [7], [14]  

  
Figure 8 Overview of the CMS detector [15]  

  



Study of GEM Detectors for CMS at CERN    Alejandro Puig Barañac  

  

14  

  

  
Figure 9 Diagram of CMS different layers and their η region [14]  

  

When CMS was designed it was made in a way that Muon chambers were expected to 

survive LHC phase two (~ 30 years). After simulations DT and RPCs show that they can 

sustain their activities for this amount of time, there are currently no known problems due 

to radiation hardness for these detectors and their electronics. On the other hand, CSCs 

original design must be re-evaluated, it is suspected that they do not have a good enough 

rate capability for the future upgrades in which CMS will be operating at a higher energy.  

Since 2012 two alternatives were studied in order to have another muon system in the η>1.4 

region. These are GEMs and glass RPCs (recent technology). During the CMS week of June 

2014 the GEM muon upgrade was finally approved. 

In figure 10, it can be observed the regions in which it is proposed to install the triple GEM 

detectors. These currently un-instrumented high η regions of the muon endcaps is an 

opportunity to instrument CMS with a technology capable to sustain the radiation 

environment for a long term period and the LHC upgrades.   
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Figure 10 CMS areas in which it is proposed to install triple GEM detectors [14]  

The benefits of using triple GEM detector would be [14]:  

1) A relative low cost  

2) High rate capability  

3) Radiation hardness [16]  

Possibility to resist doses > 9·10-3 C without showing degradation  

4) Good spatial resolution  

~100 ·10-6m; ~4·10-9 s  

5) High efficiency (~98%)  

6) Non-flammable gas mixture  

7) Fast manufacturing [17]  

  

2.4.1 What is a GEM?  

A gas electron multiplier (GEM) is a gaseous detector invented in 1997 in the Gas Detector 

Division group (GDD) by Italian physicist Fabio Sauli. But GEM are just a class of Micro 

Pattern Gas Detector (MPGD) which were invented by French physicist Georges Charpak 

also at CERN and for which he received a Nobel Prize.  
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A classic GEM is a series of thin foils (50-70·10-6 m thick) with microscopic holes inside a gas 

volume that contains a cathode (the drift) and an anode which is also the readout board in 

which the electric strips are found (figure 11). A GEM detector can use a different amount 

of foils, but in general it is considered that a configuration of 3 foils is optimal to obtain the 

highest possible avalanche while keeping the costs low. There are two ways to achieve a 

high avalanche of electrons, either by increasing the electric tension applied to the detector 

or by adding more foils. After several studies the configuration of a triple GEM foil has been 

widely adopted at CERN for GEM detectors.  

  
Figure 11 Diagram of a single GEM detector. [18]  

Two constraints appear for a GEM detector. Each foil has a cost (this can vary) therefore 

adding many foils to obtain a higher avalanche is not possible due to costs and to an increase 

in the volume needed to enclose these foils. Increasing the tension applied to the detector 

is an option that is also limited. Above 650·10-6 A, GEM foils start presenting discharges and 

are rapidly damaged.  

These detectors pick up electrons that come from ionising radiation and guide them through 

an electric field with the goal to initiate an avalanche. The purpose of having this avalanche 

is to be able to create a current big enough to be detected by electronics and therefore 

indirectly detect ionising radiation.  

In GEMs this field is created in the microscopic holes in a composite sheet of copper and  
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Kapton (a type of polymer which works as a great electric insulator), figure 12. In the last 

generation GEMs these holes have a conical shape with a large diameter being of 70·10-6 m 

and the smaller hole of about 50·10-6m (figure 13).  

  
Figure 12 Sketch of the working principle of a GEM foil [19]  

  
Figure 13 SEM image of a GEM foil [20]  
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A photolithography and etching (by acid) process makes the holes through both copper 

layers. In order to “drill” through the Kapton a second etching process is made to extend 

the holes by going through the Kapton foil. At CERN they have been able to make very 

regular holes and with stable dimensions.  

In the past, a double mask system was used to make the holes on the foils. This meant that 

the holes where made from both sides of the foil. As technology allowed to “drill” smaller 

holes, this double mask technique became obsolete. It was very difficult to align the holes 

made from each side (figure 14).  

  
Figure 14 Microscopic image of the misalignment in a double mask GEM foil [21].  

  

Today a single mask technique is use. This means that only marking the foil from one side is 

necessary to make the holes.  

