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Résume

A

Une grande O0Chambre ° Projection Temporell ect
mesure des tracesh ar g®es aupr s de 161 LC, collisionn
de 31 km permettant doatteindre des ®nergies
travail de R&D décrit dans cette thése porte sur un type nouveau de TPC, dont laefstcture
assurée par des Micromégas a anode résistive. Ce dispositif permet de répartir le signal
électrique sur plusieurs carreaux, méme lorsque la charge est déposée sur un seul carreau. Il
per met aussi de prot ®ger | 6 ®lre prototypen pogru e c

miniaturiser les cartes de lecture.

Dans ce travail, des modules Micromégad été testés et caractérisés, dans un premier
temps, en faisceau, un par un au centre de la chambre, puis 7 modules montés en méme
temps de fa-on ° couvrir | a surface. Egal e me
>Fe ont permis de caracdier les 7 modules utilisés. Une résolution en position de 60

mi crons par | igne de carreaux est obtenue

évaluée, et des distorsions pouvant atteindre environ 500 microns sont observées.
Léensembslud tchdss rd@montre | 6ad®quation de ce t

La fraction de retour des ions est ®gal eme
géomeétrie et avec le méme gaz que ceux utilisés dans ces tests, et la loi en rapport inverse des

champs est validée a nouveau dans ces conditions.

La m°me technique est appliqu®e ° l a r®alis
TPC Microm®gas O6pl ated pr®c®dAd®e dobéun film c
éjectés par les neutrons sans ui vi s ° |l a tracedé6 dans | e vol
reconstruire avec une pr®cision meill eure qu

Mots-clés: trajectographielecture aanode résistive, Micromégas, Chambre & Projection Temporelle

(TPQ
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Résumé&le these

L6®t ude des composants fondamentaux de | a m
plus en plus puissants. De nouvelles particules sontupesddans les collisions aatlite

®nergie de protons ou dodisehsesont détectés dansdeegsands r o d u
appareill ages entourant | e point doéinteractdi

au LHC sera étudiée en détails au futur collisionn&eir ke projet phare dans ce domaine est

appel ® I LC, e@uwrurLi¢rC®dilriesilomtner nati onal 6. L oG
travaille depuis wune douzaine doéoann®es sur
Temporelled (TPC) pour d®tecter | es traces
dansunvbume de gaz. Cette TPC dbébun type nouve
conditions de |1 061 LC. Les ®l ectrons doéioni sai
sous | 6action ddéun champ ®l ectriquecéquipél s sor
doune anode ~ ®tal ement de-capdeief.r ge f ai te doun

Le collisionneur ILC est une machimwenstituéede deux accélérateurs linéaires fadace,
doune | ongueur total e de 31 k m. Les ®l ®
supraconductrices. Un grand anneau dobébamort.i

électrons et les positons.

Depuisladécouvet e ddédune particule de 125 GeV au LH(
veri fie, " | a
Hi ggs, | a n®cessit® de | 0®tudi er dowafait f a-on

pr ®ci sion actuell e des mesure

sentir. Le processus de Bjorken (aussi appelé Higighlung, voir Fig. 43 produira des

Higgs avec une section efficace @80 fb (Fig. 1.1). La signature du recdu Z, se
désintégrant en pairde muons permettra de sélectionner les candidigigs quelque soit

son mode de désintégration, et aussi de mesurer précisément sa masse et ses rapports
déembranchement |, et ai nsi de remonter ) S es
important dans cette analyse et permet de mesurer précisémpattiesles chargées et de

les associer préciseément avec des objets calorimétriques, ce qui est essentiel a la mise en
Tfuvre de | 6algorithme du ¢ flux de particul e
en énergiempulsion des objets reconsits dans le détecteur, en évitant tout double

comptage.
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Figure R1. A gauchediagramme de Feynmalu processus de Higgtrahlung; a droite
événement simulé de tgmtitop multijet.

Les principales propriétés des TPC sont rappelées dans le chapitre 2. Les processus de dérive

et de di ffusion des ®l ectrons sont ®t udi «
Léamplification gazeuse et, en parotessasué i er |,
production de |-arun)eercesdétecteur pay méthibde pHgbimgraptique

est d®crit. Une section est r®serv®e ~ |l a pr
notre application : He na@eXde@dantpimpase dDune?2
ndest g®n ®r al ement pas partag® sur des dam

couverture résistive agdessus des pads, séparée de -celpar une couche diélectrique,

résulte en un réseau résigtidpacitifcontinu. Toute charge ponctuelle déposée sur la surface
sO®t al e. La densit® de charge s u-0-20),dodt@®gquat i c
solution est une gaussienne a deux dimension dont le rayon croit comme la racine carrée du
temps. La vaur de la constante de temps RC par unité de surface doit étre ajustée pour

obtenir | 6®t al ement optimum : deux ou trois

12



B1 Amplification gap: ~100um TE B1 Amplification gap: ~100um TE

. e ——
o J;

Figure R2. A gauche, Micromegas anode conventimellg le signal est sur un seul carreau

a droite, & revétement résistdapacitif étale la charge sur plusieurs carreaux.

Le chapitre 3 d®crit | 6appareillage utilis®
la collaboration LCTPC et dur@nd Prototype construit par le consortium EUDET, je décris

|l es modules mis au point dans notre groupe
Saclay. Dans ce méme chapitre la détermination des piédestaux et leur soustraction en ligne
sont présentéd.es piédestaux et leur écart quadratique moyen sont calculés sur la base de
guel ques centaines do6o®v®nements d®cl ench®s a
les signaux supérieurs a quatre écarts standard sont conservés (les autres saérajpis a

Ceci permet de di minuer notabl ement | 6espace

Figure R3. Photographie du prototype 7 modules dans son aimant
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Pour rendre possible | 0imit®gatahn osnatdiuond &t e c
s0Oest av®r ®e n®cessaire. Les puces AFTER ont
détecteur par des connecteurs 300 points, et tous les composants visant a la protection de

| 6 ® ectr oni gu e foactoh étaBttasSurge @dr lia co@che, résistiget Rour terminer

ce chapitre, le passage du prototype a la TPC finale est traité.

Dans le chapitre 4, le bame test installé au CERN est décrit. Ce baledest a été utilisé

pour caractériser et tester tdas modules apres fabrication. Des statistiques sur le gain et la
résolution sonbbtenues & partir de données obtenues avec sour¢Eedpour? modules.

