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ATayopeVETAL 1) AVTLYPOPY|, OTOONKEVGN Kol SLOVOUT TNG TAPOVGAS EPYOCING,
€€ OAOKANPOL M TUNUATOS OVTNG, Yo EUmopikd okomd. Emrpémeton n avatdmmwon,
amoffKevo” Ko SLVOUT Y10L OKOTO U] KEPOOGKOTIKO, EKTAOEVTIKNG 1| EPEVVINTIKNG
@OONG, LTO TNV TPOVTOOEST VL AVOPEPETAL 1 TTNYN TPOEAEVONG KOl VO TN PEiTOL TO
napov uvopa. Epotuata mov agopodv tn ypnon g epyociog yio KePOOCKOTIKO
oKkomd mpémel vo. amevBivovtor mpog Tov  ouyypoeéa. Ot amdyElg Kol To
GUUTEPACLLATO TTOV TEPLEXOVTAL GE AVTO TO £YYPAPO EKPPALOVV TOV GLYYPAPEN Kot
dev mpémel va epunvevdel 01l avimpocwnevovy Tig emionueg 0écelg Tov EOBvikod
Metadprov [Morvteyveiov.

Avumepaiov Mapia, 27/3/2017






|. [IEPIAHYH

O ATLAS eivar évag amd Toug 000 OVIYVEVLTEC YEVIKOL oKOomov oto Meydlo
Emtayvvt Adpoviov (LHC) oto CERN. Atepevvei £va evpd medio puoikng, amd v
avalfitmon tov umoloviov Higgs uéyxpt v vmopén emmAéov Sl00TACEDV Kot
cOUOTVIOV oL pmopohv va, dnpovpynoovy okotewv VAN. O aviyvevtng ATLAS
amotedeitor amd Opoagovikovg KLAIVOpoug av&avouevng oktivag mepi to ornueio
aAANAeTidopaong 6mov ot décpeg mpwtoviov and tov LHC suykpovovtal. Mmopei va
Yoplotel o€ TEaoepa KupLo Koppdtio: o Ecwtepikoc Aviyvevtic, n ecaotepn odtoln,
AVYVELEL TNV KIVNOT QOPTIGUEVOV GOUOTIOIMV, KAODS VTA amToUoKpOVOVTOL Ao TO
onueio aAinienidpacnc. Ot KOTOYPOQOUEVEG TPOYLEG TOL OVIXVEDOVTOL OO TIC
OAMMAETIOPACES  COUATIOIMV-0VIYVELT ©¢ £€va. TAN00G  JoKpITdV  onueiov
QTOTEAOVV TO TPMTO PHHO GTNV avayvoPLon HUEXPL TPOTIVOG AYyVOOT®V GOUATIOIMV.
Ta Oeppiddpetpo HeTPOHV TNV EVEPYELD OVOETEPMOV KOl POPTIGUEVOV COUATIOIMV
OAANAETIOPAOVTOG UE OVTA, PE OMOTEAEGLO T1 ONULOVPYIL KATALYIGUO SEVTEPEVOVTIWV
copotdiov. To @oouatopeTpo pHoviov, To &£MTEPO TUNHUO TOV  OVIYVELTY,
TPOYUOTOTOEL EMTAEOV LETPNGELS TOAD SOMEPACTIKOV Hoviwy, To ooia givat tkovd
Vo Ol0mEPACOVY T ECMTEPO. CTPOUOTA YOPIc aAinienidpacn. Téhog, to cvoTNUO
LOyVITOV KOUTUAMVEL QOPTIGUEVO cmpatidl 6tov Ecmtepikd aviyveutny kol 610
Gaocpatopetpo woviov' 1 katebBovvon kivinong tovg kot 0 PBabroc KopmLA®GNG
VTOOEKVOOLV TO (POPTIO KO TNV OPUT TOV OVTIGTOLYCL.

O avyvevtg omuovpyel SVoKOAWS SayeElPicIo 6 OYKO OKOTEPYOCTO
dedopéva: mepimov 25 megabytes avd yeyovde, molhomhiacialopevo emi 40
EKOTOUUVPLO. OULCTAVPADGELS OECUDV OVEL OEVTEPOLENTO. GTO KEVIPO TOL CVIYVELTH),
Topayovtog cuvolikd 1 petabyte akatépyactov dedouévav ava devteporento. ‘Etot,
ypewletarl €va cOGTNHO CKOVOOAIGHOD OCTE VO EMALYEL €V OLVALEL EVOLOPEPOVTOL
yeyovoTo TPOG amoONKeELOT GE TPAYUATIKO YPOVO £TGL MGTE VO EAUYICTOTOIEITOL M
emidpaon odepyacidv vroPdOpov. To ovotqua oxkovéolopod tov ATLAS
YPNOOTOlEL OMAEG TANPOEOPIEG YL TNV AVAYVOPICT) TOV MO EVOLIPEPOVI®V
YEYOVOT®V TO. 0Toia Ol TNPOVVTAL Y10, TEPAUTEP® avaAivon. To chotnua amdktnong
dedopévov AapPaver Kot amobniedel to dedopUEva TOL YEYOVOTOS amd TO. E101KA
NAEKTPOVIKE OvAyveOong TV aviyveunt®v. To vToAoyloTikd TALYHO XPNCLOTOLEiTOL
EKTETAUEVO, Y100 TNV OVOKOTOGKELT YEYOVOT®V, EMTPEMOVTOSG TNV TOPAAANAN
eneepyacio o€ KTV VITOAOYIGTMV GE OAO TOV KOGLO.

‘Eva. peydho mpoPfanua otov aviyvevty ATLAS eivar to peydrho vroPabpo
OaKTIVOBOALOG TPOEPYOUEVO OO TIC GLYKPOVGCELS 6TO onueio aAlnAeniopaong. Avtod
10 VOPabpo mpokaiel dtapopa TpoPArHata, OTOS PAAPN GTOVS AVIYVELTEG TVPLTIOL
KOl OTO MAEKTPOVIKA avAYVOONG, YNPOVCY TOV VTOOVIYVELTOV, EVATOOESELQ
aKTIVOPOAIOG 7OV OAAOUOVOLV TO MAEKTPOVIKA ONUOTA 1 KOTAGTPEPOLV T
eCapuota, kot onuato vroBdOpov mov TPOKAAOHV EGPAAUEVOVG KOl TLYOIOVG
oKavoaAcpovs. ['a tov meplopiopd tov cuvenelidv avtdv, o ATLAS ypnoyomotel
oxeddv 3000 tOvoug BwpdKiong o€ TOAVGTPOUATIKO GYESOGUO, EKUETOUAAEVOUEVOS
TG ATOPPOPNTIKES IKAVOTNTEG SLOPOPETIKMY VAIKADV.



210 TPOTO KEPAANIO TOPOVCIALETAL [0 EIGOYMYN] GTOVG OGKOTMOVE KOl TIC
evowkég pueréteg tov LHC. To debtepo kepdriaio meptypdpel T O1001KAGIEG TOL
ApOPOVV TIG AAANAETIOPAGELS TMV SOPOPOV COUATIOIWV LLE TNV VAN, 01 0TToieg umopel
vao odnynoovv ot dnpovpyio véwv copatdiov. M avdivon g odtaéng tov
LHC Swe&byetar oto tpito Ke@AAMIO Kol oL TEPLYPOPT TNG OPYOVOAOYIOG KOl TNG
eneEepyaociag dedopévov tov aviyveut) ATLAS akoAiovBel oto tétapto kepdiato. To
Kepaloto 5 mopovstalel o Aoylopuikd MCNP, Baciopévo ot puébodo Monte Carlo,
T0 omoio ypPNOHOTOIEiTOL OTN oYedloon Kol TNV TPOCOUOI®MOTN TOV SlopOp®V
VIOOVIYVELTMOV TOV TTepapatos. H meprypaepn tov vrofabpov axtivoforiog kot Tov
TeEPLOY®V OpAKIoNG Yoo TNV TEPIKOMN TOV CUVEMEI®V TNG OKTWVOPOAIOC GTOLG
VIOOVIYVEVTEG KOL OTO GUGTNUO OKAVOOMGHOU avaivovior oto Kepdiowo 6. To
TEAEVTOIO KEPAAOLO TTEPLEYEL TN HeBOdOLOYIO TG TPOGOUOIMONG KOt TO OTOTEAEGLOTOL
v Toug vroaviyvevtég Tov ATLAS. Kanoteg emnpdobeteg mpocopoldoelg amiov
veopetpiv, kobong war o MCNP  kddwog vy tov  avyvevry ATLAS
CLUTEPTAAUPAVOVTOL GTO TOPOPTTLOTOL.

AEEEIZ KAEIAIA: aviyvevtic ATLAS, LHC, scwtepikdc aviyveutrc, Oeprudduetpo,
(QOGUOTOUETPO HWOVIMV, GOOTNUO GKAVOUAIGLOV, VTOPabpo aktivoPforiag, Bwpdkion,
emdphoelg aktvoPoliag, péBodog Monte Carlo, Aoyiopikdé MCNP.



Il. ABSTRACT

ATLAS is one of two general-purpose detectors at the Large Hadron Collider
(LHC) at CERN. It investigates a wide range of physics, from the search for the Higgs
boson to extra dimensions and particles that could make up dark matter. The ATLAS
detector consists of a series of ever-larger concentric cylinders around the interaction
point where the proton beams from the LHC collide. It can be divided into four major
sections: The Inner Detector, the innermost component, tracks the motion of charged
particles as they move away from the interaction point. The tracks measured by
recording particle/detector interactions at a multitude of discrete points, form the first
step in identifying the unknown particles. The calorimeters measure the energy of
both neutral and charged particles by interacting with them, resulting in creating
cascades of secondary particles. The Muon Spectrometer, the outermost component of
the detector, makes additional measurements of highly penetrating muons, which are
capable of passing through the inner layers without interaction. Finally, the magnet
systems bend charged particles in the Inner Detector and the Muon Spectrometer;
their direction of motion and degree of curvature become indicative of their charge
and momentum, respectively.

The detector generates unmanageably large amounts of raw data: about 25
megabytes per event, multiplied by 40 million beam crossings per second in the center
of the detector, producing a total of 1 petabyte of raw data per second. Thus, a trigger
system is needed in order to select potentially interesting events for storage in real-
time, so as to avoid being overwhelmed by background processes. The ATLAS
trigger system uses simple information to identify the most interesting events to retain
for detailed analysis. The data acquisition system receives and buffers the event data
from the detector-specific readout electronics. Grid computing is being extensively
used for event reconstruction, allowing the parallel use of computer networks
throughout the world.

A major problem at the ATLAS detector is the huge radiation background,
coming from the collisions at the interaction point. This background causes several
problems such as radiation damage to silicon detectors and readout electronics, ageing
of the subdetectors, radiation deposits that disrupt electronic signals or destroy
components, and background signals resulting in spurious and random triggers. For
the limitation of these consequences, ATLAS uses almost 3000 tonnes of shielding in
a multilayer design, taking advantage of the absorbing capacities of different
materials.

In the first chapter an introduction on the purposes and the physics studies of
the LHC is presented. The second chapter describes the processes regarding the
interactions of the various particles with matter, which may lead to the creation of
new particles. An analysis of the LHC machine is carried out in the third chapter and
a description of the ATLAS detector instrumentation and data processing follows in
the fourth chapter. Chapter 5 presents the MCNP software, based on the Monte Carlo
method, which is used for the design and the simulation of the various subdetectors of
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the experiment. The description of the radiation background and the shielding regions
needed to curb the radiation effects in the subdetectors and the trigger system are
analyzed in Chapter 6. The last chapter contains the methodology of the simulation
and the results for the ATLAS subdetectors. Some additional simulations of simple
geometries, as well as the MCNP code for the ATLAS detector are included in the
appendices.

KEYWORDS: ATLAS detector, LHC, inner detector, calorimeter, muon

spectrometer, trigger system, radiation background, shielding, radiation impact,
Monte Carlo method, MCNP software.
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I1l. EYXAPIZTIEE

Apyikd, 6o n0eha va guyapiotom tov emPrénovtd pov, Evdyyeho IN'aln, mov
ne gumotednke oty avabeon avtg g epyacioc. H Bonbeia mov pov mpocépepe, n
EUMIGTOGVVT] TOL KOl 1] GLVEYNG VITOGTNPLEN TOL pe fordnoav 6g oA peyddo Pabud
ko’ OAn TN SdpKel TG eKTOHVNONG OVTNG TNG EPYNCING, OKOUO KOl OTO onueio
ekelva mov mioteva 0Tt 8¢ Ba To KATAPEP®.

Idwaitepn evyvopochvny oesihm ot Brodéta T'kika, yopic T cvvdpoun g
omoiog Oa NTav mOAH dVvoKOAN N e£okel®ON OV UE TOV KMOKO Kot TO TEPBAAAOV
TOV AOYIGHIKOV 1oV ypnowonomoape. H dueon Pondeld g, ot cupfoviéc ko
emPpapevon mov Hov TPOGEPEPE GLVEROANY ATEPLOPLGTE GTNV OAOKANPMCT| ALTOV
0V épyov. Xto Bépa tov Aoywopkoy Ba MBeha emiong vo gvyoplotno® TN Adpa
Baoilomovlov, | omola pe Tig YvOGELS Kot TNV gumelpion g cLVEPAAE oV EmiAvOT
TOAADV OTOPLOV Ol 0T01EG e EUTOINLAV VO GLVEYIC®.