The gas mixture in the gas volume will be a parameter that determines the gain of the 

detector and how fast it is. GEM detectors are already running in some experiments 

(TOTEM, ALICE, COMPASS) use a mixture of Ar/CO2/CF4. Research is being made in order to 

substitute CF4 due to its polluting effects.  

For most of the R&D tests done at CERN a mixture of only Ar/CO2 is used, for safety and 

polluting reasons.  

GEMs are mainly used in high energy physics experiments, but they are starting to be used 

in medicine for muon tomography and in the U.S.A. by the department of homeland security 

to detect unauthorised transportation of radioactive material.  
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3 Materials and methods  
  

As explained in section 2, GEM detectors are expect to be working in CMS for over 15 years. 

Since replacing or repairing the chambers is expensive, a lot of research is being done to 

assure the detectors will be able to perform well for such a long period of time. In order to 

do this a series of tests must be carried out. In this section it will be explained the tests and 

materials used to characterize a 10 cm2 triple GEM detector.  

3 types of aging are being studied in GEM detectors, these are: Radiation hardness, 

mechanical stability and classical aging. Radiation hardness involves the modification of 

physical, chemical and electrical properties of the materials and parts of the detector (figure 

15). Mechanical stability mainly concerns the foils which in order to remain apart from each 

other are stretched. This tension might, with time, induce non uniformity. Uniformity tests 

are currently taking place at CERN to observe if time and temperature affect the stretching 

strength of the foils. Radiation hardness tests are being prepared and are expected to start 

in January 2015.  

  
Figure 15 Sketch of the different parts of a triple GEM detector  

  

3.1 Classical aging  

It is necessary to study if the different parts and materials of the GEM detector age with 

time and if this aging affects the quality of the signals provided by the detector or its 

behaviour.   
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A typical problem encountered in gas detectors is the production of polymers in the plasma 

surrounding the foils. This happens in 3 phases: [22]  

1) Initiation: from an initial chemical compound (monomer produced due to this 

compound escaping the material) a reactive species is formed giving place to the 

beginning of the process. In this case the initiator is a high energy electron or proton.  

2) Propagation: polymers begin to form, a polymerization reaction starts occurring in 

the gas volume and then diffuses to the foil where the polymer chain will keep 

growing.  

3) Termination: the chains will continue growing until the radicals meet a terminator 

and the chemical bonds are satisfied. Still, the polymer may grow again due to 

collisions with charged particles.  

Figure 16 shows a sketch of this gas polymerisation process.  

 
Figure 16 Sketch of the polymerisation process [16]  

  

When this polymers deposit on the GEM foils they may cause gain losses, change the 

uniformity of the detector, induce discharges, decrease space/time/energy resolution and 

lower the rate capability.  

3.2 Detectors studied  

The detectors that were studied were a triple GEM 10 cm2 and a GE1/1 large detector (see 

figures 17 and 18). Both detectors had a 3/1/2/1 separation between foils (in mm) 

configuration and both used a ceramic divider. The two gas mixtures used were Ar 45%, CO2 

15% and CF4 40 % in volume; Ar 70% and CO2 30% in volume  
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Figure 17 Example of a triple GEM detector  

  
Figure 18 Sketch of a GE1/1 triple GEM chamber.[16]  

  

  

3.3 Reference tests  

These so called reference tests are a series of tests performed on the small 10 cm2 GEM 

detector. They were performed when the detector was brand new and after being aged. 

These measurements are an indirect way to verify if the detector behaves the same way 

after being aged. It must be noted that in order not to damage the detector, this had to be 

flushed with gas for over 2 hours. For all these reference tests only a mixture of Ar/CO2 

70/30 % was used. They were all performed in the GDD lab at CERN.  

4 tests were performed, gain calibration, charging up, discharge probability and rate 

capability. It must be noted that previous to carrying on any of the below described tests it 

was necessary to cancel as much electromagnetic noise as possible and have all the 
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electronics had to be running correctly. This is a process that can take hours or even days in 

the worse cases.  

3.3.1 Gain calibration  

This test serves to understand in which range of current values the detector will operate at 

a proper gain.   

The procedure is quite simple, once the detector has been flushed with gas (3 hours), it is 

connected to a high voltage power source and at the same time a radioactive source is 

placed on top of the detector. The detector must also be connected to the electronic 

modules in order to be able to read measurements  

The voltage must be increased in small steps and at the same for each step it must be 

measured the amount of particles that the readout board detects. For each value of voltage 

and current the amount of particles must be noted.  

The experiment is finished when the when the rate of particles stop increasing and reach a 

plateau. This means that even if the voltage increases the amount of particles read by the 

electronics will not change. This are the optimal operational conditions of the detector.  