Pour cette mesur e, l e bruit ®l ectronique a (

filtreen T (fitrepass@ aut ) sur | 6ali mentation de |l a gril

La résolution (12 a 13% r.m.s.) et le g4R640 avec un étalement de 15%gnt assez
homogenes pourles 7modules Cet t e mesure de gain est en acd
des électros du faisceau.

20% 10000
18%
16%
14%
12% * *
10% 1000
8%
6%
4%
2%

Gain

Energy Resolution (r.m.s)

0% 100

Module number Module number

Figure R4. Résolution en énergie et gain mesurés sur le banc gmtesthacun des 7

modules.

Le probleme du retour des ions est récurrent dans les TPC. Dans les TPC conventionnelles, a
fils,202a30% des ons cr ®®s pr s des fils remontent €
ions dérivant beaucoup plus lentement que les électrons et en sens inverse, il en résulte
| 6accumul ati on doébune charge dbébespace dans |

éectrons ddéi oni sati on au cour s de |l eur d®r i
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mesures ont Pt ® effectu®es i y a une di z
accompagn®e doune explication th®orique du

suppression du retour des au oappertdeds 6champs f act e
(amplification / dérive). Ces études avaient été faites avec des Micromegas standard (50

mi crons do6o®pai sseur de gaz)s, al ldiment ®®st &n® m
avec des bulk standards de 128 microns et d
bien retrouv® | a d®pendance attendue en r ap,|]
| 6efficacit® de c oddrapportides chanips)ietggtudié la dépenddncen c t i

de | a r®solution sur | 06®nergie en fonction d

IBF

= Vmesh = 330V

10 : — Vmesh = 350V

—
10“1 10 10 103 10°
E./E,
FigureR5.La fraction de retour des ions eau fonct
champ de dérive.
Dans | e chapitre 6, l e I ogiciel doanal yse es

est définie: fraction du signal présente sur un carreau de lecture en fonction de la distance du
centre de ce carreau de lecture a laetr@ette distribution est paramétrée, puis ajustée sur des
donn®es dans un processus It ®ratif (I a t

Principalement deux paramétrages ont été utilisé® a quatre parameétres (rapport de deux

polyn!t! mes eddounder e 4deux param tres, combi na
| orent zi enne. La deuxi me permet une convergg
param tres. Pour d®terminer | a r®solution et

de la ouche résistiweapacitive, le biais (valeur moyenne des résidus) est corrigé au cours de

ces itérations, et la trace-agustée.
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La g®om®trie du d®tecteur, tr s importante |
son i mpl ®mentation. Les carreaux doéune m° me
contigus, pour former un hit. La méthode de reconstruction, basée slireleldé Kalman,
consiste " tenter dbébassocier des hits wvoisin
critere de variation de2 est utilisé pour accepter ou rejeter un nouveau hit dans une trace.
Loassociation de nouviedawnxt ®riiteurs evefrai tl 0c&ad I®x
passage, de | 6ext®rieur vers | 0int®rieur, p €
d®t ai |l |l ®e de | 6al gorithme est effectu®e en a

les rangées somffectées de la méme incertitude dans le calcutdCependant, si un hit est

tr s loin de |l a trace (cbdbest | e cas pour | es
ou, plus rarement, pour | es ¢ agrande @&reedr pdur uy an:
quoi l ne tire pas |l a trace vers | ui. Ceci e ¢

résultats des tests en faisceaux.

250 L T ‘ ‘ T T 7]
B Gy, 60.4*1.5 ]
200 |- New 21.6£0.3 i
£ i ]
3. - //
= 150 — ]
=] - / _
= - / 7
= r —— b
|_°' 100 o /

] Los ]
& :/ ]
50 - 1
0 B 1 1 Il Il Il Il Il Il Il Il Il Il Il Il 1 1 Il Il Il Il 1 Il Il Il 7

0 10 20 30 40 50 60

Drift Distance (cm)

Figure R6. Résolution moyenne des 22 lignes centrales en fonction de la distance de dérive.
La courbe rouge est un ajustement de la fonctiof27Les points ouverts ne sont pas pris

dans | 6ajustement
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Figure R7. Valeur moyenne degsidus en fonction duwmeéro de ligne, dans les cas sans et

avec champnagnétique.

La résolution est ainsi déterminée en fonction de la distance de dérive. La résolution a
distance zéro est de 60 microns, ce qui est un record pour des carreaux de lange. de
comparaison | igne par | igne de cette r®solu
lignes extrémes (bords haut et bas des modules) pour lesquelles elle est dede@%usule

la moyenne.

L6®t ude des r ®s i du s itravergeatirais npdules mettent €n évideace e s «

des distorsions pouvant atteindre 700 microns.

Le chapitre 8 est consacr® au test déun nou
TPC Mico m®gas Opl at e 6éthylehed e f il imm d é ® ptiisé gosnmar r e s t
convertisseur, et |l es protons ®ject®s par |
gazeux, ce qui permet de reconstruire avec une précision meilleure que le millimetre le point

déorigine du neutron. eNouGhianveo,n sa vteecs t|I® ®qgeu i &

Xiaodong Zhang, de | 6Universit® de Lanzhou.

Quelques images obtenues avec un filire de polyéthylene gravé sont montrées, et

| 6am®l i oration de | a r®solution avec | 6extr a

17



(@) (b)

Figure R8. Image obtenue par neutrons a traverfilia de polyéthyléne, sans et avec la

coupure en temps maximum.
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Summary

The study of the fundamental building blocks of matter necessitates always more powerful
acceleratordNew particles are produced in high energy collisiohgrotons or electrons. The
by-products of these collisions are detected in large apparatus surrounding the interaction
point. The 125 GeV Higgs particle discovered at LHC will be studied in detail in the'eext e
collider. The leading project for this called ILC. The team that | joined is working on the
R&D for a Time Projection Chamber (TPC) to detect the charged tracks by the ionization they
leave in a gas volume, optimised for use at ILC. This primary ionization is amplified by the
so-called Micranegas device, with a chargbaring anode made of a resistoapacitive

coating.

