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AbstratThe Large Hadron Collider (LHC) urrently in operation intends to explore partile physison the TeV sale. The International Linear Collider (ILC) and the Compat Linear Collider(CLIC) are being designed to measure the properties of partiles possibly disovered at theLHC with high preision. Very forward detetor systems at these mahines are needed forthe preise measurement of the luminosity and to approah full polar angle overage. In theurrent detetor onepts for linear ollider detetors two eletromagneti alorimeters, BeamCalorimeter (BeamCal) and Luminosity Calorimeter (LumiCal), are foreseen. Both alorimetersare designed as sandwih alorimeters with tungsten absorber layers instrumented with �nelysegmented sensors. Due to a large amount of beamstrahlung remnants hitting BeamCal atthe innermost radii, the sensors must withstand up to 1 MGy radiation dose per year. In thisthesis two types of sensor materials were investigated: single rystal hemial vapour depositiondiamonds (sCVDD) and gallium arsenide doped by hromium (GaAs:Cr).The very forward alorimeters ensure overage for high energy eletrons, positrons and photonsdown to very low polar angles. Within this thesis, simulation studies are presented for di�erentbeam parameters of the ILC. A new sensor segmentation was proposed to ahieve betterreonstrution e�ieny of single high-energy eletrons, positrons and photons on top of thebeamstrahlung bakground.Only for a few years ago polyrystalline diamond sensors have been used for beam diagnostisin high-energy physis experiments. The Compat Muon Solenoid experiment, CMS, at theLHC is instrumented with several detetors for the Beam Conditions and Radiation Monitoring.The Fast Beam Conditions Monitor (BCM1F) is part of these systems. Here for the �rsttime single rystal diamond sensors have been used. Eight detetors, omprising eah a singlerystal sensor and front-end eletronis, are positioned around the beam pipe on both sides ofthe interation region. They monitor the beam halo to protet the inner CMS detetors fromadverse beam onditions and ensure high quality data for CMS. In this thesis, BCM1F data isevaluated for intrinsi time resolution and performane under harsh radiation onditions. Fur-thermore, it is investigated if it an be used for a bunh by bunh on-line luminosity measurement.The seond type of sensor, made of GaAs:Cr, was produed in Tomsk State University and testedas a andidate for the BeamCal for future ILC and CLIC detetors. Several GaAs:Cr sensorswere haraterized in the laboratory for leakage urrent and apaitanes and used for test beaminvestigations. Two sensors were assembled with a fan-out, front-end and ADC ASICs to build afully funtional prototype of a sensor plane. Several test beam ampaigns were done to measurethe performane of the system.



KurzfassungDer International Linear Collider (ILC) und der Compat Linear Collider (CLIC) werdenentwikelt, um die Forshung am momentan operierenden Large Hadron Collider (LHC), dieErforshung der Teilhenphysik bei TeV-Energien, fortzuführen. Das Vorwärtsdetektorsystem anMashinen mit solh hohen Energien benötigt strahlenharte Detektoren nahe an der Strahlahse.Das Beam Calorimeter (BeamCal) ist als Samplingkalorimeter mit 30 Wolframabsorberlagen undfein segmentierten Sensoren ausgelegt. Wegen der hohen Belastung durh Beamstrahlung, diedas Kalorimeter im Bereih des inneren Radius tri�t, müssen die Sensoren eine Strahlendosisvon bis zu 1 MGy pro Jahr aushalten. In dieser Arbeit werden zwei Arten von Sensormaterialienuntersuht: Einkristalldiamanten-Sensoren (sCVD) und Galliumarsenid-Sensoren mit Chrom-Dotierung (GaAs:Cr).Diamantsensoren sind in der Strahldiagnostik an Hohenergiephysik-Experimenten weit verbrei-tet. Das Compat Muon Solenoid (CMS) Experiment am LHC ist mit mehreren Detektoren zurÜberwahung der Strahlqualität ausgestattet (Beam Conditions and Radiation Monitoring �BRM). Ein Detektor dieses Systems ist der Fast Beam Conditions Monitor (BCM1F), in welhenzum ersten Mal monokristalline Sensoren verwendet werden. BCM1F überwaht den Strahl,um die inneren CMS-Subdetektoren zu shützen und um eine möglihst hohe Datenqualitätsiherzustellen. In dieser Arbeit werden die spezi�she Zeitau�ösung und der Grad der Strahlen-shädigung von BCM1F bestimmt. Auÿerdem wird untersuht, ob sih BCM1F zur paketweisenEhtzeitmessung der Luminosität eignet.Der zweite untersuhte Sensortyp, hergestellt aus GaAs:Cr, wurde als Kandidat für das BeamCalan einem zukünftigen ILC- oder CLIC-Detektors von der Universität Tomsk entwikelt. ImRahmen dieser Arbeit wurden mehrere GaAs:Cr-Wafer im Labor harakterisiert. Dabei wurdendie Lekströme und Kapazitäten bestimmt, um Sensoren für weitergehende Untersuhungen imTeststrahl auszuwählen. Die Sensoren wurden mit �fan-out�, Frontend-Elektronik und Analog-Digital-Wandlern bestükt, um eine voll funktionsfähige Sensorebene zu erhalten. MehrereTeststrahl-Kampagnen wurden durhgeführt, um die Sensorebene zu harakterisieren.Das BeamCal eines Linear Collider Detetors dient dazu, hohenergetishe Elektronen, Po-sitronen und Photonen bei sehr kleinen Polarwinkeln zu erkennen. Im Rahmen dieser Arbeitwurden Simulationsstudien für vershiedene ILC-Strahlparameter durhgeführt. Anhand dieserSimulationen wird eine alternative Segmentierung des Sensors vorgeshlagen, um eine höhereRekonstruktionse�zienz für einzelne hohenergetishe Elektronen, Positronen oder Photonen beigleihzeitigem Beamstrahlungsuntergrund zu erreihen.
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IntrodutionAfter more than 20 years of planning and preparation the Large Hadron Collider, LHC,started operation in September 2008. It aims to allow physiists to test preditions ofdi�erent theories of partile physis. From the experiments answers are expeted to thestill unsolved questions of fundamental physis. It also an ome up with unexpetedresults no one ever thought.In the last few deades, physiists end up with the Standard Model of partile physis.The Standard Model is able to desribe all measurements of the interation of fundamentalpartiles of the Universe at an energy up to about a TeV. There are still unansweredquestions like: What is the origin of mass? Why do fundamental partiles weigh theamount they do? Why do some partiles have no mass at all? What is 96% of the universemade of? Why does Nature appear to have this bias for matter over antimatter? Do extradimensions of spae really exist?To answer these questions experimental data are required, and the experiments toahieve this are at the LHC. The LHC mahine is the most omplex aelerator and storagering ever built. It has allowed already to disover a partile that is a strong andidate fora Higgs boson similar to that predited by the Standard Model to explain the generationof mass for fundamental partiles. The mass of this partile is measured to be about 125GeV.Currently a projet for a new kind of aelerator and ollider is in the phase of prepa-ration. The International Linear Collider, ILC, will be a next-generation eletron-positronollider for making preision measurements of the LHC disoveries. Both mahines areomplementary in their physis potential.To study new physis proesses very high energy is needed. High energies allow toreate heavy partiles. To disover exeedingly rare partiles high luminosity is required.The LHC is aelerating 2808 bunhes of protons and eah bunh ontains 115 billions ofprotons. It was designed to ollide bunhes every 25 ns, but in 2009-2012 it was operatedwith 50 ns between bunh ollisions. The ollision produts are then traked in the detetorvolumes of ATLAS, CMS, ALICE, LHCb, TOTEM and LHCf. Two of them, the ATLASand the CMS experiments, are large, general purpose partile detetors. The ALICE andLHCb experiments have more spei� goals and the last two, TOTEM and LHCf, are muhsmaller and are for very speialized researh.Eah beam stores the enormous energy of 350 MJ. This energy is enough to damagethe detetors in ase of the loss of the beam. A system monitoring the beam onditionsand providing signal in ase of dangerous situation is neessary. The systems for thebeam monitoring are installed in CMS and other experiments as well as around the LHCaelerator. 1



2 INTRODUCTIONThe protetion systems of CMS are independent from the CMS data aquisition andpower supply. Some of the systems are loated near the beam pipe, as beam onditionmonitors in CMS, where radiation hard sensors are needed. They provide fast and slowmeasurements of beam onditions and beam losses.One of the systems is the Fast Beam Conditions Monitor, BCM1F. Single rystal hem-ial vapor deposition diamonds were used for the �rst time in this detetor. BCM1F ountspartiles with a nanoseond time resolution. Its desription and validation are a part ofthis thesis and an be found in hapter 4.From the data olleted in the experiments ross setions of investigated proesses areneeded to perform omparison with the theory. For the measurement of ross setion theluminosity, haraterizing the probability of a proton-proton ollision, is needed. A preiseluminosity measurement is required both for LHC and ILC. In the CMS experiment theluminosity is monitored by measuring the �ux of ollision produts. In van der Meer sansthe visible ross setion is determind and the measured �ux is alibrated to the luminosity.Through the 2011-2012 run CMS relied on the forward hadroni alorimeter, HF, for boththe on-line and o�ine measurement of the luminosity. In addition, the luminosity wasmeasured by the inner pixel detetor. Due to slow pixel detetor operation, it annotprovide on-line measurements. During 2012 operation BCM1F was an independent on-line luminosity measurement tool. In this thesis, the ability of BCM1F to measure theluminosity in real time is demonstrated and the bunh-by-bunh luminosity measurementis disussed in hapter 5.The ILC detetor requires an even more preise luminosity measurement and in additionan exellent hermetiity. There are two eletromagneti alorimeters foreseen in the veryforward region, loated on both sides of interation point, IP. The Luminosity Calorimeter,LumiCal, will be used to measure the small-angle Bhabha sattering, being the gaugeproess for the luminosity measurement.The Beam Calorimeter, BeamCal, will be loatedas near as possible to the beam-pipe and overs the lowest possible polar angle in the ILCdetetor. The forward region is desribed in hapter 6. BeamCal will measure high-energyeletrons, positrons or photons at low polar angle. Their detetion will be a hallengedue to bakground oming from e+ e− pairs of beamstrahlung photon onversions. Thedeposition of these pairs will also provide the ILC with a fast luminosity measurementand beam diagnostis. Two di�erent sensor segmentations are ompared for the singlehigh energy eletron shower reonstrution e�ieny on top of the large beamstrahlungbakground. Chapter 7 summarizes the results obtained from the simulation studies.As the high radiation environment due to beamstrahlung pairs sets a requirement onthe sensors used for the BeamCal, a new material, GaAs:Cr, was proved before to be agood andidate. Several sets of sensors with two types of segmentation were haraterizedin the laboratory. The measurements and results are presented in hapter 2. A prototypeof the BeamCal sensor plane based on the GaAs:Cr sensor was prepared and investigatedin the laboratory and in several test-beam ampaigns in the eletron beam with energiesbetween 2-4.5 GeV. The preparation of the test beams is desribed in the hapter 8 andthe data analysis in the hapter 9.



Chapter 1Solid State Detetors for Radiation
IntrodutionOver a long time in high energy and nulear physis a lot of di�erent types of detetors havebeen developed. Charged partiles deposit energy in the detetor's medium by ionisation orexitation and photons by the photoeletri e�et, Compton sattering and pair prodution.Neutral hadrons have to interat with nulei of the detetor material to reate hargedpartiles whih will be deteted. Finally, these depositions are transformed, for example,in eletroni signals reorded and analysed by omputers.Detetors an be lassi�ed into gaseous, liquid and solid state detetors. In gaseousdetetors, ions and eletrons drift in the eletri �eld and the urrent is measured. In solidstate detetors, free eletrons and �holes�, alled harge arriers, are reated, and drift inan applied eletri �eld.In this thesis only solid state detetors will be onsidered. Widely used are semion-dutor detetors, in partiular silion. Using silion detetors for high �uenes, oolingis required to redue the leakage urrent. For detetors operated at room temperaturesother materials are onsidered. The main fous of this thesis is the radiation tolerane ofthe detetors at room temperature. In this respet GaAs (semiondutor) and diamond(insulator) are onsidered. There is also a lot of e�ort ongoing to make silion sensors moreradiation hard, but this topi will not be disussed here. This hapter is desribing solidstate detetors made of GaAs and diamond sensors.1.1 Solid State DetetorsMost solid state detetors are produed of semiondutor materials and some from insu-lators. A semiondutor material di�ers from insulators by its relatively larger eletrialondutivity. Insulators and semiondutors hange the eletrial resistivity with temper-ature. The behavior of semiondutors an be manipulated by adding impurities (doping).The semiondutor ondutivity is explained by �free� eletrons and holes, whih are alledharge arriers. The doping is made by adding into the material, a small amount of im-purities. Impurity atoms at as either donors or aeptors to the intrinsi semiondutor.They are also alled semiondutor materials of n-type for donors and p-type for aeptor3
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Figure 1.1: Simpli�ed band struture of metal, semiondutor and insulator. E is the energy ofeletron states.impurities. The impurities hange the eletron and hole onentrations of the semiondu-tor.A pure semiondutor is alled an intrinsi semiondutor. The doping proedure isoften made by adding impurities during the manufaturing proess. After adding impuritiesin intrinsi semiondutor is alled �extrinsi�.Pure elements in Group IV of the periodi system are mostly semiondutors. Themost ommonly used materials are silion and germanium. Another possibilities to getsemiondutors is to ombine neighbor groups of elements (III and V, II and VI, IV andVI). There is a large amount of semiondutors in use e.g. gallium arsenide.Semiondutors are rystalline materials in whih outer shell energy levels follow theband struture [1℄. Figure 1.1 shows the band struture of a metal, a semiondutor andan insulator. The band struture of metals, semiondutors and insulators is desribed bya valene band, a forbidden energy band gap and a ondution band.The energy bands ontain many eletron energy levels, whih are shown as the energyareas. The energy band gap, Eg, is without any energy level. The energy levels in thevalene band are �lled. In the higher energy ondution band, Ec, eletrons are detahedfrom the parent atom and an freely move around the full rystal.The semiondutor energy band gap height depends on the lattie spaing between theatoms. The lattie spaing depends on the temperature and pressure.In an insulator at room temperature, eletrons are loated in the valene band. Dueto the low energy of thermal photons the probability to exite eletrons to the ondutionband is extremely small. With an applied external �eld only a very low urrent �owthrough the insulators.An important parameter of solids is the Fermi level. It desribes the top of the eletronenergy levels at zero K temperature. As eletrons are fermions they follow the Paulipriniple and annot exist in idential quantum states. Then at zero K eletrons will stayat the lowest available energy states, alled Fermi sea. The Fermi level is the surfae ofthe Fermi sea. In this state there are no eletrons whih will have enough energy to riseabove the surfae.
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(a) (b)Figure 1.2: (a) Crystal struture of GaAs and (b) of diamond [2℄.Carbon, silion, germanium and tin are elements in asending order of atomi numberin Group IV A of the periodi table. Atoms of these elements are haraterized by havingfour valene eletrons in their outermost shell. Further four are required to make up thefull omplement of the shell. All solidify by forming elemental, ovalently bonded rystalswhere the four valene eletrons of one atom are shared between its four nearest neighborsso that every atom e�etively gains eight eletrons in its valene shell.GaAs is a ompound semiondutor with a wider band gap than silion. Figure 1.2(a)shows the GaAs rystal lattie, alled zinblende. The two atom types form two interpene-trating fae-entered ubi latties. The zinblende struture has tetrahedral shape. Eahatom's nearest neighbors onsist of four atoms of the opposite type. They are positionedlike the four verties of a regular tetrahedron. The arrangement of atoms in the zinblendestruture is the same as in the ubi struture of diamond, as shown in Figure 1.2(b) butwith alternating types of atoms.1.1.1 Charge CarriersCharge arriers are alled harged partiles whih are free to move. Examples are eletrons,ions and holes. In semiondutors, harge arriers are eletrons and holes. Holes are in fatthe traveling vaanies in the valene-band,Ev. They at as mobile positive harges bothin GaAs:Cr and diamond. Charge arriers are haraterized by their lifetime, mobility andonentration in the detetor bulk. In an eletri �eld harge arriers move with a driftveloity being a funtion of the �eld strength.The mean kineti energy of harge arriers is 3
2
kT , where k is the Boltzmann onstantand T the temperature. At room temperature, the mean veloity is around 107 m/s, themean free path is about 10−5 m and the mean lifetime is τ ≈ 10−12 s. But without anexternal eletri �eld the harge arriers will not be displaed in average. After applyingan eletri �eld, they are aelerated in the diretion to the eletrode of opposite harge.



6 CHAPTER 1. Solid State Detetors for RadiationIn addition, they will have random ollisions with the lattie. The averaged drift veloityof harge arriers in semiondutors at low applied eletri �eld is:
νn = −q · τnc

mn

E = −µnE,

νp =
q · τ pc
mp

E = µpE,where µn,p are eletron (n type) and hole (p type) mobilities, τcn,p the harge arriersmean ollision time, mn,p are eletron and hole mass and ε the eletrial �eld [3℄.1.1.2 Shottky ContatA metal-semiondutor ontat is forming a so alled Shottky ontat. It is a potentialbarrier between the metal and semiondutor band strutures. Not all metal-semiondutorjuntions form Shottky barriers. A metal-semiondutor juntion that does not retifyurrent is alled an ohmi ontat.Figure 1.3 shows the band diagrams before and after the Shottky ontat betweenmetal and n-type semiondutor is formed. If there is no externally applied voltage, theFermi level,EF , of the metal and the semiondutor must be equal. In metals the Fermilevel is the top of the eletron sea. For semiondutors the Fermi level is loated higherand is determined by the doping levels, as showing in Figure 1.3a. Then the work funtionof the semiondutor, Fs, is smaller than that of the metal, Fm. Where the work funtionis the minimum thermodynami work neessary to put an eletron from a solid to a pointin the vauum, Evac. Hene, eletrons will �ow from the semiondutor into the metal.This generates a potential barrier along the interfae region, as shown in Figure 1.3b.The potential gradient will fore eletrons in the semiondutor to move away from themetal-semiondutor interfae. Positive donor ions are left, forming a depleted region.1.2 Energy Loss and Signal FormationCharged relativisti partiles passing through matter deposit energy, mainly due to eletro-magneti interation with eletrons and nulei. In addition, these partiles will be de�etedin the oulomb �eld of nulei leading to multiple sattering.The mean energy loss due to ionisation (or stopping power) for partiles other thaneletrons is given by the Bethe-Bloh formula [5℄:
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2mec
2β2γ2Tmax
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,where me is the eletron mass,
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Figure 1.3: a) A shemati representation of energy bands of isolated metal and isolated n-typesemiondutor. b) The band diagram at the ontat between the metal and thesemiondutor [4℄.
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Figure 1.4: Mean energy loss for positive muons in opper as a funtion of βγ = p/mc over nineorders of magnitude in momentum (12 orders of magnitude in kineti energy). Solidurves indiate the total stopping power. Piture is taken from PDG [5℄.
β the veloity of the partile, β = v/c,
γ = 1√

(1−β2)
,Z the atomi number,A atomi weight,I the average ionization potential for the medium,

δ(p) is a small orretion due to media polarization,
c is the speed of light and
Tmax is the maximum kineti energy that an be transferred to a free eletron in a singleollision.

As an example, the mean energy loss omputed for muons in opper is shown as the�Bethe� region of �gure 1.4 [5℄. It dereases with 1
β2 until a minimum of is obtained for

3 < β · γ < 4. Beause of the logarithmi term the energy loss inreases again (relativistirise) until a plateau is reahed, alled Fermi plateau. The relativisti rise saturates athigh energies beause the medium beomes polarized, e�etively reduing the in�uene ofdistant ollisions. Partiles with β · γ ≃3.5 have minimum loss and are alled minimumionizing partiles (MIPs). Above β · γ =100 radiation losses due to Bremstrahlung andpair prodution beome dominant.
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Figure 1.5: Priniple of solid state ionisation hambers.1.2.1 Signal FormationSolid state detetors like diamonds and GaAs are operated as ionization hambers as shownin �gure 1.5. This is possible due to their high resistivity of about 1013 Ωm. A hargedpartile rossing the medium deposits energy and some part of the deposited energy isgoing to reate eletron-hole pairs. Applying an eletri �eld auses eletrons and holesto drift to the positive and negative eletrodes, and an eletri urrent is indued in theexternal iruit. Eletrodes an be segmented into pads, strips or pixels of di�erent sizes,allowing the measurement of the position of the rossing partile. The harge reated inthe medium an be alulated by:
Q =

E

Eion

e, (1.1)where E is the energy deposited in the medium, Eion the energy required to reate aneletron-hole pair and e the eletron harge.The energy needed to generate an eletron-hole pair is alled ionization energy. It isproportional to the band gap. A lower ionization energy provides a larger harge for thesame amount of deposited energy in the medium.Without an external eletri �eld, the reated eletron-hole pairs will di�use and re-ombine. When an external eletri �eld is applied, eletrons and holes drift. The signalformation starts with the very �rst drift of eletrons and holes. While eletrons and holesare drifting to the eletrodes, they indue harge in the eletrodes, aording to Ramo'stheorem [6℄. Only when the last eletrons or holes reah the eletrode or are trapped thesignal formation stops. The veloities of the eletrons and holes, ~v(x) = µ~E(x), depend onthe eletri �eld ~E(x) in the medium and the mobility µ. The mobility is a harateristi
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Figure 1.6: Eletron and hole mobilities at room temperature. The mobility in diamond is takenfrom Isberg et al. (2002). Cirles have an area proportional to the thermal ondu-tivity.of the material and onneted to the di�usion onstant D by Einstein equation [7℄:
µ =

e

kT
D.Figure 1.6 shows the sum of eletron and hole mobilities at room temperature for severalmaterials. The sum of eletron and hole mobilities for GaAs and diamonds is relativelylarge. The mobility for eletrons and holes an be di�erent, e.g. for GaAs the mobility foreletrons is signi�antly higher than for holes (µGaAs(e) =8500 m2/Vs, µGaAs(h) =320 m2/Vs).Table 1.1 ompares the main harateristis of Si, diamond and GaAs.1.3 Diamond SensorsA single-rystal diamond has several important properties. It has the highest thermalondutivity at room temperature, high mehanial hardness and radiation tolerane andan ultra-wide optial transmission range. Diamond is an insulating material with a bandgap of 5.7 eV. The low dieletri onstant of diamond, εC = 5.7, leads to a small sensorapaitane for the front-end eletronis.1.3.1 Chemial Vapour Deposition Diamond GrowthArti�ial diamonds were produed by the �high-pressure high-temperature (HPHT) growth�method [13℄. Suh diamonds ontain a relatively large frations of impurities making theiruse as sensors for radiation detetion di�ult. Diamond �lms with a lower fration of



Diamond Sensors 11Charateristis Silion GaAs DiamondDensity, [g/m3℄ 2.32 5.32 3.52Band gap, [eV℄ 1.12 1.42 5.45Crystal struture diamond ubi zin blende diamond ubiLattie struture diamond sphalerite diamondDieletri onstant 11.9 12.9 5.7Energy for e-h reation, [eV℄ 3.62 [8℄ 4.3 [9℄ 13.2 [10℄Mobility eletrons,[m2/Vs℄ 1350 8500-8800 1800-4500 [11℄Mobility h,[m2/Vs℄ 480 320-400 1200-3800 [11℄Z 14 31, 33 6Radiation length, X0, [m℄ 9.4 2.3 12.2Resistivity, [Ω m℄ 2.5 105 4 108 1013 - 1016Thermal ondutivity, [W/mK℄ 1.5 0.45 20Table 1.1: Charateristis of materials used as sensors [9℄, [11℄ and [12℄. The mobilities and theresistivity of diamond depend strongly on its purity.impurities are produed by �Chemial Vapour Deposition (CVD)�. The priniple is to addarbon atoms one-at-a-time to an initial template. Thereby the tetrahedral bonds of thediamond lattie appear. As preursor a arbon-ontaining gas (often methane) is used,whih is ativated in a plasma by disharges or under temperatures higher than 2000◦ C[14℄.In general the CVD diamond growth an be desribed by the following reation:
CH4(gas) −→ C(diamond) + 2H2(gas).The CVD diamond prodution proess involves the following steps: ativation of thegas phase, nuleation and diamond growth. Ativation provides reative radials for furtherhemial reations. Nuleation is the proess when individual arbon atoms reate nuleion the template surfae and form a sp3 tetrahedral lattie. The proper hoie of the initialtemplate is important. The best template material is diamond (natural or HPHT), whihprovides the exat template for the diamond lattie. But also non-diamond substrates areused and the best non-diamond substrates are materials apable of forming arbide. Iridiumsubstrates are under investigation sine it has a lattie onstant similar to diamond. Theyemerge in providing highly oriented �lms, signi�antly better than any other transitionmetals [15℄. After the nuleation phase (lusters reahed ritial size and beame stable) thegrowth phase starts in all three dimensions until the lusters reah eah other and then theygrow in one dimension and reate a olumn like struture. This olumn struture reatesrystal defets in the diamond bulk material. This an be a reason for non-homogeneousresponses for polyrystalline diamonds [16℄.The next step is to shape the diamond mehanially or by laser utting and to metallizeon both sides. For example, lithographially patterned metallization an be used.
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(a) (b)

() (d)Figure 1.7: (a) The leakage urrent of pCVD diamond as a funtion of applied voltage before(blue), after (green) irradiation and after UV illumination (red) [17℄. (b) The leak-age urrent of sCVD diamond as a funtion of applied voltage after irradiation [18℄.() Charge Colletion Distane as a funtion of the dose absorbed for pCVD di-amond, measured using 90Sr soure. Triangles and squares represent two di�erentsamples [17℄. (d) Charge Colletion Distane as a funtion of the dose absorbed forsCVD diamond (blue) in 2007, (red) in 2008 [18℄.