Téhog, a&ilel va evyapLoTACH TOVG AVOPOTOVS EKEIVOVS TOV LE TOV O1KO TOVG
TPOTO HE ERYOYOGOV KOl (e OTNPEQV KOTh TNV EKTOVNGT OVTNG TNG EPYOCiag. XT0
mAevpd pov otdbnke Wwitepa M Mapia pe v omoio dovAéyape poli Tave otov
KOO Tov ypnoonombnke omv epyoacio vty kKot TEPAoOUE TOAAEG DOPES
wpoomafmvTog vo KataAEove 610 KaADTEPO dLuvaTO anotéAecua. Emmiéov, opeiim
évo. €UYOPIOT® ©TO XTOUdTN Tov pe Pondnoce oe moAD peydAo Pabud wor pe
VOGTNPIEE AEPLOPIOTA OAO AVTO TO OAGTN LA
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I\V. EKTETAMENH ITEPIAHYH

1. EPEYNEX LTON EIIITAXYNTH LHC

To Kobepopévo Ipdtuomo tng cOUOTIONKNAG PUGIKNG TEPLYPAPEL OAL TO
YVOOTO GTOXEWDON COUOTIOW KOl TIG HETAED TOVG OAANAETIOPACELS HECH TPLOV
OAANAETIOPACE®MY: TOV MAEKTPOUAYVNTIGUOV, TNG 0aoBevohg TupnvIKAG Kol TG
WOYVPNG TLPNVIKNG OoAMNAemidpaons. Xoppova pe 1o Kabiepouévo Ilpdtumo
vdpyovv Tpio. €101 OTOYEWMODOV OCOUOTIOI®MV: AETTOVIO, KOVAPK KOl (QOPELG
oaAMniemdpdoewv (umolovia Pabuidag). Kdabe copatidio dwbéter éva avtictoryo
aviioopotion. Ta Aewtévio Kol TO. KOLAPK OVAKOLV OTO QEPUIOVIO, EYOVTOG
NUWOKEPALO OTLY, KOL VTOKOVOVV oTn otatiotikn Fermi — Dirac. Ta Aentovia
StB€TOLV aKépato NAEKTPIKO PopTio kat dywpiloviar oe Tpelg yeviég, kabepio amd
T1¢ omoieg omaptiletal amd éva Aemtdévio (e, | KOl T) HE HOVOOIKN dtopopd TNV
avéovopevn pdalo, poli pe éva avtiotoryo vetrpivo (Ve, vy kat vi). Ta kovdpx
dwbétovv Khaopatikd niextpikd eoptio (+2lel/3 1 —lel/3). Yrdpyovv €& ‘yeboelc’
KOVdpK kot eniong owympiloviar o TPELG YeVIEC. AKOUN TA KOVAPK OTOTEAOVVTOL
Ao £va €K TOV TPLOV dVVATOV “‘YPOUATOV’ (KOKKIVO, UTAE 1) TPAGLVO), EVA TO OVTL —
KOVApK amd avtl — ‘ypopota’. H woyupn mopnviky aAAnAeniopacn HEC® avTOAAOYNG
YAOVOVI®V EVAOVEL TO KOVAPK UE OMOTEAEGUO TO OYNUOTICNO adpoviwv, To. ool
dwympilovioar og pecsdvia kot Papvovia. Ov gopeic aAiniemdpdcemv HeETAED TV
eeppoviov  elvoal  copotidll  oKEPOIOV OGNV TOL  LTAKOVOVV GTH GTATICTIKY|
BoseEinstein. H mAektpopayvntiky] dvvaun, tnv omoio meptypdeet M kPovTikn
NAEKTPOOLVOLIKY, O10d10ETAL UECH TOV POTOVIOV UETAED MAEKTPIKE QOPTICUEVOV
copotwiov. H acBevic arinlienidpoon, meprypagopevn amd v nAekTpoactevn|
Bewpia, dradidetar péowm peyding palac proldvio Pobuidac pe omv 1 (W* kon Z). H
wyvpn oAAniemidpacn mePypApeTal amd TN KPOVIIKY NMAEKTPOSLVOLIKT Kot
dwadideTon HEow OKT® ARalmV YAOLOVImV.

1.1. TO MITOZONIO HIGGS KAI AAAEX EPEYNEZ XTON LHC

O 1pomOg pe Tov 0moio To GOUATIOWN amokToLV pdlo TeprypdeeTal amd 10
unyoviopnd Brout — Englert — Higgs, o omoiog mpodmoBéter v vmopén &vog
pumoloviov pe undevikd omwv. To pmoldévio Higgs mapatnpnibnke oto mepdpoto
ATLAS kot CMS pe péla 126 GeV/c? xou ypovo {ong 1.6x107%2 s. To umolovio
Higgs pmopel va mapaydei pe téocepig 1pomovg:

e Zuvnén yhovoviov: gg — H

e YHvnén proloviov gpopéa (VBF): qq — qq H

e Tuvdedeuévn mapaymyn pe urolovia gopéo (Higgs Strahlung): qg— WH 1 qqg—
ZH
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e Yuvdedepuévn Topayoyn pe Bopéa kovdpk : qq— QQH M gg — QQ
[TBavég dwuomdoelg yio to Higgs:

e (e0Y0G peppIOVIO — QVTIPEPULIOVIOD

e (evyog PBapéwv pmolovimv Padbuidog

e (e0yog YAovoviwv (avtiotpon dtadikasio TG cuvinéng yAovovinv)
e (e0y0g pmTOViMV

EmumAéov épevveg mpaypatorotovvion otov LHC. Mio and avtég eivon m
peAétn g vrepovppetpiog (SUSY), n onoia miBavoroyeiton dti pmopet va 0dnynoet
omv evomoinon tev OgpeMmddv duvapeswv. Xoueova pe T Oempio avt, Kabe
owpoTido Sbétel €va PapOtepo LVIEPCLUUETPIKO Taipl, HE TO OTOI0 SlOPEPEL MOC
TPOG TO GV KAUTA Y2, UE OMOTEAEGLOL TOL PEPUIOVIA VO LETOTPETOVTOL GE PUTOLOVIaL KOt
avtiotpoga. Edv 1 Bcopia eivor cootn, kdmola and to ELa@POTEPO VTEPCVUUETPIKA
copotidln tpénel va topatnpnbovv ctov LHC. Akdun, peretdton n acopetpio DANG
— avtwAng oto ooumav. Katd m peydin ékpnén, iceg mosodTNTES VANG KOt OVTIOANG
Oewpeitar 0Tt glyav dnuovpyndel. [apdia avtd, O0TIONTOTE GTO GUUTOV ATOTEAEITOL
OoYEO0OV OMOKAEIGTIKA Atd VAN, GUVERMOC IO OO TIC LEYOADTEPES TPOKANGELS Elval val
avakolveOet  artion ¢ acvupetpiog avtc. Télog, pedetdrol pia Wiaitepn popen
™G VANG, T0 TAACHO KOVApK — YAovoviwv. Atyo petd ™ peydin éxpnén, to coumayv
KATAKADGTNKE 0o Eva oAV (eoTd mukvo piypa TotKiAwv copUaTidiov mov Kivobvtay
KOVTd otnv tovTnTo Tov PToHs. To piypa avtd amotelodviav Kotd KOplo Adyo amd
KOVAPK Kot YAovovio acBevdg cuvoedepéva PeTasd Toug. [a v avamapaymyn tov
ouvONK®OV Tov emKpaTovGOV 6To TPMOLo cvunav o LHC mpaypatomotel petomucég
GLYKPOVGELS LETAED PopEmV 1OVI®V.

2. AAAHAEIIIAPATH AKTINOBOAIAX ME THN YAH

H Aerrovpyia ke aviyveutikov cvotuatog faciletor 6ty aAAnienidpacn twv
JlepyOUEVOV GOUATIOIOV e TO DAMKO TOV oviyveut|. To mpoidv g aAAnAeniopaong
petatpénetal o€ MAEKTPKO onua. H  oAinAenidpaocn Papéwv  @opTIGUEVEODV
ocopatdiov pe v VAN tpaypatoroleiton péocw g dvvaung Coulomb kuvping pe ta
TEPLUPEPELOKE NAEKTPOVIOL Kot 6€ pIKpOTEPO Pabud pe tov mopnve tov atdépov. H
OTOAELN EVEPYELONG EVTOG TOV VAIKOV €lval €va 6TATIGTIKO QAVOUEVO TTOL OKOAOVOET
v kotavoun Landau. Ot empépoug pnyoavicpol andAelog evépyelag mepliapfavouy:

o Atéyepon: éva atopkd MAEKTPOVIO OTOKTA EVEPYELDL LKOVY Yo TN UETAPaoN
TOV G€ 10, AVATEPT] EVEPYELNKN GTAOUN.

¢ loviouog: mopdpota pe tn OEyepor, Eva NAEKTPOVIO ATOKTA EVEPYELN TKAVT VO
TOV EMTPEYEL VO EYKATOAENYEL TO ATOLO GTO OTOI0 TPONYOLVUEVMG NTAV SECULO,
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pe omotéleouo tn Oonpovpyia evog (evyoug Betikod 10vImg Ko eAgvbepov
NAEKTPOViov.

e AxtwvoPoAior Cherenkov: cuupetéyel Ayotepo oTNV OMMOAELN EVEPYELNG, OUW®G
elvar peyding onuaociag yw tov kabopiopd g TPOYLAS €VOG (POPTIGUEVOL
copatdiov. Exméunetor otav éva @optiopévo cmpatiolo mepvd péco amd £va
OMAEKTPIKO HEGO HE TOVTNTO HEYOADTEPN TNG POCIKNG TOYVTNTAG TOV OOTOG
010 péco ovtd. To @opTIoHEVO COMOTIO OE TPOYI EKTEUTEL GEAIPIKA
NAEKTPOUOYVITIKA KOUOTO HECH TNG ONLOVPYING NAEKTPIKAOV SUTOA®MY KOTO TN
d1élevon Tov coUATIdoV.

o Axtwofolio petdPaong: exméumeror Otav €va copatido dwoyiler ™
S OPIOTIKY EMPAVELD V0 HECWOV UE JUPOPETIKEG OMAEKTPIKES W0TNTES. H
oAlayn TG OMAEKTPIKNG otafepds Katd UNKOS NG TPOYLIS TOV COUOTIOION
TPOKOAEL ACLVEYELD TOV NAEKTPIKOV TEGIOV TN SLOWPLOTIKY| EMLPAVELQL.

Ta tayéo nhextpovia VTOKEWTAL GE UIKPOTEPT ATMAELN EVEPYELNG KOL 1) TPOYLYL
TOVG gfvat Tuyaio Kot pn YPOUUIKY Otav S1EpyovTal HEGH amd amoppoPnTikd vAkd. Ot
KOPLOL UNYOAVICHOT OMAELNG EVEPYELOG ETVOL:

o XKEOON UE TEPLPEPELKA NAEKTPOVIA: AOY® NG oAAnAenidpacng Coulomb,
QowvopEVO JEYEPONG KOl LOVIGHOD AAUPAVOLV YDPO, LE OTOTELEGUO OTOAELN
EVEPYELOG KO GOKAIOT OO TNV apykn tpoytd. Eqv m apywn evépyeia tov
apyKov mMAekTpoviov elvor  opkeTA  pEYAAN, pmopodv  vo  TPOoKAnHovv
dEVTEPEVOVTES 10VIGLLOL.

e AxtwoPoAio médnomg (bremsstrahlung): omotedel mnAekTpopayvnTikn
axtivoPfoAio. mwopayopevn amd v emPpaduvorn evog QOPTICUEVOL GOUATIOION
(MAekTpOVIo) Otav ekTpémeTol AOY® €VOG GAAOL QOPTIGUEVOL GOUATIOIOV
(atopkdg mopnvag). Adym G STNPNoNg TG EVEPYELNS, N KIVNTIKN EVEPYELD
OV YAVETOL LETATPEMETAUL GE VA POTOVIO.

o Ykeddoelg Moller kou Bhabha: eumepiéyovv aliniemopdoslg petald
TPOCTATOVI®OV mMAekTpoviov 1 molitpoviov pe atopukd mAektpdvia. Znv
KBavtikn ypopodvvapukn, m okédaon Moller meprypdpst v dmwon Vo
niektpoviov, evd 1 okédacr Bhabha meptypdeest v AEN peta&d niektpoviov
Kot rolitpoviov.

O pnyovicpot aAANAETIOPACNC TOV POTOVIOV 03N YOUV GTN LETAPOPA EVEPYELNS
QMOTOVIOL, HLEPTKNG 1) OAIKNG, OTO OTOUIKE NAEKTPOVIA TOL HEGOL, 1] OTtoio EpLPaVIfETON
®¢ KNtk evépyeta. Ot pnyoavicpot oAAnAenidpaong eivor:

e YOupowvn okédaon (Rayleigh): to eioepydpevo @wtoOvVIo amoppopdtal Kot
EMOVEKTEUTETOL  OUECHOG YOPIC OmOAEW  evEPYelag, mopd pévo  aidoyn
Katehlvvong.
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® AcOppmvn okédaon (POTONAEKTPIKO QUIVOUEVO): apOopd TV GAANAETIdpaoN
potoviov gvépyelag ouvnbwg pikpotepns Tov 1 MeV pe atopkd niektpdvia. H
EVEPYELDL TOL OTOPPOPAOUEVOL QOMOTOVIOL TPEMEL Vo ivor  PeyaAdTEPT TNG
evépyelog  obvdoeong TtV mAektpovimv.  Anuovpyeitor  €va eayouevo
QPOTONAEKTPOVIO KOl £VOL IOVICUEVO GTONO GTOV ATOPPOPNTH, TO 0Toio €Yl £val
KeVO OTIC 6TOPAOES TOV.

o Yiédaon Compton: meptyplPel TNV OVEANCTIKN] OKEDOOT EVOG POTOVIOL G€
yovia 0 amd éva atoptkd NAEKTPOVIO cLVNOMG 0GOEVDS GLVOESEUEVO GTO GTOLO.
‘Eva. moc6d kwvnTikng evépyslog gotoviov petafipdletoar 6to MnAEKTpOVIO, TO
omoio HeTd TN okESOON KIVEITOL VIO Y®Via @ G€ GYEoN HE ToV apykd dEova Tov
Q®OTOVIOV.

e Aidvun vyéveon: £€va @mTOVIO petaTpémeTol o€ (gVYog mAekTpoviov —
nolitpoviov. Amouteitanl por eAdylotn gvépyeta, ion pe 1o dimAdoto g pdlog
npepiog tov mAextpoviov (1.02 MeV), evo mbav mepicoeln evépyelog
JtovEETAL 10OTOGO OTOL EMUEPOVS COUOTION LE TN LOPON KIVITIKNG EVEPYELOG.
Metd ) didvun yéveon, to molitpdvio ydvetr evépyela kol eEQDADVETOL APOD
TPOcEYYIGEL EVO NAEKTPOVIO.