After a presentation of the physics motivation for the ILC and ILD detector, | will review the
principle of operation of a TPC (Chapter 2) amdlerline the advantages of thecromegas
readout with charge sharing. The main part of this PhD work concerns the detailed study of up
to 12 prototypes of various kinds. The modules and their readout electronics are described in
Chapter 3. A tesbench stup has been assembled at CERN (Chapter 4) to study the response
to a>°Fe source, allowing an energy calibration and a uniformity study. In Chapter 5, the ion
backflow is studied using a bulk Micromegas andghaggain is measured using a calibrated
eledronics chain. With the same setup, the electron transparency is measured as a function of

the field ratio (drift/amplification).

Also, several beam tests have been carried out at DESY with a 5 GeV electron beamina 1T
superconducting magnet. These beasts allowed the detailed study of the spatial resolution.

In the final test, the endplate was equipped with seven modules, bringing sensitivity to
misalignment and distortions. Such a study required software developments (Chapter 6) to
make optimal usef the charge sharing and to reconstruct multiple tracks threagéral

modules with a Kalmaniker algorithm. The results of these studies are given in Chapter 7.

The TPC technique has been applied to neutron imaging in collaboration with the University
of Lanzhou. A test using a neutron source has been carried out in Chmaesults are

reported in Chapter 8.

keywords: tracking, readout, resistive anode, Micromegas, Time Projection Chamber
19
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1. The International Linear Collider Project

The International Linear Collider (ILC) is world-wide project for a futurdinear particle
accelerator. The positreglectron (ée) beams will collide at the centaf-mass (cms) energy

of 200500 GeV (with a possible later upgrade to TeV). At present, the Large Hadron
Collider (LHC)[1]i s t he wor | doé s-enérgyrparteleatcelesatordwitrhhigh h e s t
energycolliding proton beamdt is designed to reach centoémass energies of T#eV with

a high peak luminosity of 1¥ cms™. The energy othe proton constitents is not fixed and
parbnscollide with all possible energies. Thus a hadron collider covers a wide energy range
at the constituent lev&hile running at a fixed beam energy which makes them wiéd as
discovery machines.dtgoalsareto further testthe Standard Model, determine what breaks
the electroweak symmetry, search for new forces of natmd, produce dark matter
candidates. Butneasurementat LHC camat reach the highest prems. Firstly, the centre
of-mass energy is not adjustabtedahe initial energy of an interaction is unknown, as well as
the precise kinematics. Secondly, the pregpooton interaction crossection is dominated by
inelastic background QCD process This means that each interesting signal event is
accompaniedby large backgrounds producég the interaction of otherggton collisionsand

it even overlaps with many other protproton collisions The ILC, with its much lower
experimental background, polarised beamasd tunable collision energiesvill provide
precision measurements regarding the LHC disdes.

1.1A Linear Collider

In alepton collider, the initial state energy and the polarization are well knodit@uld be
changed. The interaction of electrons and positrommiidy electroweak and th8tandard
Model background is low. The requirements for radiation hardness are smaller cotopared

the LHC. This allows for higiprecision detectors with low material budget.

To increase the energy to the required level, a linear collider instead of a circular collider will
be neededin a ring acceleratpithe energy lossn one turndue to synchrotron radiation

emittedby acceleated particles is

Yo%P —— and for the electrong% - A6 Y& up T .

Here, R is thecurvatureradius of the acceleratom is the particle masand E is the beam
energy. The energy loss increases with the fourth power of the beam energy and decreases
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only linearly with the radiusThis makesa circular lepton collider unacceptably large if it is
supposed to run beyorzins energy ofiO o Tt @eV. Therefore the ILC will be a linear

machine to avoid the synatron radiation losses.

1.2Physics at the ILC

On July4, 2012, both the CM$2] and ATLAS [3] teamsworking at LHCannounced the
discovery of a new particle in the mass region around1PBHGeV, with a statistical
significance at the level of 5 signjd]. A 5-sigma result represents a ene3.5 million
chance of the result being noise. Thissundeniable proof that a boson, with very Higgs
like properties has been discovered by the twapllaboratims However, a full
characterisation of the Higgscindes a measuremieof its total decay widtlspin, production
crosssection and coupling to the known Standard M¢8&1) particles. These measurements
are vey difficult or impossible to performat the LHC. The task of the ILC will be to measure
precisely their properties. In contrast to hadron interactions, @h@ collisions are
characterised by much lower background and the ILC provides an accurate knowledge of the
initial conditions like centr@f-mass energy, initial stateslicity and chage. The ILC will be
the firstQ 'Q collider to reach thédproduction threshold at around 36@V. This allows the

mass and the electroweak properties of the top quarkaodugatelymeasured.

At the ILC, one will measure the mass, spin, amdipling strengthsthrough all decay
channels. The maiproduction mechanisms for SNke Higgs particles at a@ ‘Q collider
areasfollows. Figure1-1 shows he production crossection of a 125 GeV SM Higgs boson
as a function ofii with 80% polarization for the electrons and 20% polarization for the
positronsand figure 12 showssomeproduction cross sectismas a function ofi .

a. Higgsstrahlungprocess: Q' Q © & © @ O

b. WW fusion process: QQOUbww ©0p O

c. ZZ fusion process: NQONQQ W2 QQ O

d. Radiation off tops: QQ O rhdOo o O
Unseen intermediate states are indicated between parenfiese®rresponding diagrams$

these Higgs production processes shownn figure 13.
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Figurel-1. Production ooss section od 125 GeV SM Higgs boson as a function iaf with
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(d)
Figurel-3. Diagrams for the Higgs production procesgasHiggs-strahlungprocess, (b)
WW fusion procesqc) ZZ fusion procesdd) radiation off topgprocess.

At the production threshold the dominating process is Hagghlung (figurel-3 (a)). A

highly virtual Z boson produced in théeeannihilation radiates a Higgs boson. This process
allows reconstructing the Higgs mass independently of Higgs decay mode, only from the Z
recoil mass. Al25 GeVHiggs predominantly decays inéé The Z can decay into quarks or
leptons. Especially thehannelO¢P cxd * has a clear signature almiv background. Such

an event, coming from amternational Large DetectqiiLD) simulation, is illustrated in
figure 1-4.

Figurel-4. Simulated ever® 'Q © 'O * ‘in the ILD detectof7].