With the values of the current and the rate of particles it is simple to calculate the gain of 

the detector.  

G= I/(Rp*e*q)  

Where:  

G: Effective gain of the detector  

I: Electric current applied to the detector  

Rp: Rate of particles  

E: Number of primary electrons. For a 55 Fe source these are 212  

q: Charge of the electron 1.6·10-19  C  
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Figure 19 Image of the electronics to read the rate of particles of the detector  

  

3.3.2 Charging Up  

This is a test that allows us to know how fast the charging up effect in the detector is. It is 

useful because when the detector starts being irradiated it takes a while until it reaches a 

stationary regime. Normally a gain loss of no more than 10% should be expected. To 

perform this test it is of vital importance that all electronic devices have been running for 

several hours (~ 4 hours) and that the detector has been at high voltage for at least 48 hours.   

The detector was operated at the voltage that provided the maximum gain. This value had 

been observed in the gain calibration test.  

As for the gain calibration test, the detector must have been flushing, it must be connected 

to the electronics in order to be able to take spectra with a digital multichannel analyser. In 

this case an Amptek MCA-8000 A was used.   

This device allows us to see the spectra generated on the readout board by a radioactive 

device.  

A radioactive 55 Fe source was also placed on top of the detector to induce the avalanche of 

electron.  

The MCA would collect spectra of the detector every minute for a period of maximum 6 

hours. Once this was done, the data would be analysed and it could be observed how long 

did it take for the detector to reach its stationary state.  
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Figure 20 55FeSpectrum obtained at the GEM readout using an analogic MCA  

 

  
Figure 21 preparing the detector for a Charging Up test  

By measuring the X axis value of the main peak for each spectrum and plotting it against 

time it is possible to observe how the detector’s gain varies.  

The amount of data was so high, it was necessary to create a C++ programme (see 

appendices) to analyse it fast and in order to fit the peaks and obtain their X axis values.  
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3.3.3 Discharge probability test  

GEM detectors are discharge sensitive. They can easily be damaged due to strong discharges 

or even small discharges if they remain in the same position. The probability to obtain 

discharges increases with the amount of current going through the detector.  

In this case, the current was increased in steps and a radioactive source was placed to induce 

sparks. For each value of current the amount of sparks was measured and then the 

discharge probability was calculated.  

To be able to induce discharges in the detector a powerful alpha source was needed. In this 

case 241Am was used. Unfortunately, alpha particles are easily absorbed by many material. 

It was necessary to make a small hole in the detector through the drift layer. This hole had 

to be covered with some sort of very thin material that would not allow the gas to escape 

but would not absorb the alpha particles. Finally it was decided to do a 2 mm diameter hole 

and cover it with a 2·10-6 m Mylar foil (figure 22).  

  
Figure 22 Hole made on the drift layer and cover with thin Mylar foil  

In order to detect the discharges a Keithley picoampmeter was connected to the readout 

board of the detector. This ay it was possible to measure the current and observe 

discharges. It was also to detect discharges by their noise, but this method was not very 

accurate.  

To calculate the probability of discharges was as simple as dividing the amount of discharges 

measured at a certain current value by the rate of particles. 

Mylar is the commercial name for polyethylene terephthalate (PET), it is a polymer highly 

used in for packaging. It’s mechanical properties ensured that using this polymer was a good 

solution to seal the gas volume, and since it is possible to commercially obtain very thin 

layers of PET it was also suitable to use in the discharge test. 

  

3.3.4 Rate capability test  

This test had the purpose to establish the rate capability of a 10x10 cm detector and observe 

if it changed due to ageing of the detector.   
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To be able to achieve high rates it was necessary to use an x-ray source that could also be 

controlled remotely. This test was made in the GDD lab using the x-ray source inside the 

copper box (figure 23).   

It basically consists in measuring the rate of particles through the detector and increase the 

current passing through the detector. This was made at currents higher than that is normally 

safe (above 650·10-6 A) to observe if the detector saturated or if it presented discharges. As 

soon as the detector showed discharges the test was stopped to prevent possible damage.  

  
Figure 23 a 10cm2 GEM detector in front of an X-ray source  

3.4 Classical aging and outgassing conditions  

In order to reproduce the conditions found in CMS, the detectors were placed in the Gamma 

Irradiation Facility (GIF). In this facility they were irradiated during 2 months. The conditions 

were:  

137 Cs source, 566 GBq emitting Gamma radiation at 662 keV at a distance of 40 cm from 

the detector.  