Gallium Arsenide Sensors 131.3.2 CharaterizationThe leakage urrent of a polyrystalline CVD diamond as a funtion of the applied voltageis shown in �gure 1.7(a). The sensor size is of about 12 mm x 12 mm x 500 µm with10 mm x 10 mm metallization. The leakage urrent measured diretly after irradiationexhibits a three times larger urrent. After applying an UV light illumination for abouthalf an hour the leakage urrent beame similar to the one before the irradiation [17℄. Theleakage urrent of single-rystalline diamond as a funtion of applied voltage is shown in�gure 1.7(b). The leakage urrent was measured after the sCVDD was irradiated, beforeirradiation the leakage urrent was too small to measure. The studies sCVD diamond hasa size of about 4 mm x 4 mm x 326 µm with round metallization of about 3 mm diameter.The harge olletion e�ieny an be expressed by the mean drift distane, whih isalso alled �harge olletion distane�, CCD. The harge olletion distane as a funtionof absorbed dose dereases as shown in �gure 1.7(). In the �rst moment of irradiationthe harge olletion distane grows. This e�et is alled Pumping E�et. Sine there arenon-diamond atoms in the bulk, energy levels inside the band gap our. These levelsat as harge traps. During irradiation, they are �lled and an not absorb eletrons andholes anymore. After all traps are �lled, the diamond is alled pumped. By irradiatingthe diamond with UV light, trapped harges are released, whih brings the diamond intothe initial state. Figure 1.7(a) shows a redution of the leakage urrent after irradiatingdiamond with UV light. This shows that diamond struture was not damaged after theirradiation. Figure 1.7(d) shows the harge olletion distane of the sCVD diamond asa funtion of absorbed dose. The initial harge olletion distane for sCVD diamondsis higher than for the pCVD diamonds. The CCD for sCVDD drops in the beginningfaster and then shows similar slope as for the pCVD diamonds.1.4 Gallium Arsenide SensorsIn ollaboration with Joint Institute for Nulear Researh, JINR, and Tomsk State Univer-sity several gallium arsenide GaAs wafers were produed. The rystals were grown by theLiquid Enapsulated Czohralski, LEC, method. The wafers of initial LEC GaAs materialare doped by a shallow donor (Sn or Te). This doping is neessary to form a low-ohmin-type semiondutor and to �ll EL+ trapping enters with eletrons. Then the waferswere annealed and ompensated with a deep aeptor (Cr) by means of ontrolled di�usionat high temperature [19℄. During annealing Cr di�uses through the wafer and ompensatesEL2+ traps. The spei� properties of the GaAs:Cr wafers are the relatively large eletronlifetime (5�10 ns) and the ability to produe a uniform eletri �eld pro�le in strutureswith ohmi ontats. Due to the wide diret band gap and additional doping, GaAs isexpeted to be radiation tolerant. In addition it has high resistivity and an be oper-ated similar to the diamond detetors. It is alled a semi-insulating high-ohmi intrinsimaterial.The wafer thikness is 500 µm. The �nal GaAs:Cr sensor has the form of a setor toallow irular assembly. Sensors are polished and metallized on both sides with Aluminumor Nikel. One side has a ontinuous metallization and the opposite side is segmented.



14 CHAPTER 1. Solid State Detetors for Radiation1.4.1 Liquid Enapsulated CzohralskiThe growth starts with putting Gallium and Arseni into a growth ruible. This is plaedinside a high pressure rystal puller and heated up. At high temperatures the omponentsmelt. Adding boron trioxide reates a liquid boron oxide enapsulation to over the meltedGaAs [20℄. This layer of boron trioxide, in ombination with the pressure in the rystalpuller, prevents sublimation of the volatile Group V element.The materials melt until the ompound synthesizes. Then a seed rystal is dippedthrough the boron trioxide layer into the melt. The seed is rotated and slowly withdrawnand a single rystal propagates from the seed.1.4.2 CharaterizationMeasurement of the radiation tolerane of GaAs:Cr are shown in �gures 1.8(a) 1.8(b)and 1.8() [21℄. Several GaAs:Cr sensors were tested in an eletron beam of up to 50 nAbeam urrent at the �Superonduting Darmstadt Linear Aelerator�(S-DALINAC). Oneof the GaAs:Cr sensor setor pads was irradiated with 8.5�10 MeV eletrons up to a doseof 1.5 MGy. The sensor performane was measured as a funtion of the absorbed dose.In �gure 1.8(a) GaAs the leakage urrent before and after the irradiation is shown as afuntion of the bias voltage applied. An inrease of the leakage urrent by almost a fatorof two is observed at room temperature after irradiation. However, the leakage urrentafter irradiation is still small enough to operate a detetor.In �gure 1.8(b) the harge olletion e�ieny, CCE, is shown as a funtion of the biasvoltage applied. As it is seen, the CCE inreases as the applied bias voltage inreases andomes to a saturation. After irradiation the CCE is redued and approahes saturation atlarger voltages.The CCE as a funtion of the absorbed dose is shown in the �gure 1.8(). For thetwo irradiated samples the CCE follows a similar derease. The observed CCE droppedfrom 50% to 5% [22℄. After irradiation the signal-to-noise ratio was still aeptable forMIP detetion. All measurements were done at room temperature. The samples were keptunder bias voltage of 200 V for the whole duration of the measurements.
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(a)

(b)

()Figure 1.8: (a) The leakage urrent as a funtion of the bias voltage before (red) and after irra-diation (blue). (b) The CCE as a funtion of the bias voltage before (red) and afterirradiation (blue). () The CCE as a funtion of the dose absorbed for two GaAssensors before (red) and after irradiation (blue) under bias voltage of 200 V [21℄. Oneof the GaAs:Cr sensor setor pads was irradiated with 8.5�10 MeV eletrons up to adose of 1.5 MGy.



16 CHAPTER 1. Solid State Detetors for Radiation1.5 Devies for Data TakingThe size and shape of a signal depend on the number of eletron-hole pairs reated per
µm inside the material and on the mobility of the harge arriers. Signals are ampli�ed,shaped and transferred to the analysing eletronis. Charge sensitive ampli�ers are usedfor all studies in this thesis. They produe fast output signals. The shaper is slow in theoperation and it makes an output signal of a standard shape.The following devies for signal proessing were used:ADC The analog-to-digital onverter onverts an analog signal into a digital number,quantifying the amplitude of the signal. Some ADCs perform the onversions pe-riodially with a sampling frequeny. There are other ADCs, whih work with anexternal trigger.Here diret-onversion or �ash ADCs were used for the signal proessing. Suh anADC has a set of omparators sampling the input signal in parallel. Eah omparator�res for its own voltage range. An advantage of a �ash ADC is the high samplingrate.TDC The time to digital onverter. It is used to measure the exat time of signal arrivalor its duration. On a generi approah, a TDC is a high-frequeny ounter thatinrements every lok yle. When a signal ours, the ounter's value, representingthe time, is saved to a bu�er and an be read out. The lok yle frequeny de�nesthe time resolution. The lok stability is important for the measurement auray.Saler is a devie that ounts the number of signals in a ertain time interval.Disriminator generates for eah input signal above a ertain threshold a standard outputsignal. Two kinds are used - �xed or onstant fration threshold.DAQ Data aquisition is the proess of sampling signals and onverting the resulting sam-ples into digital numeri values that an be analysed by a omputer. The distintionis made between hardware and software DAQ.The omponents of data aquisition systems inlude:1. Sensors that onvert physial parameters to eletrial signals.2. Ciruits for analysing signals to onvert sensor signals into a form that an beonverted to digital values.3. Analog-to-digital onverters, whih onvert sensor signals to digital values.The data aquisition hardware is ontrolled by software programs developed usingvarious general purpose programming languages.



Chapter 2Charaterization of Radiation HardSensors
2.1 Beam Calorimeter SensorsIn test beams in 2010 and 2011 two GaAs:Cr sensors with di�erent pad geometries havebeen investigated. The �rst one was subdivided in pads of about 5 by 5 mm2, as shownin �gure 2.1(a) and 2.2(a), denoted as type 1. The seond one, type 2, has a geometryoptimized by Monte Carlo simulation as desribed in hapter 7 and has di�erent pad areas,depending on the radius, as shown in �gure 2.1(b) and 2.2(b). Both GaAs sensors weregrown by the Liquid Enapsulated Choralski method and doped with Cr, as disussedin the setion 1.4. The sensor thikness was hosen to be 500 µm to ensure mehanialstability. The sensors are shaped as setors to onstrut a ring. The setor angles are45◦ and 22.5◦, respetively. The inner and outer radii are given in Table 2.1. Eah sensorwas metallized on both sides and on one side the metallization is subdivided radially in 12rings and eah ring in pads. Sensors of type 1 were metallized by Aluminum and of type2 with Nikel. The number of pads is 87 and 64, respetively. Some sensor parametersare summarized in the Table 2.1. The pad numbering uses the ring number, ounted frombottom to top, and the pad number inside a ring, ounted from left to right. All sensorsof type 2 measured on a probe station are listed in the Table 2.2. Sensor harateristiswere provided from the manufaturer. The haraterisation of type 1 sensors (AG-66 No7, AG-66 No 21, AG-66 No 26, AG-66 No 34 and AG-84 No 5) is summarized in Ref [23℄.2.2 Measurement of Sensor CharateristisFor eah pad of a sensor the apaitane and the leakage urrent are measured as a funtionof applied voltage. The measurements were done on a probe station. The side fullymetalized was ontated to the huk, the temperature ontrolled metal plate for sensorholding. Pads were ontated with needles. The probe station provided eletromagnetiand optial shielding. The temperature ontrol was provided together with dried air forhumidity redution. All measurements were done using a Labview program.17
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(a) type 1

(b) type 2Figure 2.1: (a) Equally segmented GaAs:Cr sensor setor layout (type 1). (b) Proportionallysegmented GaAs:Cr sensor setor layout (type 2).
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(a) type 1 (b) type 2Figure 2.2: (a) Photo of a GaAs:Cr sensor setor of type 1. (b) Photo of a GaAs:Cr sensor setorof type 2.



20 CHAPTER 2. Charaterization of Radiation Hard SensorsCharateristi Sensor type 1 Sensor type 2Metallization Aluminum NikelInner radius 20 mm 48 mmOuter radius 84 mm 114 mmRings 12 12Setor angle 45◦ 22.5◦Number of pads 87 64Pad area �25 mm2 from 16 to 42 mm2Pad gaps 0.2 mm 0.2 mmGuard ring 0.35 mm 0.35 mmTable 2.1: Parameters of the sensors of type 1 and type 2.

Figure 2.3: The priniple sheme of the setup for the apaitane-voltage measurements.2.3 Capaitane MeasurementsThe priniple of the apaitane measurements is shown in �gure 2.3. The LCR-meter feedsa pad of the GaAs sensor with an alternating urrent i = iasin(ωt+ φi) and measures thevoltage amplitude ua and the phase shift δφi of the voltage drop u = uasin(ωt+ φi + δφ).Then the impedane is alulated. A onstant DC voltage is applied with a Keithley 487voltage supply through the oupling box. Capaitanes of all sensor pads were measuredwith a HP-4263 LCR meter [24℄. It allows to measure apaitanes with voltages up to450V. Measurements were made at 1 kHz frequeny.Figure 2.4(a) shows apaitane measurements as a funtion of pad size for one entiresensor of type 2. They are shown as grey triangles. The measurements were �t witha linear funtion. All neighboring pads were left �oating. The middle line shows thealulated apaitanes expeted for a parallel plate apaitor C = ǫA
d
, where ǫ is thedieletri onstant, A the pad area and d the separation between the plates. The lower lineare inter-pad apaitanes, measured between two neighboring pads without onnetion tothe bakplane. All measured pad apaitanes are in the range from 6 to 12 pF. Both the



Capaitane Measurements 21Samplenumber Manufaturenumber Thikness,
µm ColletedCharge, e Comments1 AG-84 No 7 490 38750 Guard Break2 AG-84 No 13 498 38450 Bonded for tests3 AG-84 No 19 495 385204 AG-84 No 21 492 36550 Guard Break5 AG-84 No 26 502 36490 Guard Break6 AG-84 No 28 500 38590 Guard Break7 AG-84 No 29 487 384208 AG-84 No 32 502 387209 AG-84 No 39 495 3645010 AG-84 No 41 487 37700 Guard Break11 AG-221 No 25 492 41570 TB201112 AG-262 No 1 506 4057013 AG-262 No 3 512 4164014 AG-262 No 4 509 4269015 AG-221 No 6 498 3702016 AG-262 No 12 504 3563017 AG-262 No 13 517 3758018 AG-262 No 15 518 3919019 AG-262 No 16 509 3717020 AG-262 No 19 507 3449021 AG-84 No 23 492 37930 Guard Break22 AG-84 No 24 485 38520 Guard BreakTable 2.2: 22 GaAs:Cr type 2 sensor harateristis given by the manufaturer.measurements and preditions depend linearly on the pad size, but the slope is di�erent.The measured pad apaitanes di�er from the alulated values by less than 1 pF. Otherapaitane measurements are shown in appendix C.By measuring apaitanes, the metallization an be heked and rosstalk an beestimated. For several sensors di�erent behavior of the apaitane as a funtion of biasvoltage was observed and an example is shown in �gure 2.4(b). The value of apaitanesis higher than the maximum previously measured apaitane of 12 pF and is growingfor pad and guard ring apaitane simultaneously at positive bias voltage applied. Suhbehavior was observed in less than 1 % of pads and only for the sensors of AG-84 series.
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(a) (b)Figure 2.4: (a) The apaitane measured as a funtion of the pad size between the bak planeand eah pad without grounding of neighboring pads - upper gray triangles line. Theapaitane alulated � middle gray line. The apaitane measured between neigh-boring pads - purple triangles line. (b) Unexpeted values from the measurement ofthe apaitane between pad and the bak plane near to the guard ring and betweenthe guard ring and the bak plane as a funtion of the bias voltage.2.4 Current-Voltage CharateristisThe leakage urrent as a funtion of the applied voltage was measured for all pads. Anexample is shown in �gure 2.5(a). A Keithley 487 Pioammeter was used as a high voltagesupply. Voltage steps were of 1 V up to 10V and of 10 V between 10 V and 350 V. All22 sensors were measured at room temperature of 25◦C. Figure 2.5() shows the zoombetween -10 V and +10 V. It shows linear dependene between 10 V and 250 V andnon-linear dependene between 0 V and 10 V. From the linear range the resistivity wasalulated and is of the order 2.4x108 Ω.The non-linear dependene of the leakage urrent from the applied voltage at the regionaround 0 V an be explained by a Shottky barrier. The energy diagram of GaAs:Cr sensoris shown in �gure 2.6. There are two Shottky barriers on both sides of the pad shownin the energy diagram (b). On the interfae between anode and GaAs a spae hargeappears. This region works as a hole soure [25℄. The urrent of holes is desribed by theformula [26℄:
Ip = SA∗T 2e[−

q(ϕBp
+ϕBi

)

kT
][e(

qV1
kT

)−1],where S is the anode area, A∗ Rihardson onstant, ϕBi
the bend of Shottky barrier, V1the derease of voltage and ϕBp

the barrier height for holes.The urrent omponent from eletrons is obtained by the formula:
I = U/Reff + In,where U is the applied voltage, Reff the e�etive resistane, and In the saturation urrent.The saturation urrent is the limiting urrent from metal to semiondutor through theShottky barrier [25℄,[26℄,[27℄,

In = SA∗T 2e(−
qϕBn
kT

),
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() eV(d)Figure 2.5: (a) The leakage urrent of a pad of the GaAs:Cr sensor as a funtion of the appliedvoltage in the range from -350 V up to +350 V. (b) An example of unusual leakageurrent measurement as a funtion of the bias voltage. () Zoom in the voltage regionaround zero, -10 V up to +10 V. (d) The Shottky barrier height measurement.where ϕBn
is the barrier height for eletrons. The leakage urrent for GaAs:Cr is non-linearup to 1 V due to larger hole urrent than eletron urrent. In this way, from the leakageurrent measurements the sensor resistivity as was shown before and the Shottky barrierheight an be obtained. The obtained Shottky barrier height is shown in �gure 2.5(d). Thebarrier height of 0.8 eV is in the agreement with the information from the manufaturer [27℄.The sensors used in the test beam were measured in the lab before bonding. Figure 2.7ontains leakage urrent measurements for eah pad of a type 2 sensor at 100 V. It isplotted as a funtion of pad number from left to right as skethed in �gure 2.1(b). Thepads at the border have slightly lower leakage urrents beause of redued pad area nearto the guard ring. The plots for the remaining 11 sensors are shown in the appendix C.All together for 22 sensors of type 2 segmentation were measured. Figure 2.8(a) shows theurrent density alulated for the same sensor. The distribution was �t by Gaussian andthe mean value is 7.15±0.19 nA/mm2.In addition, the leakage urrent was measured for several pads as a funtion of the
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Figure 2.6: (a) The model of a GaAs pad, (b) energy diagram and eletri �eld distribution in thesensor without applied voltage, () energy diagram and eletri �eld distribution in thesensor with applied voltage. b - shows small donor levels and deep Cr impurities [25℄.
Fn,p are the quasi Fermi levels for eletrons and holes, respetively. V1 = V − IpR,where V is applied voltage and R is a pad resistivity.
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(b)Figure 2.8: (a) The urrent density of a GaAs:Cr sensor pads at 100 V bias voltage. (b) Theleakage urrent of a GaAs:Cr sensor pad at 100 V bias voltage as a funtion of thetemperature.temperature. Figure 2.8(b) shows the leakage urrent at 100 V from −10◦ C up to +60◦ C.The leakage urrent inreases exponentially with the temperature inrease by a fator of2.5 for eah 10◦C. For the semiondutors the leakage urrent is explained by the numberof harge arriers [26℄
n = nie

[
EF−Ei

kT
],where ni the intrinsi arriers onentration, Ei the intrinsi Fermi level and EF the Fermilevel. The leakage urrent then depends on the temperature:

IL ∝ e−
Eg

2kT , (2.1)where Eg the band gap. The temperature an be used for reduing the leakage urrent.
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Chapter 3Experiments at the LHC
IntrodutionThe Large Hadron Collider, LHC, is an aelerator and storage ring for protons and ions.It uses superonduting dipole magnets to fore partiles on a irular orbit. It is installedin the former LEP [28℄ tunnel of 27 km irumferene and was designed to provide proton-proton ollisions with beam energies of up to 7 TeV. Two separate beams are aeleratedin opposite diretions in separate beam pipes. There are four major experiments plaedalong the ring. Their loations are shown in �gure 3.1. Two of them are large multipurposeexperiments, ATLAS (A Toroidal LHC Apparatus) [29, 30℄ and CMS (Compat MuonSolenoid) [31, 32, 33℄. Both detetors have a ylindrial struture with end-aps at bothsides. ATLAS is instrumented with a small solenoidal and superonduting toroids forpreise momentum measurements of muons. CMS has a solenoidal magneti �eld with allalorimeters installed inside the oil. CMS was onstruted in a hall on surfae and fullyassembled parts were lowered into the avern and assembled together. This makes theCMS detetor easily maintainable and easy to handle in future upgrades. The two otherexperiments are smaller and dediated to spei� physi topis, LHCb [34℄ for b-physisand the study of CP�violation, and ALICE (A Large Ion Collider Experiment) [35℄ forheavy ion physis, for example, the study of the quark-gluon plasma.Goals of the LHC and the experiments are [32℄:

• to explore physis at the TeV sale.
• to study the mehanism of eletroweak symmetry breaking (e.g. the Higgs partilesearh).
• to look for phenomena beyond the Standard Model, SM, (e.g. the searh for super-symmetri partners of the SM partiles).
• to investigate new form of baryoni matter.
• to understand the asymmetry between matter and antimatter in the universe.29
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P5

P1

Figure 3.1: Shemati layout of the LHC ring with its 8 otants, two-beam pipe design and itsfour insertion regions for experiments [36℄.