Ta verpévia, ©¢ a@dptiota copatidw, o0 pmopodv va kouebdovv 1 vo

emtayvvhohv amd poayvntiko nedio, kot emiong etvoar advvatn n aviyvevon Tovg HEGM
OVICHOV TV VAKOV pésa amd to omoia diépyovtat. H mbavdtmra aAinienidopacng
oV elval pIKpn Kt £T61 WItopovv va TaEOED0LY HoKpLd pHEso oty OAn. Ot kbplot
TPOTOL OAANAETIOPACTC TOVG e TNV VAN glva:

e Flootikny okédacon verpoviov — mopnvo: €ival 0 KLUPLOTEPOG UNYXOVICUOG
OTMOAELOG EVEPYELOGS Y1 VETPOVIA EVEPYELNG NG ThEEmG Twov MeV. H evépyeia kot
1 OpUN 6TO GVGTNUO VETPOViOVL — Tupnva dotnpeitor.

® AvelaoTiKY] 6KEDUOT VETPOVIOL — TLUPNVA: TO VETPOVIO OTTOPPOPATOL OTTO TOV
mopnvo Kot Tov deyeipel. O vEOG TUPNVOS OTOSIEYEIPETOL UE TNV EKTOUTN EVOG
VETPOVIOV YOUNANG EVEPYELNG GUVOOELOLEVO OTTO POTOVLAL.

e Mn chootikny oKE€dOON: OMMOC GTNV AVEANCSTIKN] OKESOOTN, OUMGC OVTIL Yo
VETPOVIO EKTEUTETOL £V GOUATIO GAPOL.

o AmoppOONCN UE EKMOUM Y: TO VEIPOVIO EVOMUATOVETOL GTOV TLPNVO
ONUIOVPYDOVTOS 160TOTO GE OlEYEPUEVT] KATAGTOOT, TO OOi0 amodieyeipeTon e
EKTTOUTN POTOVIOV.

o ATOppOPNOT LE EKTOUTN QPOPTICUEVOV COUATIOIOV: 0 GUVOETOG TLPNVOG
amodleyeipeTal e EKTOUTN TP®TOVIOV, dEVTEPIOV 1 COUOTION GAQOL.

o AToppOONOY| L€ EKTOUTY VETPOVIOV: Yo VYNANG EVEPYELNS TPOCTIMTOVTO.
VETPOVIAL, 1 OTOSEYEPST TOV GUVOETOL TLPNVO EMTVYYXAVETOL LE TNV EKTOUT
300 N TPLOV VETPOVIMV.
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e [Tupnvikn oxdon: N amoppoOPNCN VETPOVIOL 00MNYel TOV TVPNVA o aoTaON
KOTAGTOOT UE QMOTEAEGUA TNV TTOPAY®YN €VOS Buyatpikov mupnva pali pe dAio
Opavoporta.

o YyNUATIGHOG OOPOVIKAOV TOAK®V: VETPOVIO, evépyelng ave towv 100 MeV

GLYKPOVOVTOL [LE TVPNVO. — GTOYO LLE ATOTEAEC O, TN BpadoT TOV.

"Evag axoun unyoviopuodg aAAnieniopaong eivat ot katouyispoi. Kotd ) didpkeia
€VOC MAEKTPOLOYVITIKOD KOTOLYIGHOD £va QOTOVIO HE EVEPYELD UEYOAVTEPT €VOG
Kkpicov opiov mopdyetl éva (edyoc e'e ~ péom didvung yéveong, to omoio umopsi va
TapAEeL K VEOL POTOVIA LEG® aKTVOPoAiag mEdnong, av vdpyet wkovn evépyesta. Ta
vE aVTé EWTOVIO, utopovV va Topdéovy Eava (edyn e'e T kot 1 dadikacio mapoywyn
COUATIOIOV OTOUOTE OTOV 1) EVEPYELD TECEL KATMO amd £va KPIioIo KatdeALl. "Evog
0OPOVIKOG KATOLYIGUOC TTPOYUATOTOlEITOL PHECH TNG 1OYXLPNG AAANAETIOPOCTG €VOC
adpoviov HE TOV TUPNVO TOV OTOU®V €VOC LAKOV. G OMOTEAEGUO TOPEyovTot
(QOPTICUEVA KOt L1 TTOVia, VOLKAEOVLA (p,n), strange Lecdvia, fopuovia Kot @oTovia.

3. To IEIPAMA ATLAS xTON EMITAXYNTH LHC 1O CERN

3.1. O METAAOZ EIIITAXYNTHE AAPONIQN (LHC)

O Megydrog Emrayvving Adpoviov eivor o peyahdtepog Kot 16YLPOTEPOG
EMLTOLVTNG COUOTIOI®V TOYKOGUI®MS, KOODS eTiong Kol TO HEYOADTEPO TEYVOLOYIKO
eMiTELYHO O©TO TS0 NG QUOIKNG VYNADV EVEPYEIOV KOL TNG TE(VOAOYIOG
emroyuviov. O gmroyvving gival toroBenuévog péca oe o vIOYEW CNPOYYW, LE
nepipetpo 26.7 km, dwapetpo 3.8 m ko BéBog 50 — 175 m ota yorhosAPetikd
GLVOpPO.

Mia onpavtik] mopdueTpog yuoo Evay emroyvvin givor 1 eotewvotto (L),
KaBopilovtog Tov aptdpd GLYKPOVGEMY TOV UTOPOVV Vo TopoBodV avd cm 2 Kot avd,
devTePOAETTO, KO ££0PTATAL OO TIC TAPAUETPOLS TNG déoung. Katd v ovopaoTtikn
nepiodo Asttovpyiog, N potevotto tov LHC eivon L =103 cm 2s L,

Ot adpovikol emToyLVTEG TOPOLGLALOVY TOWKIAN TAEOVEKTAUATO, OT®G M
duvatodtnto deaymyns HEAET®MV € PEYAAD EVEPYELONKO (QAGLO, EVED Ol EMTOYVLVTEG
niektpoviov — molitpoviov dg pumopoHv va avtomokplBovv otig anortoelg tov LHC,
napd T duvatodtnTo UETPIcE®V  okpiPeiag, AOY® TNG EKTOUTNG OKTVOPROAl0G
ovyypotpov. Ot kvuprot otdyol tov LHC givan n emitdyvvon mpotoviov kot Bapéwv
WOVIOV.

[Ipwtod e€10éMBovv Tt copoatidlr g O0EGUNG OTOV TEMKO OOKTOALO
EMTOYOVOVTOL GTOOOKA HEXPIS OTOV VO OOKTHGOLUY TNV emBounty evépyeswa. g
TPOTO PruHa, To TPOTOVIO. TPOoEPYOUEVA amd dtopa vOPOoydvoL T omoio Exovv
amoyvpvmbel amd To MAEKTPOVIA TOVG, E€1GEPYOVIOL GE £VOL YPOLUUIKO EMLTOXLVTY|
(LINAC2). E&epydpeva amd avtdv, to TpOTovia, £X0uV omoKTnoet evépyeta 50 MeV
Kot Korevfvvovtan mpog tov Proton Synchrotron Booster (PSB), 6mov emitoydvovton
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ota 1.4 GeV. And ekel eiodyovtal oto Proton Synchrotron (PS) amoxtdvtog evépyeia
26 GeV kol ot ovvéyela oto Super Proton Synchrotron (SPS), evtdg tov omoiov
etavouv ota 450 GeV. Téhoc, kataiyovv otov LHC, emtvyydvovtog v teMKn
evépyeln twv 7 TeV avd déoun. I'a chvtopes xpovikéc meptddovg T0 TPOYPOLLLO TOV
LHC mepihapfdvel cuykpovoelg fapémv 10vImv yio T LEAETN TOL TAUCUATOG KOVAPK
— yYAovoviov. XtV TEPINTOOoN avT, 1OVTO HOAVPIOL EMTOYHVOVIOL GTO YPOLLIKO
emtayuvtn LINAC3 «xot émerta tpopodotovvtan oto LEIR, 6mov 1o 1dvia
amoOnKkevLOVTAL Kot YOYovToL.

Ol oLYKPOVGEIS TPAUYUOTOTOLOVVTAL LLE TN JLOCTAVPMOT| GE TECCEP CNUEIN
00 decUMOV TPpWTOVIMV, Ol 0Toieg Kivovvtal o€ avtifeteg katevBivoel. Ot dEoES
dev etvan ovveyeic, aAAd o Stokpird mokéta mov mepéyovy 1.15x10M npotovia, dote
0l GUYKPOVGELS TPAYLOTOTOOVVTOL GE OLOKEKPIUEVA YPOVIKA dtaothpata (25 ns). O
OMKOG aplOUOc YEYOVOTOV OV TPOEPYOVIOL OO OVEAUGTIKEG GLYKPOVGELS GTNV
OVOUOOTIKT QOTEWVOTNTO ovEPYeTOL oo 600 eKatoppdpla ové devtepdAenTo.

INa va emrevyfel m emrtdyvvon TOV TPOTOVIOV ©E VLYNAEG €EVEPYELES
amonteitol KotdAANAOS €EOMMOUOG. ZUYKEKPUEVO, 1) EMTOYLVOT QPOPTIGUEVOV
copotwiov yivetor pe 1 Ponbere MAEKTPOUAYVNTIKOV KOWOTHT®OV, OnNAadn
NAEKTPOLOYVNTIKOV KAOPOV 7Oov mEPEYOVV MAEKTpOUAYVNTIKO medio, TO omoio
onpovpyeitan pe yevvnrpla. Kabe kotkdmra otov LHC tahavtodvetoat ota 400 MHz.

Ot vrepaydy Lol HayVATEG OmMOTEAOLV TIC 7O eEEMYUEVES TEYVOLOYIKES
Kataokeveég otov emtayvvrty LHC. Mo Pacikn doun tov emttayvvt &ivor to
payvntikd oimolo, e okomd va eEavayKacel TIG 0EGHEG GE KLKAIKY Tpoyld. O
TOPOELONG COANVAG KEVOL TOV OITOAOV OV eUmEPLEXEL TN d€oUn TomobetTeiton oTov
Y®po HeTAED TV TOAWV, ol omoiot dev eivan mapdAAniotr petald Tovg, GAAG
eppaviCouv kdmola KAIoT OOTE TO TOPAYOUEVO TEGIO VO LELDVETOL LE TNV adENCT TNG
axtivag. Mo mopdAinin Boacwkn povada tov emtayvviy LHC eivat ta vrepaydypa
LOyVNTIKO TETPOTOAQ, TA OTOi0L AELTOVPYOVV MG GLYKEVIPOTIKOG QPUKOG MGTE Ol
OECLEG VO GUVAVTOTAL KEVTIPIKA, avEdvovTag TV mhovotnta aAAnAenidpacnc.

To Baocikd cvomua yioo v Asttovpyia Tov veepoy®@ypov emtayvvty LHC
elval to ovotnua yoéng (Cryogenesis) mov Tpo@odotel OAM To poyvnTikd ototyeia
tov LHC. OAa 1o vmrepayoyyo xoiodw NbTi tov poayvmtov Ppiokovior oe
Oepuoxpacio 1,8°K ypnoyonowdvioag vaéppevoto vypd NAo g péco yoéne. O
aywyol avTol TPENEL VO TOPAUEIVOVY GE VTEPAYDYIUN KOTAGTOGT OKOUO Kot OTAV TO
depyouevo peopa petofdiretar. H datnpnon avt eivar facikn A0y Tov 16yvpod
poyvntiko\ mediov.

Yta 4 onueio dSloTOVP®ONG TOV decp®V €ovv TomoBetnBel aviyvevtég. O
ATLAS (A Toroidal LHC ApparatuS) kot o CMS (Compact Muon Solenoid) sivai
YEVIKOD GKOTOV OVIXVELTEG YloL TNV HEYAAoL @dcpatog £pevva. To meipapa ATLAS
nepryphpetar otn ovvéyew. To CMS amoteleiton amd avivevty 12000 tévov,
Bacwopévo oe évav vyniov mediov ocvuPatikd payvhrn. To meipapo ALICE
experiment (A Large lon Collider Experiment) edikebeton o€ pHEAETEG PUGIKNG
Bapémv 1OVIOV Kot ToV TAACHATOG KOvdpK — yAovovimv. To meipapo LHCb eotialet
o€ HEAETEG Y10 TIG WO10TNTEG TOV b KOLAPK KOl GTOYEVEL GE LETPNOELS GYETIKEG UE TNV
napaPioon e CP cvppetpiog.
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3.2. To IEIPAMA ATLAS

O aviyvevtng ATLAS amotedel ™ peyoAOTEPN OVIXVEVLTIKN] GLOKELN] GTO
npdypappe oo LHC. Xxomdg tov eivar Ay HETPCEMV CYETIKA LE TOV TOTO TIC
TPOYLEG KOL TIC EVEPYEIES TV COUOTIOIOV TOV TOPAYOVTOL KOTE TIS CLYKPOVGELS.
Aoyo tov ovvinkdv otov LHC, ot aviyvevtég mpémer va €govv ypryopo Kot
avOexTIKA 0TV  OKTIVOPOAIDL MAEKTPOVIKE, 1KOVOTOWMTIKY OLOKPITIKY 1KOVOTNTO
AVOQOPIKA HE TNV OPUN QPOPTICUEVOV COUOTIOIMV Kol OTOS0TIKN OVOKOTAUGKELN
TPOYI®OV, OepUIBOUETPO IKOVA YioL TN UETPNON KOL TNV OVOYVOPICT GOTOVIOV Kol
NAEKTpOVi®V, GUOTNUE MWOVIOV 1KOVO OTNV avayvedplon OpUNG Kot 1KOvOTNTo
aKpifovg ovayvapiong Tov eoptiov TV Hoviov, Kot TOAD amodoTikd cOGTNUA
OKOVOOAIGLLOV.