55 Fe source (for the reference chambers), 3-5 MBq, X-ray radiation at 5.9 keV at a distance 

of 1 cm of the detector. A stainless steel window was used.  



Study of GEM Detectors for CMS at CERN    Alejandro Puig Barañac  

  

27  

  

109 Cd (for the additional outgassing study), 6 MBq, X-ray radiation at 22-25 keV at a distance 

of 1 cm of the detector. A stainless steel window was used.  

  
Figure 24 Map of the inside of the GIF facility  

  
Figure 25 Sketch of the classical aging setup at the GIF  
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Figure 26 Classical aging and outgassing setup installed by Jérémie Merlin  

Figures 25 and 26 show the classical aging setup used at the TIF.  

As it can be seen in figure 24, two areas can be distinguished the classical aging area and 

the outgassing are.  

3.4.1 Outgassing test  

In the outgassing area 3 stages take place. In order to accelerate the process and focus in 

the outgassing properties of a certain material an outgassing box was installed. In this tiny 

box (15 cm by 4 cm) a sample of the material that was tested was placed. This box was 

wrapped by a heating tape that was at 50ºC. Note that with this system it could only be 

possible to test one material at a time  

This outgassing box was connected in series with a Single Wire Proportional Counter (SWPC) 

which was also heated. A SWPC is the embryo of what later became MPGD detectors. In this 

case it was used to detect if polymers were depositing in the wire. The gain of this detector 

was monitored and if it changed it was most probably due polymerisation. In order to induce 

polymerisation, the SWPC was irradiated with a 55Fe source   

Just after the SWPC a triple GEM detector comes a 10x10 cm triple GEM detector. The gas 

flowing through this detector is the same one that comes from the outgassing box and from 

the SPWC. This detector was irradiated with the Cd source.   

The outgassing setup was on for 2 months, after this period the GEM detector would be 

taken away and reference measurements were made to it. The outgassing box was emptied 

and gas was flushed in order to clean the whole setup before being able to test another 

material. This process would take about 2 weeks until it was guaranteed that the system 

was clean  
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3.4.2 Classical aging  

In the classical aging area, the large GE1/1 detector was not moved. It remained in the same 

place receiving irradiation from the CS source. As it happened with the small detector, SWPC 

were used to monitor its gain and control if polymerisation occurred.  

  
Figure 27 Classical aging setup installed by Jérémie Merlin  

A series of electronic NIM modules and computers were used to recover the data produced 

by this setup analyse it and record (figure 28). Environmental conditions (pressure, 

temperature and humidity) were constantly measured in order to apply correction factors 

if necessary.  

  
Figure 28 Data acquisition system for the classical and outgassing tests.  
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Several issues were encountered while this tests were made. First of all, it should be noted 

that the GIF is a shared facility, therefore it has many users. Sometimes some of the users 

had to enter the irradiated area, and to do this safely the radioactive source had to be 

turned off. These moments in which the source is turned on and off can be seen in the result 

plots. 

In addition since this test took place throughout many days, they were many environmental 

fluctuations, mainly due to weather variations. A corrector factor had to be applied to the 

gain results in order to be able to compare results from different days.  
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4 Results and discussion  
  

4.1 Gain calibration results  
  

This was the most important of all tests because it would determine if the gain of the 

detector changed due to aging. As it can be observed in figure 29 (blue curves correspond 

to non-aged detector), there is a significant difference in the rate of particles. The aged 

detector appears to read a lower number of event than the non-aged. Nevertheless, if we 

compare the effective gain curves they are almost equal. Which allows us to conclude that 

outgassing does not affect the gain performance of the detector.  

  
Figure 29 Gain of the small GEM detector and rate of particles  

4.2 Charging Up  
With the very first charging up tests it was very difficult to obtain good results. Therefore 

this test was repeated several times. Bluish curves correspond to the non-aged detector 

and orange/reddish curves correspond to the aged detector. As it can be clearly observed 

there is a big difference between the aged and the non-aged detector.  
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Figure 30 Charging up effect of the aged and non-aged 10x10cm GEM detectors with Nuvoverne polyurethane  

  
Figure 31 Figure 32 Charging up effect of the aged and non-aged 10x10cm GEM detectors with Nuvoverne polyurethane 

on an area that was not irradiated in the outgassing setup.  

In figure 31, we observe that the Charging up measured on those areas of the detector that 

were not submitted to radiation present all a similar behaviour, they show the same 

charging up curve.  