The CMS Experiment 31For two olliding beams, the number of sattering events per seond is given by therelation:
N = σL.The ross-setion, σ, is oming from the proess nature, but the fator, alled luminosity,determines the performane of the aelerator. The luminosity is de�ned as:

L =
frevN1N2nb

4πσxσy
F,where frev is the LHC revolution frequeny,N1,2 number of partiles per bunh, nb is numberof bunhes in one orbit, σx,y are the RMS beam widths and F is the redution fator dueto the rossing angle. The design luminosity is L = 1034cm−2s−1. To study rare events alarge L value is neessary. The luminosity an be inreased by the number of partiles inthe beams and by reduing vertial and horizontal beam sizes.3.1 The CMS ExperimentThe CMS experiment is designed to measure the energy and momentum of all partiles,reated in a proton-proton ollision. It is plaed in the interation region 5, P5, in the �fthotant as shown in �gure 3.1. The CMS layout is shown in �gure 3.2. CMS is 21.6 m inlength and 14.6 m in diameter and the total weight is 14 500 tonnes. Aording to Ref. [31℄,CMS was designed for getting the best possible sienti� results, and therefore to look forthe most e�ient ways of �nding evidene for new physis phenomena.CMS is an example of a multipurpose detetor system used for ollider experiments. Ithas an onion struture, where eah sub-detetor layer is surrounded by another layer. Itomprises the following sub-detetors from the innermost layer to the outside: a vertex de-tetor, a traker, an eletromagneti alorimeter, a hadron alorimeter and a muon system.A solenoidal magneti �eld of 4 T ensures exellent partile momentum measurement.CMS was designed to math the following general requirements:

• preise vertex and seondary vertex reonstrution
• a high resolution eletromagneti alorimeter for detetion and measurement of ele-trons and photons
• a hermeti hadroni alorimeter
• highly preise measurement of jets
• a high performane system for muon detetion and measurements,Additionally, for the di�rative and heavy-ion physis programs, forward detetors areinstalled:
• the CASTOR eletromagneti and hadroni alorimeter around the beam pipe,
• Zero Degree Calorimeter (ZDC) for neutrons and very forward photons measurement.
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Figure 3.2: Shemati of CMS [31℄.Detetors for beam onditions and radiation monitoring (BRM) are installed at severalloations inside and around CMS. Near to the beam pipe inside the traker volume theFast Beam Condition Monitor (BCM1F) is installed. It will be desribed here in moredetails below.Eah beam may ontain 2808 bunhes with 25 ns separation. Up to now LHC wasoperated with 1380 bunhes per beam and 50 ns separation. One turn of the beam isalled orbit. Some of the bunhes an be left empty. 25 ns bunh spaing may be ahallenge for the eletronis design.LHC provides up to 20 inelasti ollisions superimposed within one bunh rossing.The number of inelasti events requires a high-performane trigger system to selet andstore events interesting for physis analysis. The high �ux of partiles penetrating CMSrequired high radiation tolerane of the inner detetors and their eletronis.3.1.1 Traking SystemThe traking system of CMS is omposed of silion pixel and strip detetors, whih overseveral onentri ylinders around the beam pipe and disks in the forward - bakwarddiretions [37℄. The whole traker is 5.8 m long and 2.6 m in diameter. Starting fromthe beam pipe, the �rst 3 layers are silion pixel detetors followed by 10 layers of silionmiro-strip detetors at larger radii. The position lose to the interation point, IP, leadsto a large amount of partiles rossing the pixel detetor, requiring �ne granularity for good



The CMS Experiment 33traking and seondary vertex reonstrution. The pixel size is 100 by 150 µm and miro-strip size is 80 - 180 µm. Pixel detetors were optimized for the position resolution, rateapability and radiation tolerane with minimal amount of material. The traker detetormeasures harged partiles within the pseudorapidity range |η| < 2.5. The pseudorapidityis a variable used as spatial oordinate desribing the angle of a partile relative to thebeam axis. It is de�ned as
η = − ln

[

tan

(

θ

2

)]

,where θ is the angle between the partile momentum p and the beam axis. The trakerprovides an impat parameter resolution or approximately 15 µm and a resolution ontransverse momentum (pT ) of about 1.5% for 100 GeV partiles. The traker was designedfor operation with a maximum luminosity of 1 · 1034 m−2s−1 and will be upgraded forthe high luminosity operation of LHC after 2020 to a higher number of pixel detetors forbetter trak resolution.3.1.2 Eletromagneti CalorimeterThe eletromagneti alorimeter (ECAL) onsists of 61200 lead tungstate (PbWO4) rys-tals in the entral barrel and 7324 rystals in eah of the two end-aps. It overs a pseu-dorapidity range |η| < 3.0. To detet and readout the sintillation light from the rystals,silion avalanhe photo detetors (APD) are used for the barrel part and vauum phototri-odes for the end-aps. The photo detetors are required to operate in the magneti �eld.The lead tungstate sintillating rystals have a short radiation length, X0=0.89 m, anda Moliere radius of 2.2 m. They are fast (80% of the light is emitted within 25 ns) andradiation hard (up to 10 Mrad) [31℄. However, they provide a relatively low light yield of30 γ/MeV. Both, the rystals and the APD are sensitive to temperature hanges and needgood temperature stabilization.In front of the end-aps, a preshower detetor is installed for improving eletron-photonseparation and π◦ identi�ation. Moreover, it improves the position measurement of par-tiles before they enter the ECAL end-aps. The preshower detetor an be onsidered asa sampling eletromagneti alorimeter onsisting of two layers. Eah layer ontains leadas absorber and silion strip detetors as sensitive layer plaed behind the lead.3.1.3 Hadroni CalorimeterThe hadroni alorimeter (HCAL) [38℄ is a sampling alorimeter ontaining 3.75 mm thiklayers of plasti sintillators and of 5 m thik brass absorbers in the barrel and 8 m thikabsorbers in the end-aps [38℄. Brass is a non-magneti material with a short interationlength. The sintillator tiles are read out with silion hybrid photodiods, HPD, via wave-length shifting �bers. HCAL is subdivided into barrel (HB), outer (HO) and end-ap(HE)HCAL parts. In addition, a forward HCAL (HF) is installed in the forward region, asshown in �gure 3.2. It is using quartz �bers as ative media and steel absorber. All HCALparts exept HO are loated in the solenoid. HCAL has been designed to minimize deadregions to maintain the missing energy measurement performane.In future upgrade, the HCAL avalanhe photodiods, APD's, will be replaed by anew photodetetors alled Silion Photo Multiplier (SiPM) [39, 40, 41℄. A SiPM is a



34 CHAPTER 3. Experiments at the LHCpixel array of Avalanhe Photodiodes operating in Geiger mode. Eah pixel that has�red due to a onverted photon reates a single pulse of harge with uniform amplitude.In the end all signals from all pixels are added together inside the hip to give a singleoutput being proportional to the number of photons. In omparison to APD and hybridphotodiods, SiPMs have a high quantum e�ieny, high gain and good signal-to-noiseratio. Furthermore, they are not a�eted by the magneti �eld.3.1.4 Forward CalorimetersCASTOR is a very forward Cherenkov sandwih alorimeter loated 14.3 m from theCMS interation point [42, 43℄. The main physis goals for operating CASTOR are softQCD and exoti physis studies. CASTOR onsists of tungsten absorber layers and fusedsilia (quartz) plates as ative medium. The plates are inlined at 45◦ with respet to therossing partiles to inrease the olletion of Cherenkov light. The readout is realizedwith light-guides transporting the light to radiation hard photomultiplier tubes. CASTORhas a ylindrial design with a length of 1.5 m and a diameter of 60 m and overs apseudorapitidy range from 5.1 < η < 6.6.ZDC is the Zero Degree Calorimeter whih is ompat, fast, highly radiation resis-tant with good energy and position resolution [44℄. It uses tungsten as absorber planesand quartz �bers as ative medium. It onsists of an eletromagneti alorimeter partwith tungsten planes loated perpendiularly to the beam partiles followed by a hadronialorimeter part with tungsten planes tilted at 45◦.ZDC is intended to measure neutrons and photons at very low angles. The ZDC isloated at the end of the straight setion of the beam at P5.3.1.5 Magnet and Muon SystemThe CMS magnet is a superonduting solenoid of 13 m length and 5.9 m diameter. Itgenerates an almost homogeneous magneti �eld of 4 T in the barrel region of the CMSdetetor. The traking system and the alorimeters are inluded in the oil. The iron yokeoutside of the magnet returns the magneti �eld, yielding a �eld strength of about 2 Tinside the iron.The slots in the iron yoke are instrumented with the following detetors:
• Drift tubes (DT) in the barrel over the pseudorapidity range |η| < 1.2.
• Cathodi strip hambers (CSC) in the end-ap overing the range of the pseudora-pidity 0.9 < |η| < 2.4. They are hosen due to robust operation in a magneti �eld,high rate apability and good spatial and time resolution.
• Resistive plate hambers (RPC) in the barrel and in the end-aps over up to |η|=1.6.The RPC are used for the �rst level trigger due to their fast response.Muon detetors are used to identify and measure the momentum of muons. They arealso essential for bunh rossing tagging and triggering. The full system is desribed inRef. [31℄.



Chapter 4The Beam Conditions and RadiationMonitoring System of CMSAt the LHC eah proton beam stores an energy of more than 330MJ at nominal parametersat 7 TeV [45℄. This energy in ase of a beam loss an ause serious harm to LHC equipmentand the CMS detetor. The damage on material due to 450 GeV proton beam was testedin [46℄. The observed radius of damage reahed few mm in opper.To be able to extrat the beam without danger to the equipment into the graphiteabsorber (beam dump), abort kiker magnets are installed in the LHC ring at P6. Theirrumping time is 3 µs, requiring so alled abort gap in the bunh �lling sheme.The Beam Conditions and Radiation Monitoring System, BRM, [47, 48, 49℄ aims tomeasure beam onditions in the CMS experiment and initiate protetion proedures inase of dangerous senarios for the operation of the CMS and LHC. It delivers data withtime resolution from ns to several months. BRM subsystems are working independentlyfrom entral CMS power and data aquisition. The following BRM subsystems are loatedaround the CMS avern and near the beam pipe.BPTX - The Beam Pik-up Timing System for Experiments. It onsists of two LHCbeam position monitors (BPM) eah omprising four eletrostati button eletrodesaround the beam-pipe [50℄. The time resolution is about 50 ps and the amplitudesare proportional to the bunh harge. The ombination of amplitude and timinginformation provides a bunh pattern measurements. The BPTX system is the pri-mary referene for triggering on bunhes passing through CMS. It is also used fortriggering several subsystems inluding the BRM detetors and ontributes to theglobal CMS trigger system.RADMON - RADiation MONitor is an extension of the LHC-wide radiation monitoringsystem for measurements of the ambient radiation dose. RADMONs measure dosesand dose rates by using Radiation-sensitive Field-E�et Transistors, RadFETs, andStati random-aess memory, SRAM. A RadFET measures the hadron �ux and aSRAM measures the rate of single events upset (SEU) in the memory.BCM1L - Beam Condition Monitor 1 are urrent monitors installed in the traker volumeat a radius of about 5 m around the beam pipe. Eah of eight monitors ontainsa polyrystalline CVD diamond sensor of 1 m2 area. It is plaed at about 5 m35



36 CHAPTER 4. BRM System at CMSradius around the beam pipe to measure the partile �ux. The urrent through thesensors is proportional to the �ux of partiles. In ase the measured urrent is abovethe abort threshold, it will initiate the abort signal, whih will be sent to the ontrolroom to trigger a beam dump.BCM2L - Beam Condition Monitor 2 has 4 diamonds mounted at about 5 m radius, and8 diamonds at 28 m radius at the rear side of HF. All diamonds are polyrystallineCVD diamond and the urrent through the sensors is monitored as in BCM1L. TheBCM2L is providing also the beam abort signal [51℄.BSC - Beam Sintillator Counters are sintillator tiles loated on the front and rear of HF.This system was installed to provide a rosshek of the beam timing and a triggerfor p-p sattering events at low luminosity. The sintillators are not radiation hardand the system will be replaed with BHC.BHC - Beam Halo Counter - sintillator ounter under development for the BSC replae-ment after the LHC shut down 2013-2014.BCM1F - Fast Beam Conditions Monitor 1 uses single rystal CVD diamond sensors witha fast ampli�er for bunh by bunh monitoring of beam halo partiles and ollisionproduts.A table with the loation of the BCM subsystems is shown below.Subsystem Position Z Funtion Sampling time MaterialBPTX 175 m from IP 50 ps eletrostatieletrodesRADMON Throughout the CMSavern Monitoring 1 s RadFET andSRAMBCM1L Pixel Volume, ±1.8 m Protetion 5 µs pCVD diamondBCM2L At the rear of HF,
±14.4 m Protetion 40 µs pCVD diamondBSC (old) In front of HF,
±10.9 m, 14.4 m Monitoring bunh by bunh SintillatorsBHC (new) In front of HF Monitoring bunh by bunh SintillatorsBCM1F Pixel Volume, ±1.8 m Monitoring bunh by bunh sCVD diamondFor one of the subsystems, the Fast Beam Condition Monitor - BCM1F, the operationwas monitored during 2011-2012. The performane of the full system is reviewed in thefollowing hapter. Studies for the use of BCM1F as a luminosity monitor will be shown inthe hapter 5.4.1 The Fast Beam Conditions Monitor at CMSBeam Conditions Monitors are used to prevent damage in the inner detetor system inase of dangerous beam onditions. Previous experiments at KEK, SLAC and Fermilab
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Figure 4.1: Loation of the BCM1F diamonds inside the CMS traker volumeused urrent monitors similar to BCM1L and BCM2L [52℄, [53℄. Single rystal diamondounters were investigated for the �rst time in the ZEUS experiment at HERA [54℄.BCM1F at CMS was developed for measuring both beam losses and ollision prod-uts [55℄. For the �rst time single rystal diamond sensors are used.The size of the diamonds is small, what allows to install them near to the beam pipesat 5.5 m radius, as shown in �gure 4.1. Two subsystems of four modules were installed onboth sides of the IP at the distane of 1.8 m from the IP. Eah module ontains a sCVDdiamond sensor, radiation hard front-end eletronis and an analog optial readout of thesignals. All modules are positioned in a plane perpendiular to the beam-pipe as shownin �gure 4.1. Eah module is shielded by an aluminum box. The boxes are mounted onarbon �ber arrier strutures shown in �gure 4.2. The module loations are marked asup, down, far and near with respet to the LHC plane. These abbreviations are used forlabeling of the modules.Inoming and outgoing partiles are onsidered as relativisti and irulate around theLHC with speed of light. The time of �ight of relativisti partiles between the IP andeah sensor plane is of about 6 ns and between the two planes 12 ns. The position ofthe BCM1F is hosen to be optimal in terms of time separation between inoming andoutgoing partiles of the beam halo [56℄.4.1.1 sCVD Diamond SensorsBCM1F omprises 8 single-rystal CVD diamond sensors (sCVD). The dimensions of thesensors are 5x5x0.5 mm3. The square metallization size is 4.7x4.7 mm both sides. Inaddition, they also ful�ll the time resolution requirements for resolving bunhes.In the table 4.1 a mapping is given between the positions of the modules, the labelingof the transmission lines and the ADC hannels.The system has to be robust and simple beause there is no ooling and aess to theBCM1F during operation.
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Figure 4.2: Left: The omponents of a BCM1F module. A single rystal diamond sensor (top),a front-end ASIC (middle) and a omplete module (bottom). Right: Photo of theinstallation of BCM1F modules around the beam-pipe inside the CMS detetor.



The Fast Beam Conditions Monitor at CMS 39ADC Channels Position Side/Num.0 -Z top 1/11 -Z far 1/22 -Z bottom 1/33 -Z near 1/44 +Z top 2/15 +Z far 2/26 +Z bottom 2/37 +Z near 2/4Table 4.1: The position of the BCM1F modules, the label of the transmission lines and ADChannels.4.1.2 BCM1F EletronisEah diamond is onneted to a radiation hard harge sensitive preampli�er JK16 [57℄,produed using 0.25 µm CMOS tehnology. The front-end has of about 1 nF input virtualapaitane and a 60 mV/fC harge gain. For a 5 pF detetor apaitane, the measurednoise is about 700 e− equivalent noise harge (ENC). The JK16 single ended output isAC oupled to the ustom-designed Linear Laser Driver ASIC (LLD) [58℄. The peakingtime was measured to be 22 ns [56℄. The gain and the laser driver bias urrent annot beprogrammed. The input polarity and the laser driver bias setting were set to obtain thebest dynami range on eah module.The output signal is transmitted to the ounting room over an analog optial hain [59℄developed for the CMS traker. Single �bers from the lasers are onneted to an interon-neting path panel and afterwards single �bers merges into a 12-�ber ribbon able whihis going to the ounting room. There eah ribbon onnets diretly to a 12-hannel analogoptial reeiver, whih is onverting optial signals bak to eletrial. From the optialreeiver, the signals are split by a fan-out module and the opies are sent to an ADC andto disriminators. An ADC of the type CAEN V1721 is used. It ontains 8-hannels,eah ontaining a �ash ADC with 500 MSamples/s sampling frequeny. The memory perhannel is 2 MB. The ADC an be triggered internally or externally. It an read out upto 45 onseutive beam orbits or a orresponding number of user de�nable time intervals.The information is read out via an on-board optial link and data is proessed in a PC.Sine the ADC has fast sampling, preise time measurements are possible, for example, toemulate a TDC, as it will be desribed in the following setion.The signals after the disriminators are split again and ounted with a V560 saler fromCAEN and digitized with multi-hit apable TDC V767 from CAEN with 20 bit dynamirange and 0.8 ns least signi�ant bit, LSB, resolution. The TDC and the salers are readout via a VME-bridge.Test pulses feeded in the preampli�er were used for a system funtionality hek andperformane monitoring.A shemati of the omplete bak-end is shown in �gure 4.3. The saler deliver on-lineount rate for eah hannel whih are displayed in the CMS and LHC ounting rooms.The TDC arrival time is mapped in an orbit time interval. Data is olleted over several



40 CHAPTER 4. BRM System at CMS10 minutes to obtain ount rates for olliding and non olliding bunhes. A lookup table,LUT, is loated between TDC and salers and provides eah of them with a opy of signalsand veto signals to stop reading signals when the TDC bu�er is readout. I future a newreadout histogramming unit, RHU, will be used. It histograms hits in bins of 6.25 ns (4 per25 ns bx) over the entire orbit for a on�gurable number of orbits, for eah hannel. Italso ollets postmortem information to analyze signals reorded before the beam dumpsignal appeared. It is being developed to be a part of the BCM1F DAQ system afterthe upgrade. The doumentation is available in Ref. [60℄. The NIM to ECL onverter isproviding a hange of signal from standard NIM to ECL and opposite. The box with theso alled beam-gas logi ontains Multiple Gate & Delay Modules, MGD, and salers. TheMGD modules has been developed to measure beam halo and albedo rates. The gatingselets detetor signals in spei� time slots relative to the bunh lok: ollision produts6.25 ns after bunh rossing, beam gas for eah beam 6.25 ns before/after non-ollidingbunhes and albedo rate just before start of a bunh train.
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41Figure 4.3: Struture of the BCM1F readout eletronis and data aquisition.
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Figure 4.4: LHC proton �lling sheme4.2 Bunh StrutureThe �lling sheme of LHC, mapped on one orbit, is shown in �gure 4.4. Eah protonbeam at full intensity will ontain 2808 bunhes. Eah bunh ontains 1.15x1011 protonsat the start of a nominal �ll. The LHC is �lled with bunhes using the pre-aeleratorsPS and SPS. The 72 bunhes from Proton Synhrotron, PS, are ombined into a bathand injeted into the Super Proton Synhrotron, SPS. Then three or four bathes from theSPS are injeted into the LHC and form trains. Gaps between the trains and bathes arespei�ed with τ1,2,3,4,5 in �gure 4.4. The �lling sheme allows a maximum of 3564 bunhesto irulate in one orbit. In 2010-2012, LHC was operated with 50 ns bunh spaing and1380 bunhes were olliding in CMS.BCM1F is fast enough to distinguish between partiles originating from onseutivebunhes. In addition BCM1F allows to detet halo partiles and ollision produts. Sinethe time di�erene between halo partiles of inoming bunhes and ollision produts isabout 12 ns, for their separation a time resolution of a few ns is needed. The intrinsi timeresolution of BCM1F will be disussed in the setion 4.6.The ADC with fast sampling an provide timing information. The orbit lok is usedas a trigger to read out the ADC. Eah reorded signal is analyzed by applying a �xedthreshold and a number of the samples over threshold. The �rst sample over thresholdde�nes time of signal arrival. The number of samples over threshold times sampling fre-queny de�ne time over threshold. Figure 4.5(a) shows a distribution of the arrival timeobtained from the ADC data mapped on a full orbit. This time struture allows to see theLHC bunh struture. Figure 4.5(b) shows a zoom into a bath of 36 bunhes separated by
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(b)Figure 4.5: Example of the bunh struture of LHC, observed with ADC at 17.08.2011, Fill 2030.Right - zoom into a bath omprising 36 bunhes.