O ATLAS e&ivar koAvdpikog, amoteAoVUEVOS OO OHOOEOVIKOVG KLATVOPOLG
av&ovopevnc aktivag, pe punkog 46 m, vyog 25 m kot Bépog 7000 tovovg. Eilvan
OLUUUETPIKOSG ¢ Tpog To onueio ailnAemiopaong (IP) wor Swywpiletar oto
KOAMVOPIKO Tunpa Kot o€ onueion kukhkov dlokwv (end — caps). AvaAvTtikd, o
ATLAS anaptiletor 0md 10 GLGTHLATA TOV TEPTYPAPOVTOL AKOAOVOWC.

To oVvomua cvvietaypévov tov ATLAS vrayopedet 6t 0 z dEovog eivar
ovvevbetaxog g déoung, o X katevBivetar tpog 1o kévrpo tov LHC evd o y mpog ta
emive, T givar 1 aEovikn andotacn amd tov AEova TG dEoung, Eved M yovia @
opiletor og N alyovdiokn kot O 1 ToOAKY).

O coMvag g déoung yopiletal og 5 mePoyEg Le SPOPA GTO UNKOC, GTO
YOG KOl GTO VAIKO TOV TOYMUATOC, KOl OVGLOGTIKA ATOTEAEL TO GLUVOETIKO GTOLYEID
peta&y tov ATLAS won tov LHC.

To eocmtePO aviyvevTiKO oTpdua givol 0 ecwteptkog aviyvevtg (ID). Kvpiog
OKOTOG TOL €lval M ovOyvApIon ToL €100VG TOV COUOTIOIOV KOl TNV OPUY TOVG,
e€etdlovtag ™V aAANAETIOPOCT] TOVG LE TO VAIKO TOL aviyVeELTH G€ d1dpopa onpeia,
avayvopilovtag to povondtt mov oynpatifovv katd tn diélevon tove. O ecmTEPIKOG
aviyveutng mepiPdaieton amd nuoyoyywo poyvit 2T oto kévipo tov, 0 omoiog
KOUTVADVEL TIG TPOYIES TOV COUATIOWV, OTOKOADTTOVTAG TO QOPTIO TOLG avAAOoYa LE
™V Katevhuvon g KOUTOLA®GONGS, Kol TV opun avdioya 1o Badud g kaumdAwonc.
Ta ocvotquata tov €c®TEPIKOD aviyvevt Paciloviol 6e aviYVELTEC LKPOTOVIOG
moprtiov. Tpilo  O1POPETIKA  OTPOUOTO €  OLEAVOUEV  OKTIVOL HITOpOVV vl
AVOYVOPIGTOUV: O OVIYVELTNG pixel, o Muoydyyog oviyvevutng Tpoyidv Kot o
aviyveutng axtwvoPoriog petdfacnc. Ot GLYKPOVOES MOV  AVIXVEVOVTOL GTO
EMUEPOVG TUNUATO GLVOVALOVTAL Y10 TV OVOKATOCKELT] TPOYLDV.

To Oepdopetpo tov ATLAS amoteAeitan amd to NAEKTPOUOYVNTIKO KOl TO
adpovikd Bepuidopetpo, ta omoio eivor tomoBetnuéva €€ amd TO CWOANVOEN
Hayvi TN HETOED TOL ECMTEPIKOL OVIXVELTN KOl TOL (QACUATOUETPOL oviov. Ta
OepridopeTpa KOAOVVTOL VO LETPNCOVY TNV eVEPYELD Kol TN B€om nAekTpoviov Kot
eoTOViov pe Oetypatonyion TG evamoTifEUEVNG EVEPYELDS, VO avayvOpicovV
oOMOTIOW, Vo VTOAOYIGOVY TNV €AAEimOVGO €YKAPGIOL OpUn €VOG YEYOVOTOC, OTMG
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emiong ko v evépysln Ko katevbovon mdakwv. EmmAéov, cuvelopépovv otnv
EMIAOYN YEYOVOTMOV Y10 TO GUGTNUO OKAVOOMGHOV. Ady® TOL TEPACTION TANOOLG
OLYKPOVGE®MY OVAL O0GTAVPMOT) OEGUNG OTNV OVOUAOTIKY @otevotnta tov LHC,
TOPATNPEITAL YOPIKN Kol ¥poviKny cvcompevon (pileup), cuvenmg ta BeppiddueTpa
npénel va yapoktnpifovior amd VYNA AmOKPIoN  OViYVELONG Kol AETTOUEPT|
drakprtikn wavotra. Ocov apopd To NAeKTpopayvNTIKO OepUIdOUETPO, O POLOG TOV
elvar  vo  omoppopd TNV evépyeld  coUaTdi®V  To.  omoio  aAANAEmOpoHV
nAeKTpOOYVNTIKA pe ovtd. To evepyd vAkd T0L €lvar vypd Apyod, &vd 10
amoppoNnTikd MOALVROog. O MoAvBdog mpokodel KOTOLYIOUOVS COUATIOMY £TGL
®OOTE To COUATIOW KAODG AAANAETIOPOVY LE TO VYPO APYd VO TPOKOAODV 10VICUO
niektpoviov. To adpovikd OepdOUETPO ATOPPOPE TNV EVEPYELD, COUATIOIMV TOV
JTEPVOVV TO NAEKTPOLAYVITIKO Y®PIC 1oyvupn aAinienidopaon (Kupimg adpovia).

To @aocpaTONETPO HOVIOV amOTEAEL TO €EMTEPO TUMUO TOVL OVI(VELTH,
oXEOOGLEVO Y10 TV aKPIPN HETPMNON TNG OPUNG TOV LIOVI®V, TO, 0TToio dtomepvoly Ta
TPONYOOUEVA TUNHATA, Y10l TO AOYO0 aVTO Kot elvan peyaAvtepo o€ péyedog. Ot tpoytég
TOV WOVIOV KOUTUAMVOVTOL TEYVNTO LLE TN ¥PNON LoyvnTKoD mediov e oKomd N
LETPNON TNG OPUNG TOVG OG0 peyahdTepn ivar 1 opun evog poviov, 1 Tpoyld tov Ha
KapmoAdvetor  Aydtepo. Téooeplg dwpopetikés texvoroyleg amaptilovv 10
QOCHATOUETPO, GLYKEKPEVA OV0 vroavtyvevtés, ta MDT xat ta CSC, kot dvo
teyvoroyieg oxavoariopnov, Ta RPC kot ta TGC. Xta MDT 1 diéhevon evdg poviov
npokalel oviopéva nAektpovia va katevBuvBodv mpog 1o BeTikd niexkTpodio, Vo
Betikd 10vra oMcBaivovv mpog to apvnTikd nAektpdolo. Xto CSC n axpifela twv
CUVTETAYUEVOV EVOG OLEPYOUEVOD HOVIOV EMITLYYAVETOL LETPOVTOS TO EVATOTIOENEVO
eoptio otig Pabuovounuéveg kabodikég Awpidec mov dabétovy e TO GYNUOTIOUO
“Y1ovooTIPados’ 610 0vodlkd KaAmoo. To cvoTNUe GKOVOOAIGHOD HoVimV emAEYEL
pdvio vymAng opun. Mia KoY TPOGEYYIOT Yo TV EVPECT] TPOYLAG VOGS [oviov eivat
pe ypnon g sagitta,  omoia opileton wg N UEYIGTN OMOKAGT TG KUKAIKNG TPOYLG
amo v evbela ypouun. H avakatackevn tpoylds eivor epikty| 6tav kdbe Hovio
EVTOC GUYKEKPIUEVOL €0POVE YELOWKVLTNTOG OloyilEl TOVAAYIGTOV 3 AVI(VELTIKOVG
otafuovg.

O aviyvevtig LUCID, évoc and toug epumpdsdiovg aviyveutés, ivor o kOplog
petpnmc ootevottoag tov ATLAS ko aviyveder un elooTikéc okedAcES otV
npocHio meproyn. O devTEpOg TPOGO10¢ aviyvevtng, o ALFA, cvppetéyet eniong ot
pétpnon owtewvottoc. To tpito mpdcobio cvotnua, 10 BepdOUETPO UNdEVIKOD
Babuov, mailer kuplapyo pOAO0 GTOV TPOGOOPIGUO TNG KEVIPIKOTNTAG GUYKPOLGTG
Bapémv 1dvimv.

To ocVvomuo okavdoMcopold KoAeitor va emeepyaotel Kot vo amoOnkevoet
dedopéva, N mOGOHTNTO TV oMol OpOS KaAsitar va pewwdel katd mepimov 107 ot
oxéon upe To Ogdopévo mov Tmapayovior o€ kabe ovykpovon. To ovoTnuo
okavooMopod tov ATLAS oamoteleiton amd tplo emimedo, pe kabe vymAdtepO
eminedo vo ypnolwonolel TG TANPOQOPiES Yo amoPAcEl; mov mapONKOV GTO
TPOTYOVUEVO EMIMEDO, EIGAYOVTOS KATOWN EMMAEOV KPLTNpLo EMAOYNG. AmaptileTon
ouvolkd omd Tov Kevipwkd emefepyaotn okavoaiiopod (CTP), o omoiog
TPOPOJOTEITAL OO GNUOTO TOV TPOEPYOVIOL OO TO LAIKO TOV GKOVOOAIGHOV TMV
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Oepudoperpwv (L1 Calo) kot tov cvotiuatoc poviov (L1 Muon). To tpmto eninedo
elval Poaciopévo oto vikod (hardware) pe ypnon enelepyooctdv ko Paciletor oe
AOYIK] COANVOONG, Otvoviag T duvaTdtnTo AYNG amdeacng €viog tov Ypodvou
AOKPIONG TOV OVIXVEVLTN KOl EMTPEMOVTOG TOPOAANAOTOINGN TOV AEITOVPYLOV UE
xp1on drapopetikmv eneepyactav. H andopaon uropet va Anebet péoa og 2.5 ps. To
devtepo emimedo elvar Paciopévo oto Aoyiouikd (software) kol ypnoipomolet
TPOYPAUUOTO 7OV TPEYOVV GE  OLOPOPETIKOVG VTOAOYIOTEG HE  OLOPOPETIKOVG
enefepyaotéc 10 Kabéva. H mAnpng vmoloyiotikn 1oyvg Paciletor 68 moAOTAOKOVS
aAyopifHovg GKOVOOAICHOD UEIDVOVTOS TN GLYVOTNTO CKAVOOMGHOD LE aVTIIGTOL O
puéco ypovo enelepyocioc 40 ms. To tpito emimedo eivan emiong Poacicpévo oto
AOYIGLUKO PE HEGO YpOVO emeEepyaciog ota 4 OEVLTEPOLETTA.

Ta dedopéva apod mepdoovy and T0 cHOTNUO CKAVOIUAIGHOD 0dnyohvTal Yio
eneepyacio. O 1epdotiog Oykog dedopévev kabotd addvatn t Stayeipion eviog
tov gykataotdoewv tov CERN kot yio 10 Adyo avtd €xel avamtvyfel moykodouo
VTOAOYIOTIKO TAEYUA, TO Oomoio Otavépel ta dedopéva oe técoepa emimeda. (Tiers).
Kd&Be eninedo amoteheiton and moAlomAd KEVTPA KOt TAPEXEL SLUPOPETIKES VIINPECTLEC.
To Tier 0 mapéyet Ayodtepo amd 1o 20% NG GLVOAIKNG YOPNTIKOTNTOS TOL
VIOAOYIOTIKOD TTAEYpHaTOG, dtotnpel backup aviiypaga kot mpaypatonotel ta mpoTaL
OTAdWL OVOKATOCKEVLNG TV apykdv dedouévov. To Tier 1 dwtnpel éva dgdtepo
aVTIYpPOPO TOV APYIKOV OAAGL KOl TOV AVOKOTOUCKEVOCUEVOV OES0UEVOV Kot SLOVELEL
to dedopéva oto emduevo eminedo. To Tier 2 dwbéter movo omd 160 kévipa
TOYKOGUMG aplep®UEVE GTNV TPOCOUOIMoT Kot avdivon ond mAevpds ypnot. Ta
pikpotepa ké€vipa tov Tier 3 mpooeépovv TomIKY TPOSPOCT OE HEULOVOUEVOLS
EMIGTNLOVEG.

4. TIPOXOMOIQIEIX ME TH MEOOAO MONTE CARLO KAI
YYMIIEPAXMATA

Apywd, mpaypatomomOnKoy HePIKESG JOKIUES LLE YPNON OMADV YEOUETPLOV
MGTE VO TPOGOOPLGTOVV Ol JAPOPES TOPAUETPOL TOL THAVOV VAL EMNPEACOVY TOL
TEMKO OTOTEAEGLOTA OE PEYOADTEPES KOl TTO TEPIMAOKES YEOUETPIES, OTMG OLTH TOV
aviyveutny ATLAS.