In the analysis, the decay of the Hidgssonwill be studied and its absolute decay branching
ratios be measured. For a known Higgs méss Standard Model predicts the branching
ratios of the decay mode as shown in figaré. The measument of the Higgs decay
branching ratio allows the Standard Model to be testedsas®hsitive to new physics.
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Figurel-5. Coupling of the Higgs boson to different SM partigi&s

Besides the Higgs boson, the ILC will be able to stselyeralother SM processest Will
more precisely measure the top quark madsse measements will préit from the
possibility to adjusfinely the centreof-mass energy because they require tlokelsicans and
resonant production of the interesting particles.

1.3The ILC Machine Design

Figurel-6. International linear collider desigf)].

The centreof-mass energy of ILQvill be about200-500 GeV with an upgrade option to 1
TeV. Polarisedelectron andoolarisedpositron beamsvill be providedand will collide ata
crossing angle ofl4 mrad The overall length will be about 3km. Two detectors will be
alternately moved i nto -pthlel ob esaarh BiwsemwsttReiogiu rwei
overview sketch of the design of the ILC.
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To reduce the emittance of the electron and positron §empingrings are usedn order

to save money, both damping rinig$or electrons and positrorisare positioned in a single
tunnel in the middle of the accelerator. Firstly, the bgmaricles are filled into a.3 km
circumference damping ring9]. They are perated at beam energy of3gV. The prepared
beamswill enter ino the linacsand will be acceleratd towards the interaction point. In
between, thelectronsare directedto an undulatoandthe high energy photons aeenitted
These photonit a positron productiortarget to produce positrons. Then, the produced
positrons ardilled back into the positronaimping ring. h this way, electronare extracted

from a conventional electron sour@edpositrons are created during the runtime

The beamsire delivered toheinteraction region, where two movable detectors are placed. In
this sacalled puskpull concept one detector will take data, while tiieer one is maintained

in parking position. The position will be changed on a regular basis. Hoysaah a push

pull option conceptrequiresmany technical challenges and a large development effort. In
order to simplify the extractioof the beams from the detectoascrossing angle of ldhrad

between the two beasis foreseen

CO00000D QOOO0000 CORO0O00

S Hz, 200 ms 199 ms gap
enlarged view

................................

2625 bunches, 1 ms
‘
enlarged view
] .

300 um 369 ns. 100 m

Figurel1-7. Bunch structure of the ILC: 2625 bunches with@" particles in each bunch
arearranged in a bunch train of aboultris length. The train repetition rate i$12 [10].

The ILC is designed to reach a peak luminosity ol@* cm?s™. The electronbeam will
have goolarisationof up to 80% angbositrons will be30% polarised[11]. Instead of prticles
beingdeliveredin continuous beamshey are groupedn buncheswhich are caused by the
acceleration in cavities. The bunch structure for the ILC is illustrated in fijateThe
brunch trains are delivered with a repetition rate Biz5The train composed of 2625 bunches
with 2 10'° particles is Ins long, followel by a gap of 19¢ns.
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2. The ILD Detector Concept

At the ILC, the Higgs mechanism will be investigated in detail and the new physics will be
studied The high precision of measurement in the ILC detectors is required to meet th

comprehensive physics programme for the.ILC

One of the most challenging taskstes separag w° i from @ © nn final states.As an
example, liis is needed to distinguish betwe®® @& cand0° w w decays or to study
Ww % ww scattering. The quarkare created in a Z or W decay and produce a jet of
particles in the detector. To clbarseparat thesetwo decay modeshe resolution of the
measurement of the jet energies has to be bettevtd o 1 b[12]. To study the Higgs
recoil mass and low multiplicity events, very good momentum resolution and a large
angular coverage with high efficiencies of tracking systemnaetled Another important
detector performance parameter is the flavagging ability ly means of the lifetime
signature A very precise and efficient vertex detedneeded to meet this requiremerdr F

example this isnecessary to measure branching ratios of Higgs decays into bt ¢ and

Figurel-8. International Large Detector concé¢8].

The International Large Detector (ILD) shown in figur8 is based on two previous designs
of the GLD (Gaseous Large Detectpt)¥] and the LDC (Large Detector Concepip]. The

central component of the ILD trackeas a Time Projection Chamber (TPC). This is
supplemented by a system of siliebased tracking detectors, which provide additional

measurement points inside and outside of the TPC, and extend the angular coverage down to
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very small angles. The b and ¢ duaagging as well as vertex reconstruction is performed
with an accurate vertex detector based on silicon pixel dete€toesTPC is surrounded by a
tungsten absorbdrased electromagnetic calorimeter (ECA4Nd a steetbased sampig
hadronic calorimete(HCAL). The highly granular calorimeter with the accurate tracking

system (Particle Flow Approackhhsuresheprecise jet energy resolution.

2.1 Particle Flow Concept

To satisfy the jet energy resolution of the ILD etgor required by the ILC, the ParticlloWw
concept is proposed. In this concept, the full four momentum vectors of all Eaxticleh
come from the interactioregion,arereconstructed using aubdetectors instead of only the
calorimeter In the tracking systemthe momentum p of charged particles precisely
measuredit translates vi®d 1 a into energy. The mass ssipposedo be negligible at
typical ILC energiesTo avoid double counting, if the energy depediin the calorimeter
matclresthe measurement in the tracking detector, it will be removed from the calorimetric
information.Photons are identified in theeetromagnetic calorimeter (ECABndmuons are
identified by the muon detectprwhich is inside the iron return yokeThe hadronic
calorimeter (HCAL)is usedto preciely measurethe neutral mesons and hadrons. A jet
energy in the particle flow concejstthe sum othe energies of all individual particles the

jet. A correct assignment of calorimeteshowersto reconstructed trackis required The
resolution of the detector and the reconstruction software algorithms influences the
performance of the piacle flow. To realizesuch a particle flow concept, the calorimeters
have to be highly granulam 3 dimension$or good separation aghowers

The energy resolutioof a jet is aquadraticsum of the energy resolutions of all sudtectors

and aso-called confusion term:

A A—2A

An ideal jet energy resolutiomeasured irthe calorimeter ad tracking detector can reach
¢ T BIO. To meet the requirement of jet energy resoluttha,additional contribution due to

the confusin term must be kept beloyvrt WO,

In summary, herequirementsor the overall detector desigmeas follows:
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The detector must be as hermetic as posshlminimise the nuimer of particles which
escape detection

The tracking system must be highly efficient and allowaf@recise momentum measurement.
The material budget of the tracking system must be minimised to redutiplenscattering
and converign of particles before they reach the calorimetric system.