(a) (b)Figure 4.6: (a) The BCM1F saler rate as a funtion of time, showing LHC stages. (b) TheBCM1F saler rate as a funtion of time after the beams were dumped.50 ns. Eah peak is a ombination of partile measured by BCM1F originating from halopartiles from inoming and outgoing bunhes and from ollision produts. In �gure 4.5(a)the train struture of the LHC over 2011-2012 as a ombination of two and four bathes.The gap at the left side in �gure 4.5(a), around 5000 ns, is the so alled abort gap of 3 µs.The measurements were done at 13-th September 2011 with 1380 bunhes in the LHC and50 ns between bunhes.Every LHC �ll follows an order of sequenes [61℄. The tasks within a sequene thatare related to a spei� ativity are grouped into sub-sequenes. The main sequenes arealled: injetion, ramp, �at top, squeeze, stable beams, unstable beams and dump.After injetion the beams are aelerated, whereas the magnets are ramped up tokeep the beams on the nominal orbit. The sequene �at top is the interim period whenthe aeleration is �nished and all injeted bunhes are irulating in the rings, but notolliding jet. The next sequene are squeeze and stable beams. In this sequenes the beamsstart to ollide.In �gures 4.6(a) and 4.6(b) the BCM1F rates are shown for the suessive LHC se-
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(a) (b)Figure 4.7: (a) Part of one LHC orbit measured by the �ash ADC of BCM1F. (b) Example signalobserved with the ADC.quenes [62℄. Data from the �at top sequene will be used later for intrinsi time resolutionmeasurements of BCM1F. The stable beams sequene, in �gure 4.6(a) alled �luminosity�,is used for taking data in the CMS experiment. The ount rate of BCM1F jumps up bytwo orders of magnitude sine the ollision produts appear. The ount rate as a funtionof time dereases, as expeted, during the stable beam phase, sine the transverse sizes ofthe beam grow, leading to a derease of the luminosity. Figure 4.6(b) shows the ount rateafter the beams were dumped. The slight drop with time attributed the de-ativation ofthe material. It was �tted with two exponentials, obtaining e�etive deay onstants of34 minutes and 40 hours.The ount rate was forwarded to the LHC ontrol room as so alled bakground 1.4.3 Signal Proessing with the ADCThe ADC data o�ine analysis provides the understanding of the performane of the fullsystem. Eah signal is reorded with 2 ns sampling. An example of BCM1F data reordedin 2011 with the ADC is shown in �gure 4.7(a). It ontains signals from the partiles thatrossed the diamond sensor in the displayed time interval. Signals are appearing not eah50 ns due to the small area of the diamond sensor. In �gure 4.7(b) one partiular signal isshown with baseline, signal amplitude and threshold de�nitions.For the signal proessing several steps are de�ned. Firstly, the baseline has to bedetermined when there are no signals from partiles rossing the detetor. During LHCoperation the baseline is determined in the time window of the abort gap. It is obtainedas the mean value of a ertain amount of samples. Then an algorithm for peak �nding isapplied [63℄. When the ADC values in several samples are over the prede�ned threshold,the signal andidate is found. Then the number of ADC samples over the threshold isounted and the signal length is de�ned. Only signals above a prede�ned length areaepted, what rejets noise. The signal amplitude is de�ned as the di�erene between thesignal maximum and the baseline value.
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(b)Figure 4.8: Examples of saturated signal observed with the ADC, proton run, Fill 1966In �gures 4.8(a) and 4.8(b) are shown examples of saturated signals reorded fromdi�erent hannels. The saturation is aused by the limited dynami range of the laserdiode. The fration of suh signals is only a few perent.The data reording is made via ROOT Trees. ROOT is an objet-oriented programand library developed by CERN. The ROOT �le ontains the following information:Event - a number of an orbit lok trigger or a self trigger or of any other pulse given asa trigger for the ADC.Channel - is the hannel number from 0 to 7, as desribed in table 4.1.EventHeader - are variables storing headers of eah trigger.BaseMean and BaseSigma are the alulated mean and standard deviation values of thebaseline.N - the number of samples measured with the ADC.Data - is an array ontaining the ADC values for N samples.4.3.1 Signal Shape FuntionFor the signal desription a signal shape funtion for a CR-RC shaper an is used. CR-RCpulse shaping is the most used tehnique, for the BCM1F preampli�er JK16 and later tothe FE ASIC for the forward alorimeters, and is performed by sending the signal througha asaded CR di�erentiator and CR integrator. In this way the signal is �ltered at lowand high frequenies, what results in an improvement in signal-to-noise ratio. The high-pass �lter is often implemented by a CR omponent and the low-pass �lter by a RC. Theduration of the pulse is de�ned by the CR-RC shaper omponents and di�erentiator, τd,and integrator, τi, time onstants. The signals reorded by the ADC an be parametrizedas [64℄
s(t) = V0

τd
τd − τi

[e
−t
τd − e

−t
τi ],where V0 - is proportional to the signal amplitude. For equal time onstants τd = τi = τ

s(t) = −V0
t

τ
e

−t
τ , (4.1)
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(b)Figure 4.9: (a) A MIP signal example in blue and �t by the funtion of equation 4.1, in red. (b)The rise time obtained from the �tted signals with the signal shape funtion.where τ is the rise time of the signal. An example of a �t using equation 4.1 for a signalsampled by the ADC is shown in �gure 4.9(a). More detailed alulations are shown inapendix B. This method was applied for the BCM1F signal �tting and later for the testbeam data analysis. This method is not sensitive to baseline shifts. The resulting time riseof signals for the BCM1F are shown in �gure 4.9(b). The mean rise time was obtained tobe 15 ns. It is slightly less than it was given in the desription of the BCM1F JK16 ASICbefore.4.3.2 Signal BaselineThe baseline is determined from the samples taken during the 3 µs abort gap, where nosignals are expeted. In this time window, the baseline is alulated as the mean valueof 100 samples. Calulating the baseline for eah event separately results in the bluedashed distribution of �gure 4.10(a). Averaging the baseline over 100 events, the red fullline distribution is obtained. The latter shows a narrower distribution. This a�ets theamplitude alulations too, what an be seen in �gure 4.10(b). The pedestal, MIP andsaturation peaks are sharpened and the MIP peak an be better determined for the baselinealulated for 100 events. This is explained by reduing in�uene from the rarely appearingsignals in the abort gap e.g. due to ativation of the material in the CMS. Hene, meanbaseline is de�ned as the mean value of the baselines from the last 100 events.4.3.3 Baseline Monitoring Tool 2011A speial DAQ program, alled Baseline Monitoring Tool (BMT), was developed [63℄. Theaverage value over a full ADC bu�er of about 4 Msamples is alulated. The result issaved in a text �le. A histogram is reated showing the baseline as a funtion of timeover a period of several months as shown in �gure 4.11. The baseline value is send every5 minutes to the CMS ontrol room. Baseline measurements in presene of ollisions areshifted due to signals measured in the 4 µs window. A derease of 5% is seen in this time
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(b)Figure 4.10: (a) Distribution of baseline values, blue - single event baseline, red - averaged baselineover 100 events. (b) The amplitude spetra for di�erent baseline de�nitions: blue -single event baseline, red - averaged baseline over 100 events.



48 CHAPTER 4. BRM System at CMS

Figure 4.11: The baseline monitoring results examples over 2011.window. Breaks between measurement were due to DAQ updates and power uts in CMS.A derease of the baseline by about 5 % is observed in a time period of three months.There are studies done to investigate the dependene of the baseline on the temperature.An example of this dependene is shown in �gure 4.12 [65℄. The baseline of 8 hannels andthe temperature measured in the pixel detetor are shown as a funtion of time for about10 days. One an see that the baseline value is anti-orrelated with the temperature.4.4 Spetra of Signal AmplitudesIn �gure 4.13 an amplitude spetrum is shown for hannel 0, measured in May 2011. Itshows a sharp pedestal, a peak orresponding to the expetation for a relativisti partile,hereafter alled MIP signal, and a saturation peak due to the limited dynami range ofthe laser diode. The minimum amplitude, measured by the peak �nding algorithm is 0.1ADC ounts.The length of signals is de�ned as the time the signal exeeds a ertain threshold. Itis used to disriminate noise from signals by applying an appropriate threshold. Anotherquantity to redue the noise is the signal amplitude.Figure 4.14(a) shows the signal amplitude as a funtion of the signal length for low am-plitude and signal length thresholds. The red spot around 70 ns signal length orrespondsto MIP partiles. At larger signals the signal length inreases. The amplitude is saturatedfor some signals longer than 150 ns. Figure 4.14(b) shows a zoom in �gure 4.14(a), wherethree spots of enhaned signal density are visible with similar amplitude, but signal lengthsof about 70, 125, 175 ns. The spots orrespond to ases where two or three signals, arrivingeah 50 ns, overlap. Similar �gures for other hannels are shown in appendix A.
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(d)Figure 4.14: Example of signal amplitude vs length of the signals observed with ADC in hannel 0(a) at full range, (b) �rst zoom in signal length. () Example of the signal amplitudevs length for amplitude threshold of 3 ADC ounts. (d) The signal amplitude as afuntion of the signal length for �at-top LHC sequene.Figure 4.14() was obtained with an amplitude threshold of 3 ADC ounts and 10 nssignal length threshold. The inrease of the signal amplitude threshold redues the signallength. The red spot on �gure 4.14()shows that the MIP signal length is around 40 ns.Inreasing the threshold of the signal amplitude also the amount of overlapping signals isredued.Using data from the �at-top sequene of the LHC, as shown in �gure 4.14(d), overlap-ping signals are not visible sine the ount rate is low, and hene also the probability foroverlapping signals.



Comparison of ADC and Disriminator Threshold Sans 514.4.1 Constant Fration Disriminator EmulationA onstant fration disriminator, CFD, is an devie to proess signals and is replaingmathematial operation of �nding maximum and then �nding a fration of the maximumof the signal. CFD are used in order to redue the time walk. Time walk appears for �xedthreshold disriminators when the amplitude of signals varies. The priniple of CFD issplitting the input signal in two parts. One part is attenuated by a fator N and subtratedfrom the delayed input pulse. The amount of delay an be adjusted. The resulting bipolarsignal rosses the baseline at a onstant time with respet to the start of the pulse.To improve the time resolution of the BCM1F system a onstant fration disriminatorwas emulated using ADC data. The signal amplitude was determined �rst with the peak�nding algorithm and the amplitude was used to de�ne the arrival time when the signalreahes higher than 50% of the full amplitude. Figure 4.15(a) shows the signal amplitude asa funtion of signal length for the onstant fration disriminator emulation. With inreaseof the signal amplitude, the signal length is staying onstant up to an amplitude of 60 ADCounts. Then signal length inreases due to signal amplitude saturation. Figure 4.15(b)shows a histogram of the signal length with mean value 43.96 ns and sigma 3.63 ns. Allplots shown are for hannel 0 of the ADC. The other hannels exhibit similar behavior.4.5 Comparison of ADC and Disriminator ThresholdSansThreshold sans are used to �nd a threshold for the disriminators to ount e�ientlysignals and not, or only little, noise. The salers are ounting the number of signals perseond, hereafter alled rate, for all 8 hannels. The disriminator thresholds were variedwith 2 mV step and the rates were measured for eah threshold.A threshold san using disriminators is shown in �gure 4.16(a). It shows for the 8BCM1F hannels the rate as a funtion of the applied threshold in the disriminators. Therates are slightly growing with reduing thresholds and at low thresholds are growing fastdue to noise. The threshold values just above the noise is used for the disriminators toount rates in BCM1F are presented in table 4.2.An independent determination of the thresholds is done using the signal spetra ob-tained from the ADC as shown in �gure 4.13. The spetra were integrated from themaximum to zero ADC ounts. The distributions obtained are shown in �gure 4.16(b)for all BCM1F hannels. There are similarities in the behavior of all hannels, espeiallyin hannel (-Z far and +Z bottom). The alibration fator used for omparison of ADCmeasurements and disriminator measurements is 4.6 mV per 1 ADC ount [66℄.The results for the optimum thresholds of the disriminators performs obtained with athreshold san or using the ADC spetra are listed in the table 4.2. The values obtainedare almost equal. Small di�erene are due to the rough ADC binning of 4.6 mV. There isan o�set between the values set by the software and by the hardware of the disriminators.These o�sets are also presented in table 4.2.
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(b)Figure 4.15: (a) Example of signal amplitudes as a funtion of the length at 50% of the amplitudeusing ADC, hannel 0. (b) The signal length at 50% of the signal amplitude.
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54 CHAPTER 4. BRM System at CMSPosition -Z top -Z far -Z bott. -Z near +Z top +Z far +Z bott. +Z nearDisr. settings -10 -8 -8 -8 -8 -8 -14 -8Disr. o�set -7 -7 -7 -7 -6 -6 -7 -6Disr. real -17 -15 -15 -15 -14 -14 -21 -14ADC thr. 14 14 14 14 14 14 19 14Table 4.2: The threshold values obtained from the threshold san for the disriminators and fromthe ADC signals amplitudes. Thresholds are given in mV.4.6 Intrinsi Time ResolutionAn essential feature of BCM1F is the possibility to assign halo partiles and ollisionproduts to a single bunh. For this purpose a time resolution of about few nanoseonds isneeded. For measuring the time resolution of BCM1F usually halo partiles are used fromnon-olliding bunhes. In 2008 this measurement was done with low statistis [56℄. Theintrinsi time resolution was found to be 1.3 ns. The measurement was done using twoBCM1F modules on the opposite sides of interation point at the same azimuthal angle.To repeat the measurement of the time resolution, several tehniques were used and willbe explained below.4.6.1 Test Pulses MeasurementsFirstly, measurements were done with test pulses injeted into the input on the FE-eletronis. The test pulse, generated by a pulse generator, has retangular shape witha duration of 1 µs and 1 V amplitude. The response signals were digitized by the ADC.An example of a response signal is shown in �gure 4.17. Test pulses were applied to allBCM1F hannels and the arrival time of the response signal was measured. The measuredarrival time distribution for one hannel is shown in �gure 4.18(a). The distribution is�tted with Gaussian and the standard deviation was measured to be 6.14 ns. Then thetest pulse itself was fed into the ADC and digitized, and the arrival time of the digitizedtest pulse was determined. The distribution of the di�erene between the test pulse re-sponse signal arrival time and the test pulses referene time is shown in �gure 4.18(b). Thedistribution is �tted with Gaussian. The standard deviation was measured to be 1.34 ns.The di�erene to the result in �gure 4.18(a) is explained by the jitter appearing due to therandomly arriving trigger in respet to the ADC internal lok.4.6.2 Measurements with Halo PartilesTo measure the time resolution inluding the sensor, halo partiles from non-ollidingbunhes irulating in LHC parallel to the beam pipe were used during the �at top sequene.The onstant fration disriminator emulation was applied to determine signal arrival timesas desribed in setion 4.4.1.Using the orbit trigger, signals in two sensors at the same azimuthal angle and di�erentsides almost in oinidene are searhed for. The di�erene between the two time mea-surements must be about 12 ns as estimated from the distane between modules of 3.6 m.
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Figure 4.17: Test pulse signal digitized by the ADC, 2011, hannel 3.
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(b)Figure 4.18: (a) Test pulse response signal arrival time distribution for one hannel, measuredwith respet to the ADC trigger. (b) Di�erene between the arrival times of the testpulse and the response signal, both fed into ADC inputs.



56 CHAPTER 4. BRM System at CMSThe quantity, △t,
△t = t2 − t1,was alulated, where t1 and t2 are arrival times of halo partiles in the two BCM1Fhannels in the same azimuthal angle on opposite sides of IP, and �lled in a histogram.The result is shown in �gure 4.19. Sine halo partiles are irulating in both diretions,two peaks are observed at -12 ns and +12 ns.The distributions of △t, as shown in �gure 4.19, were �tted with a Gaussian. Thewidth is obtained to be σ(△t) = 2.2 ns. σ(△t) an be expressed as

σ(△t) =
√

σ2
t1 + σ2

t2 .With the assumption that the two hannels have the same time resolution, σt1 = σt2 = σt,the time resolution for eah hannel is
σt =

1√
2
σ(△t).The intrinsi time resolution of BCM1F results to 1.55 ns, slightly larger than the valueobtained using test pulses.4.7 Aging MonitoringThe performane of the readout hain was investigated using test pulses. Test pulses arefed into the FE-eletronis with a pulse shape desribed in setion 4.6.1. The ADC istriggered with a pulse delayed by a onstant time with respet to the test pulse and signalsfrom all hannels are digitized. These measurements were done in 2011-2012 and omparedwith measurement in 2009. The amplitudes of the test pulse response signals are alulatedas the di�erene between the signal minimum and the baseline. Firstly, the baseline wasalulated in the window before the test pulse response signals and then the minimum ofthe signal was determined. In �gure 4.20(a) the test-pulse response signal amplitude isshown as a funtion of the integrated luminosity in 2011 for all BCM1F hannels. In 2011the derease for BCM1F hannels was only a few ADC ounts.Figure 4.20(b) shows the result of the measurements inluding data from 2012 forhannel 3. In addition in �gure 4.20(b) the baseline for the same hannel is displayed. Thetest pulse response signal amplitude dereased by 15% and the baseline dereased by 22%at an integrated luminosity of 30 fb−1 reorded by CMS.
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Figure 4.19: The time di�erene between signal from two sensors of equal azimuthal angle mea-sured using beam halo partiles during the �at top sequene of LHC in 2011.
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Chapter 5Luminosity Measurements with BCM1F
IntrodutionThe measurement of luminosity is important for all high energy experiments. It is �rstlya harateristi of the aelerator performane. But, seondly, the luminosity is needed todetermine the ross setions of physis proesses. In this hapter the luminosity measure-ments in CMS will be desribed and the measurement of the luminosity bunh by bunhwith BCM1F will be introdued. Systematis e�ets found in studies of the ADC data willbe shown.5.1 Luminosity at CMSAt the LHC the luminosity is measured to monitor the LHC's performane in real timeand to provide an overall normalization for physis analyses. The design goal for the realtime measurement is to determine the average luminosity with a 1% statistial aurayin 0.1 s [32℄. For the o�ine analyses, a design goal for the systemati auray of less then5% was given.For the luminosity measurements proesses with known ross setion an be used. Atthe LHC the pp total ross setion or the prodution rates for W's and Z's are exam-ples. However, to alulate these ross setions models are used with large unertainties.Therefore van der Meer sans were used to alibrate the luminosity, by measuring σx, σy,the transverse beam widths, and the number of interations per BX, orresponding to aertain luminosity. Then, one it is alibrated, from the number of interations per BX,the absolute atual luminosity an be obtained. This method is used for HF, BCM1F andthe pixel detetor to measure the luminosity.The three main measurement tehniques for the o�-line luminosity are:1 measuring the �ux of ollision produts in the very forward region using the forwardhadron alorimeter, HF.2 ounting pixel lusters in the pixel detetor [68℄3 ounting the number of reonstruted verties using the pixel and strip traker de-tetors [68℄ 59



60 CHAPTER 5. Luminosity Measurements with BCM1FCMS provides both �delivered� and �reorded� luminosity. The delivered luminosityrefers to the luminosity delivered by the LHC. The reorded luminosity inludes only theluminosity used by CMS. The delivered and reorded luminosities are ideally equal, butin ase the CMS detetor is unable to take data for a short time, the reorded luminosityis lower, as shown in �gure 5.1(a) for 2012. Figure 5.1(b) shows the delivered luminos-ity by LHC in the years 2010-2012, illustrating the enourmous improvement of the LHCperformane with time.For a real time luminosity measurement up to 2011 only the HF was used. The pixeldetetor an not be used for the on-line luminosity measurements, beause it is slow.In addition, a bunh-by-bunh monitoring, whih is useful for aelerator diagnostis, isimportant. This needs a system to provide information in real-time and independentlyfrom the CMS DAQ operation.Sine BCM1F ounts ollision produt rates, it is potentially able due to its exellenttime resolution for the luminosity measurement in the bunh by bunh mode. In addition,it allows to determine the luminosity in short time intervals, e.g. minutes or seonds. The�nal normalization of the luminosity for BCM1F is based on van der Meer sans, whihdetermine the size of the olliding beams and thus the luminosity with minimal relianeon simulation.5.1.1 HF Luminosity MeasurementsThe CMS forward hadroni alorimeter provides on-line and o�-line luminosity measure-ments. The on-line tehnique is based on �zero ounting�, desribed later in setion 5.1.3.In this method the average fration of empty alorimeter towers is used to infer the meannumber of interations per bunh rossing. The o�-line measurement exploits the linearrelationship between the average transverse energy per tower and the luminosity. To avoidnon-linearities the HF is limiting the overage to four azimuthal (2π) rings in the range3.5 < |η| < 4.2 [70℄.As a ross hek on the HF-based online luminosity monitor, three o�ine methods areused. The �rst one is based on transverse energy in the HF. The seond is using trakingand vertex information and the third is ounting pixel lusters.5.1.2 Pixel Luminosity MeasurementsThe �Vertex Method� requires that at least one vertex with at least two traks to be foundin the event. The z-position of the vertex is required to lie within 150 mm of the enterof the interation region. This method provides good e�ieny for minimum bias (MB)events, while suppressing non-ollision bakgrounds to the few per mil level. [71℄.The pixel luster ounting (PCC) method uses pixels in the inner part of the CMSdetetor [72℄. The number of pixels is of about 7 x 107. Only a small fration of pixels is�red even at 'pile up' of several events per bunh rossing. Eah p-p interation results ina ertain number of pixel lusters, Npixel/inter. Then the number of lusters after a bunhrossing an be expressed as:
〈 Ncluster〉 = 〈 Npixel/inter〉 〈 Ninteraction〉 ≡ 〈 Npixel/inter〉µp,
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(a)

(b)Figure 5.1: (a) The delivered luminosity in 2012 versus time (yellow), and the reorded one byCMS (red) during stable beams and for p-p ollisions at 8 TeV entre-of-mass energy.(b) The delivered luminosity versus time in 2010, 2011, 2012 (p-p data only). [69℄.