Ol TPOCOUOIOCELS GE aPYIKO EMIMEOO EKTEAEGOMKAV LE TN YPNON EVOG OTAOD
KUAIVOpOL e dlaotdoelg Opoteg pe avtég tov avyvevty ATLAS (50 m punkog katd.
Tov X a&ova kat oxtiva 12.5 m), eved g mnyn torobetbnke 610 KEVTPO NG ddtaéng
(0,0,0) xoPditio — 60, to omoio ce eminedo kddwa MCNP meprypdpetar and v
ekmouny 6vo gwrtoviov pe kopveés oto 1.173 MeV kar 1.332 MeV. O kdiwvdpog
avtdg meplEyel 0épa, evd M mpoocopoiwon £tpe€e yw 1 Aemto. Omwg Mrav
OVOLEVOUEVO, M PO} GOTOVIOV OTIC KabeTeG TAELPEG MTay GYedOV 1om, pe mBavVES
OTOKAMGELS Vo 0OQEIAOVTOL GTNV TLYOOTNTA TTOV EIGAYEL 1 EQAPLOYT] TNG HeBGOOL
Monte Carlo. Mg Bdomn tov kOAvOpo avtd, EMIAEOV SOKIUEG TPOYLOTOTOIONKAY, e
OAAOYT] TNG KOTOVOUNG TNG NYNGS, TOL OplOUod EKTEUTOUEVOV QOTOVIOV KOl TNG
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EVEPYELOG TOV QOTOVIOV aVTAOV, OTMG EMIONG KOl OAAAYT TOV TEPLEYOUEVOV VAIKDV.
Bdoet tov mopandve topatnpndnkay o akdAovbo:

e H pon og emedveia yoo KOAVOPO oL TEPLEYEL aépa EEAPTATOL EVTOVA OO TOV
aplOud TOV EKTEUTOUEVOV COUATOIOV, apov N €£000¢ Tov MCNP divel wg
ATOTEAEGHO POT aVE COUTIO TYNGS. AvIIOET®G, 1 EVEPYELD TOV COUATIOIMV
YN dev emmpedlet Waitepa T pon|, povayo LeToTomileL TO PAGHO TG POT|S.

e Ta mnyoio copatidl LEYOADTEPNG EVEPYELNG OLOUOPPOVOLY MYOTEPO KAUTOAES
TPOYIEG LE QTOTEAEGLOL VO PTAVOVV TO HOKPLd, OTWG UTopel vo SlomoTmOel pe
™ xpNo” ToL Ypapikov meptPaiioviog tov MCNP (Vised).

e O oapBudc tov myov emiong emnpedalel €viova T pomn, OQOV TAPAYOVTOL
neplocoTEpO mnyaic copatidw. H petatdémon g mnyng eivor dvvatd va
EMNPEACEL LOVO TIG EMPAVELES OTIS OTOlEG MANGLALEL EMPEPOVTOS UEYAAVTEPT
pomn, M AVTEG a0 TIG OTTOIEG AMOUOKPVVETAL, LE ATOTEAEGILA LUKPOTEPT| POT).

e Xe vAkd mépav TOL 0pa, M ovENom G evépyelng mMYNS emmpedlel v
emoyouevn pon pe avéovra Tpdmo.

H m=pocopoiwon ovveylotnke pe  oyedoopd tov  avigvevty ATLAS
YPNOLOTOIDVTOAG KOAVOPIKES OOUEG, e SIOOTAGELS KOl DAKA OV EMAEXONKAY LETA
and evoeleyn avalnmon oty vrdpyovcsa PipAloypagic Kol TPOGAPUOYN TV
TPOYUATIKOV Oedopévav oOpemva pe tovg meploptopods tov MCNP.  Apyud,
oXeOAOTNKAV Ol TEVTE TEPLOYEG TOV GOANVA NG OECUNG GUUUETPIKE ®G TPOG TO
onpeio aAinAenidpaong, To omoio amotedel TO0 KEVIPO NG YeOUETPiag Kot onueio
ocoppeTpiog. XN ouvéyel, YOp® omd T0 GOANve Tomobetovviar oe avEavopevn
amooTOoT Kol oKtive ot vmoOlouteg vmomepoyeés tov ATLAS: o eowmtepikog
aVYVELTNG, To OepIOOUETPO, TO GVGTNIO LOVIOV, OL VITEPAYDYLOL LOYVITES Kol Ol
nepoyés  OBopdxiong. H  yeopetrpio ovty mepifdAietor  and  opBoydvio
TOPUAAAETITEO OV OVTITPOCMONEVEL TIG OUCTACELS TNG KOWOTNTOG €VTOS NG
omoiag £xel toroBetnBel o aviyvevng.

Metd 1o oyedacud tov aviyvevt dokipudlovtor ddpopeg TNYEG Ol Omoies Vo
UTOPOLV VO, dDGOLV  IKOVOTOMNTIKESG TIWEG TOL VLIOPABPOV GE GCLYKEKPUYEVEG
EMUPAVEIEG KO GUYKPIVOUEVES e EMIONUEG LETPNOELS VAL OMOKAIVOVY 6GO TO duvatdv
Myotepo. [a 10 AOyo avtd SoKIUAoTNKE TOGO GNUEWKY TNYH OGO KOl KLAVOPIKN
KOTA UNKOG ToL cowAnva ¢ oéouns. H evépyela tov myaiov potoviov tédnke ota
100 MeV, kafdg avt amotelel pio GYETIKA VYA EVEPYELL V1oL POTOVIO, VTTOPAOPOL
®oTE Vo Uy €povpe omdielon TAnpopopiag. EmmAéov, ta 100 MeV amotelodv to
avaTtato 0plo evépyelag mov emtpénel 10 MCNP yopic egedikevpéveg xelpokiviteg
TPOTOTOMCEL TV PUGIKAV YOPOKTNPIOTIKOV TOL TpoPAnuatog. Ot dokipég oto
YPaPKd mepPdArov £d€Eav OTL To GOUATIOW OVOKOAELOVTOL VA QTAGOLV OF
LOKPIVEG TEPLOYES TOV OVIXVELTH AGY® OMOGTOONG KOl OTOPPOPNTIKOTNTOS TOV
napepPoriropevov vikov. T'a Aertopepeic petprioeig torofetOnkay aicntpeg og
olpopeg meEPLOYEG TOL  Oviyvevtny M omoieg €yovv pehetnOel defodikd oe
wponyobueves mpoocopownoels. Kdébe kel g yeoupetrpiog umopel vo mpocdidet
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dwapopetikn ‘Papdtnra’ (importance) oto copotidia Tov €16EPYOVTAL GE AVTO  OF
TEPLOYEG OV N aviyvevon Tovg Kabiotator 0VoKOAN, 1 ThavoTNTo EMPIMONG TOVG
umopel va owénbel pe avénon tov importance, 6mw¢ Kol TPOTEIVETAL GTO YYELPIOIO
tov MCNP. H mpocopoimon avt étpeée yia 24 dpeg, xpOVOg OpKETOS MOTE Vo
pembel oNUAVTIKA TO GTATIOTIKO GPAALO TOV UETPNCEOV KOl TO OTOTEAECLATO VO,
givon a&omiota, eved to importance Oewpnnke o kabe keM ico pe to 1 (avaroykn
npocopoinon). Ot perpnoelg mapatnpiOnKoy 4Tt NTOV OPKETA KOVIQ GE OVTEC TMV
TPONYOOUEVOV HEAETMV, UE OVEKTEG OMOKAIGES. XLVEM®MS, €V ouveyeio mhpOnkov
LETPNOELS KOl GE AAAN OMUELD TNG YEOUETPIOG, CVYKEKPIUEVO GTA OAPOPA KEALNL TWV
VIOOVIYVEVTIK®OV GUOTNUATOV, TOV HOyVNTOV Kol TV Teploy®v Bopdkiong. H pon
HELOVOTOV GTOSOKA TPOY®PMVTOG TPOS eEdTEPO oNnUEi, EVED 68 O1dpopa onueia TG
Owpdkiong undevildtav, yeyovog mov emPePatmvel OTL Ol LETPNGELS PODV OTO KEAA
elval Aoyikéc. AoKiudotnke okOUa, Yoo AOYOvg TANPOTNTOC, KOl 1 UN OVOAOYIKY
npocopoioon. Ilpdta, petd amd pio cvvtoun oJSokun TapOnkay ot UETPACELS
TAnBvopov pwtoviov o kdbe kKeAl. Me Bdon g TES avTég VTOAOYioTNKE 0 AOYOG
mAnOuopdv Kdbe CMOTEPIKNG TEPLOYNG GE OYEON LE MO YEITOVIKN To e€mTEPIK,
divovtag po T, pe oTpoyyvAomnoinon tng onoiag Aapupdavovpe to véo importance. H
npocopoinon avty| £1pete eniong ya 24 dpeg. Ta omoTEAEGLOTA TOV PODV POTOVIDV
OTIS TEPIOCOTEPEG EMPAVEIEG NTAV PeATiopévo o oxEoN HE TNV AVOAOYLKN
TPOGOUOIWGT, OU®G G€ KAMOEG TEPUTTAOGES TOPOLGINGE HEYOAES OMOKAMGELS.
Axolov0wg, mapOnkav HeETPNOELS GE KEAD OMMG Kol GTNV OVOAOYIKT] TPOGOUOIMOT),
napovotdlovtag moAD pukpég amokAicelg amd v avaroyikn. [TiBavov, évoag
Beltimpévog TpoOTog LITOAOYIGHOD TOL IMportance yia to KeAd, Aappavovtog v’ oy
TEPLGGATEPO YEITOVIKA KEAMA Kol Oyl LOVO Eva, VoL £O1vE aKPPBECTEPES LETPNOELS.

Emmiéov Peitivoeig Ba pmopovoav va mapatnpnbovv pe o akpiBéotepn
TPOGEYYION TNG YEMUETPIOG TOV OVIXVELTH KOl LE EKTEAECT] TNG TPOGOUOIONG Yo
nePLocOTEPO YpOvo. O mePlopoudc ot cvuvlheon WyHATOV Kot Kpapdtov ond To
MCNP vmpée évag emmiéov AOyog amokAicewv amd diieg mposopowdoels. [Tapoia
T, T GEAANOTO OEV €ivan TOAD PeYOA Kot ™G LEALOVTIKY] €pevva Ba pmopodcav
va  glaiotomomBodv  pe dokiuég ot petafolr] S@Op®V  TOPUUETP®V  TNG
TPOGOUOIONC.
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1. INTRODUCTION

1.1. THE STANDARD MODEL

The Standard Model of particle physics (SM) describes all of the known
fundamental particles, along with their interactions, via three out of the four
interactions of nature: electromagnetism, the weak interaction and the strong
interaction. Gravity is not yet included in the Standard Model as it plays no significant
role at the energy scale of particle physics.

According to the Standard Model, there are three kinds of elementary
particles: leptons, quarks and the force mediators (gauge bosons). An antiparticle
corresponds to each of the elementary particles. Leptons and quarks are fermions,
having a spin of %, and they obey the Fermi — Dirac statistics, so the Pauli exclusion
principle does not allow the occupation of any single quantum state by more than one
particle of a given type.

The leptons carry integral electric charge and are divided into three
generations, each composed by the charged lepton (e, p and 1 ) differing only in mass
(mass is increasing in every generation with respect to the previous one) and its
neutrino partner (ve, vy and v. respectively). [!]

Generation Lepton Mass (MeV) Charge
I e 0.511 -1
Ve <0.26-103 0
I i 105.69 -1
Vu <0.19 0
i T 1776.99 -1
Vi <18.2 0

Table 1.1: Generations of Leptons. [*]

The quarks carry fractional electric charges, +2|e|/3 or —|e|/3. There are six
flavours of quarks divided into three generations of increasing mass. Quarks can carry
one of three possible ‘colours’ (red, blue or green), while anti — quarks carry anti —
colors, and they are grouped by the strong force, via gluon exchange, in order to form
hadrons. The hadrons are categorized into two families, mesons and baryons. Mesons
are composed of a quark—antiquark pair with integer spin, while baryons are
composed of a triplet of quarks with half-integer spin. %]
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Generation Quark Mass (GeV) Charge
I Up (u) <23-10% +2/3
Down (d) 4.8-103 -1/3
I Charm (c) 1.275 £ 0.025 +2/3
Strange (s) (95+5) -10°3 -1/3
I Top (t) 173.2+0.7 +2/3
Bottom (b) 4.18+£0.03 -1/3

Table 1.2: Generations of quarks. [*]

The mediators of the interactions between fermions are integer spin particles
that obey to Bose-Einstein statistics, which allows the occupation of a single quantum
state by a large number of identical particles. The electromagnetic force, described by
Quantum Electrodynamics (QED), is carried by spin-1 photons and acts between
electrically charged particles. The weak interaction, described by the Electroweak
Theory (EWT), is responsible for nuclear -decays, and absorption and emission of
neutrinos, and has three massive gauge bosons with spin 1, W* and Z. The gauge
bosons of the strong interaction, described by Quantum Chromodynamics (QCD), are
the eight massless, spin-1 gluons (g). The graviton (G), a purely theoretical spin-2
boson, is considered to be the gauge boson for gravity. [/

Boson Mass (GeV) Charge Interaction
G <7-10% 0 gravitational
Y 0 0 electromagnetic
W+ 80.4 +1 weak
Z 91.2 0 weak
g 0 0 strong

Table 1.3: Six bosons for the four fundamental forces. [!

1.2. LHC PHYsICS

The study of nature is based on the production and screening of rare
procedures, the presence of which can be more frequent if higher energies are
provided. By producing more collisions, more interesting facts that might give
confirmation on theoretical studies can occur.

The Large Hadron Collider (LHC) has been designed in order to answer
essential questions of the Standard Model that are described below.