The calorimeter must be filyesegmented to allow for a correct assignment of calorimeter
clusters to particles, even in thghiparticle densities of a jet.

2.2The ILD Detector Layout

6990

[ ]
2348 2622 3922 4072 6622

Figure1-9. One quadrant of the ILD detector concept with its subdetector systéns |

The ILD detector has beemptimisedto meetthe particle flow concept. Figure9 showsa
schematic view of one quadrant of the ILD detector. @dtéomleft corner of the figure is the
interaction point.

The silicon pixel detectors are used as the vertex detector. They are installed around the
interaction and approach it down to a distant&5 mm. These detectors measure about 10
points per particle trajectory with a precision in the i@ range These detectors are
important for flavour tagging and the measurement of tracks with very low momdrith
are not able to reach the main track
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The vertex detector is surrounded by a large volume Time Projection Chamber (TPC). In the
case of the ILD, the TPC is the main tracking detector. It records WDtiniZzedimensional
space points per particle and provides ggasitinuous trackingThe resolution of the TPC is

aimedat about 100 per measured point in tke « plane and 508m in the z direction.

The calorimetersconsist ofan electromagnetic and leadronic system. The ECAL is a
tungstensilicon sampling calorimeter. The cell size is planned tp be cn” and 30 active
layers are used. For the HCAL, a steel sampling calorimeter is planned with either
scintillating tiles with optical readoubr Micromegasgr resistive plate chambeiss sensitive
layers. Thedepth of the calorimetérs f i ve i nteractionoloem’gt hs

in up to 48 layers.

The calorimeter system is completed by a system of radinticeh detectors in the very
forward region around the outgoing beam pipes. These specialised calorimeters measure the
luminosity and monitor the beaemergy spectrumThe LumiCAL measures Bhabisaattered
electrons and positrons and is built similar to H@AL. It adds calorimetric information for

polar angles down to 4thrad. The BeamCAL made of tungstgificon or even tungsten
diamond is another sampling calorimeter, measuring downrtogsl. It has to standigh
radiation level through bearinduced bacground and uses those particles to determine
parameters of bunch crossings. It can also be used as feedback and control for the beam
delivery systemThe last component is the LHCAWhich serves as an extension of the
HCAL down to very small d.

A supercoducting solenoidalcoil provides an axiatagnetic field of 3.5T in the detector,

which forces charged particles on curved trajectories for the momentum measurement. An
iron yoke returns the magnefield line outside the magnet. It also serves as a naetector

with resistive plate chambersdhasatail catcher for the HCAL.

2.3Requirements to the Tracking System

In the magnetic fieldB, the trajectory ot he particle is curved.
between theeconstructed particle trajectoand the beam axisan be measureads well as

the radiuR of thecircularprojection. The momentum of the particle P can be calculated from
0 Ui Qtand 0 ' A6 ™2 "4
where0 is the component adhe momentum vectgrerpendicular to the beaaxis.
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In the ILD concept, a momentum resolution of 70 ¢ m GeVlis required for the
whole tracking systemlhe mainreasonis for example the measurement of the Higgs recoill
mass at the ILCThe momentum measurement accuracy of the TPC is foreseen to achieve

1,70, wp m GeV'at 3.5T. Using the Glicksternformula[17],

A A

8 _(7)

A

the momentum resolution can be translated into single point resojutieith respect to the

r-j plane, which is measurable in prototypes. B is the magnetic field, L psdjectedength

of the trajectory in the TPC and N is the number of measured space points. With a good
resolution and many hits a good momentum resolution can be achigethe ILD TPC,
thereareabout 200 measured points per track. With a track lengthnoira magnetic field

of 3.5T, a singlepoint resolution of 10@um over the whole length of théamber is required

in order to reach the envisaged goal.

The complete tracking requirements of the TPC are summarized irltable

3.6m, L = 4.3m outside dimensions
[pe) ~ 02 1075 /GeV /e TPC only (= 0.4 if IP incl.)
[pe) e B2 1073 /CeV /e (SET+TPO+EITHVTY)

Up to cosf = 0.08 (10 pad rows)

Size i
Momentum resolution (3.57T) a1
Momentum resolution {3.57T) a1
Solid angle coverage
TPC material budget ~a 0.06X, including the outer fieldcage in ¢
~a 0.25 X, for readout endeaps in =z

Number of pads,/timebuckets
Pad size/no.padrows

Tpoint i P

Tpgint 111 T2

2-hit resolution in ro

2-hit resolution in rz

dE /dx resolution

Performance

Background robustness

Background safety factor

~s 1 - 2108 /1000 per endcap

e Immix 4—6mm~HN0 (standard readout)

< 100um {average over Lsensitive for straight radial tracks)
~ 0.4 — 1.4 mm {for zero—full drift)

~ 3 mm (for straight radial tracks)

~ 6 mm (for straight radial tracks)

o 507

= O7% efficiency for TPC only (p, > 1GeV /c), and

= 09% all tracking (pe > 1GeV/c)[6]

Full efficiency with 1% occupancy,

simulated for example in Fig. 1.3(right)

Chamber will be prepared for 10 x worse backgrounds

at the linear collider start-up

Tablel-1. Performance goals and design parameters for an LCTPC with standard electronics
at the ILC detectof18].

Another challenge is the reduction of the material budget of the TPC structure, measured in

radiation length Xo. Ideally, the hard scattering process of all particles is only starting from
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one of the calorimetergdowever, some particles are occasionally scattered and get a new
direction in the TPC structurélence, the low material budget of the tracking-detecto is
required to reduce the impact of interaction in the tracking systemniderial of TPC
structure must be optimised with,24M0.01 X, for the inner field cage, %iM0.05 X, in the

outer field cage antli0. 25 X, in the endplateTwo MPGD technologis are considered as the
readout for the ILD TPC: Micromegas (MICR@Esh GASeous detectognd GEM (Gas
Electron Multiplie).
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Chapter 2

Time projection chamber principles
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The Time Projection Ramber (TPC) was invented by D.R.Nygren in 1pI8}. It has a large
drift volume filled with gasA homogeneouglectric field is proided by a voltage divider
chain of resistors in thdrift volume. There is alsa magnetic field parallel to the electric
field. When a chargkparticle traverses the driftolume, itcollides with the gas molecules
andinduces the gas ionization along its trajectory. In the electric field, the ionized electrons
drift toward the anode, while thens drift toward the cathod8y recording the position of
the ionized electronat the anodeand the timeat which the electronseachthe anodethe
projection of the track can beconstructed in thredimensions The TPC canbe used to
reconstruct the track of particles, measure their momemtd identify the particles by
measumg their ionization energy loss in the volumg. detailed discussion about the
characteristics of the drift chamber can be founf20j). Some review of TPC can be found
in[21][22].