62 CHAPTER 5. Luminosity Measurements with BCM1Fwhere the average number of interations per bunh rossing is denoted by µp [73℄. Therelationship between the interation ross setion, σinteraction, the instantaneous luminosity,dL/dt, and µp is
µp =

σinteraction

f

dL

dt
,where f = 11,246 Hz is the LHC orbital frequeny.Then the de�nition of an e�etive pixel ross setion is de�ned as:

σcluster = σinteraction = 〈 Ncluster〉 f (
dL

dt
)−1.The van der Meer san, desribed in the setion 5.1.4, is used for the alibration of themethod.5.1.3 Zero Counting AlgorithmThe number of interations per bunh rossing for a given set of beam parameters followsa Poisson distribution. Then the probability of a number of interations, n, is given by,

p(n) =
µn e−µ

n!
.This relation allows to determine the average number of interations when the probabilitythat there is no interation, p(0), is measured,

µ = − ln[p(0)] = − ln[1 − p(> 0)]For the ase of BCM1F, p(0) is de�ned as the probability that there is no hit in the eightdiamond sensors.There are several other ombinations whih an be onsidered:XOR+: Requires hits on the +z end and no hits on the -z side.XOR-: Requires hits on the -z end and no hits on the +z side.AND : Requires hits in both the +z and -z sides.OR : Requires hits in the +z or -z sides.From eah of these logis a quantity µ is de�ned. The following expression is full�lled.
µOR = µAND + µXOR− + µXOR+The advantage of using di�erent logis is that eah has a maximal sensitivity in a di�erentluminosity regime.5.1.4 Van der Meer SanThe luminosity of an aelerator is given by

L = fLHC N1N2K nb

∫

ρlab1 (~r −∆~r, t)ρlab2 (~r, t) d3~rdt, (5.1)
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√

(~v1
2 − ~v2

2)2 − ( ~v1x ~v2)2

c2
is the Moller kinemati relativisti fator [74℄,  is thespeed of light, N1,2 are the number of partiles in the olliding bunhes all moving with theommon veloities ~v1,2, fLHC is the frequeny of ollisions and ρlab1,2(~r, t) are the normalizedpartile densities in the laboratory frame. The absolute value of the luminosity or the rosssetion an be measured by separating the beams in the transverse plane by ∆ ~r and bymonitoring a ollision rate as a funtion of ∆ ~r. This method was proposed by van derMeer more than 40 years ago and was originally proved in Ref. [75℄ for arbitrary beamshapes and parallel beams.In ideal irumstane with nb olliding bunhes irulating in the aelerator the fol-lowing relation an be used:
L =

nbfLHCµ

σinelastic
,where σinelastic is the inelasti sattering ross-setion, fLHC is the revolution frequenyand µ is the average number of interations per bunh rossing:

µ =
〈N〉
nb

,where 〈N〉 is the average number of interations per orbit.The average number of interations per BX an be measured, but ine�ienies mightour and µmeasured = ǫ µ, where the e�ieny, ǫ, allows for detetor e�ets.The luminosity alibration is neessary for onverting the measured µmeasured value toa luminosity. For this purpose, the van derMeer san is used. It relies on making measure-ment of µ as a funtion of the horizontal and vertial beam displaement. Equation 5.1an be rewritten in the following form:
L = fLHC N1N2K nb

∫

ρ1(x, y)ρ2(x, y)dxdy,where ρ1,2(x, y) is the partile density of the beams as a funtion of the transverse distanefrom their respetive enters. Assuming that there is no orrelation between the beamdensity in the x and y diretions, the above equation an be re-parametrized in terms ofthe e�etive beam width,
Σx = [2π

∫

ρ1(x)ρ2(x)dx]
−1,

Σy = [2π

∫

ρ1(y)ρ2(y)dy]
−1,and the luminosity reads in the following form:

L =
fLHC N1 N2

2πΣxΣy
.BCM1F was used in all van der Meer sans in 2012 to determine Σx and Σy. Anexample of the results observed in April is shown in �gure 5.2. Three separate sans wereperformed independently in the x and y diretions. For eah step of the beam separation,the rate at the detetor is measured giving the dependene of the value µ on the beamseparation. The distribution is �tted with two Gaussians, from whih the quantities Σxand Σy are derived.
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Figure 5.2: Data gathered during the April 2012 VdM san. The data is �t with a double Gaussianplus a onstant where the single Gaussian omponents are shown in red and green,the onstant in blue, and the ombined result is in blak [76℄.5.2 Systematis due to the DetetorIn the disriminators used in BCM1F onstant thresholds were set [77℄. If a fast shift inthe signal baseline ours, the next signal might be not be seen by the system as it willnot have su�ient amplitude to pass the threshold. Therefore the number of hits in thedetetor an be underestimated. The following e�ets will be disussed:Time under threshold, TUT: The front-end ASIC needs a ertain time to return to thebaseline after a signal is ampli�ed. This time is dependent on the signal amplitude andwhether the front-end eletronis was saturated. In addition, the overlapping of severalonseutive signals makes the time under threshold longer, and the disriminator generatesonly one output pulse. This will be disussed in the setion 5.2.1.Overshoot signals: There were signals with a large amplitude above saturation found.For these signals an overshoot was observed. In ase an overshoot ours, signals duringthe overshoot have a redued probability to be deteted. To estimate this e�et, highamplitude signals were studied in the laboratory to parametrize the shape of the overshotsignal.5.2.1 Charaterization of Saturated SignalsThere is a small fration of Saturated Signals as shown in setion 4.3 in �gures 4.8(a)and 4.8(b). These are high amplitude signals appearing in the diamond sensor and saturatethe front-end eletronis. Saturated signals ause overshoot and shift the baseline for afew miroseonds. During this time the system an beome blind for the following MIPsignals. This dereases the hit ounting e�ieny.



One Bunh Detetion Probability 65To model the overshoots of signals measurements in the laboratory have been donewith one module of BCM1F. Test pulses with an amplitude of 0.22, 0.44, 0.88, 1.34, 1.94,2.76, 3.46 V were applied. The signals obtained are shown in �gures 5.3(a), 5.3(b), 5.3(),5.3(d) and 5.3(e).The tail of the overshoot signal was �tted with exponential funtion using the formula
Y (t) = a + b ec∗t. The deay time onstant is determined to be between -0.0005 and -0.0007, orresponding to 1.4 - 2 µs.The amplitude of the overshoots is orrelated to the time over threshold measuredas shown in �gure 5.4(a). In addition, the overshoot signal length as a funtion of thesaturated signal length is shown in �gure 5.4(b). Above a ertain signal length the overshootamplitude grows almost linearly with the pulse length of the signal in saturation. Due tothe limited dynami range of the laser driver, the overshoot amplitude also saturates. Thise�et also auses dead time of the system due to a large shift of the baseline.5.2.2 Dead Time vs LuminosityThe fration of long signals is determined and the dependene on the luminosity is esti-mated. In �gure 5.5(a) the de�nition of the time under threshold, TUT, and the time overthreshold, TOT, is illustrated. In �gure 5.5(b) the sum of time over threshold and timeunder threshold is shown as a fration of one LHC orbit as a funtion of the ollision rate.It shows a linear dependene, hene it is onluded that also the dead time of BCM1Fdepends linearly on the luminosity.5.3 One Bunh Detetion ProbabilityThe probability to detet a hit from a ertain bunh depends on the detetor geometry, theradiation degradation and the luminosity. It is de�ned as the number of deteted partilesin the hosen bunh divided by the number of orbits. To redue the e�et of a baseline shiftdue to overshoots only the �rst bunh in the �rst and seond train are onsidered. Thesebunhes arrive after the abort gap and are therefore muh less a�eted by ine�ieniesaused by the large signals from preeding bunhes.Figure 5.6 shows the one bunh detetion probability for one BCM1F hannel as afuntion of the instantaneous luminosity measured by HF. The data was �tted with alinear funtion and the residuals between the data and linear �t are shown below. Thelinear �t orresponds to the dependene with the 0.2 % residual. The measurement wasdone over a long LHC �ll to over a large range of luminosities. Figure 5.7 shows forthe remaining 7 BCM1F hannels the one bunh detetion probability �tted by a linearfuntions. This measurement demonstrates that BCM1F an measure the luminosity in avery large range.5.4 Luminosity Measurement Using BCM1FBCM1F performed suessful measurements of instantaneous luminosity in 2012. Thesystematis e�ets desribed before were taken into aount and orretions were applied.
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(e)Figure 5.3: Test pulse response signal shapes measured in the laboratory for test pulses of 0.22,0.44, 0.88, 1.34, 1.94, 2.76, 3.46 V amplitude. The baseline overshoot tails were �ttedwith an exponential funtion.
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O(a) (b)Figure 5.4: (a) The overshoot signal amplitude as a funtion of the saturated signal length, de�nedas a time over threshold. (b) The overshoot signal length as a funtion of the saturatedsignal length, de�ned as a time over threshold.
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(b)Figure 5.5: (a) Example of a saturated signal with TUT and TOT de�nitions. (b) Undershootand TOT fration of the LHC orbit as a funtion of the ollision rate obtained fromHF.
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Figure 5.6: One bunh detetion probability as a funtion of the instantaneous luminosity mea-sured by HF. The detetion probability is measured for the leading bunh in eahorbit.
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Figure 5.7: One bunh detetion probability for all BCM1F modules as a funtion of the instan-taneous luminosity measured by HF. The hit probability is measured for the leadingbunh in eah orbit.
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(a) (b)Figure 5.8: (a) Example of the instantaneous luminosity as a funtion of time measured by HF(blue) and BCM1f (green). (b) The ratio between measured instantaneous luminosityby HF and BCM1f as a funtion of time.Figure 5.8(a) shows the instantaneous luminosity measured as a funtion of time by HFand BCM1F. The ratio between these two measurements is shown in �gure 5.8(b). In thebeginning of the �ll BCM1F shows a slight overestimation of the luminosity. This e�et isstill under investigations and will be taken into aount for the BCM1F upgrade.There is a new BCM1F system under preparation to be installed in the 2013-2014 shutdown of LHC. The new BCM1F system will ontain 24 diamond sensors, whih will bepossibly metallized with two pads. The �nal number of hannels will be 48. A dediatedfront-end ASIC will be developed to redue ine�ienies due to overshoot signals. The laserdriver will be shifted away from the beam pipe to redue radiation damage. In addition,a temperature sensor will be installed to orret the gain due to temperature jumps. Thebak-end eletronis will be upgraded too. The �xed threshold disriminators will possiblybe replaed by the onstant fration disriminators to get better time resolution. The newreadout histogramming unit, RHU, disussed in setion 4.1.2 is now under development forhistogramming a full orbit without any dead time. In the end, the new BCM1F system willprovide CMS with luminosity measurements with redued ine�ienies, and hene withredued systemati unertainties.
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Chapter 6Very Forward Calorimeters for aDetetor at the International LinearColliderThe International Linear Collider, ILC, will be the next generation ollider for high energyphysis experiments [78℄. It will onsist of two superonduting linear aelerators toaelerate and ollide eletrons and positrons at 500 GeV enter of mass energy with theopportunity to go down to 200 GeV. An energy upgrade would allow ILC operation up to1 TeV. The aim is to measure very preisely the properties of the Higgs boson and anyother new partiles that may be disovered by the LHC.These disoveries are expeted to lead to a new understanding of what the universe ismade of and how it works. The ILC will give leaner signatures with less bakground forthe relevant proesses than the LHC. This hapter desribes the two experiments SiD andILD. In detail the forward region of the ILD will be disussed. Two alorimeters, LumiCaland BeamCal will be introdued.6.1 The SiD and ILD Detetors for ILCTwo detetors, alled ILD and SiD, shown in �gure 6.1, are designed using omplementarytehnologies. Only one of them an be plaed in the interation region. Hene a push-pullregime is foreseen for data taking. When one detetor takes data maintenane an be donefor the other. To math the requirements from physis both detetors are designed forunpreedented performane for vertexing, traking and jet measurement. They will applythe partile �ow onept for jet energy measurement.6.2 The Requirements on the ILC DetetorsThe ILC provides a broad spetrum of physis opportunities, whih the detetor must beprepared to address. These inlude detailed studies of the Higgs setor, Top produtionat threshold, di-boson prodution, measurement of SUSY partile features, and other newphysis often motivated by alternative models. Eah of these reates its own partiular set73
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Figure 6.1: ILD and SiD detetors in push-pull mode.of requirements. In general, the detetors have been designed to over the requirementsfor all suh possibilities, over the full range of enter of mass energies [79℄.These requirements for are summarized in the following:
• Jet Energy ResolutionExellent jet energy resolution is required for ILC detetors. For this purpose, thePartile Flow Algorithm, PFA, was developed. This tehnique is taking into aountthat harged partiles an be measured with superior preision in the traker. Thedepositions from the harged partiles in the alorimeters will be removed and theremaining depositions are assigned to the neutral partiles, e.g.photons and neutrons.The jet energy and diretion is then obtained from the traks and the neutral parti-le depositions in the alorimeter. The PFA needs highly segmented alorimeters toavoid onfusion between individual partile depositions. New detetor tehnologiesand new reonstrution algorithms enable the needed energy measurement preisionof 3 to 4 perent for 100 GeV jets, set by the requirement to separate W and Z di-jet�nal states [79℄. This requirement leads to 1000-times higher granularity and 2 timesbetter resolution of alorimeters in omparisson to the LHC alorimeters.
• Trak Momentum ResolutionTo reonstrut the Higgs boson, in the Higgs-strahlung proess, requirements are setto the harged trak momentum resolution. The reoiling Higgs boson mass is reon-struted from the Z boson deaying into a lepton pair. In Ref. [79℄, the reoiling Higgsboson mass was shown to be reonstruted preisely with δ p/p2 ≈ 5 · 10−5 GeV−1.To reah this resolution, a high magneti �eld and a high preision traker with aminimum of material is required. Compared with a LHC traker, this requirement



The Requirements on the ILC Detetors 75leads to 6 times less material and 10 times better resolution than the traker of theLHC experiments.
• Vertex ResolutionA new generation of vertex detetor is required for the �avor tagging and the quarkharge tagging. For this purpose new highly granulated and thin sensors were de-signed and developed. A fast read out is important due to high oupany of thevertex detetors leading to high power. In addition, low mass for detetors and theirsupport struture are required. An advantage of ILC is the low duty yle and thisallows power pulsing reduing the heat load and the need for the ooling. For mostof the tehnologies air ooling is onsidered to be su�ient.As a result, Higgs branhing fratios and quark asymmetries will be measured withsu�ient auraies to test the Yukawa ouplings of the Standard Model.A large amount of soft e+e− pairs is produed at the interation point due to beam-strahlung at small polar angles. A speial Detetor Integrated Dipole magnet is used,alled anti-DID, to guide a large fration of partiles out of the detetor.These e+e− pairs are a hallenge for the very forward alorimeters. The depositionsnear the beam pipe approah a MGy per year. Hene radiation hard sensors are needed. Inaddition, high energy eletrons and positrons must be deteted in the forward alorimetersfor bakground suppression in new partile searhes. This feature will be disussed laterin detail.6.2.1 SiD Detetor ConeptThe SiD detetor is shown in �gure 6.1 on the right side. It is a ompat detetor forpreision measurements. The name points to the hoie of a full silion traker. To obtainthe neessary partile momentummeasurements preision a solenoidal magneti �eld of 5 Tis foreseen. The traker is followed radially by a �nely segmented silion-tungsten sandwiheletromagneti alorimeter, whih is surrounded by a highly segmented sandwih hadronialorimeter with steel absorbers and glass resistive plate hambers as sensors. Both trakerand alorimeters are loated within the magnet. The the magneti �eld is returned bythe iron yoke, whih is instrumented with muon detetors. The forward region will beinstrumented with two speial semiondutor-tungsten sandwih alorimeters LumiCal forpreise measurement and BeamCal for fast estimation of the luminosity.6.2.2 ILD Detetor ConeptThe ILD detetor is shown on the left side in �gure 6.1. It is a slightly larger detetor,sine at larger radii partiles within a jet an be better spatially separated [80℄.The traker is a ombination of a large-volume time projetion hamber (TPC) and asilion traker. The TPC will provide up to 224 spae points per trak. It e�iently sep-arates traks and preisely reonstruts partile momenta. The silion traking detetors



76 CHAPTER 6. Very Forward Calorimeterswill be loated inside and outside of the TPC. This will inrease the momentum resolutionand helps in linking the vertex detetor to the TPC and in prediting the impat point ofa trak in the ECAL.The alorimeters are also loated inside the magnet. The ECAL is a highly segmentedsensor-tungsten alorimeter with small ell size to provide up to 30 samples in depth.Two sensor tehnologies are onsidered: silion or sintillator. The HCAL is also highlysegmented sandwih alorimeter with steel absorber and small ell size of two possibletehnologies, sintillator tiles or gaseous detetors. Calorimeters are surrounded by a largevolume superonduting oil.The magnet �ux is returned through the iron yoke is also instrumented with muon de-tetors. An iron yoke, instrumented with sintillator strips or RPCs, returns the magnetiFlux of the solenoid, and at the same time, serves as a muon �lter, muon detetor and tailather, [81℄.In addition, the detetor is ompleted by two ylindrial and radiation hard alorimetersin the very forward diretion. The Forward alorimeters are used to make the ILD hermeti.They measure preisely the luminosity and provide an on-line luminosity measurementsfor the ollider.6.3 Calorimeter TehnologiesCalorimeters are divided into eletromagneti and hadroni ones. Both types use partileshowers for detetion and energy and position measurement of partiles. Showers initiatedby hadrons (protons, pions et.) are distintly di�erent from eletromagneti showersinitiated by eletrons or photons.6.3.1 Types of CalorimetersThere are several tehniques to build alorimeters driven by the detetable signal, whihare sintillation, ionization and Cherenkov radiation. The generated signal should beproportional to the energy of the initial partile. By the sensor material, alorimeters anbe divided to following types:
• Solid-State alorimeters: harged partiles reate eletron-hole pairs in sensors. Ex-amples are germanium and silion rystals.
• Cherenkov alorimeters: The medium is a transparent material and relativisti ele-trons and positrons in the shower generate Cherenkov photons. To obtain an eletrialsignal photo-sensors are needed. An example is a lead-glass alorimeter.
• Sintillation alorimeters: The medium is a material in whih harged partiles pro-due light via �uoresene. Examples are BGO, CsI and PbWO4.
• Noble-liquid or gas alorimeters: The medium is a noble gas (Ar, Kr, Xe) operatedat low temperature. Both ionization and sintillation signals an be olleted.



Calorimeter Tehnologies 77Calorimeters are distinguished between homogeneous and sampling alorimeters. Ahomogeneous alorimeter is one in whih the entire volume is sensitive and ontributesa signal. A sampling alorimeter is one in whih the material that produes the partileshower is distint from the sensors that measures the deposited energy. Typially absorberand sensor alternate in depth. For sampling alorimeters heavy absorbers are used toobtain small Xo and Moliere radius. Although their energy resolution is worse than theone of homogeneous alorimeters, they are relatively easy to segment longitudinally andlaterally. In addition, they allow better position resolution and partile identi�ation.6.3.2 Eletromagneti Showers DevelopmentBeamCal and LumiCal are eletromagneti alorimeters. The proesses essential for theshower development are bremstrahlung and pair reation. For example an eletron ra-diates a bremstrahlung photon, whih onverts to an e+e− pair, whih then also radiatebremstrahlung photons and so on.The longitudinal development of a shower is governed by the high-energy part of theasade. When the partile energies are below the ritial energy the bremstrahlung rosssetion drops and the number of partiles in the shower starts to derease. The remainingpartiles dissipate their energy by ionization and exitation.The Critial Energy , EC , of an eletron is the energy at whih the main energy lossmehanism hanges from radiation losses to ionization losses. Above the ritial energy,bremdstrahlung is the dominating proess for the eletron energy loss.For the shower development, the following variables are essential:Radiation Length - Xo - is a harateristi of a material. It is the distane over whiha high-energy eletron loses 1− 1
e
of it's energy by bremstrahlung. It is equal to 7/9of the mean free path of a photon for pair prodution [5℄. Tungsten is haraterizedby a very small radiation length, Xo=0.3504 m.Moliere Radius - Rm - is a harateristi of a material de�ning the transverse dimensionof the eletromagneti showers. It is the radius of a ylinder ontaining on average90 % of the shower energy and is related to the radiation length of Xo by:

Rm = 0.0265Xo(Z + 1.2),where Z is the atomi number of the material. A small Rm is important for theshower position measurement and the shower separation. For a sampling alorimeterthe Moliere radius estimation an be done by simulation.Shower depth - is approximately parametrized as:
X = Xo

ln(E0/Ec)

ln(2)
.Shower maximum - the depth in the material, where the number of partiles in theshower stops inreasing.
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Figure 6.2: ILD very forward region with LumiCal and BeamCal.6.4 Very Forward Region of DetetorsIn the very forward region of both detetors at ILC two alorimeters are foreseen - TheLuminosity Calorimeter (LumiCal) for the preise luminosity measurement and the BeamCalorimeter (BeamCal) for the fast estimate of the luminosity and for beam tuning. Bothalorimeters extend the polar angular overage of the detetor, important for examplefor single high energy eletron or positron detetion. They are designed as ylindri-al sensor-tungsten sandwih eletromagneti alorimeters entered around the outgoingbeam-pipe [82℄. The sheme of the forward region of the ILD is shown in �gure 6.2. TheBeamCal also shields the inner detetor systems from bak sattered low energy eletronsand photons.The luminosity measurement is based on Bhabha sattering, e+e− → e+e−(γ). Tomath the physis benhmarks, an auray of better than 10−3 is needed at a enter-of-mass energy of 500 GeV [80℄ and of better than 3 x 10−3 at 3 TeV. For the GigaZ optionof the ILC an auray of 10−4 is needed, [83℄. To reah these auraies partiularlyhallenging requirements on the mehanis and position ontrol for LumiCal arise. Thesmall Moliere radius allows a robust eletron shower reonstrution. For BeamCal singlehigh energy eletrons and positrons have to be reonstruted on top of a large bakgroundof low energy eletrons and positrons originating from the Beamstrahlung.The forward alorimeters nees speial FE eletronis. Due to the high oupany theymust be readout after eah bunh rossing. At the ILC, eah bunh train omprises 2820bunhes separated by 308 ns and followed by a 199-ms idle period.6.5 Luminosity Calorimeter6.5.1 Luminosity MeasurementLumiCal will provide the experiment with a preise luminosity measurement. The lumi-nosity is neessary to perform ross-setion measurements. If for an investigated proess a



Luminosity Calorimeter 79number of events, NB, is ounted, the ross setion, σB, is obtained as:
σB =

NB

L
, (6.1)where L is the luminosity.The luminosity at olliders was treated in the setion 5.1.4. The preision of the beamparameters, Σx and Σy, and the number of partiles in the bunh is not su�ient to reaha preision of the luminosity measurements of 10−3. Therefore a gauge proess, Bhabhasattering, is used. Its ross setion an be preisely alulated from the theory. Theluminosity an be alulated from ounting the number of Bhabha events, NB, and usingthe alulated Bhabha ross setion, σB, using equation 6.1.Bhabha sattering e+e− → e+e− inludes γ and Z0 exhange in s- and t-hannel.
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(b) t-hannelFigure 6.3: The leading order Feynman diagrams of Bhabha sattering.It's di�erential ross-setion at Born level reads:
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] ,where √s is enter-of-mass energy, α the �ne struture onstant and θ the sattering anglewith respet to the eletron beam diretion.For low sattering angles this expression an be approximated as:
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=
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θ3
.Due to the steep drop of the ross setion as a funtion of θ the lower threshold must beontrolled very preisely.6.5.2 LumiCal DesignTwo LumiCal detetors will be loated on both sides of the interation point. Eahalorimeter is a barrel silion-tungsten sandwih alorimeter onsisting of 30 layers. Eahtungsten plate will be of one radiation length thikness. The LumiCal sensors have beendesigned and manufatured by Hamamatsu Photonis. The sensor thikness is 0.320 mm.It is made of n-type silion bulk material. The pith of the onentri p+ pads is 1.8 mmand the gap between two pads is 0.1 mm. The sensitive region is from 80 mm up to195.2 mm in radius. The bias voltage for full depletion ranges between 39 and 45 V,