_31_



1.2.1. THE HIGGS BOSON

The mechanism that describes how the particles gain mass has been
incorporated in the SM via the the Brout — Englert — Higgs mechanism. This
mechanism requires the existence of a spin zero boson, the Higgs boson, which has
been observed by the ATLAS and CMS experiments. For a Higgs boson with a mass
of 126 GeV/c? the SM predicts a mean life time of about 1.6x107%? s, [%]

At the LHC, the Higgs boson can be produced in the following ways: [1:[4}.51[6]

¢ Gluon fusion: gg — H

Gluon fusion is the dominant production mode. If the collided particles are hadrons
such as the proton or antiproton then it is most likely that two of the gluons binding
the hadron together collide. The easiest way to produce a Higgs particle is if the two
gluons combine to form a loop of virtual quarks. this process is more likely for heavy
particles, since the coupling of particles to the Higgs boson is proportional to their
mass.

e Vector boson fusion (VBF): gqg— qgH

VBF is the next more important production mode. When two fermions or
antifermions collide, they exchange a virtual W or Z boson, which emits a Higgs
boson. The colliding fermions do not need to be the same type.

e Associated production with vector bosons (Higgs Strahlung): qg— WH or
qgq— ZH
If an elementary fermion collides with an anti-fermion the two can merge to form a
virtual W or Z boson, which, if it carries sufficient energy, can then emit a Higgs
boson. At the LHC this process is only the third largest, because the LHC collides
protons with protons.

e Associated production with heavy quarks: gg— QQH or gg — QQH

The final process that is commonly considered is by far the least. It involves two
colliding gluons, which each decay into a heavy quark—antiquark pair. A quark and
antiquark from each pair can then combine to form a Higgs particle.
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(c)

Figure 1.1 : Main production mechanisms of the Standard Model Higgs at LHC: (a) gluon —
gluon fusion (b) vector boson fusion (c) associated production with W/Z and (d) associated
production with heavy quarks. [*!

The Higgs decays in different modes and the branching ratio of each depends
on the Higgs mass. The decay modes can be divided into the decays to fermions and
the decays to bosons.

A possible Higgs decay is by splitting into a fermion—antifermion pair. Higgs
is more likely to decay into heavy fermions than light fermions, because the mass of a
fermion is proportional to the strength of its interaction with the Higgs. In the low
mass region, where my< 130 GeV, the most common but not easily accessible decay
is into a bottom—antibottom quark pair (56.1%), while the second most common
fermion decay (6%) at that mass is a tau-antitau pair, qgqH — tt". The taus can
subsequently decay into pairs of leptons, hadrons or mixed.

Higgs also can split into a pair of massive gauge bosons. For my > 130 GeV,
the most possible Higgs decay is into a pair of W bosons (23.1%). The W bosons can
subsequently decay either into a quark and an antiquark or into a charged lepton and a
neutrino. However, the W bosons decays into quarks are difficult to distinguish from
the background, and the decays into leptons cannot be fully reconstructed, because
neutrinos are impossible to detect in particle collision experiments. A cleaner signal is
given by decay into a pair of Z-bosons (2.9%), if each of the bosons subsequently
decays into a pair of easy detectable charged leptons (electrons or muons).

Massless gauge bosons, photons or gluons, do not couple directly to the Higgs
boson but through loops involving massive charged and/or colored particles which
couple to the Higgs boson. The most common such process is the decay into a pair of
gluons through a loop of virtual heavy quarks. This process, which is the reverse of
the gluon fusion process, happens approximately 8.5% of the time. Much rarer is the
decay into a pair of photons mediated by a loop of W bosons or heavy quarks, which
happens only twice for every thousand decays. However, this process is very relevant
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for experimental searches for the Higgs boson, because the energy and momentum of
the photons can be measured very precisely, giving an accurate reconstruction of the
mass of the decaying particle. (€]

1
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Figure 1.2: The branching ratios of the SM Higgs as a function of its mass.

1.2.2. SUPERSYMMETRY

According to Supersymmetry Theory (SUSY), which may can lead to the
unification of the fundamental forces, every particle has its heavier symmetric pair.
The particles differ from their respective supersymmetric ones as to the spin by 3,
resulting in tranforming the fermions of the Standard Model into supersymmetry
bosons and vice versa. If supersymmetric particles were included in the Standard
Model, the interactions of its three forces — electromagnetism and the strong and weak
nuclear forces — could have the exact same strength at very high energies, as in the
early universe. If this theory is correct, some of the lightest supersymmetric particles
may be observed at LHC. [71152]

1.2.3. THE MATTER-ANTIMATTER ASYMMETRY PROBLEM (CP VIOLATION)

The Big Bang should have created equal amounts of matter and antimatter in
the early universe. Nevetheless, everything in universe from the smallest life forms on
Earth to the largest stellar objects, is made almost entirely of matter. Comparatively,
there is not much antimatter to be found, so one of the greatest challenges in physics
is to figure out the reason of the asymmetry between matter and antimatter. [
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1.2.4. STUDY OF QUARK — GLUON PLASMA

For a few millionths of a second, shortly after the Big Bang, the universe was
filled with an astonishingly hot, dense soup made of all kinds of particles moving at
near the speed of light. This mixture was dominated by quarks and by gluons, that
normally “glue” quarks together. In those first moments of extreme temperature,
however, quarks and gluons were bound only weakly, free to move on their own in
the so called quark-gluon plasma. To recreate conditions similar to those of the
primordial universe, powerful accelerators like LHC make head-on collisions between
massive ions, such as gold or lead nuclei. In these heavy-ion collisions the hundreds
of protons and neutrons in two such nuclei smash into one another at energies of
upwards of a few trillion electronvolts each. [°°]
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2. INTERACTIONS OF PARTICLES WITH MATTER

The operation of every detection system relies on radiation interactions with
the detection medium [®land the product of this interaction transforms into an electric
signal. The interaction process depends on the type and the energy of the incident
particles. Radiation can be separated into radiation of charged particles that
continuously interact with the electrons of the medium via Coulomb force and
particles without charge. The first category includes the radiation of heavy charged
particles and accelerated electrons, while the second includes neutrons, X-rays and
gamma rays.

2.1. INTERACTION OF HEAVY CHARGED PARTICLES

The interaction of heavy charged particles mainly with the negative charge of
the electrons of the absorber and lesser with the atomic nucleus occurs through
electromagnetic interactions (Coulomb force). The distance between the atoms and
the particle orbit determines whether the impulse on the electrons due to Coulomb
interaction forces these electrons to transition from their initial state to a higher bound
energy state (excitation) or in the continuum where they are no longer bound
(ionization). Further energy loss mechanisms are nuclear interactions, braking
radiation, Cherenkov radiation and transition radiation. As a result of these
mechanisms the passing particle decelerates and is finally absorbed by the material. [°!

Consider a particle of mass M moving with velocity v and an immobilized free
electron of mass me at rest, vi1 the particle velocity after the percussion and vz the

electron velocity. The kinetic energy and momentum of the system are maintained, so:
(8]

MVZ = MV, +MV; 1)

Mv =My, +m.y, )

Based on these expressions the final velocities are:

Mv — My, (M —m,)v
v, =m— (3) and V, = W (@)

e

MV m. ML _ mev2

Figure 2.1: Before and after collision [°
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After the collision, the particles are moving along the initial line of the
incident charged particle. By using the relation (4) the maximum transferred energy
is:

1 , 1 »  AMmE
Qmax 2 MV 2 le (M + me)z (5)
Proton kinetic energy (MeV) Qmax (MeV) Maximum percentage
energy transfer (MeV)
0.1 0.00022 0.22
1 0.0022 0.22
10 0.0219 0.22
100 0.229 0.23
1000 3.33 0.33
10000 136 1.4
100000 1.06 - 10* 10.6
1000000 5.38 - 10° 53.8
10000000 9.21-10° 92.1

Table 2.1: Maximum possible energy transfer during proton — electron collision. [

In the case of non — relativistic energies, it is apparent that the maximum
energy the charged particles losses in every interaction is small comparing to its initial
energy, so it needs many interactions until it yields all of its energy and then stop.
Each of these interactions will not contribute significantly to change the direction of
the charged particle, which interacts simultaneously with many electrons. These
electrons push the particle in a different direction each, so eventually the particle
trajectory is almost a straight line. In the case of relativistic energies for the charged
particle (mass M) of momentum Mpyc, the maximum transferred energy is:

2y°m.v’
2
2ym, + M
M M

Qmax -

1+

y=1/J1- B2, p= A and c the speed of light. (2]
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2.1.1. STOPPING POWER DUE TO COULOMB INTERACTIONS

The mean rate of energy loss of heavy charged particles via Coulomb
interactions per unit length, called stopping power, is given by the Bethe — Bloch
equation:

2 2 p2_ 2
s=—9E _ointmetp L Z (Lin2MC B Y Qe 542 555
dx A pc2 | z

2nN, r2m,c? = 0.1535 MeV- cm? /g

Na Avogadro’s number = 6.022 - 102 mol* p density of the absorber

electron radius re = 2.817 - 103 cm z charge of incident particle in units of electron
charge
me electron mass, mec? = 0:510998918MeV

o p = Vv, vvelocity of incident particle
I mean excitation energy (eV) A

A atomic mass of absorber (g-mol™) y=1/{1- p?
Z atomic number of absorber d density effect correction to ionization energy
loss

Qmax maximum transferred energy

C shell correction factor

The mean ionization energy is calculated using semi-empirical formula
derived from experimental measurements:

I— :12+1eV and L =9.76+58.8Z %V
Z Z Z

The density correction factor & is considerable in high energies for X =
logio(By) is given by the following expression:

0 X < X,
4.6052 + C, X> X,

The parameters Cy, Xy, X1, a and m are depending on the absorber.

The shell correction factor C is significant in low energies, in cases that the
velocity of the incident particle is lower than the speed of bounded electrons, so that
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they cannot be considered as immobilized in comparison to the incident particle.
Considering = By > 0.1 an empirical formula for C is:

C(I,m) = (0.422377 n 2 + 0.0304043  * — 0.000381061®) - 10° 12

+(3.85019 n 2 0.1667989 1,  + 0.00157955 1) - 109 12, [10]

The Bethe — Bloch equation for materials of intermediate Z and 0.1 < By <
1000 gives accurate results. For non — relativistic particles with the same charge in the
same material the stopping power varies inversely with the particle energy. For
different charged particles moving with the same speed into the same material the
energy loss is defined mainly from the factor z2. The Bethe — Bloch equation diverges
for low energies of charged particles because the charge exchange between the
particle and the absorber becomes more important, as the positive charged particles

are taking in electrons decreasing the stopping power until they become neutral.
[10],[11]

H, liquid

9]
1\ :
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Figure 2.2: Measurement of stopping power in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead (radiative effects, relevant for muons and pions,
are not included, but they are becoming significant for muons in iron for gy > 1000, and at
lower momenta for muons in higher-Z absorbers). Except in hydrogen, particles with the
same velocity have similar rates of energy loss in different materials, although there is a slow
decrease in the rate of energy loss with increasing Z. ™!
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2.1.2. ENERGY LOSS

Most of the relativistic particles (muons, cosmic rays) have mean rates of
energy loss near the minimum possible value and so they are called minimum
ionizing particles — MIPs.

The particles may simply penetrate the material. Thus, low energy loss occurs
for small values of absorption thickness, allowing all the particles of the initial beam
to reach the detector. This will apply until the length that the absorption thickness is
equal to the shortest orbit and if this length increases, a large decrease of the detected
particles is observed. The maximum distance which the particles of a particular
energy can penetrate within a material is called particle range for this material and this
particle energy. The mean range R of particles of given energy Eo represents the value
of the thickness in which the number of the detected particles is equal to half of the
emitted particles and it can be found by the integration of dE / dx :

R= } (d—E)‘ldE
g, dx

The value of the thickness that no particle is detected is called projected range Re. [°!

A
1

Z

L -

> e nsinons

]
0- >

Figure 2.3: Number of particles in a material as a function of thickness x. !

The energy loss of a charged particle within a material is a statistical
phenomenon in which the width of the energy distribution is a measure of energy
dispersion (Energy Struggling). The amount of the transferred energy to any collision
is following the Landau distribution:

_(a+eh)
f(A)=—e 2

ey
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Figure 2.4: Landau distribution. The distribution shows a tail in the high energy loss
region, due to rare energetic § electrons. [%

The parameter A expresses the divergence from the most possible value:

AE - AE
a="""""0
4

AE real energy loss at a layer of thickness X,

AE, the most probable energy loss at a layer of thickness x,

and the mean energy loss & = 2aNar2m,c?z? % % px = kxp, p density (g/cm?) and x

thickness of the absorber (cm).
The general formula for the most probable energy loss:

s
|

2.2 02

AEp = §{In(2m"c+ﬁ) +INn2+0.2- 8> -5(By)}

Experimentally the actual energy loss distribution is often broader than
expected by Landau distribution. The most probable loss AE, increases in a first
approximation as x(a + Inx), and the ratio w/AEp decreases with increasing x (where
w is the full width at half maximum). By increasing the density of the absorber the
energy loss distribution approaches Gauss distribution.

For thin absorbers the deposited energy can be given by this expression:

AE = —(d—E)x
dx

dE
(&) the mean value of the stopping power within the absorber. [%]

_42_



AE/x  (MeV g_1 cmz]

0.50 1.00 1.50 2.00 2.50
— 7T
Lor- 500 MeV pion in silicon
i 640 pm (149 mg/em?) 7
Y A A A A 320 um (74.7 mgfcm;) 1 Lossb. .
F ———-160pm (374 mgf’cmz) 1 £ :
_ I ! : - 80pum (18.7 mglem®) | R 080 il =
< 0.6 ( 4 Bt | ; x= 640 i (119 mglom’)
NI 1 ZOBE-e P 320umL'f'f1_7_“£‘.8.f°_‘“)__‘
I ' FomE ~160pm (874 mglen’) 3
o4r ) Mean energy 1 Soesco S 8‘.].1:“??_(_1.3_?. .‘T‘_g_"_(flf‘_)_
r P loss rate 1 E : R e ‘ ]
F | A 1 0.0 Do ommmdmme e s e =
0.2 J.' s N E : : : E
r i \\\‘ 0.55 F- e o e o oo 3
iy i £ : . : 7
0[]_|||||||/|(\ et b b M b b by TS 050E v unid Ll Ll e R
100 200 300 400 500 600 0.3 L 3 10 30 100 300 1000
4E/x (eV/um) By (= p/m)

Figure 2.5: Left: Straggling functions in silicon for 500 MeV pions, normalized to unity at
the most probable value AEy/x. Right: Most probable energy loss in silicon, scaled to the
mean loss of a minimum ionizing particle, 388 eV/um (1.66 MeV g * cm?). 4

In a compound of various elements i the energy loss is:
dE dE
—_ 2 f—

fi the fragment of the i — th element and [ ] the mean energy loss of this

element, [11]

2.1.3. EXCITATION

During excitation an atomic electron acquires an energy which brings the atom
to an elevated (excited) state.