1. Principles of the TPC

1.1 Drift

The drift velocity®of a charged particle under the action of the electric fiedid magnetic

field & is descibed by the Langevin equation

b

i — A» A6 » PO (2-0-1)

where m is the mass of the charged particle, e is its ghang o Owdescribes the

average (friction) force due to scattering of the particles with the gas molecules.

For the velocityrpaveraged over many collisionhe Langevin equation has the stationary

solution

no mMd tnp 1b (2-0-2)

wheret @& 70 is the average time between two collisions of the chargeitle and the gas
molecules; Q¥4 is the electron mobility and 'G¥ra is the cyclotron frequency. Using
‘Oandé as the unit vectors of the electric and magnetic field, the equation can be written as

follows:

np

20 1 0 6 1 T 0B 6 (2-0-3)
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In a TPC, the electric field is parallel to the magnetic field, which means that the second term
in equatior2-0-3 vanishes:

1 10 6 m (2-0-9)
and the last term can be written as:

0O®»O6 6 O (2-0-5)
The equatior2-0-3 can be simplified as follows:

p —Op 1 t 'O (2-0-6)

If there is an angle between electric field and magnetic field, it yields

— p p WEN O 7 1T T e (2-0-7)

When the angle 1 wegeeg the drift velocity is approximated as follows withinfew

percent:orrection:

' ——0p 1t e (2-0-8)

In the extreme case, where the electric field and magnetic field are perpendicular, the last term

of the equatior2-0-7 is zero, the drift velocityppecomes

e — (2-0-9)

1.2 Diffusion

Charged particles which are released in a cloud will diffuse when they drift to the electrode.
This influences thepatial resolution. In the fieldree case, the diffusion is caused by thermi
effectsand is isotropic. The mean velocity of the electrons in all directions can be described

as:

z — (2-0-10)

where k is the Boltzmann cstant, T is the gas temperature.
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In this case the probability that an electron has no interaction with the gas molexdftdesa
timetisA @B . With1 as themeanfree path lengththe spread that the electron deviates

from its expected positiom any fixed directions approximatelygiven by[23]:

1 - "—A@p-0_- - (2-0-11)

After a large number of collisions 1), the width of the charge cloud has grown to:

, 01 - - - (2-0-12)

The general diffusion coefficient is defined as:

o — -— - (2-0-13)

1.2.1. Influence of the electric field

In an electric field, therelocity will increase depending on the choice of the chamber gas. In
icool g a g the thetrmalkmever@e®t is dominant even in a relatilaige field. On

the other hand, in some gas, like Argon, ti@vement strongly depends on the electric field
and pressure (E/P). In this case, the-timrmal movement is dominant and the diffusion

becomes nowiniform.

For the diffusion coefficien mae commordefinition is:

$  — (2-0-14)

here,vp is the drift velocity of electrorAnd the width of the charge cloyd is then:

., omdb (2-0-15)

hereL is the drift distance.

1.2.2. Influence of the magnetic field

With an applied magnetic field along the direction of the drift, the Lorentz force causes the
transverse movement of the chatgarticleto beon a circular arc. The transverse diffusion
is strongly supressed and the longitudinal diffusion is not affected. The spretdht the

electron deviates from its expected position can be written as:

16 - "—AR@gP-0C i@ -——— (2-0-16)
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wheret is the transverse velocignd” is the radius of the circular arc given'by £ 7 .

After a large number of collisiond({J) , t he wi dth of the charge

, ohb - 0 (2-0-17)

Hence, the transverse diffusion can be defined as:
O o e (2-0-18)

1.3.Gas amplification

If the electric field is above 1kV/cm, the primary electrons are accelerated and gain enough energy
between two collisions to iore the gas. The primary electrons and the seconelactrons are
accelerated further and can produce new electrons, which lead to a gas avalanche multiplication. The
developing number of electrons N can be calculatedbyy 0 20 .

Where X is the distance amdis the first Townsend coefficient, wiiicdescribes the
probability for ondonizationper unit length and depends on the gas mixthetemperature,

the pressure and the strength of the electric field. Since the amplification of TPC is operated

in the proportional mode, the gas gain can beutated by:
0O — AP | oQ (2-0-19)

wherew andware the starting point and the end point of the avalanche respediiv@ly s

the number of primary electreand( o is the number of electrons after amplification.

2. Micromegas general introduction

The MICRO MEsh GASeous detector (Micromegas) was first introduced in 1996 by
I.Giomataris[24]. Because of its good characteristics, high spatial resoluid@ rfm) and

high gain (>10), good energy resolution, excellent timing resolution 1§sh and robustness

[25], it has been widely applied in many high energy physics experiments. The Micromegas
detector is a parallgllate avalanche chamber and is divided into two dpgpa micromesh
electrode, several mm drift gap and ~X00 amplification gap. By applying proper voltages

in these three electrodes, a low electric field (about a few 100 V/cm) in the drift gap and a
very high electric field (about 10KV/cm) in the amplification gap are obtained. When a

charged particle enters the detector, it induces the gas ionization in the drift gap. Under the
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action of the electric field, the primary ionized electrons pass through the mesh and induce
avalanche in the arifpcation gap. The ion cloud induced in the small amplification gap is

quickly collected on the micrmesh and only a small part of it escapes to the drift gap.

} s Copper

SR 1220
FRa

cathode

Amplification gap

“D'ft e . e ————————— — .
~0.3 Kifen -50-100 um  ~S0kV/cm  Lamination of Vacret (FFTTTTFT T T TTTTITYTT]

Vacrel

Mesh

Encapsulation of
Mesh

(@) (b)

Figure2-1. (a) The structure of Micromegas detect(r) Bulk Micromegas fabrication
process.