80 CHAPTER 6. Very Forward Calorimetersand the leakage urrents per pad are below 5 nA. Pad apaitanes were measured to bebetween 8 pF for the smallest pads and 25 pF for the largest pads [84℄. The front-endeletronis will be loated at the outer radius near to the sensors. There are also spae forreadout ables, ooling and alignment system foreseen. A sketh of the proposed designoverview is presented in �gure 6.4(a).6.6 Beam Calorimeter - BeamCalBeamCal is a sensor tungsten sandwih alorimeter, positioned just outside the beam-pipes. Due to rossing angle of the beams, the beam-pipe is split for the inoming andoutgoing beams. Hene two holes in the enter of the BeamCal are needed. BeamCal ispositioned behind LumiCal about 3.45 m from the IP, as shown in �gure 6.2.At ILC we have to takle a new phenomenon - the beamstrahlung. Beamstrahlung isgenerated when eletron and positron bunhes ross and squeeze due to their magneti �eld,the so alled pinh e�et. It enhanes the luminosity. However, eletrons and positronsradiate photons. A fration of these photons onverts in the Coulomb �eld of the bunhpartiles reating low energy e+e− pairs. The photons and a large fration of the pairs areradiated at very low polar angle and esape in the beam pipe. The remaining pairs esapeat larger polar angle and deposits their energy after eah bunh rossing in BeamCal. Anadvantage is that these depositions may be used to estimate the beam parameters [85, 86℄.The disadvantage is in the high radiation dose of about one MGy per year in the sensorslose to the beam-pipe.The design of the BeamCal was optimized by Monte Carlo simulations [14℄. BeamCalhas a sandwih struture of 30 layers with ylindrial geometry. Eah layer onsist of3.5 mm thik tungsten and a 500 µm pad sensor made of GaAs or diamond. A fan-outis used for traing signals from sensor pads to the FE eletronis, positioned at the outerradius.In front of eah BeamCal a 10 m radius ylindrial graphite blok is loated for shield-ing the inner detetors from bak sattered low energy eletrons and photons.The requirements on the sensors are stable operation under high eletromagneti dose,good linearity over a dynami range of about 104, very good homogeneity, and fast response.6.7 Front-End EletronisAll detetors in the very forward region have to takle relatively high oupany, requiringdediated front-end eletronis. At the ILC subsequent bunh rossings, separated by300 ns, have to be read out and resolved. A power dissipation an be redued by readoutthe alorimeters within 300 ns and to swith o� the power between bunh trains. The front-end eletronis will work in two modes, the standard data taking (SDT) mode, used fornormal data taking for the shower readout, and the detetor alibration (DCal) mode, usedto measure MIP signals. There are two ASIC developments for the forward alorimeters.Both of them an be applied both for the LumiCal and BeamCal. They will be disussedbelow. As the front-end tehnology for the LumiCal is more advaned, it was used for theprototype development and was tested on the test beams, as desribed in hapter 8.
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(a) (b)Figure 6.4: (a) - LumiCal design with silion sensor segments shown in green, tungsten struturein purple and, in yellow, the mehanial frame for the required stability. (b) - BeamCaldesign - half ylinder with graphite blok in front in grey, sensor segments shown inyan and readout eletronis in blue. In orange, the mehanial support is shown.6.7.1 LumiCal Front-EndFigure 6.5(a) shows the sheme of the Front-End ASIC. The ADC ASIC blok diagram isshown in �gure 6.5(b). Both FE ASIC and ADC ASIC were developed in 350 nm AMStehnology [87, 88℄.The FE ASIC omprises a harge sensitive ampli�er, a pole-zero anellation iruitand a shaper. The peaking time is 60 ns. There are swithes allowing to hange the resistorand apaitane values of the feedbak iruit leading to di�erent gains. The preampli�erand shaper an work in two gains, alled �High� and �Low�. This leads to four ombinationof gains later investigated in the test beam and alled �HighHigh�, �HighLow�, �LowHigh�and �LowLow�.In eah prototype FE ASIC hip 8 hannels are inluded, where the �rst 4 hannels havea passive feedbak with resistors Rf , Rp, and the seond 4 hannels use MOS transistors [89℄for the feedbak.The eletronis is plaed on 2 mm aluminium plates working also as a heat sink.6.7.2 BeamCal Front-EndThe front-end and ADC ASIC of BeamCal are designed and developed in 180 nm mixed-signal tehnology following a di�erent readout onept. Sine a train of about 3000 bunheswithin 1 ms is followed by a 199 ms idle period at ILC, the signals from all pads are storedin an analog memory and digitized and readout after the train is over.
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(a) (b)Figure 6.5: (a) The shematis of one FE ASIC hannel. (b) The blok diagram of one ADCASIC hip for LumiCal.For the BeamCal front-end eletronis the expeted pad apaitane were estimated tobe about 9 pF for a pCVD diamond or 20 pF for Silion or GaAs sensors [90℄. Additionalapaitanes will ome from the opper traes on the fan-out that onnet pads to thefront-end eletronis. In the initial BeamCal spei�ations, the maximum input signalswere estimated to be about 36.9 pC in the SDT mode, and 50 times smaller in the DCalmode.

(a) (b)Figure 6.6: (a) - The sheme of the Bean prototype [91℄. (b) - Mirophotography of the Beanprototype of BeamCal.The BeamCal instrumentation integrated iruit, Bean, is designed and prototypes areavailable. The sheme of the Bean prototype is shown in �gure 6.6(a), [90℄. Eah hannelhas a 10-bit output for standard data taking, and an additional 8-bit output with the sumof the outputs of all hannels to be used for beam diagnosti purposes. A mirophotographyof the Bean prototype is shown in �gure 6.6(b).To proess the signal harge at the ILC pulse rate, the Bean uses swithed-apaitor�lters and a slow reset-release tehnique. Eah hannel has a 10-bit suessive approxima-tion analog-to-digital onverter. The Bean also features a fast feed-bak adder apable ofproviding a low lateny output for beam diagnosti purposes. Currently there are studiesongoing for 3-hannel prototype of the Bean built to validate the onept. The �nal goalis to build the �nal devie with 32 hannels.



Chapter 7Simulation Studies of the BeamCalorimeterOne goal of the BeamCal is the detetion of high energy eletrons on top of the largebakground from beamstrahlung pairs. A high detetion e�ieny is important for newphysis searhes at ILC [92℄. The high bakground in the low polar angle region of BeamCalrequires an optimisation of the sensor segmentation to obtain the highest e�ieny forsingle eletrons shower reonstrution.To estimate the e�ieny of single eletron reonstrution, a luster �nding algorithmwas written and applied for two segmentation shemes. This hapter is summarizing theBeamCal simulation studies for di�erent ILC beam parameters.7.1 ILC Beam ParametersBeam parameters of the ILC are under ontinuous disussions sine years. Modi�ations arethe result of onsidering ost redution, improved understanding of system funtionality, amore robust design and progress in aelerator. The urrent parameter set was optimizedat a enter-of-mass energy of 500 GeV to reah the design luminosity of 2 x 1034 m−2 s−1with low ost. Two reent sets of mahine parameters are given in table 7.1, whih arealled RDR and SB2009.The Emittane is a property of a harged partile beam in a partile aelerator and isa measure of how muh phase spae a beam takes. The vertial and horizontal emittanesare Y and X projetion of the ellipse size of the beam.The Beta Funtion is related to the transverse size of the partile beam as a funtion ofthe oordinate along the nominal beam trajetory.The SB2009 has two parameter sets for 500 GeV enter-of-mass energy:No TF : Strong fousing the bunhes before rossing leads to high-disruption, whihresults in a luminosity of approximately 1.5 x 1034 m−2s−1. The energy loss due to beam-strahlung of 4% is higher than the RDR nominal value by a fator of 1.6 but is stillsigni�antly less than the maximum RDR value of 5.5%.83



84 CHAPTER 7. Simulation Studies of the Beam Calorimeter500 GeV RDR SB2009min nominal max with TF no TFBunh population x 1010 1 2 2 2 2Number of bunhes 1260 2625 5340 1312 1312Lina bunh interval ns 180 369 500 530 530RM bunh length µm 200 300 500 300 300Normalized horizontal mm-mrad 10 10 12 10 10emittane at IPNormalized vertial mm-mrad 0.02 0.04 0.08 0.035 0.035emittane at IPHorizontal β funtion at IP mm 10 20 20 11 11Vertial β funtion at IP mm 0.2 0.4 0.6 0.48 0.2RMS horizontal nm 474 640 640 470 470beam size at IPRMS vertial nm 3.5 5.7 9.9 5.8 3.8beam size at IPVertial disruption parameter 14 19.4 26.1 25 38Frational RMS energy % 1.7 2.4 5.5 4 3.6energy loss to beamstrahlungLuminosity 1034cm−2s−1 2 1.5 2Table 7.1: Beam parameters of the ILC. The RDR parameters are ompared to the SB2009 pa-rameters. TF refers to Travelling Fous.With TF : A seond approah relies on a tehnique known as a traveling fous [93℄,where the fous at the interation point is adjusted along the bunh length. It allows thevertial beta funtion to be redued below the bunh length, whih leads to higher lumi-nosity, and ompensating for the fator-of-two redution due to the lower bunh number.Cruial for the BeamCal is that the beamstrahlung is higher than for the RDR nominalparameter values.7.2 Simulation tools7.2.1 Beamstrahlung at the ILCAt the ILC the beamstrahlung will be ruial for the forward detetors. Beamstrahlungis a radiation from partiles de�eted by the magneti �eld when two bunhes ross eahother. The power radiated by a beam eletron is [94℄
Pe =

2

3

e2

m2c3
γ2F 2,where F = e(E + cβB) is the Lorenz fore.There are several variables to desribe beamstrahlung:



Simulation tools 851. Often a parameter Υ, whih is ratio of the ritial photon energy, h̄ωc, to the beamenergy Ebeam, is used instead.
Υ =
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,where σz, σx, σy are the bunh dimensions and N the number of eletrons in the bunh.2. Critial Frequeny

ωc =
3γ3c

2ρ
,where ρ the bending radius of the beam partiles trajetory and γ is the relativisti fator

γ =
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me
.3. Averaged number of beamstrahlung photons per inoming beam partile -

Nγ ≈ 2.12
αNre
σx + σy

1√
1 + Υ2/3. 4. And averaged energy loss per inoming partile -

δB ≈ reN
2γ

σz(σx + σy)

1

(1 + 1.5Υ2/3)2Real beamstrahlung and virtual photons an interat with individual partiles insidethe bunh to produe inoherent e+e− pairs by1. the Breit-Wheeler proess γγ → e+e−2. the Bethe-Heitler proess γe → eee.3. the Landau-Lifshitz proess ee → eeee.In �gure 7.1 the feynman diagrams for these proesses are shown.
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() Landau-LifshitzFigure 7.1: Proesses of inoherent pair reation.By interation with the olletive �eld of the opposite bunh also oherent pairs areprodued. The latter proess strongly depends on Υ and plays a role at multi-TeV olliders.In the magneti �eld of the bunh e+e− pairs are de�eted and hit BeamCal.The generation of beamstrahlung pairs is provided by the software pakage guinea pigdesribed below. Studies on the beamstrahlung pair distributions are disussed in Ref. [14℄.
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(a) (b)Figure 7.2: (a) BeamCal segmentation with 23 rings of pads of almost equal size. (b) BeamCalsegmentation with 20 rings of pads growing with radius. BeamCal is entered aroundoutgoing beam pipe - the key hole in the enter leaves spae for the inoming beampipe.7.2.2 Guinea PigFor the simulation of the bunh rossings guinea pig (GP) software is used [95℄. Inputparameters for GP are the number of partiles per bunh, the energy of the partiles,vertial, horizontal and longitudinal beam-sizes, emittanes and o�sets. The output �le�pairs.dat� ontains e+e− pairs reated by beamstrahlung: the energies, momenta andinitial oordinates of eah partile at the interation region of the ILC.An example of the input parameters in the acc.dat �le is shown below:
$ACCELERATOR :: ilcSB2009

{energy = 250.0; particles = 2.0;
σx = 470.0; σy = 5.8;
emittx = 10.0; emitty = 0.035;
σz = 300.0;
frep = 5.0;nb = 1312;
chargesign = −1.0; distz = 0.0;
offsetx = 0.0; offsety = 0.0;
waistx = 0.0;waisty = 0.0;},where energy is energy of the partiles in GeV, particles is number of partiles per bunh inunits of 1010, σx, σy and σz are horizontal, vertial and longitudinal beam sizes, emittx and
emitty are normalized horizontal and vertial emittanes, frep is the repetition frequenyof ollider, nb is the number of bunhes per bunh train, chargesign is the relative hargeof two beams, -1 is for e+e−, distz is the longitudinal harge distribution, offsetx and
offsety are horizontal and vertial beam o�sets and waistx and waisty are the shifts ofthe horizontal and vertial waists with respet to the plain of ollision.



Cluster Reonstrution Algorithm 877.2.3 Beam Calorimeter Simulation Tool - BeCaSFor the fast simulation of BeamCal a software pakage, BeCaS [96℄, was used. BeCaS isbased on Geant4 [97℄ and inludes a detailed geometry and material desription of sensorsand absorbers and a simpli�ed desription of the surrounding detetors. A solenoidalmagneti �eld inluding an anti-DID �eld [98, 99℄ inside and around the detetor is appliedfor partile traking. The beam rossing angle is 14mrad. The BeamCal is positioningat z=3550 mm entered around the outgoing beam. The inner and outer radii are 20and 165 mm, respetively. In depth, the alorimeter omprises 29 absorber disks of 1 Xothikness interspersed with sensor planes. A 10 m thik graphite blok is positioned justin front of BeamCal. An additional sensitive layer in front of the alorimeter is alled PairMonitor. The sensor planes are made of 0.3mm diamond with gold metallization, a kaptonfoil of 0.1 mm thikness and a 0.05 mm air gap. The tungsten disks outer radius is equalto the sensor outer radius.A sketh of two sensor segmentations studied is shown in �gures 7.2(a) and 7.2(b). Thesegmentation with equal pad size uses the following relations.The inner, Ri−1, and outer, Ri, radii dimensions of pads are alulated as:
Ri = Ri−1 + dR,where i is the number of the ring and dR is the onstant radial pad size. It is alulatedby the following expression:

dR =
Routher − Rinner

Nrings
,where Nrings is a number of rings in the radial dimension of the BeamCal. The azimuthalangle is alulated di�erently for eah ring depending on the number and sizes of pads.In the seond segmentation the radial pad size is growing with the radius following therelation:

Ri = Ri−1 + dR,

dR = aRi
1,where a=1.1099 and R1 is the innermost radius of the BeamCal. The angular segmentationis onstant, dθ = const. The equal sized segmentation has 73620 pads for two alorimetersand the radially growing segmentation 70560 pads.An example of one bunh rossing simulation is shown in �gure 7.3(b) for 500 GeVRDR nominal beam parameters and 7.3(a) for the 500 GeV SB2009 beam parameters.The deposited energy from the beamstrahlung pairs in the sensors of the alorimeter issummed over 30 BeamCal layers and shown using the olor sale given in the �gure. Alsothe energy deposited by a single eletron of 250 GeV in the sensors of BeamCal is summedover 30 layers and superimposed on top of the beamstrahlung pairs depositions from onebunh rossing.7.3 Cluster Reonstrution AlgorithmTypial longitudinal distributions of the energy deposited in the alorimeter are shown in�gure 7.4(a) for pairs and a single high energy eletron. The deposited energy was simulated
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(a) (b)Figure 7.3: (a) The deposited energy of one bunh rossing from the beamstrahlung pairs withan overlayed 250 GeV eletron shower using nominal RDR beam parameters. (b) Theresult of BeCaS simulation of one bunh rossing. The deposited energy from thebeamstrahlung pairs with SB2009 ILC beam parameters with an overlayed 250 GeVeletron shower deposited energy is shown. Both plots show the sum of depositedenergy in 30 layers of BeamCal.for one bunh rossing as a funtion of the sensor layer number for two beam parametersets: SB2009 in blue, RDR nominal in blak olor. The maximum of the longitudinaldevelopment of eletromagneti showers of beamstrahlung pairs for both parameter setsis around the 6th layer. A typial energy spetrum of the eletrons and positrons in theshower is shown for one bunh rossing inside the sixth sensor layer in �gure 7.4(b). Atypial energy of the shower partiles is about 10 MeV. For SB2009 beam parametersmore beamstrahlung pairs are reated and the deposited energy in BeamCal is higher forSB-2009 than for nominal RDR beam parameter set.In addition, the deposited energy from a single eletron of 250 GeV is shown in redwith the sale on the right side. The single high energy eletron or positron showersare propagating almost parallel to the axis of the detetor. The maximum of the showerdevelopment, as an be seen from �gure 7.4(a) for a single eletron is around the 11th layer.For the searh of a shower, pads in di�erent layers, but at the same radius and azimuthalangle are grouped into rows of up to 30 pads alled towers. To aept a tower 10 andmore onseutive pads with non-zero deposited energy after the 5th layer of the BeamCalare required. The tower with the maximum deposited energy is alled a seed tower.Surrounding towers of the seed tower are attahed to it to form a luster andidate. Aluster andidate is aepted if it ontains two and more neighboring towers. In ase ofa shower ore development on the border between two or more towers and if one of theneighboring towers ontain 90% or more of seed tower energy, further neighboring towersare searhed for and added to the luster. For every luster, the deposited energy andradial and polar angle oordinates are alulated as an energy weighted average of thetower positions. In ase a luster andidate is found, the algorithm starts to look foradditional luster andidates.Figure 7.5 shows the number of towers found for 100, 150, 200 and 250 GeV eletronshowers, requiring a di�erent number of subsequent pads in the tower for the segmentationwith the equal pad size, when no pair depositions are in the alorimeter. The upper dark
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(a) (b)Figure 7.4: (a) Longitudinal distributions of the energy deposited in the alorimeter. The energydeposition in the diamond layers aused by the bakground from ILC Nominal beamparameters (blak), SB2009 ILC beam parameters (blue) and by the 250 GeV (red)are shown [100℄. (b) The spetrum of the shower eletrons and positrons at 6X0 forone bunh rossing [101℄.

Figure 7.5: Number of towers found with di�erent requirement on the number of onsequent pads(the upper line orrespond to 4 pads, then eah line down was obtained with 2 padsmore required to be in the tower)
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Figure 7.6: The fake rate of the luster �nding algorithm for nominal beam parameters.blue line (dots) orresponds to the number of towers in the showers with 4 subsequentpads in the tower. The following lower lines orrespond to 6, 8, 10, 12, 14, 16 and 18subsequent number of pads with non-zero deposited energies in the towers. With inreasingthe threshold on the number of pads in the towers the number of found towers is dereasing.The number hosen in the algorithm used is shown with bold dotted yellow line in themiddle.To �nd eletron showers on top of the beamstrahlung pairs, the 10 last onseutivebunh rossings are taken into aount. The mean and the RMS values for eah individualpad were alulated and subtrated from 11th bunh rossing whih ontains a superim-posed high energy eletron shower. Then the luster reonstrution algorithm was appliedto �nd lusters.7.3.1 Fake RateThe beamstrahlung depositions from a bunh rossing simulation for nominal beam param-eters and SB2009 were shown in �gures 7.3(a) and 7.3(b). Flutuations of the bakgroundan be reognized by the luster �nding algorithm as a shower. These events are alledfake eletrons. The number of found fake eletrons normalized to the total number ofgenerated bunh rossings without high energy eletrons is alled fake rate.By applying the lustering algorithm to samples of pure bakground events the fakerate was determined. As the beamstrahlung pairs have higher density in the entral regionof the BeamCal the most fake showers were found at the inner BeamCal radius. Figure 7.6shows the fake rate as a funtion of the energy of the lusters found. The fake rate wasshown to be less then 1.5% even for very low luster energy.
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(a) (b)

() (d)Figure 7.7: (a) The deposited energy in the BeamCal sensors from a 250 GeV eletron shower.(b) The deposited energy in the BeamCal from eletron showers as a funtion of theeletron energy. () An example spetrum of the di�erene between the reonstrutedenergy of the eletron from the found luster and the initial energy of eletrons of250 GeV. (d) The energy resolution of the BeamCal as a funtion of the square rootof the energy of initial eletrons.7.3.2 Calorimeter Response and Energy ResolutionEletrons of di�erent energies are traed to the alorimeter and the shower is simulated.The deposited energy in eah pad is used to reonstrut the total energy of the shower.Figure 7.7(a) shows an example of the reorded energy in the pads from showers of 250 GeVeletrons. The mean value of the Gaussian �t is plotted as a funtion of the initial eletronenergy in �gure 7.7(b).The relative energy resolution of a alorimeter, σE/E, an be parametrized as [102℄:
σE

E
=

p0√
E

⊕ p1
E

⊕ p2, (7.1)where the right side is the square root of the quadrati sum of the tree terms. The stohastiterm p0/
√
E represents the statistial �utuations in the shower development. The seondterm p1/E inludes e�ets from the instrumentation of the alorimeter like eletronis noise



92 CHAPTER 7. Simulation Studies of the Beam Calorimeterand pedestal �utuation. The third term p2 appears due to systemati e�ets like detetornon-uniformity or alibration unertainty.Below the �rst term of the equation 7.1 is explained and alulated for the BeamCal.If there is no leakage of the showers in the alorimeter the obtained energy resolution isalled intrinsi energy resolution of the sampling alorimeter. The energy measured bya sampling alorimeter in the ative layers of the alorimeter, alled visible energy, Evis,is a small fration of the total deposited energy of the shower, E. The visible energy isproportional to the total energy E. The intrinsi energy resolution is de�ned by �utuationsof the visible energy:
σE

E
=

σEvis

Evis
.In addition, the visible energy is proportional to the mean energy loss Eloss of showerpartiles (eletrons and positrons) in the ative layers:

Evis = Nact Eloss,where Nact is the average number of shower partiles passing through the ative layers.Flutuations of the visible energy are dominated by �utuations in the number of partilesin a shower, Nact, and the intrinsi energy resolution an be desribed as:
σEvis

Evis
≈ σNact

Nact
.The number of shower partiles follow a Poisson distribution. However, sine Nact >>

1, the distribution is beoming similar to the Gaussian distribution and the followingexpression appears:
σNact

Nact
≈ 1√

Nact

∝
√

τ

E
,where τ is the alorimeter sampling frequeny. Then the alorimeter intrinsi energyresolution an be expressed as:

σE

E
=

p0√
E
.Figure 7.7(b) shows the linear dependene between the deposited and primary energyfor single high energy eletron. The data points are �tted and the parameters of the �tare used for the reonstrution of the primary eletron energy from the luster energy. Anexample spetrum of the di�erene between the reonstruted energy of the eletron fromthe luster and the initial energy of eletrons of 250 GeV energy is shown in �gure 7.7().The distributions are �tted with a Gaussian. The standard deviation of the Gaussian isplotted in �gure 7.7(d) as a funtion of 1/√Eshower. As expeted a linear dependene isfound.The showers were reonstruted without bakground. The intrinsi resolution is pa-rameterized to be

σE

E
=

(30± 2)%√
E

,where the energy E is expressed in GeV.
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(a) (b)Figure 7.8: (a) The eletron reonstrution e�ieny in the presene of pair depositions for theBeamCal segmentation with equal pads as a funtion of the polar angle. The energiesof the initial eletrons are 50 GeV (triangle), 150 GeV (square) and 250 GeV (dots).(b) The eletron shower reonstrution e�ieny on top of the bakground for theBeamCal segmentation with radially inreasing pads size. The energy of the initialeletrons are 100 GeV (triangle), 150 GeV (square) and 250 GeV (dots). All beam-strahlung bakground were simulated with the nominal RDR beam parameter set ata ms energy of 500 GeV.7.3.3 Eletron Reonstrution E�ienyTo de�ne how e�ient the luster �nding algorithm �nds eletron showers on top of the pairbakground the parameter ε is introdued as the ratio between the number of reonstrutedto the number of generated eletrons
ε =

Nreconstructed

Ngenerated

.In �gure 7.8(a) the reonstrution e�ieny for eletrons with energies of 50, 150,250 GeV is shown as a funtion of the polar angle for the segmentation with equal pads,and in �gure 7.8(b) for the segmentation with radially inreasing pad size. The e�ienyat small polar angles is lower in both ases due to high beamstrahlung bakground �utu-ations. At larger polar angles the e�ieny approahes 100%. Near the maximum polarangle it is slightly redued due to leakage of part of the showers. Reduing the pad sizes inthe entral region of the BeamCal leads to an inrease of the shower �nding e�ieny asshown in �gure 7.8(b). For example, eletrons with energy of 150 GeV are reonstrutedat the inner radii with 20% larger e�ieny.7.3.4 Expeted DosesThe BeCas simulation program was used to simulate beamstrahlung pairs and alulatethe dose in the sensors of BeamCal using the deposited energy in eah pad. The dose wasobtained by the following equation:
Dose =

EDepDoseScale
VpadDpad

,
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(a) h (b)Figure 7.9: (a) Dose spetrum in BeamCal at 6
th layer for SB2009 (red) and nominal (blue)parameter sets. (b) Dose as a funtion of BeamCal radius for SB2009 (red) andNominal beam parameters (blue) at 500GeV at enter mass energy.where DoseScale is a fator equal to the number of bunh rossings per year for eah beamparameter set, Vpad the pad volume andDpad the mass density of the sensor. In �gure 7.9(a)the dose obtained for eah pad is distributed. The maximal dose per pad is nearly 1 MGyper year. The highest doses are in the 6-th layer at small radii. Due to the lower numberof bunh-rossings in the SB2009 beam parameters set the obtained doses are similar tothe one obtained with nominal beam parameters.In �gure 7.9(b) doses alulated for eah radius of the 6th layer are shown for thetwo beam parameters sets. At larger radii higher doses are obtained for SB2009 beamparameters.