It is important to manifest that the charging up effect is very sensitive to pressure or 

temperature variations. Therefore it was needed to apply a correction factor and normalise 

the results in order to be able to properly compare each curve.  
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The correction factor applied was:  

G=Gmeasured/(A0*A1*e(B0*1/P+B1*T))  

Where:  

G is the corrected effective gain.  

Gmeasured is the value obtained from reading the X axis value of the spectrum main peak.  

A0 and B0 are the coefficients of the exponential regression curve that correlates Gmeasured 

with the inverse of the atmospheric pressure.  

A1 and B1 are the coefficients of the exponential regression curve that correlates Gmeasured 

with temperature.  

4.3 Discharge probability  

  
Figure 33 Rate capability plot of the Aged and non-aged detector  

As it can be observed in figure 32, the probability of discharge for the gain at which the GEM 

detector is supposed to operate at CMS (1E05) is very low. It starts becoming important 

when we operate the detector at a much higher rate (an order of magnitude higher). Still it 

is surprising that the aged detector presents a lower discharge probability than the non-

aged detector.  

4.4 Rate capability  
The data obtained from these test is not good to reach any conclusion. It was not possible 

to recreate similar conditions for the pre and post aging tests and there was a big scatter in 

the results.  

A small difference in the position of the x-ray source or of the detector induced a big error. 

This will need to be solved in the future by better organising the experimental procedure.  
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4.5 Classic aging  

After letting the GEE1/1 chamber at the GIF for over it accumulated charge but the gain 

remained almost the same. In this case it was also necessary to apply the same type of 

correction that the one shown in section 4.2, but in this case since we had much more 

statistics the results of the correction were far better.  

  
Figure 34 GE1/1 gain versus the accumulated charge in the detector.  

These results correspond to a GE1/1 generation IV chamber with a gas mixture of 

Ar/CO2/CF4:45/15/40 at a flow rate of 0.5 l/h. As previously said, the GIF is a common 

facility, therefore other users needed to alternatively turn off the source. This can be 

observed on the plot where the pink bars are shown.  

Preliminary observations are:  
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No aging effect is observed in neither of the GE1/1 sectors up to an accumulated charge of 

9 mC/cm2 (which correspond to realistic CMS conditions).  

More research must be carried in order to obtain better T and P corrections.  

If we observe the deposits on the input and output wires of the SWPC in the classic aging 

area (Figures 34 and 35) we observe a difference in the deposited polymer.  

 

 

Figure 35 SEM images of the input wire of the SWPC  
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Figure 36 SEM images of the output wire of the SWP  
By looking at the gain measurement it seems there is no aging effect on the detector, on 

the other hand figures 34 and 35 clearly show that there are deposits on the output wire 

(signs of outgassing).  

It is necessary to determine if this faster aging is due to outgassing from the GE1/1 detector 

or if there is another source of pollution.  

 

4.6 Outgassing  
In figure 37 the different materials of that constitute a triple GEM detector are shown.  
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Figure 37 Sketch of the different part and materials of a triple GEM detector  

Out of the many different part that constitute a GEM detector, only those that are made of 

polymer and are inside the gas volume are important for the outgassing study.  

Three different materials were able to be studied, types of O-ring (Viton) and 2 different 

types of polyurethane insulator.  

  

Figure 38 Gain of the Viton O-ring with respect to time  
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Figure 39 Gain of Polyurethane CellPack   versus time  

  
Figure 40 Gain of Polyurethane Nuvoverne versus time  

From figures 37, 38 and 39 it is possible to extract the following conclusions:  

The Viton O-ring does not present any outgassing effect, which means it is good to be used 

in the GEM detectors.  

Viton is the commercial brand that Dupont gives to a fluoroelastomer very used in O-rings. 

It has proven resistance to chemicals and high temperatures (see appendix 9.3.1). 

The Nuvovern polyurethane does not present either significant outgassing effects which 

also makes it a good candidate to be used. Unfortunately Nuvovern is far more complicate 

to use than Cellpack. Nuvovern needs a hardener and this makes the application process 

way more complicated. Cellpack on the other hand can be sprayed and it is much more 

convenient. For more information see appendix 9.3.2 and 9.3.3. 
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Cellpack and Nuvovern are just 2 different commercial names for polyurethane. After 

talking with researchers in outgassing studies with polymers, it has been suggested that the 

fact that Cellpack was applied with a spray and that Nuvovern had to be applied with a brush 

can affect the outgassing results. More research must be done in this area to determine if 

there are other parameters that can explain this difference in the results. 