In order to obtain large area detectors, a new bulk Micromegas technique was developed in
2006[26] shown in figure2-1. It uses one or more photo resistive film laminated on the anode
printed circuit boardPCB) to define the amplification gap. The miemeshis laminated on

the top and encapsulated with another layer of photo resistive film, like wishrstructure.

Then the photeresistive film isexposedto UV light and subsequently etchéd produce

insulaing pillars by photdithography

2.1Micromegas TPC

A Micromegas TPC is a TPBased orthe Micromegas as the read@ysteminstead of the

wire chamber. The drift gap extends over a large distarieedrifting electrons avalanche in

a hich field between the mesh and anode which provides amplificatiothe order of
thousandCompared to the standard wire TPCs, the ExB effect is significantly reduced and
the spatial resolution is greatly improvieda Micromegas TPC. This is important toe twe

track separation in the jet®n the other hand, Micromegas detectors are easy to build with

large surface.

2.2 Resistive anode

In the high magnetic field, the transverse diffusion is significantly suppressed. The traditional

readout pads need to be much narrower to keep the accuracy of the computed centroid of
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signals by collecting directly charge signals. Thanber ofreadout channels ggnificantly
increased with it. This requires much more materials and cost and also leads to be difficult to
manage for a large detector. To improve the spatial resolution for wide pads, a new
technology of charge dispersion was developed and firstiiyestuat Carleton Universify27].

It uses a high surface resistive thin layer bonded to the readout pad plane with an insulating
layer. Figure2-2 expounds the difference between the conventional MPGD anode and
resistive anode and we can clearly see theg¢raroid calculation is less precise using the
conventional MPGD anode. The resistive layer and the readout plane form a distributed 2
dimensinal resistiveapacitive networko spread the avalanche charge in several adjacent
pads The avalanche charge damting on this layer disperses with the system RC time
constant. The RC constant is determined by the surface resistivity of the resistive layer and
the capacitance per unit area, which is determined by the space between the resistive layer and

the readotiplane and the dielectric constant of theulating layer

B ’[‘ Ampllflcatlon gap: ~100pum B 1‘ Ampllflcatlon gap: ~100pum
/ _:F Insulator "100um _q:L

Figure2-2. Left: The conventional anode using directly signal readout techrirjght:
Charge dispersion technique with a resistive anode.

When a charge is deposited on the resistive layer, the telegraph equation for the surface
charge density on thedmensional continuous RC network is given by:

— 0— -— (2-0-20)

where” i is the surface charge density, &d 1/RC. Here R is the surface resistivity of

the resistive layer and C is the capacitance per unit area.

At time 6 m, a point charge is deposited iat m and the resistive layer surface is

approximated to infinity radius. In this case, the solution for the charge density function is:

"1l —Qwni jtdQ (2-0-21)
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The charge density function of the resistive anode is sampled by readout pads. If the initial
charge is a point charge and is localized at origin at t=0, the evolution ofdinee@sional
charg density function is as figu23 [28]. The charge induced on a pad can be calculated

by integrating the time dependent charge density function over the pad area.

& [padl pad2  pad3
:\ . t=10ns
t=50ns
t = 100 ns
t =250 ns
t = 1000 ns
2 3 4 5
mm

Figure2-3. Theevolutionof the 2dimensional charge density functianhfive different times.
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Chapter3

Testbeam setup and Micromegas modules
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1. LCTPC collaboration and EUDET

In 2007, the Linear Collider TPC collaboratighCTPC) was founded. The goal tte
LCTPC collaboration is to unifthe international efforts tbuild a highperformance T for
the linear collider physics up to 1 Tedkntreof-massenergy and to provide common
infrastructure and tools to facilitate these studies. The ddt@d@scription of LCTPC can be
found in theLCTPC Memorandum of AgreemefR9]. Updated information can be found in
[30].

In the framework of the LCTPC collaborationlLarge Prototype TPC called LHPC was
designed, built, commissioned and tested with the help of the EUDET p[8fHctThis
prototype was developed to allow the greufprming the collaboration to test the new
technologies and techniquashich will be necessary to build a largéPC with the
performances required by the ILD project.wiaadsthis goal the anode endplate of thie-
TPC can be equipped with up to sevenvactand exchangeable readout modules, which
allows testing any MPGD technologsince 2008, it has been used ire ttest beam
environment at DESY nl 2011, the cooling systemasupgraded by adding crymoolers at 4

and 10K to easilyswitch to the coolingwith no need to supply external liquid Helium

The EUDETconsortium(Detector R&D towards the international linear collider) provides the
test beam area T24/1 at the DE8M¥st beam with a TPC test set sipown in figure3-1, as a

test beam infrastructure.

Figure3-1. Large Prototype (LP) with the movablage in the beam area
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Test Beam

The particlebeam consists of electrons and its momentum can be changed from 1 GeV/c to 6
GeVic. The electrons emerge from converted Bremsstrahlung bearor@ssh doublet of

dipole magnes which controls the energy of theam.

Micromegas data were generally taken in eek periods. In November and December
2008, data were taken with a sdandanode module. The drift velocity was measured and
found to be consistent witthe prediction from the Magboltz Monte Carlo32]. The
resolution was found to increaspiickly with drift distance (faster than expected from
diffusion only) and this wasdced to the field inhomogeneity: at this time the magnet was
fixed and the only way to change the drift distance was to slide the TPC in the magnet, so that
part of the TPC was outside the region of good magnetic field. This period was used to study
the sgnal shapes and vary the parameters of the electronics (shaping time, sampling
frequency, amplifier gain), as well as to tune 8witched Capacitor ArraySCA) starting

time. The electronics was based on AFTER chips from the test production of T2K. In May
2009, the same module was tested again with AFTER chips from the final T2K production,
which had possibility to byass the shaping stage, as it was feared that the shaping would
impair the long chargsharing signals. The conclusion was that the noisg wereased
without any benefit. A module with Carbon Loaded KaptGhK) as the resistive foil was
tested at the end of the month. In June, laser runs were taken to study the distortions. In
October, data were taken at CERN in a high intensity pion be#lmantest box which
contains one module. In November, a test was performed with a silicon tracker on both side
of the TPC In December 2009, modules 4 and 5 made with a restsnNmnloadedKapton

anode were tested without magnetic field. In March02@iodules 2 and 3 were tested in B=1

T. At this time, module 4 and 5 were also mounted at the endplate of the Large Prototype.
Unfortunately, due to a design defect of the grounding, these two detectors were destroyed
before data taking. In 2011, the dgte made witha resistive carbothoaded kapton layer

with a resistivity of 3 Mohm/square was chosen based on the previous results, and produced
using a quasindustrial production chain. In May, this detector was tested with new integrated
electronics inB=1 T magnet. The new electronics worked well during test. In July 2012, six
modules were tested simultaneously with B=1 T magnet and all modules were connected to
the high voltage with a common filter. In February 2013, seven modules which fully covered

the endplate were performed at the same time without and with B=1 T magnetiéfigics
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time, each module was equipped with a filter. The noise was significantly reduced compared
to the test which was implemented in July 20IBe main test periods alisted in table 3.