Chapter 8Test Beams Studies for Sensor PlanePrototypes
IntrodutionThe purpose of the beam test was to measure the performane of fully assembled sensorplanes. The eletron beam of the DESY II aelerator was used. Three test beam am-paigns were organized in the years 2010-2011. In the �rst ampaign the readout hainontained sensor, fan-out, FE ASICs and a stand alone ADC. The seond and the thirdtest beams inluded FE ADC ASICs in the readout hain. In the following hapter thetest beam setup and the preparation for the test beam are desribed.8.1 Test Beam8.1.1 The DESY Beam Test FailityDESY II is an eletron synhrotron. It aelerates in sinusoidal mode with a frequeny of12.5 Hz. One DESY II magnet yle takes 80 ms. The revolution frequeny is 1 MHz, theRF frequeny 500 MHz, and the bunh length around 30 ps.The DESY II test beam infrastruture provides eletrons or positrons. In �gure 8.1 isshown the shemati layout of a test beam. Firstly, a bremstrahlung beam is generatedby a arbon �ber inserted in the irulating eletron beam. Using metal plates (onverterin the �gure), the beamstrahlung photons are onverted to e− e+ pairs. Converters anhave di�erent thiknesses and onsist of di�erent metals. For the seletion of a ertainenergy, a system of dipole magnets is used. The beam is spread out into a horizontal fan.Collimators in the fan ut out the �nal beam [103℄. The magnet is used to ontrol theenergy of the beam. Eletron energies from 1 to 6 GeV are provided. In this range theeletrons have an energy loss similar to minimal ionising partiles (MIPs). In the 2010ampaign a beam of 4.5 GeV was used and in 2011 beams of 2 and 4 GeV.95
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Figure 8.1: Shemati Layout of a Test Beam at the DESY faility DESY II [104℄

Figure 8.2: A sketh of the test beam setup. Partile trajetories are de�ned by linear approxi-mation using telesope plane signals. The impat point in DUT is reonstruted, leftusing the three telesope planes in front of the DUT and right telesope planes infront and behind the DUT.8.1.2 The Beam TelesopeThe DESY II test beam area was equipped with a beam telesope whih provides trakingfor beam partiles [105℄. The beam telesope, build previously for the ZEUS miro vertexdetetor, MVD, beam tests, onsists of 3 modules. Eah module omprises two 300 µmthik single-sided silion sensors of 32 by 32 mm area with a strip pith of 25 µm. The readout pith is 50 µm. The sensors are turned by 90◦ to have strips in X and Y diretions.For eah silion strip sensor 640 strips are read out. The signal to noise ratio for all stripsis between 80 < S/N < 130. Eah of telesope planes provides for eah hit transverseoordinates x and y and a z oordinate. The spatial resolution of eah plane, reported byZEUS, was 25 µm [106℄. Reonstrution of traks is made after alignment of three telesopeplanes by linear approximation as shown in �gure 8.2. A sketh of the setup, a photo anda drawing with the dimensions between telesope planes are shown in �gures 8.2, 8.3(a)and 8.3(b).The telesope planes an be moved in Z diretions on a mehanial benh. Two detetorsunder test, DUT, loations were used, one with the DUT installed in between telesopeplanes and one behind all telesope planes. Data are taken in 2010 and 2011 with telesopeplanes in loations, optimized for di�erent studies.
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(a)

(b)Figure 8.3: (a) - Test Beam Setup Photo with explanations. (b) - Test Beam Setup Drawing withthe telesope plane loations in 2011.



98 CHAPTER 8. Test Beams

Figure 8.4: The test beam setup readout with telesope plane loations in 2010.In �gure 8.4 the test beam layout is shown inluding 3 telesope planes, DUT, 3 sin-tillators and read-out ADC modules. There are 3 �nger sintillators of 7 mm width, twoof them are loated in front of the telesope and are perpendiular to eah other. Thetrigger for the read out of the telesope and the DUT is obtained using the sintillatorsignals. The sensor box ontaining the sensor plane was mounted on a XY-table. It allowsremotely moving the DUT in the beam. The distanes between the telesope planes andthe DUT are measured between the front edge of eah plane.8.1.3 The PrototypeThe prototype of a sensor plane onsists of a GaAs:Cr sensor, as desribed in hapter 1,attahed to a fan-out and onneted to a PCB omprising the FE ASICs and auxiliaryeletronis. Photos of the boards as used in 2010 and 2011 are shown in �gure 8.5 and 8.6,respetively.Four FE ASICs with 8 preampli�ers eah were onneted to sensor pads. In 2010the ampli�ed signals were fed into a standalone ADC (CAEN v1721). Two regions of 8pads eah were read out. In 2011 the read out hain was ompleted with four 8-hannel10-bit ADC ASICs, an �eld programmable gate array, FPGA, (Xilinx Spartan3), a miro-ontroller (Amtel AVR ATXMEGA128), memory ards, a temperature monitor and voltageregulation. Details on the eletronis board are given in Ref. [107℄.Two GaAs:Cr sensor types were investigated in the test beams. The sensors were gluedto fan-outs, as shown in �gure 8.7(a). The fan-out used in 2011 was instrumented withresistors and apaitanes to provide AC oupled signals from the pads to the ASIC inputs.The fan-out itself was srewed to an additional PCB arriage with a window orresponding
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Figure 8.5: The assembled sensor plane used in 2010 test beam studies. GaAs denotes the GaAssensor, plaed below the fan-out. The pads are bonded to the readout traes throughthe holes.

Figure 8.6: The assembled sensor plane used in 2011 test beam studies. GaAs sensor is loatedin the shielding box. On the top and bottom there are 8 onnetors to read out FEASICs by CAEN ADC in parallel to ADC ASIC.
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(a) (b)Figure 8.7: (a) The sensor glued on the fan-out bottom side. (b) Fan-out srewed to the PCBarriage with bonded sensor pads, top side.to the sensor shape as shown in �gure 8.7(b). Fan-out traes at one end were bonded toa onnetor to the read-out eletronis board and at the other end to the pads throughsmall holes seen in �gure 8.7(b). High voltage was applied to the fully metalized side ofthe sensor as shown in �gure 8.7(a). In the end the fully assembled prototypes were putinto a shielding box as shown in �gure 8.6. The operation bias voltage was set to 60 V in2010 and up to 200 V in 2011.The 8 hannels readout in addition by an external ADC in 2011 are labeled �CAENADC read out� in �gure 8.6. The �rst 4 hannels of the CAEN ADC are onneted to thebottom ASIC and the other 4 hannels to the top ASIC. Inside ASICs eah seond hannelwas hosen to be read out simultaneously by two ADCs.Figure 8.8 shows the pads whih were irradiated in the test beam in 2011. The purpleirles indiate the pads, whih are in addition readout by an external ADC.8.1.4 Measurement PlanThe goal for the test beam was to measure the performane of a GaAs:Cr sensor planewith di�erent segmentations as explained in hapter 2. The full hain of sensor, fan-out,FE ASICs and ADC ASICs was intensively tested. All together 32 pads of the sensorwere onneted to the ASICs and simultaneously read out. An FPGA was used for theommuniation between the ADCs and the omputer. In addition, for 8 out of 32 hannels,the analog signal was fed into an external ADC. The measurements aimed to obtain thefollowing haraterizations:
• stability for all investigated hannels,
• the signal-to-noise ratio,
• di�erent modes of preampli�er and shaper settings [108℄,
• baseline stability,
• uniformity of the sensor response and edge e�ets,
• signal amplitude dependene on the bias voltage,
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Figure 8.8: The 32 hannels irradiated in the test beam 2011.
• ability of multiple partile detetion.8.1.5 CalibrationFor a given readout hain the maximum of a signal is proportional to the harge reated inthe pad. Signals readout from the ADC are expressed in ADC ounts. In order to onvertthe amplitude maximum to the harge, a alibration oe�ient, kCal, has to be determined:

kCal =
Q

SADC
,where SADC is the amplitude maximummeasured in ADC ounts and Q is a known injetedharge.To alibrate the readout hain the known harge is reated via a apaitane at theinput of the FE ASICs. Capaitors of 0.5 pF were used in the �rst hannels and 0.23 pFin the seond four hannels in 2010. In 2011 test apaitanes of 0.5 pF were in additionimplemented in the readout board. A retangular pulse with an amplitude of 1 V is appliedto the apaitors, C, via an attenuator. The injeted harge is alulated using

Q = CV.Test pulses an be applied simultaneously either to odd or even hannels and readout bythe full hain. An example of the alibration for hannel 0 of the �rst hip is shown in�gure 8.9. Pulses of di�erent amplitude were fed into the front-end eletronis and theresponse signal size was measured with a stand alone ADC. Four di�erent measurementswere performed for eah ombination of the FE ASIC gain settings.
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Figure 8.9: Results of the alibration measurement for hannel 0 of hip 1 [23℄. Test pulses ofdi�erent amplitude, Uin, are ompared to the output signal size measured in ADCounts. Di�erent settings of the preampli�er and shaper ampli�ations are used.

Figure 8.10: 90Sr setup with a GaAs:Cr sensor plane under test.
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Figure 8.11: The size of the integrated signal as a funtion of the bias voltage.8.1.6 Laboratory SetupThe fully assembled sensor plane was �rstly investigated with a 90Sr soure. Figure 8.10shows the setup with a 90Sr soure on top, a XY-table to move the prototype with respetto the soure in the middle, and a trigger box at the bottom. The trigger box ontains twosintillators with photomultipliers attahed. A oinidene from two sintillator signals isrequired to generate a trigger to readout the sensor plane. The trigger selets eletronswith su�ient energy rossing the sensor and two sintillators. The funtionality of allhannels was tested before the installation of the sensor plane in the test beam.The size of the signal from an eletron depends on the voltage applied to the sensor,as seen in �gure 8.11. It is growing fast by up to 60 V and saturates at about 100 V. Theresult is in agreement with the measurement, desribed in the setion 1.4. The bias voltageused at the test beam was 60 V.8.2 Simulation of the Deposited Energy in GaAsTo estimate the deposited energy of relativisti partiles in the sensor, simulations usingGEANT were done. Two kinds of eletron beams were generated. Firstly, a beam with theenergy spetrum of a 90Sr soure, and seondly mono-energeti eletron beams of 2, 4 and4.5 GeV. The simulation was done for a GaAs sensor of 500 µm thikness. The values ofthe deposited energy for eah partile are distributed as shown in �gures 8.12(a), 8.12(b),8.12() and 8.12(d) as red lines. The blak lines are a �t with the Landau distribution. Themost probable value of the �ts are summarized in the Table 8.1. Divided by the averagedenergy for the reation of an eletron-hole pair of 4.3 eV, the expeted number of the e-hpairs is obtained.
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500µm GaAs sensor, 4 GeV electrons
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500µm GaAs sensor, 4.5 GeV electrons
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(d)Figure 8.12: (a) Deposited energy in a 500 µm GaAs sensor by a 90Sr soure and triggered bytwo sintillators. (b) Deposited energy in 500 µm GaAs sensor glued on 500 µmPCB by 2 GeV eletrons and triggered by tree sintillators. () Deposited energyin 500 µm GaAs sensor glued on 500 µm PCB by 4.0 GeV eletrons and triggeredby tree sintillators. (d) Deposited energy in 500 µm GaAs sensor glued on 500 µmPCB by 4.5 GeV eletrons and triggered by tree sintillators.
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Setup Dep. En. e-h pairs per µm
90Sr 0.3512 MeV 163,42 GeV 0.3455 MeV 160,74 GeV 0.3513 MeV 163,44.5 GeV 0.3526 MeV 164,0Table 8.1: The expeted number of e-h pairs reated by a relativisti partiles passing through a500 µm thik GaAs sensor.
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Chapter 9Data AnalysisIn the following hapter the analysis of the test beam data is presented and the performaneof the two assembled GaAs:Cr sensor planes is evaluated.9.1 De�nitionsAll measurements at test beams were done with sampling ADCs. For eah trigger anevent length was set de�ning the time window for the ADC readout. The time window isdivided in two sub-windows, as shown in �gure 9.1(a). The �rst is used for the baselineand pedestal alulations and the seond for the signal analysis. The Baseline is de�nedas the average of the ADC values in the �rst time window:
BL =

∑

si
N

,where i is the sample number, si is the ontent of the i-th ADC bin and N is the numberof summed samples.The Pedestal is de�ned as the average value of samples or the integral over severalsamples in a time window not ontaining signals
ped =< si >.The Noise is the random variation of the samples not ontaining a signal. The stan-dard deviation of this variation is the noise. It is alulated by the formula:

σ =

√

√

√

√

1

N

N
∑

i=1

(si − ped)2.Common Mode Noise, CMN, is a synhronous variation of the baseline in severalhannels. The CMN is alulated for individual hips. For the samples values, si, theCMN, vCMN
i , is de�ned as:

vCMN
i =

1

N

N
∑

j=1

(sji − pedj),107
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(b)Figure 9.1: (a) Signal example with pedestal, baseline and signal time windows. (b) The signal-to-noise ratio for di�erent integration time windows for the signal.where j is the hannel number, running over all hannels of the hip and pedj is the pedestalvalue alulated for eah hannel independently.The Common Mode Noise Subtration is performed by alulating �rstly theCMN and subtrating it from eah sample i for a hannel under investigation.
vCMNS
i = si − vCMN

iThe Signal Amplitude is the di�erene between the sample with the maximum valuein the signal window and the baseline.The Signal Integral is the integral over a signal in a ertain time window.The Signal-to-Noise Ratio, S/N, is the ratio between the most probable value ofthe signal amplitude or integral signal distributions and the noise,
S/N =

MPVLG

σ
,where MPVLG is the most probable value of signal spetrum.In the test beam for eah trigger 8 or 32 hannels were read out simultaneously in 2010or 2011, respetively. This data is alled an event. Data of a single hannel is alledSub-event.
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(b)Figure 9.2: Signal and noise spetra examples for test beam data taken in 2010.9.2 Test Beam 20109.2.1 Data AnalysisAn example of a signal in the external ADC is shown in �gure 9.1(a). The trigger to readout of the ADC arrives 500 ns before the signal. The maximum amplitude of the signal isaround 600 ns (300 samples). The full readout window was hosen to be 1600 ns.The �rst 200 ns are used for the baseline alulation. The signal was alulated usingthe maximum amplitude or the integral over the signal time window. In �gure 9.1(a) theintegration window is hosen to be 300 ns. The length of the integration time windowsis varied to obtain the maximum S/N. Figure 9.1(b) shows the signal to noise ratio as afuntion of the length of the time windows of the integration. The maximum of the S/Nis at 180 ns.An example of the pedestal distribution is shown in �gure 9.2(a) and an example ofthe signal integral spetrum is shown in �gure 9.2(b). The pedestal distributions were�tted with a Gaussian to obtain σ. The measured signal integral spetra are �tted with aonvolution of a Landau distribution and a Gaussian to obtain MPV.The stability of the signal integral and the noise over time were heked for 4 data setsfor eah hannel. It it shown in �gure 9.3(a) for the signal integral and for the noise in�gure 9.3(b). Eah group of 4 points orresponds to the measurement of one hannel over1 hour. The signals were found to be stable within few perent. Eah point in �gure 9.3(b)is the standard deviation of the distribution like in �gure 9.2(a). The noise was found tobe stable within 10 %. The �nal S/N is stable within 6 %.9.2.2 Charge Colletion E�ieny (CCE)Charge Colletion E�ieny, CCE, is the fration of the released harge that is ol-leted in the ative volume of the detetor when a harged partile rossed the detetor.The related harge is obtained from the simulation of the setup as desribed in setion 8.2.For the alulation of the CCE the integral signal is multiplied by the alibration fator asdesribed in setion 8.1.5. The CCE obtained is 42%, when the applied voltage is above60 V. The CCE measurement is ompatible with the measurement of GaAs:Cr sensorsdone in the laboratory using the 90Sr soure before irradiation as shown in setion 1.4.
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Figure 9.4: Residual distributions for all telesope planes after alignment.9.2.3 Traking with the TelesopeFor the reonstrution of traks in the telesope the program alled �TelAna� was used [109℄.Firstly, it alulates the hit position from the �red strips by the enter of gravity methodusing the signals in the X and Y telesope planes. Assuming that horizontal and vertialtelesope planes are independent, the trak reonstrution an be done separately in X andY diretions. The traks are obtained from linear interpolation between 3 points.Then, the alignment was performed with the DUT installed between the telesopeplanes. The TelAna alignment was heked using the Millepede I program [110℄. Thedi�erene between the oordinate measured and the predited oordinates using the hitsin other telesope planes is shown in �gure 9.4 for all 6 telesope sensors. The mean valuesof the residual distributions deviate by less than 1 µm from zero. The position resolutionwas measured to be better than announed by ZEUS ollaboration.The position of the trajetory in the GaAs plane was reonstruted by linear interpo-lation using three telesope planes in X and Y independently. The hit positions preditedat the sensor as plotted in �gure 9.5(a) have di�erent olors. The di�erent olors refer toevents when the signal amplitude or integral is above a prede�ned threshold. The biggestpad was subdivided into smaller areas and signal amplitudes were distributed for eah areaseparately. The most probable values of eah area were shown to be stable within 2 %.
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(a) (b)Figure 9.5: (a) Pads struture of the GaAs sensor reonstruted from telesope data [111℄. (b)The pads struture at the edge between 4 pads.

X, [μm]Figure 9.6: The beam pro�le in the X oordinate.9.2.4 Beam Pro�leThe beam pro�le, a harateristi of the beam, was measured at the beginning of the testbeam. Figure 9.6 shows the beam pro�le obtained from one of the telesope planes in Xdiretion. The beam was not entered with respet to the telesope in X and Y diretions.The size of the beam spot used was 7 mm in Y and 9 mm in X diretion.9.2.5 Edge E�etsThe signal size was studied as a funtion of the hit position. The edge between pads asshown in �gure 9.5(b) was subdivided in 50 µm stripes and signal spetra were done foreah stripe. Eah spetrum was �tted with the Landau distribution and the mean valueas a funtion of the stripe position is shown in �gure 9.7(a). Figure 9.7(b) shows the meanvalue of the summed signal of the two neighboring pads for eah stripe. As one an see inthe gap between two pads, the signal drops by 10%.
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(a) (b)Figure 9.7: (a) The signal integral mean value as a funtion of the hit position on the borderbetween two pads. (b) The signal integral sum of two pads as a funtion of hitposition on the border between two pads.

Figure 9.8: A sreen-shot of the osillosope. In blue the output signal from the sensor plane, ingreen the sampling lok of the ADC ASIC, synhronized with the beam lok andyellow is the trigger signal from the sintillators.