From figure 38 it is possible to observe a big drop in the gain of the Cellpack polyurethane, 

this suggests there can be outgassing produced by the polymer.  

  

Figure 41 SWPC on the output of the outgassing box after having inside the PU Cellpack for over 1200 h 

In figure 40 it is possible to observe the deposits of polymer on the surface of the wire. 

However, the GEM detector that was on the pipeline at the same time as the Cellpack did 

not present any strange behaviour. Its foils were taken to the SEM laboratory and no 

residues of polymer deposits were observed (figure 41).  

 

Figure 42 SEM image of a GEM foil that was tested together with the Cellpack polyurethane 
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It is still necessary to study how much does the outgassing of certain materials affect the 

GEM detector.  
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5 Summary and conclusions  
  

Although further research must still be carried on, present day results validate the idea of 

using GEM detectors as an additional muon tracker and triggering system for CMS.  

Effective gain of the small chambers is not affecting by the aging effect, neither is the 

discharge probability. On the contrary this seems to improve with aged detectors.  

What still remains to be explained is the difference in the charging up effects for the aged 

and the non-aged chambers. They present completely opposite behaviours and no 

explanation has yet been obtained.  

The big GE1/1 generation IV chambers present no problem when submitted to conditions 

similar to those found in CMS. They have accumulated up to 9 mC/cm2 and the gain has 

remained constant.  

Nevertheless, the SWPC do show clear signs polymer deposits. It is necessary to find out if 

this is due to classical aging of the detector or if there is an outer source of pollution.  

Out of the 3 different materials studied in the outgassing box two presented good results 

with no signs of outgassing. These were the Viton O-ring and the Nuvoverne polyurethane. 

Unfortunately, the Cellpack polyurethane did leave a lot of polymer deposits on the SWPC 

but not signs of deposit were observed on the GEM foils.  

    

6 Future work  
It will be necessary to continue with the gain uniformity tests for the GE1/1 generation V 

chambers. These tests have just started and presumably will take a long time since all the 

electronics involved in the data acquisition system are quite complicated.   

It is expected that in January 2015 radiation hardness tests will begin. These are meant to 

test the performance of the GE1/1 detectors under neutron radiation and also test the 

radiation hardness of different materials that form part of the detector.  

It will be necessary to establish a better way to correct the temperature and pressure 

fluctuations for those tests that involve taking measurements of the gain for a long time.  

During the month of September all the setup that was installed at the GIF has to be moved 

to another facility called GIF++ which will have a much stronger gamma-ray source.  

Last but not least, longer studies must be made to verify that GEM detector are good for 

long term operations at CMS.  
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  9 APPENDICES   
  

9.1 GEM electric connections   
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9.2 C++ code   
To analyse the data obtained from the MCA spectra it was necessary to create a C++ code 

by using Root in order to quickly analyse each spectrum, fit curves to their peaks and 

obtain the value of the X axis positions.  

  

#include <iostream>  
#include "Riostream.h"  
#include <string>  
#include <cstdio>  
#include <cstdlib>  
#include <fstream>  
#include "TTree.h"  
#include "TBranch.h" #include 

"TFrame.h"  
#include "TCanvas.h"  
#include "TPaveLabel.h"  
#include "TPaveText.h"  
#include "TFile.h"  
#include "TString.h"  
#include "TStyle.h"  
#include "TH1F.h"  
#include "TH2F.h"  
#include "TH1.h"  
#include "TF1.h"  
#include "TLorentzVector.h"  
#include "math.h"  
#include "time.h"  
#include "TRandom.h"  
#include "TSpectrum.h"  
#include "TGraph.h"  
#include "TMultiGraph.h"  
#include <algorithm>  

   
using namespace std;  
  int 

automatic_code_2000channels(void)  
{  

  

  
/******************************* INITIALIZATION  
*********************************/  
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ifstream in; /*to see if there is a file to 

read*/ TString file,tmp,fileTemplate,number,DATA;  

int i,f,fileNumber; float time=0;  
TCanvas *c1 = new TCanvas("c1","c1",500,500);  
TF1 *fit1=new TF1("fit1","gaus(0)",600,1200);  
TF1 *fit2=new TF1("fit2","gaus(0)",200,600);  

  
cout << "***********************************************"<<  

endl;  
  cout << "*************     READ FILE       *************"<< 

endl;  
  cout << "***********************************************"<< 

endl;  
 cout << "***********************************************"<< 

endl;    cout << "************************************" << endl;  

cout << "                                    " << endl;  cout << 

"Please insert file name (template) :" << endl;  cin >> 

fileTemplate;  cout << "                                    " << 

endl;  cout << "Please insert the last file number :" << endl;  

cin >> fileNumber;  
  cout << "                                    " << 

endl;   cout << "Total : "<< fileNumber << " files " << 

endl;   cout << "                                    " << 

endl;   cout << "************************************" << 

endl;   cout << "                                    " << 

endl;   DATA = fileTemplate + "_data.txt";   cout << 

"Save : "<< DATA  << endl;   cout << "                                    