Test period Module name Module material
Nov.-Dec. 2008 module 1 standard anode
module 1 standard anode
May 2009 ) module 3 resistiveCLK ~5 MW anode
test with module 4 resistive CLK ~3 M\ anode
Dec. 2009 only one —
module module 5 resistive CLK ~3 M/ anode
module 2 resistive ink ~3 MV anode
March 2010 module 3 resistive CLK ~5 M\ anode
May 2011 module prototype resistive CLK~3 MW anode
July 2012 test with six modules resistive CLK~3 MW anode
Feb. 2013 test with seven modules resistive CLK~3 MW anode

Table3-1. Some main test periods with the test modules.

In most of the data taking periods, the beam size was measured to be 3 to 4 mm r.m.s. in both

vertical andhorizontaldirections.
Field cage

A schematic sketch of the EPPC field cage (FCgylinderis shown infigure3-2. It serves as
a gascontainment and provides a uniform electric fieltie drift volume is 610 mm length
ard 720 mm diameter. This allovdsift distance up to59 cmto be proled.

Figure3-2. The field cage of LHPC.

PCMAG
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The field cage is placed in a superconducting magnet PCMAG (as showgure 3-1),
which is provided by KEK. The PCMAG has a usable diameft@bout 85 cm and usable
length ofabout 130 cmit provides a magnetic field density up to I.2n the cental region

of the magnet.
Cosmicray trigger

A scintillator hodoscope is installeoh the test beam setup. It can be used for detecting
cosmic muon in standalone as well as in test beanenTdw hodoscope has three layers of
scintillator slabs as shown in figu®@3 [33]. On the top of the TPC, a scintillator layer
including five slabs with a size of 873 mm1 75 mm f or each i s paral/l
On the bottom, two scintillator layers are set. One layer includes three slabs parallel to the
TPCOs axisr anhdsoheult agkeabs per dutirPdoioe Ridelar t o
Counters (MPPC) are used as the photon counting device to transform the scintillator light
into electric charge. The MPPC operates at low voltage and is insensitive to magnetic fields.
They are however very sensitive to variations in temperature. This disadvaistage
circumvening by controlling the temperature by means BEltier device driven by a

thermocouple.

Figure3-3. The setup ofhecosmic trigge.

Moving stage

A moving stage is mounted with TPC prototype so that it can be movextizonta) vertical
direction, as well as rotated in the horizontal plane. The drift distance can be changed by

moving the whole apparatus cage along the axis of madgnenotor system allows the
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position of the stage to be precisely measured. This design allows the charactdribiec
TPC to be studied under different conditions in detail.

Endplate design

Theendplate can hold up to seven modwed is designed to represent a small section of the

ILC TPC. These modules have identi¢aystoneshape and thus can be easily interchanged
(shown infigure 3-4). Since there are not always seven modules teouat the endplate

during testthe norequigped parts of the endplate waguippedwvith dummy modules made

of bare copper planes in a module frame to ensure the same electrical potential as the gas

amplification surface of the tested module.

Figure3-4. The design oéndplate of LPTPC[34].

Amplification modules

Several modules combined with different gas amplification and readostapadtudied by
different groups, such as Micromegas modules with a resistive coating, double GEMs using
laseretched and triple GEMs using wetithed. Thee modules have always thesamesize

about 2x17 cn?, which is similar with the shapéoreseen forhe ILD TPC. The size of the
readout pasl are (+3)x(4~6) mn?. Several modules have been ¢estn the LPTPC
environment. The point resolution seems to meet the requirement according to an
extrapolation to the ILETPC. In this thesis, the study of the Mienegas modules is

discussed in detalil.
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2. Micromegas modules

Using the standard Micromegas technology, tests of a Micromegas TPC, which were
performed at Saclay and KEK fro2002 to 2007, show that there is not enough charge
spreading between the readout pads in one row witim2wide pads. The resolution was
limited to 206300 nm. To meet the requirement of ILC, the charge dispersion technology
was developed and applied ftire Micromegas TPC. The principle of this technology has
been introduced in Chapt2rsectior2.2.

Since 2008, up to twelve Micromegas modules have been tested as the amplificttion of
LP-TPC. Different materials were adopted and compared. In the first three years, five
differentsinge modulessurrounded by dummy modulesere tested in the center of the-LP
TPC endplate as shown in figuBes. The electronics designed for the T2K experim&as

used as the readout electronicsaokingle Micromegas module. After thehoice of the
resistivematerialfor theanode and the module constructimocessseven identical modules
were equipped at the endplatetbé LP-TPC as shown in figurg8-6. This fully covered the

endplate of LPTPC with Micromegas modules.

Figure3-5. The Large Prototype withnly one module installed in the center.
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Figure3-6. Seven identical modules mounted at the endplate of the Panttype

Figure3-7 shows the sketch of the readout pada bficromegasnodule with a typical track

from the beam. A single Micromegas module is about 22x1%with the pad size of 3x7

mn?. It has 1728 pads arranged in 24 rows by 72 columns. Two of them shown in an orange
squarerectangldan figure 3-7 are sacrificed to leave space for a high voltage connection of the
mesh through the PCB. Others pads aeglus read out the signal of ionized electrons. Since
the module has a keystone shape, the pad width varies fromm2f6 3.2 mm from inner

row to outer row.

Figure3-7. The sketch of the readout padadflicromegas modulevith a typical track from
the beam.
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