X+p->X*+p

The atom eventually returns to its stable state, usually accompanied with
photon emission. A molecule may have many characteristic ways of excitation. [*21115]

2.1.4. IONIZATION

An ionization takes place when an electron-ion pair is created. For this to
happen, the energy of the passing particle should be above a threshold equal to the
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ionization potential of the medium. When the ionization is caused by the incident
particle itself, it is called primary ionization. If the electron of the pair gains energy
above the threshold it ionizes further, and produces secondary ionization. If the atoms
are very closely to a charged passing particle trajectory, there is the possibility that the
emitted electron has enough energy to cause further secondary ionizations after the
detachment from the atom. Through these electrons of limited range (6 rays), the
kinetic energy of the charged particle is transferred indirectly to the atomic electrons.
The ion pairs tend to form clusters around the particle trajectory. lonizations may
continue until the threshold for ionizing reactions is  reached.
The number of primary produced ionization pairs is roughly linearly increasing with
the atomic number following Poissonian distribution. The probability of having k
pairs in one event with n the average number of primary interactions is:
H?::Ifie—n

k!
The total number of pairs produced as the sum of primary and secondary ionizations
is given by:

_aE
W.

n,

AE is the energy lost and Wi the effective energy for the creation of one electron-ion
pair. [121115]

2.1.5. CHERENKOV RADIATION

The Cherenkov radiation emission hardly contributes to energy loss, but it is
of outmost importance as it is used to determine the parameters of the orbit of a
charged particle. It is emitted when a charged particle is passing through a dielectric
medium at a speed greater than the phase velocity of light in this medium:

v_V 1
V=fc>v, > —2— B2 =
C n

n = n(\A) the index of refraction for this element and 1/n the threshold velocity
for the production of Cherenkov radiation.

The charged particle in orbit within the dielectric medium creates spherical
electromagnetic waves as follows: The molecular dipoles of the dielectric material
orientate when the charged particle is passing by, and after it has elapsed they
redirect, resulting in an amount of excess polarization energy that is emitted in the
form of a spherical electromagnetic pulse. As the particle moves it produces
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consecutive pulses along its path. The reinforcing contribution of these waves creates
an electromagnetic wave front, the light cone of Cherenkov radiation, with the
symmetry axis of the particle trajectory.

Figure 2.6: On the top left: production of spherical waves from particles with
velocity less than ¢, wherein successive pulses do not contribute anywhere. On the top right:
at a speed equal to ¢, when the contribution consists in the point of the particle. In the figure

below, the contribution of the waves in a cone during the emission of Cherenkov radiation for
velocity greater than c. The radiation front is a coherent surface. %

When two particles are close to one another, at a distance less than one
wavelength, the electromagnetic fields may contribute reinforcingly, affecting
Cherenkov radiation emission.

The angle 6c of Cherenkov radiation according to the direction of the particle
is given by the following relation:

cosfc = 1/np 1 tanbe = \In?B? -1 ~ [2(1—%ﬂ) for small angles 0..

The number of the emitted Cherenkov photons per unit track length and per
unit wavelength for particle of charge ze is:

d’N _ 27az? 1

xdi 2 ,anz(/l))

o= 1/137.036 the fine structure constant.

_45_



For a narrow range of frequencies [f1, f2] in which the dependence of the
refractive index from the frequency and wavelength can be omitted, the relation for
the energy loss per unit length is:

dE _ %€M ((hf,)’ -~ (hf,)’ 1
dx 2h? Mc?

}(1_ nzﬁz )av

This relation suggests reliance on velocity:

dE 1 1 M2
—0ON Jl-—=1-—{1+—
dX V4 IBZnZ n2{ pz}

Therefore, the number of photons decreases with the square of the mass for a
given momentum. Based on this conclusion it is possible to separate two relativistic
particles of same momentum and different mass, since the heavier and therefore
slower particle will emit less Cherenkov light. (11116115

2.1.6. TRANSITION RADIATION

The transition radiation is emitted when a charged particle penetrates the
interface of two media with different electrical properties. The change of the dielectric
constant of the media along the particle path causes discontinuity of the electric field
at the interface. The usual case concerns an electron that crosses the interface between
vacuum (e=1) and a conductor (¢—0). This problem can be overcome by replacing
the conductor with the positive particle - ‘'image' of the incident, to eventually
transform into the problem of the conflict of two charged particles. [2°]

e |/ RN et

vacuum perfect conductor

Figure 2.7: The radiation is produced by the sudden change in velocity due to the collision of
the particle with its oppositely charged image and is indicated by a dotted line. [*°
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2.2. INTERACTIONS OF FAST ELECTRONS

The electrons e” and positrons e* are very similar, with slight variations in their
interactions with matter. When a positron loses all its energy, it tends to approach an
electron, targeting the production of two photons of the same energy which are
traveling in opposite directions through the process of pair production. The electrons
when they lose all their energy are converted into atomic electrons due to the absence
of positrons in matter. Consequently, referring to energy loss of electrons the
mechanisms in fact concern energy loss of both electrons and positrons.

Compared to heavy particles, fast electrons have less energy loss and their
trajectory is random and nonlinear while passing through absorbing materials. [°!

Figure 2.8: Left: Electron trajectories and Right: alpha trajectories in a Cloud Chamber.*%

The electrons as they pass through a material lose their energy mainly either
via inelastic scattering with regional electrons or via braking radiation
(Bremsstrahlung).

2.2.1. SCATTERING WITH REGIONAL ELECTRONS

During the inelastic scattering of electrons excitation and ionization
phenomena due to Coulomb field are noted, resulting in energy loss and deviation
from their initial trajectory. If the initial energy of the initial electron is large enough,
then the resulting electron by ionization may have sufficient energy to induce
secondary ionization. The electrons that cause secondary ionization are called delta
particles. Due to the low mass of the electrons can be considered to remain after the
collision without deflected, and in addition, the maximum allowable transfer kinetic
energy because of identical particles is E,, _=Eg/2. These two factors require the
adjustment of the Bethe - Bloch equation for the energy loss per unit length, with
=v/c:
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dE, 27NZze* mv’E
(5= " (n=r ) ) (IN2)(2\1-4° -1+ f°)+ (L~ ﬂ)+ 1Ay

2.2.2. BRAKING RADIATION (BREMSSTRAHLUNG)

During the inelastic collisions with the nuclei, electrons lose their energy due
to braking radiation (Bremsstrahlung radiation). Bremsstrahlung is electromagnetic
radiation produced by the deceleration of a charged particle (electron) when deflected
by another charged particle (atomic nucleus). Due to energy conservation the lost
kinetic energy of the moving particle loses kinetic energy is converted into a photon.

The energy loss via Bremsstrahlung is given by the relation:
dE, NEZ(Z +1)e* 2E

4
- 41n _Z
(dx ) 137mZc* ( m,c? 3)

For very energetic electrons and absorbents of large atomic numbers energy
losses due to radiation are important. For typical electron energies, photons created by
Bremsstrahlung are quite weak and reabsorbed within a short distance from the point
of creation.

Figure 2.9: Bremsstrahlung [*°!

From the energy loss relation:

—d—Eoc E:>d—E=—idx:> E= Eoe_%<0
dx dx X,

where Xo is a constant called radiation length.

The physical meaning of the radiation length is the mean distance at which a
high-energy electron reaches 1/e of its initial energy due to Bremsstrahlung and it is
approximated by (Dahl):

716gcm™A

%= +1)In(2877)
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In the case of compounds radiation length is expressed as follows:

% A

wi fraction by weight and X; radiation length of the i — th element. [11)[13]

2.2.3. MOLLER AND BHABHA SCATTERING

Moller and Bhabha involve interactions between incident electrons or
positrons with atomic electrons. In particular, during Moller scattering two electrons
enter, exchange a photon and leave (" +e — e+ ¢).

e e

/ v
P

e

e

Figure 2.10: Moller scattering. In quantum chromodynamics (QCD), Moller scattering
represents the repulsion of the two electrons. °]

Bhabha scattering involves the interaction between an electron and a positron
(e" + e - e" + ). In this case there is an extra interaction channel which contributes
to the cross section because of the possible annihilation and recreation of the electron
— positron pair. [*3]

Figure 2.11: Bhabha scattering. Left: Feynman diagram for annihilation. Right: Feynman
diagram for scattering. Bhabha scattering represents the traction between an electron and a
positron. [
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2.2.4. TOTAL ENERGY LOSS

The total energy loss of the electron per unit length is given by adding up the
contributions of the mechanisms above:

dE dE
(E )total = Z(&)

i j
where j each of the mechanisms.

The energy loss is inversely proportional to the energy in the case of excitation
and ionization, and proportional in the case of braking radiation. The point at which
the two actions are equalized is called critical energy and depends mainly on the type
of material. Approximately the critical energy of solid and gas is given by the
following equations:

psotia  610(MeV)
critical 7 +1.24

F99s 710(MeV)
critical Z +0.92

100 — °
— E he]
s
S ol 610 MeV "
& 307 Z+1.24
e

20 — + Solids

o Gases
10 —
j|4 I—llc Li BcBCNON‘c ‘ |
" 2 5 10 20 50 100

z
Figure 2.12: Critical energies as a function of Z, both for liquids and for solids. ™**]

For speeds near the speed of light in vacuum and absorber with atomic number
Z, an accurate approximation of the loss ratio is: [**]

dE
EEEZg:: Z-E(MeV)
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Figure 2.13: Fractional energy loss per radiation length as a function of the e-/ e* energy in

2.2.5. ELECTRON RANGE

lead. [

Fast electrons, as they pass through an absorber are subjected to scatterings
with the material, so some of them eventually fail to reach the detector, even if the
absorber is not very thick. The range is greater for electrons that have undergone
fewer scatterings. In the case of backscaterring, the electron exits from the entry point,
resulting in full energy deposition therein. [°]

Nie

=== == === Background

Figure 2.14: The number of electrons that manage to reach the detector after passing through
the absorber is reduced and so it reaches quickly the number of background electrons. !
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2.3. PHOTON INTERACTIONS

The main mechanisms of interaction of photons with matter are coherent
scattering, photoelectric effect, Compton scattering and pair production. These
processes lead to a transfer of photon energy, partial or total, to the atomic electrons
of the medium, which appears as kinetic energy.

Assuming parallel beam consisting of mono — energetic photons of initial
intensity Io that impinges perpendicularly on plate absorber with thickness x, the
intensity of the output beam is exponentially reduced, and is given by:

I(X) = loe ™

where p = p(Coherent) + u(Photo) + u(Compton) + p(Pair) the total linear attenuation
coefficient, which expresses the overall probability of a photon detachment from the
beam per unit length, with the individual terms of the sum to represent the probability
coefficient per unit length for each of the three processes (partial linear coefficients).
Furthermore, o is the total cross section per atom and N the atomic density. The total
linear attenuation coefficient depends on the photon energy of the beam. [°}.[10}[11]
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Figure 2.15: Attenuation of the intensity of the passing beam depending on the thickness of
the material.
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process and A the atomic weight) for a gas mixture of Ar+7%CO,. (XCOM database) “°!

Additionally, p = 1/A, where A is the mean free path within the absorber:

B f0°° x-e M*dx

f;o e HXdx

A

100

=

Absorption length & (g/cm?)

y
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Figure 2.17: The mean free path A for various adsorbents as a function of photon energy. The
remaining intensity | after passing through a material of thickness x is Z(x) = loe /. [11]
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2.3.1. COHERENT SCATTERING — RAYLEIGH

In coherent scattering the incident photon is absorbed and re-emitted
immediately without energy loss, only change of direction. This kind of scattering is
possible at very low energies and specifically for the cross section the following
expression applies:

ZZ
Ocoh X

E

e

E, photon energy. The cross section acon increases for E, < 0.1 MeV and Z >
80. 3l
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Figure 2.18: Raylight scattering ™!

2.3.2. INCOHERENT SCATTERING - PHOTOELECTRIC EFFECT

This mechanism includes the interaction of photons with energy usually less
than 1 MeV with the atomic electrons. The peak at 0.1 MeV in the cross sections
diagram is due to the coincidence with the binding energy of the K - electron layer. A
photo - electron absorbs all the energy of the photon acquiring Kinetic energy:

E.=E,—E;

where E, = hf is the photon energy and E; the binding energy of the atom into
a layer. Apparently, the energy of the absorbed photon must be greater than the
electron binding energy. Apart from the exported photo — electron, an ionized atom is
created in the absorber, which has a vacancy amongst its layers. The vacancy is
replenished either by rearranging the electron layers of the atom or by capturing a free
electron.
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Figure 2.19: Representation of the photoelectric phenomenon 2!

By increasing the energy of the incident photon the likelihood of the
phenomenon gets weaker. In the case of photon energy similar to the electron binding
energy of a shell, the electron detachment is most likely to occur in this cell, and less
likely in shells of lower energy. The cross section of the photoelectric phenomenon
can be estimated as:

2 ZS
Ophoto = Zsa4(£)3.5 X '—35
p E;, E3.5

which tends to increase for £, <1 MeV.

The rearrangement of electrons in order to fill the gap because of the
detachable electron is accomplished either via X-ray emission or via Auger
phenomenon. The atomic number of the element and the sublayer in which the
rearrangement happens determine which of the two phenomena will occur.