114 CHAPTER 9. Data Analysis9.3 Test Beam 20119.3.1 Synhronous and Asynhronous ReadoutThe ADC ASIC provides data digitized with using its internal lok of 50 ns. If it is notsynhronized with the partile arrival time using the beam lok, then the digitization isperformed with a random phase shift. In ase of synhronization of the ADC lok with thebeam lok, as it will be done at the ILC, the digitization ours at a �xed time with respetto the signal arrival time. During the test beam the ADC ASICs were operated both insynhronized and non-synhronized modes. In the asynhronous mode the sensor signalsare digitized with ADC lok independent from the beam lok. In the synhronized modethe �rst sampling appears at the time when the signal amplitude approahes the maximum.Figure 9.8 shows an example of synhronous read out. The blue line is the signal from theFE ASIC, the green line the 50 ns sampling of the ADC and the yellow line is a triggerfrom the sintillators.9.3.2 Measured Signals and Analysis TehniqueSignals from hannels readout in addition with an external ADC are ompared to theoutput of the ADC ASIC. The result is shown in �gure 9.9. The shape of the digitizedsignals is, apart of the di�erent sampling time, almost the same.Amplitude and integral of signals were alulated with the same proedure like in theprevious setion. Examples of the distribution of the pedestals and a signal amplitudespetrum using the external ADC are shown in �gure 9.10(a) and 9.10(b), respetively.The pedestal distribution is �tted with a Gaussian. The amplitude spetrum shows asharp pedestal, a peak orresponding to the expetation for a MIP and a saturation peakdue to limited dynami range of the ADC. In �gures 9.11(a), 9.11(b), 9.11() and 9.11(d)are shown the ADC ASIC amplitude spetra for �High High� and �High Low� ampli�ationsettings and for two di�erent feed bak tehnologies (hannels 10 and 17 for MOS and 6 and7 hannels for Rf feed bak). The beam is sent to the enter of eah irradiated pad and thetriggered events are distributed over the beam spot size 7 by 9 mm. The events appearingbetween pedestal peak and MIP hit the sensor near the edges of the pad. The spetra are�tted with a Landau distribution onvoluted with a Gaussian. The peak orrespondingto the expetation of a relativisti partile is learly visible for the �High High� and �HighLow� read out mode. This will allow to study S/N and provides alibration of the sensorsin the alorimeter in future.9.3.3 CorrelationsFigure 9.12(a) shows sample values in the baseline time window of ADC ASICs for twoadjaent hannels. The distribution shows a orrelation between these values. To quantifythe orrelations between samples of di�erent hannels the following formula was used:
rxy =

∑

(xi − x)(yi − y)
√

∑

(xi − x)2
∑

(yi − y)2
,
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Figure 9.9: An example of the signal digitized by the external ADC (blue) and the ADC ASIC(red).
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(b)Figure 9.10: (a) The pedestal distribution measured by an external ADC �tted by a Gaussian.(b) The signal amplitude spetrum using the external ADC.
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(d) High LowFigure 9.11: The amplitude spetra measured with ADC ASICs for �High High� and �High Low�ampli�ation settings and for two di�erent feed bak tehnologies of the FE ASICs.In hannels 10 and 17 MOS and 6 and 7 hannels Rf feed bak was used.where xi, yi are the sample values from two ompared hannels at the same time and x, yare their baseline values. Figure 9.12(b) shows the values of rxy for x and y running over all32 hannels. Large orrelation oe�ients were found for groups of 8 hannels belonging tofour front-end and ADC ASICs. The large orrelation oe�ients point to ommon modenoise within the front-end ASIC hip. This onlusion is done on the basis of the signalanalysis measured by a stand alone ADC. As the same orrelations were observed.Figure 9.13(a) shows the orrelation between eah hannel and the averaged value ofother 7 hannel samples of eah hip. This strong orrelation shows a possibility for thealulation of the ommon mode noise as an average between several hannels.9.3.4 CMN Subtration ProedureTo study how to subtrat the ommon mode noise the following steps were done. Theaveraged ADC sample values of 7 hannels were determined and the orrelation oe�ientswith the 8th hannel under investigation were alulated. Figure 9.13(a) shows that thereis a strong orrelation between the sample values in the hannel under investigation andthe averaged value of the other seven hannels sample values. The averaged values ofseven out of eight hannels sample values in the baseline time window are alulated goingthrough all hannels on a hip. These average values are subtrated from samples of the
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(b)Figure 9.12: (a) The satter plot between hannel 1 and 2 of ADC sample values in the baselinetime window. (b) Correlation oe�ients between the ADC sample values of 32hannels.
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(b)Figure 9.13: (a) Correlation oe�ients between the ADC sample values of one hannel and theaveraged sample values in the baseline time window of 7 other hannels of eah hip.(b) The omparison of the RMS of ADC sample value distributions. The blue lineis obtained from the ADC sample values before the CMN subtration, the red line isobtained after the subtration of the mean value of the other 7 hannels.
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Figure 9.14: The ratio between one standard deviation of sample values distribution without andwith ommon mode noise subtration proedure.hannel under investigation. The new sample values are �lled into a histogram and �ttedwith a Gaussian. The standard deviations are shown in �gure 9.13(b) by the red line. Foromparison, the blue line shows the standard deviation of the same samples before thesubtration. As an be seen, the noise in all hannels is redued by a fator of about two.To aount for ommon mode noise the following proedure is applied to the data:
• The baselines are determined for all hannels. The baseline of eah hannel is sub-trated from all samples of this hannel.
• Identify the hannel ontaining a signal above a ertain threshold.
• From the remaining 7 hannels in the same ASIC the averaged value for eah sampleis alulated.
• These values are subtrated from eah sample of the hannel with the signal.Figure 9.14 shows the ratio between the standard deviations of sample value distributionswithout and with ommon mode noise subtration. The noise was redued in average by afator of 1.8. The ommon mode noise subtration was applied to all data analyses below.9.3.5 S/N MeasurementsAs mentioned in setion 6.7, there are several settings of the FE ASIC denoted as alibrationand physis modes. Changing between modes was possible remotely and independently forshaper and preampli�er. The mode �Low Low� is supposed to be used for showers withhigh energy deposition in the alorimeter, the mode �High High� for the measurements ofsingle relativisti partile for alibration and alignment. The modes �High Low� and �LowHigh� are implemented here for tehnial reasons.Data with beam were taken for all 4 ombinations of gains. For the two modes �HighHigh� and �High Low� the MIP peak was visible and S/N alulations are presented in



Test Beam 2011 119table 9.1. The S/N results obtained using either signal amplitude or integral spetra areshown in �gure 9.15(a). The amplitude method showed a higher S/N ratio than the integralmethod for all hannels. With the amplitude method a S/N of more than 20 was obtained.The variation between hannels is less than 16 %. Using the integral method the S/N islarger then 15 and the variation between hannels is less than 15 %.Gain Preamp.Gain Shap. HH HL LHMOS feedbakh 10 MPV = 93.7 ± 1.4 MPV = 16.68 ± 0.01 no MIPPed = 4.13 Ped = 0.99S/N = 22.7 S/N = 16.9MOS feedbakh 17 MPV = 94.7 ± 0.2 MPV = 16.72 ± 0.02 no MIPPed = 4.4 Ped = 0.95S/N = 21.5 S/N = 17.6Rf feedbak h 6 MPV = 46.2 ± 0.1 MPV = 8.32 ± 0.01 no MIPPed = 2.25 Ped = 0.6S/N = 20.53 S/N = 13.86Rf feedbak h 7 MPV = 46.1 ± 0.1 MPV = 8.31 ± 0.01 no MIPPed = 2.25 Ped = 0.56S/N = 20.49 S/N = 14.83Table 9.1: The S/N for the �High High� and �High Low� front-end eletronis mode for two feedbak tehnologies (MOS and Rf ).In both test beam measurements the MIP position is shown to be stable for all measuredhannels. The MOS feedbak showed a twie higher gain than the Rf feedbak and theS/N is similar for both of them. Figure 9.15(a) shows a slight inrease of the S/N withinreasing hannel number. Then the noise of 32 pads was plotted as a funtion of the padarea in �guree 9.15(b). It is seen that the noise linearly depends on the pad size for bothfeed bak tehnologies. Suh behavior is expeted, sine the noise depends linearly on thedetetor apaitane and hene on the pad area [3℄.9.3.6 CalibrationSeparate alibrations were done for the read out with an external ADC and the ADCASICs. The alibration onstants are obtained by applying test pulses to the front-endASICs via a apaitane of 0.5 pF for all odd or all even hannels simultaneously. Thenthe harge indued is Q = C ∆ V , where ∆ V is the voltage step of the test pulse. Thetest pulse with ∆ V =1 V is attenuated by 6 to 60 dB. The attenuation, AdB, relates tothe value of the attenuated voltage step by:
AdB = 20 ∗ log(∆ V1

∆ V0

),
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(b)Figure 9.15: (a) The S/N obtained for the amplitude method (red dot) and integral method (bluetriangles). (b) The pedestal standard deviation as a funtion of the pad area for Rfand MOS feedbak in the preampli�er.where ∆V1 is voltage step after and ∆ V0 before attenuation. The injeted harge, Qinjectis obtained as:
Qinject = C

∆ V0

10
dB
20

1

q
,where q - is eletron harge, C is the oupling apaitane. Qinject is in units of eletrons.Plotting the measured signals as a funtion of the injeted harge a linear funtion isobtained and the slope is the alibration fator. The resulting alibration fators for the�High High� mode are shown in �gure 9.17(a) and for the �High Low� in �gure 9.17(b).For a signal size measured in ADC ounts, the primary signal harge is obtained as:

QMeas = kCal ∗ ADCcounts.9.3.7 Charge Colletion E�ienyFigure 9.16 shows the size of the MIP signal for the two feed bak tehnologies used in theFE ASICs as a funtion of bias voltage. It slowly growth with inreasing voltage and omesto the saturation at about 60 to 100 V. The value of the MIP signal is transformed into theCCE using the alibration fators shown in �gure 9.17. The deposited harge is obtainedfrom the simulations desribed in setion 8.2 for a beam of 2 GeV eletrons. The CCE at100 V is then equal to 42.2%. It is in the agreement to previous test beam results andto the measurements done in the laboratory as shown in setion 8.1.6 and other previousmeasurement results desribed in setion 1.4.
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Figure 9.16: The signal size as a funtion of the applied bias voltage. FE ASICs with Rf feedbaktehnology and MOS feedbak tehnologies.9.3.8 Deonvolution MethodThe deonvolution method was developed in the 90-th of the last entury. The idea is touse slow pulse shaping and then to apply a deonvolution algorithm to reonstrut the fastomponents of the input signal [112℄. For the sampled output of a CR-RC shaper with thesharp response the signal amplitude, v(t), as a funtion of time reads
v(t) = − t

τ
∗ e−t/τ .A weighted sum is formed from three suessive samples Vk, Vk−1 and Vk−2,

Vk = w1 ∗ Vk + w2 ∗ Vk−1 + w3 ∗ Vk−2,with the weights
w1 =

1

x
∗ ex−1, w2 = −2

x
∗ e−1, w3 =

1

x
∗ e−(x+1).The weights depend on the sampling interval, ∆ t, and the shaping time onstant, τ ,

x =
∆ t

τ
.



122 CHAPTER 9. Data Analysis
K

, 
e
- /

c
h

a
n

n
e
l

Channel Number(a)
K

, 
e
- /

c
h

a
n

n
e
l

Channel Number(b)Figure 9.17: (a) The alibration fators for all hannels in the �High High� mode, (b) and in the�High Low� mode.Here, the time onstant is τ = 60 ns and the sampling interval of the ADC ∆t=50 ns.For a �nite rise time the result is a short pulse with the duration of the rise time [64℄.By knowing the harateristis of the FE and ADC ASICs, one an deonvolve the initialdetetor signals. For illustration, �gure 9.18 shows the signal formation from the sensor,the FE ASIC, the ADC and the deonvolution �lter.Figure 9.19 shows in the left plots the data measured by the ADC ASICs in fourhannels belonging to one FE ASIC. The ommon mode noise is visible in the left pituresby synhronous moving of the baseline of the 4 hannels. In the right plots the dottedline shows the original signal from ADC ASIC in one hannel, in blue the signal afterthe ommon mode noise subtration and in red the signal after the deonvolution �lter.The upper plot shows data taken in synhronous mode and the bottom plot data takenin asynhronous mode. In data taken asynhronous the �rst signal sample not alwaysorrespond to the maximum of the amplitude.Figure 9.20(a) shows proportionality between the signal amplitude after the deonvo-lution �lter for the synhronous data taking mode to the signal amplitude measured fromthe ADC ASICs. Very good proportionality was observed. Using the deonvolution �lterwith asynhronous readout and taking only the �rst value of the deonvoluted amplitude,no proportionality to the amplitude of the full ADC readout is found, as expeted. How-ever, taking the sum of the �rst two non-zero samples after the deonvolution �lter, theproportionality is restored, as an be seen in �gure 9.20(b). This is explained by the low
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Figure 9.18: The shematis of the full read out hain signal proessing.sampling rate of the ADC ASIC for 300 ns signal length in ontrary to high sampling rateof used CAEN ADC. In the asynhronous mode the ADC ASIC will not always measureamplitude orretly and sum of two samples is used to restore the signal amplitude. The�nal signal alulation for 32 hannels after deonvolution �lter is shown in �gure 9.21.The deonvolution method showed S/N variation between hannels less than 8 %.
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Figure 9.19: Left: The amplitude in four hannels digitized by the ADC ASICs as a funtion oftime. Right: The amplitude in the hannel with a signal digitized by the ADC ASICsas a funtion of time (blak dotted line), the amplitude values after the ommonmode noise subtration (blue), the deonvoluted amplitude (red line). Upper plotsorrespond to synhronous read out mode and bottom plots to asynhronous mode.
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(b)Figure 9.20: (a) The deonvoluted amplitude as a funtion of the signal amplitude for the syn-hronous read out mode. (b) The sum of two �rst non zero amplitudes after thedeonvolution �lter as a funtion of the signal amplitude.
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Figure 9.21: The signal amplitude from the 32 hannels before deonvolution (orange rhombus).The signal to noise ratio of the signal amplitude after the deonvolution �lter (yellowtriangles). The noise multiplied by fator of 10 (blue squares).9.4 Shower Development StudiesSeveral runs were taken with tungsten plates of di�erent thikness installed in front ofthe GaAs sensor plane. The beam eletrons generate an eletromagneti shower in thetungsten plates, and the performane of the readout of many partiles rossing the sensoris investigated.9.4.1 Transverse Shower DevelopmentThe transverse shower development is shown in �gure 9.22 for 2 X0, 4 X0, 6 X0 and 8 X0absorber depth. The amplitude maximum in eah pad was used. A threshold of 5 ADCounts was applied.Figure 9.23 (top) shows the sum of the depositions after 2, 4, 6, 8 and 10 X0 and�gure 9.23 (bottom) the normalized sum. The normalized plot shows that 90% of allshowers deposits are within a radius of about 12 mm.9.4.2 Longitudinal shower DevelopmentFigure 9.24 shows the two dimensional shower pro�le in x-z plane using data taken withthe �High High� readout mode. For 2, 4, 6, 8, 10, 12 and 14 X0 radiation length in front of
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Figure 9.22: The transverse shower shape after 2 X0 tungsten plates (top left), 4 X0 (top right),6 X0 (bottom left) and 8 X0 (bottom right).
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Figure 9.24: The two dimensional shower pro�le using data taken with the �High High� readoutmode. X0 is used for the depth measuring in Z axis.



130 CHAPTER 9. Data Analysisthe sensor, depositions from all pads are summed up and plotted in �gure 9.25 in units ofMIP partiles. Similar plots for �High Low� and �Low High� readout mode are shown inappendix D. The spetra are �tted with a onvolution of a Landau and a Gaussian. Thebottom right plot of �gure 9.25 shows the longitudinal shower pro�le as the most probablevalue of the �tted values (red triangles) and the mean value of the spetra (blue dots) asa funtion of the number of radiation length. The maximum of the shower development isaround 6-th radiation length, as was shown in the simulation hapter.
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Figure 9.25: �High High� ampli�ation mode resulting amplitude spetra for the di�erent numberof absorber layers in front of the GaAs:Cr sensor plane.
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Summary and ConlusionsTwo radiation hard sensor types and their appliations are the main topis of this thesis.Diamond sensors are used in the beam ondition monitor at LHC and GaAs sensors for aprototype sensor for a alorimeter at the ILC.The BCM1F - the fast beam ondition monitoring system - is the fully working andative in CMS sine the �rst day of LHC operation. In this thesis the performane ofBCM1F was studied during data taking. The BCM1F detetor was proved to be sensitiveto beam onditions and beam losses, resolve inoming and outgoing bunhes and to monitorthe luminosity.BCM1F Data Analysis Results1. Baseline Monitoring was performed permanently. Short sale temperature hangeslead to a shifts in the baseline. Long sale movements are aused by the front-enddegradation due to irradiation.2. Radiation tolerane - the front-end and diamond degradation was monitored fromthe beginning of the BCM1F operation. The main degradation was observed for theoptial driver. Diamond degradation was observed, but was hard to quantify.3. Intrinsi time resolution of BCM1F was obtained to be 1.5 ns. Constant frationdisrimination demonstrated an improvement of the time resolution and should beimplemented in the future upgrades.4. BCM1F ount rates were shown to be linear to the luminosity after applying orre-tion funtion for the deadtime due to saturated signals and overshoots. In addition,the measurement of the luminosity bunh-by-bunh was demonstrated.Beam Calorimeter for the ILC DetetorThe seond part of this thesis is devoted to the design of a detetor at a future InternationalLinear Collider. Important subsystems are the very forward alorimeters. Simulation tooptimize the design of the BeamCal, a alorimeter adjaent to the beam-pipe, are presented.Prototypes of large area sensors with pad struture are investigated in the laboratory anda full system omprising a sensor, dediated FE ASICs and ADC ASICs was tested in aneletron beam. 133



134 Summary and ConlusionsBeam Calorimeter Simulation StudiesThe BeamCal in the Very Forward Region of the ILC detetor is important for new partilesearhes. It measures high energy eletrons, positrons and photons down to very low polarangles. In addition, it serves for fast beam diagnostis and shields the inner part of thedetetor from bak-sattered beamstrahlung pairs and synhrotron radiation.The e+e− pairs originating from beamstrahlung - a new phenomenon at the ILC - auselarge energy deposition in the BeamCal. The next generation of the beam parameters set,SB2009, was ompared with the nominal beam parameters to estimate the expeted dosedeposited in the sensors. The new beam parameters with 500 GeV energy in the entermass system lead to similar doses than the nominal beam parameters set, but the energydeposition per bunh rossing is two times larger. This deposition forms a bakgroundfor the detetion of a single high energy eletron or photon. Simulation were done toestimate the e�ieny of single high energy eletron showers reonstrution on top of thebeamstrahlung pairs.Two sensor segmentations were ompared with respet to the eletron reonstrutione�ienies for the nominal beam parameter set. Newly proposed segmentation showedinrease of the shower reonstrution e�ieny at low polar angles. The fake rate of thereonstrution algorithm was found to be less then 1.5% for showers above 50 GeV energies.The energy resolution of the showers without bakground was found to be
σE

E
=

(30± 2)%

E
.Sensor CharaterisationThe leakage urrent was measured as a funtion of the applied voltage and the apaitaneswere measured for all pads. It was shown that the apaitanes are in the range between 6and 12 pF. The apaitane of the pad to the bak plane is behaving similarly to a parallelplate apaitors.The data analysis showed that all fabriated GaAs:Cr sensors have su�ient qualityfor the future BeamCal prototype. Only sensors with series numbers 84 showed problemswith the guard ring. Operation without guard ring is possible and all 22 sensors an beused.Test Beams Campaigns 2010-2011Sensor plane prototypes for LumiCal and BeamCal were prepared and tested in the labo-ratory and in an eletron beam. Three suessful test beam ampaigns were performed in2010-2011 at the DESY II aelerator. The following results were obtained:1. Calibration of eah readout hannel was done in the preparation to the test beam.The prototype signal output was shown to be linear to the injeted test pulses.2. There were three tehniques disussed for the signal proessing: amplitude, integraland deonvoluted amplitude methods. The deonvolution method was shown to bea good �lter for the signal proessing.



1353. A ommon mode noise was observed in the seond sensor plane prototype in groups of8 hannels and orresponded to the FE ASICs. The ommon mode noise subtrationalgorithm was written and improved the signal to noise ratio by almost a fator two.4. All instrumented hannels with FE and ADC ASICs showed a signal to noise ratioaround 20. The noise was found to be linearly dependent on the pad's apaitane.5. The deposited harge was estimated from a GEANT simulation for all beam energiesused. The obtained number of generated eletron-hole pairs per µm is between 160and 164, omparing these numbers with the measured harge, a harge olletione�ieny of about 42% was estimated.6. Edge investigations for the gaps between pads showed a loss of the signal of about10%.7. The shower development was studied with one sensor plane by installation of tungstenabsorbers in front. The Moliere radius was estimated to be around 12 mm and themaximum of the longitudinal shower development after 6-th radiation length, whatis in agreement with the simulation studies.ConlusionsThe BCM1F system was shown to be working with very good performane in the datataking period in 2010-2012. It is an invaluable tool to ensure low beam halo for datataking and perform a real-time luminosity measurement. The performed studies will betaken into aount for the BCM1F upgrade during the LHC shut down 2013-2014.The BeamCal simulation studies have shown that a sandwih alorimeter an detetsingle high energeti eletrons, positrons or photons on top of large beamstrahlung bak-ground for two onsidered ILC beam parameters.The GaAs:Cr setor sensor prototype were suessfully tested in the laboratory and inthe eletron beam tests. A full hain of sensor, fanout, FE ASICs and ADC ASICs wasvalidated and showed stability in baseline and between hannels. Work on the future fullalorimeter segment was started and is expeted to be in 2013-2014.
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Appendix ABCM1F Signal Analysis
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(d)Figure A.1: Time over threshold vs Amplitude of signals for BCM1F. (a) to (d) hannels from 1to 4. Measured from Fill 2691 in 2012.
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()Figure A.2: Time over threshold vs Amplitude of signals for BCM1F. (a) to () are hannels from5 to 7. Measured from Fill 2691 in 2012.
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(g)Figure A.3: Time over threshold of signals for BCM1F. (a) to (g) are hannels from 1 to 7.Measured from Fill 2691 in 2012.
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(g)Figure A.4: Signal amplitude spetra for BCM1F. (a) to (g) are hannels from 1 to 7. Measuredfrom Fill 2691 in 2012.
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(a) (b)

()Figure A.5: Test pulses measurements in the Lab with high voltages, 2012. (a) The test pulsesignal for one test pulse. (b) Zoom in for the �rst part of the test pulse with observedovershoot. () Zoom in for the seond part of the signal with no overshoot observed.



142 CHAPTER A. BCM1F Signal Analysis



Appendix BSignal Shape FuntionIn the [64, 23℄ the signal shape funtion is desribed:
s(t) = −V0

t

τ
e(−

t
τ
)Properties of signal shape funtion:First derivative:

s′(t) = −V0
1

τ
exp(− t

τ
) + V0

t

τ 2
exp(

t

τ
)) = 0;Equals to zero to �nd extreme values:

0 =
V0

τ
exp(− t

τ
))(

t

τ
− 1);1. 0 = exp(− t

τ
); an not be ful�lled2. 0 = t

τ
− 1;Maximum value of the amplitude is

A = s(t = τ) = −V0exp(−1);The integral -
S(t) =

∫

s(t)dt = −V0

τ

∫

t ∗ exp(− t
τ
)dtIntegration was done using:

∫

u(t) ∗ v(t)dt = u(t) ∗ v′(t)dt−
∫

u′(t) ∗ v(t)dt;With assumption:
u(t) = t143
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v′(t) = exp(−

t
τ
)

S(t) =

∫

s(t)dt = −V0t(−τ)exp(−
t
τ
) −

∫

(−τ)exp(−
t
τ
)dtThe area, F, under the signal in the range from t=0 to t=a:

F (a) =

∫

s(t)dt = V0exp
(− t

τ
)(t + τ)

F (a) = V0(exp
(− a

τ
)(a + τ)− τ)and the area in the limit a → ∞ :

Ffull = F (a → ∞) = V0( lim
a→∞

[

exp(−a

τ
)(a + τ)− τ

]

) = −V0τTo get 99% of the full area:
−0.99V0τ = V0(exp

(− a
τ
)(a+ τ)− τ)

0.01τ = exp(−
a
τ
)(a + τ)

ln

(

0.01τ

(a + τ)

)

= −a

τSolution an be found numerially or graphially.



Appendix CLeakage Current at 100 V
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Figure D.1: �High Low� ampli�ation mode amplitude spetra for di�erent numbers of absorberlayers in front of the GaAs:Cr sensor plane.147
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Figure D.2: �Low High� ampli�ation mode amplitude spetra for di�erent numbers of absorberlayers in front of the GaAs:Cr sensor plane.
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