" << endl;   cout << 

"************************************" << endl;     

    

  /******************** READ FILE and create histogram with the 

values from the file ************************/   

  

  TH1F *histonew=new TH1F ("myHisto", "Spectrum", 2048, 0,  
2048);  
    for ( f=1;f<fileNumber+1;f++)  
  {  

  

      

    if(f<10) {file=fileTemplate + "00" + IntToStr(f) +  
".mca";goto open;}  
    if(f<100) {file=fileTemplate + "0" + IntToStr(f) +  
".mca";goto open;}   if(f<1000) {file=fileTemplate + IntToStr(f) 

+ ".mca";}  

   open:  
  cout << "Working on " << file << " ..." << endl;      

in.open(file);   
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   i=0;     
  float data=0;   while 

(1) // read file  
   {    

  

      if (!in.good()) {break;}    

   //cout << "i : " << i << endl;  

  

      if ((i < 33) || (i== 2060))  
      {      
       in >> tmp;   
      //cout << "tmp : " << tmp << endl;      
      goto flag;   
      }  

      

      in >> data;  
      //cout << "data : " << data << endl;      

 histonew->SetBinContent(i-33,data);  
      histonew->SetBinError(i-33,sqrt(data));  

  

      flag:  
      i++;//cout << "ok" << endl;  
    }  

  

    in.close();  

      

    //TH1F *histonew = myHisto->Rebin(4,"histonew");//    

 //TH1F *histonew = myHisto->Clone("histonew"); //this  
way the information on myHisto is not lost//  
    //cout << "ok" << endl;  
    //histonew->Rebin(6);  

    

    c1->cd();  
    histonew->Draw();  

  

  

  
/***************************************************************** 
************************/  
/*********************************Create Peak  
Fit******************************************************/  
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    fit1->SetParameters(250,560,50);     fit2-

>SetParameters(60,250,30);   histonew-

>Fit("fit1","R","",400,770);  
  histonew->Fit("fit2","R+","",150,350);  

 c1->cd();     
  cout << "************************************" << 

endl;   cout << "************************************" << 

endl;   double chisq1=fit1->GetChisquare();   double 

ndf1=fit1->GetNDF();   double chisqdf1=chisq1/ndf1;  
    cout << "Chisquare 1 : " << chisq1 << "/" << ndf1 << " =  
" << chisqdf1 << endl;  

    cout << "************************************" << endl;  

    double amp1 = fit1->GetParameter(0);  

    double eamp1 = fit1->GetParError(0);  

    double mean1 = fit1->GetParameter(1);  

    double emean1 = fit1->GetParError(1);  

    double sigma1 = fit1->GetParameter(2);  

    

  

double esigma1 = fit1->GetParError(2);  

    
endl;  

cout << "Amplitude 1: " <<  amp1 <<  " +/- " << eamp1 <<  

    
endl;  

cout << "Mean1 : " <<  mean1 <<  " +/- " << emean1 <<  

    
endl;   

cout << "Sigma1 : " <<  sigma1 <<  " +/- " << esigma1 <<  

    cout << "************************************" << endl;  

    

  

cout << "************************************" << endl;  

    double chisq2=fit2->GetChisquare();  

    double ndf2=fit2->GetNDF();  

    double chisqdf2=chisq2/ndf2;  

    cout << "Chisquare 2 : " << chisq2 << "/" << ndf2 << " =  

" << chisqdf2 << endl;  

    cout << "************************************" << endl;  

    double amp2 = fit2->GetParameter(0);  

    double eamp2 = fit2->GetParError(0);  

    double mean2 = fit2->GetParameter(1);  

    double emean2 = fit2->GetParError(1);  

    double sigma2 = fit2->GetParameter(2);  

    

  

double esigma2 = fit2->GetParError(2);  

    
endl;  

cout << "Amplitude 2: " <<  amp2 <<  " +/- " << eamp2 <<  
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endl;  

cout << "Mean2 : " <<  mean2 <<  " +/- " << emean2 <<  

    
endl;   

cout << "Sigma2 : " <<  sigma2 <<  " +/- " << esigma2 <<  

    cout << "************************************" << endl;  

  cout << "************************************" << endl;  

  histonew->Draw();  

  histonew->SetTitle(IntToStr(f));  

  histonew->GetYaxis()->SetRangeUser(0,400);   

  c1->Modified();    c1-

>Update();  

   ofstream fileData(DATA, ios::out | ios::app);  
    if(fileData)  
    {  
      fileData << time << " " << mean1 << " " << emean1  
<< " " << mean2 << " " << emean2 << endl;  
      fileData.close();  
    }  
    else {cerr << "File doesn't openned" << endl;}  
    time = time+35; cout << time << endl ;  

  

  }  

  
/***************************************************************** 
***************************/  
/***************************************************************** 
***************************/  

  

  cout << "***********************************************" << 

endl;  
  cout << "**               End of Program              **" << 

endl;  
  cout << "***********************************************" << 

endl;  

  

  return(0);  

  
}  

  
TString IntToStr(int n)  
{  
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    stringstream result;     

result << n;     return 

result.str();  
}  

  

  

This code would return an excel file with the X position of the main peak and the escape 

peak as well as the errors.   

 9.3 Materials 

 

9.3.1 Viton O-ring 

Viton is the commercial name for a fluoroelastomer mainly used in O-ring to seal gas or liguid 

containing volumes. It is a type of elastomer comprisin hexafluoropropylene (HFP) and 

vinylidene fluoride (VDF or VF2), terpolymers of tetrafluoroethylene (TFE), vinylidene 

fluoride (VDF) and hexafluoropropylene (HFP) as well as perfluoromethylvinylether (PMVE) 

copolymers. 

These type of material is resitant to aggressice chemicals, temperature resistant and offer 

good mechanical properties after stress is applied to it.  

Material: Commercial Viton from Dupont, VI7510177 

 Property Result ASTM 

 

Original properties 

 

Tensile strength, MPa (psi), min. 1885  D412 

Ultimate elongation, %, min 139 D412 

Hardness, Shore A durometer 76 D2240 

 

Heat Resistance 70 h 

at250°C 

Hardness, Shore A durometer +2 max  

D 573 Tensile strength, change % -11 

Ultimate elongation change % +1 

 

Fluid Resistance, Fuel C 

70h at 23°C 

Hardness change, pts. Shore A -4  

 

D471 

Tensile strength change, % max -13 

Ultimate elongation change, % 

max 

+1 

Volume change, % +3.6 

 Hardness change, pts. Shore A -7  
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Fluid Resistance Fluid No. 

101 70h at 200°C 

 

Tensile strength change, % max -13  

D471 Ultimate elongation change, % 

max 

-13 

Volume change, % 8 

 

9.3.2 Nuvoverne polyurethane 

 

This is a type of polyurethane also used for electrical insulation. It is produced by Mäder a 

Swiss company. In this case the polyurethane arrives in a liquid form and needs of a 

hardener. It is applied with a brush. 

Viscosity DIN 6mm (20ºC) 35-45 s 

Polymer hardener ratio 3:1 in mass 

Time to curate (20ºC) 12 h 

Lower temperature of application 5 ºC 

Highest humidity for application 90% r.h. 

Density 1.3 kg/dm3 

Flash point 23 ºC 

 

 

9.3.3 Cellpack polyurethane 

This is a type of transparent polyurethane manufactured by Cellpack which has the purpose 

to isolate electric circuits. It is presented in the form of a spray can. 

 

Physical properties 

Drying time 25-30 min 

Density 0.79 g/cm3 

Viscosity (cP) 12s, DIN 53211 

 

Thermal properties 

Heat resistance -40 °C to  130 °C 

Flash point -97 °C 

Flammable temperature 200 °C 
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Electric properties Dielectric stiffness 82.9 kV/mm 

 

Chemical properties 

VOC content 0.274 kg 

Vapour pressure (20ºC) 240.0 hPa 

Lower explosion limit 0.6 

Upper explosion limit 6.5 

9.4 GEM assembly photos   

 

 



Study of GEM Detectors for CMS at CERN    Alejandro Puig Barañac  

  

56  

  

 

 

 



Study of GEM Detectors for CMS at CERN    Alejandro Puig Barañac  

  

57  

  

 

 

 



Study of GEM Detectors for CMS at CERN    Alejandro Puig Barañac  

  

58  

  

 