In the case of X-ray emission (X-ray fluorescence) the electron
rearrangements are followed by photon emission in the X — ray region. Photon energy
is equal to the energy difference between the layers the electron moved.

In the Auger effect filling a hole from the extraction of an electron in the inner
layer of the atom is accompanied by an electron emission from the same atom. When
an electron of the inner layer is detached, then an electron from a higher energy level
can fill the hole, resulting in excess energy. This energy is sometimes released by the
emission of a photon, but sometimes, it is transferred to another electron (Auger
electron), which leaves the atom. In light elements decay through Auger phenomenon
is more likely. The new holes are covered from electron transitions from upper cells
until the ionized atom results in a situation where further transitions cannot take place.
In many cases the combination of the two phenomena is possible. [19):[1]

{

e” Auger
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Figure 2.20: Auger phenomenon ]
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2.3.3. COMPTON SCATTERING

The Compton scattering occurs in energies similar to the electron rest energy,
and describes the inelastic scattering of a photon at an angle 6 of an atomic electron,
usually weakly linked to the atom. A portion of the kinetic energy of the photon is
transferred to the electron, which after scattering moves in a direction of an angle ¢
compared with the initial axis of the photon. The energy of the scattered electron has a
wide range, because any scattering angle is possible- 101113

For the cross section of Compton scattering:

Z

Ocompton X E
v

Recail
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Targel R g
Incident elactron "
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Figure 2.21: Compton scattering representation [/

By applying the conservation laws of energy and momentum for the Compton
scattering to the following conclusions are resulted:
e Wavelength shift of the scattered photon by the amount:

E = (AEal)z (cos @, + A’ —sin® 6,)’
+

mec? electron rest energy, A. the wavelength after scattering and A, the wavelength
before scattering. The frequency of the scattered electron only depends on the
scattering angle. [210]

e Energy of the scattered photon:

EO{
E=hf, = 4
g 1+ a(l—cosd)

o
2
.C

where a =

e Kinetic energy of recoil electron:
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_ e a(l-cosf)
" " 1+a(l-cosh)

For angle 6 = 180° the kinetic energy gets maximum, while for 6 = 0° minimizes.
e Relation of ¢ and 6 angles:

~ (A-cosO)(1+ )
Bl sin &

coto

e Differential cross section of photons scattered per electron for Compton
scattering, (cm/electron) by Klein and Nishina:

4 201 2
do e [ 1 ]2[1+00520+a (1—cos®) 1dQ
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Figure 2.22: Angular distribution of the scattered photons. ?!

2.3.4. PAIR PRODUCTION

During the process of pair production o photon converts into an electron —
positron pair after interacting with the electric field of a nucleus. A minimum energy,
equal to twice the electron rest mass, ie 1.02 MeV, is required in order to achieve the
creation of this particle pair. Possible excess energy is splitted equally to the produced
particles in the form of Kkinetic energy. This phenomenon dominates at high energies
and its cross section is:
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Figure 2.23: A photon of sufficient energy creates an electron - positron pair and then the
positron annihilates in a pair of photons with equal energy. [*%

The quantity T = opair (Nap/A) = % where Xo the mean radiation length
0

before absorption, as it calculated for the case of braking radiation, gives the
possibility of pair production per unit length. Therefore, absorption of photons with

pair production is given as:
7 X

1 (x) = 1(0)e ™ = 1(0)e °*°

So, mean radiation length Xo for pair production expresses the 7/9 of mean

free path for e” e production (Lpair) by a high energy photon.

The momentum of the produced pair is almost parallel to the momentum of
the original photon presenting a minimal deviation. The lateral deflection that the e* e’
pair of critical energy acquires, since they travel a distance Xo, is called Moliere
radius and is given by the relation:

_ 21MeV
E

C

~ E g .Cm_2
VA
After the pair production the positron loses energy and annihilates after
approaching an electron. At higher energies the energy loss of the positron is achieved

by ionizing and braking radiation, until it reaches the point where the energy is low
enough to annihilate. 101111

Xo

M
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Figure 2.24: Probability P that a photon interaction will lead to € e pair production. For
photon attenuation length A= Lpair the probability that the photon will lead to pair production
in an absorber of thickness x is P[1 — e**]. [*4]

2.4. NEUTRON INTERACTIONS

Neutrons are electrically neutral subatomic particles which together with
protons constitute atomic nuclei. The absence of electrical charge makes impossible
their acceleration or their focus with magnet system, and also prohibits the direct
detection through their ionization track, since they cannot ionize the materials they
pass through. However, they can participate in nuclear interactions even at low
energies because they can easily penetrate the Coulomb nuclear barrier. [l

Neutrons outside the nucleus, called free neutrons are unstable and decay into
a proton, an electron and an electron antineutrino via the weak interaction:

n-op+e +v,+Q

Figure 2.25: Feynman diagram for neutron decay. 4
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The possibility of neutron interactions with certain nuclei depends on the type
of the material and the neutron energy. Neutron cross section is very small, so they
can travel far enough in matter without any interaction compared to other particles.

Neutron energy can determine with some probability the type of reaction that
will take place with a certain nucleus. Even for a large energy range, the
characteristics of the interaction mechanisms for specific types of nuclei are
unchanged. Hence, neutrons can be discriminated into the following categories with
respect to their energy:

Thermal E ~ KT ~1/40 eV
Cold / Ultracold E ~ meV / peV
Epithermal 0.1eV <E <100 keV
Fast 100 keV < E <100 MeV
High energy E >100 MeV

Table 2.2: Categories of neutrons [*]

The main ways of neutron interaction with matter is the scattering and
absorption. High energy neutrons are likely to react through scattering, but by
reduction of their energy at levels of eV, the probability of absorption increases.

2.4.1. SCATTERING

The energy of neutrons passing through medium is degraded by nuclear
collisions (inelastic and elastic collisions). In elastic collisions the colliding nucleus
receives a portion of the neutron energy as kinetic. During the non-elastic collisions
energy of the incident neutron should be such as to achieve the induction of the
nucleus, which occurs in energies in levels of MeV.

e Elastic neutron — nucleus scattering

The elastic scattering is the main mechanism of energy loss for neutrons of
MeV energy levels and during this process the energy and momentum of the neutron -
nucleus system are conserved. The amount of energy that a neutron transfers to the
target nucleus depends on the angle of conflict and their mass difference. One
mechanism of elastic scattering is the composite elastic scattering, when the neutron
is initially absorbed by the nucleus, resulting in a new nucleus in an excited state, and
then the decay of the nucleus, when a neutron is emitted, returning to the initial
unexcited state. A second mechanism is the dynamic elastic scattering in which the
neutron approximates the nucleus without incorporating by making a sort of elastic
collision.

For nucleus with atomic mass number A and neutron scattering angle 0, 0
expressed in laboratory system and 6 in center of mass system, E, neutron energy
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before scattering E: neutron energy after scattering, the general formula for the elastic
scattering in laboratory system is:

E = (AEal)Z (cos @, ++ A* —sin* 6, )?
_I_

For energies in laboratory system and the angle 6 considered in the center of
mass system, the energy relation gives:

E_E (A*+2Acos@, +1)
T (A+1)°

If neutron energy is greater than 10 MeV, energy at which neutrons show
their wave nature, scattering is independent of angle 6. Each neutron is scattered more
than once, so in the second scattering neutrons are not mono — energetic anymore.

The relation between the angles in the center of mass system is the following:

Acosf, + 1
JA? + 24Acos6, + 1

cosl; =

For very heavy nuclei (A>200) both laboratory and center of mass systems coincide.

e Inelastic neutron — nucleus scattering

During this process the neutron is instantaneously absorbed by the nucleus and
stimulates it. The new nucleus decays partly by the emittance of a lower-energy
neutron and then, complete decay is achieved by direct emission of one or more
photons. The photon emission requires a minimum energy of the incident neutron, at
least as much energy of the first excited level of the nucleus (E1). In the laboratory
system the minimum Kinetic energy of the neutron for successful inelastic scattering is

calculated by:
A+1

E&nin = T E1
Neutrons after inelastic scattering have less energy and their direction changes
considerably.

e Non elastic scattering

The procedure is similar to inelastic scattering, except that the exiting particle
isn’t a neutron but usually particle alpha. The new nucleus is often stimulated and
decays by emission of y photons. Non elastic scattering is more likely at higher
neutron energies, above 5 MeV. [1%]
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2.4.2. ABSORPTION

In the absorption process, the neutron is captured by the nucleus. During decay
the nucleus can emit y photons, charged particles (protons, alpha particles), or cleaved
into two or more fragments.

e Absorption with y emission (radioactive incorporation)

It is the most common case of absorption, most likely for low kinetic energy
neutrons (in the order of keV), where the contested neutron is incorporated in the
nucleus, creating an isotope at an excited state. During the decay one or more photons
are produced but without particle emission:

n+4X - 4*t1x +v

e Absorption with charged particle emission

In the case of neutrons of high kinetic energy, the produced composite nucleus
during its decay is possible to produce nucleons with frequent examples of the proton
emission (n, p), deuterium (n, d) or alpha particle (n, o).

e Absorption with emission of several neutrons

For very high energy neutrons nuclear reactions can lead to emission of two
(required energies 7 — 10 MeV) or three neutrons (11 — 30 MeV). In order to produce
two neutrons, firstly an inelastic scattering of the neutron with the nucleus is
performed, bringing the nucleus at an excited state and then, the now partially excited
nucleus decays with emission of one more neutron. For the three neutron producing
reaction, firstly the steps for producing two neutrons are performed, as previously
described, leaving the nucleus in an excited state, which requires the emission of a
third neutron to return to the non-excited state.

e Nuclear fission

The process of fission is likely to occur through the absorption of a neutron or
photon of energy beyond the fission energy threshold by a target nucleus. After
uptake of neutron or photon the nucleus transits to a non-steady state. Besides
emitting daughter nuclei and other fragments, a large amount of energy of about 200
MeV is released.
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Figure 2.26: Fission process [¢]

e Hadron jet production

The nuclear reaction involving neutrons with energy about 100 MeV, which
collide with target nuclei, results in the fragmentation of nuclei, i.e. cutting into
nucleon complexes in nuclei fragments. The most commonly produced hadrons result
in hadron jets. [10]

2.4.3. NEUTRON DECELERATION

The determination of the efficiency of a nucleus for neutron deceleration, the
parameter & is used, which can estimate the mean number of elastic and isotropic
scatterings until a neutron of initial energy E, decelerates in an energy E: by losing
energy by a constant percentage per scattering for a particular material. The mean
value of energy loss is:

AE=E_-E_ =E

o T a

l1-a
2

where ¢ = (A—_l)2
A+1
The mean logarithmic energy loss is given by:

§=|n5=1+—a Ino
E l1-o

T

& takes high values for light nuclei (for hydrogen & = 1), while in larger mass
numbers is approximated as follows: [€]
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The mean value of In E;; is reduced by & in every impingement kot and after n
scatterings:

InE; =InE, —n¢

This approach gives good results for a neutron of energy of MeV, but at lower
energies, where their speed is comparable with the thermal motions of the target
atoms, a statistical model offers a precise description (Maxwell distribution). [241117]

Y
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Figure 2.27: Maxwell distribution of neutron energy spectrum with distribution

function f (0)do = 47N(—2—)¥2,,% T g [14]
27zKT

2.5. ELECTROMAGNETIC SHOWERS

A photon or electron of energy higher to a critical energy threshold E. that
enters a material can cause cascade of secondary electrons and photons via braking
radiation and pair production. The initial y photon of energy Eo produces an e* e pair,
which can produce new photons via braking radiation if they have high enough
energy. These new photons can produce again e* e” pairs and particle generation stops
when the energy falls below the critical threshold. Then, the particles lose their energy
via ionization and excitation. The length into which the production of a new
generation of electrons by photons and a new generation of photons by electrons
defines the radiation length of the propagation medium Xo.
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Figure 2.28: Electromagnetic shower [°]

The energy deposition per unit time for an electromagnetic cascade is well described
using the Gamma distribution:

d_E _ (bt)a—le—bt
d °  I(a)

e t=x/Xo(distance in units of radiation length),

L] tmax=((x-1)/b:Iny+Cj,j:e,y,

e y = E/Ec (energy in units of critical energy), where Ce = - 0.5 for cascades
caused by electrons and C, =+0.5 for cascades by photons. [*11[1]
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Figure 2.29: Values of the parameter b for the energy depositions of incident electrons of
energies 1 < Eo < 100GeV (same for incident photons). Based on the value of b corresponding
to each case and the system of equations, the parameter o can also be evaluated. %!
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2.6. HADRONIC SHOWERS

A hadronic shower is generated via the strong interaction of a hadron with the
nuclei of the atoms of the material, when the hadron incidents having high energy. At
first interaction about half of the energy of the hadron is transferred to secondary
particles. During the interactions between nuclei, more than one nucleons participate,
resulting in predominantly charged or not pions (n*,n",n°%), in a ratio of about 2:1,
followed in importance by nucleons (p,n), strange mesons and baryons (kaons, A°
etc), and photons. The pions have high energies and almost parallel direction to the
incident particle. For energies below a certain threshold neutral pions decay into two y
rays (n° — v + ), which generate electromagnetic showers. Charged pions have larger
decay length and they can be disrupted or interact. If they interact, they produce 2/3
charged pions and 1/3 neutral pions. For very high energies and large decay length
they can only interact due to time expansion, while the low-energy pions decay into
muons and muon neutrinos (n* — p* + vy kon = P+ v, ).

The energy remaining in a secondary nucleon interacts after traveling the
mean interaction length, resulting in the production of secondary mesons. Some
secondary mesons after their interaction generate additional showers. The process of
shower production continues until the point at which the hadron energy becomes
lower than the energy threshold. 16}

2.7. MUON ENERGY LOSS AT HIGH ENERGIES

At high energies, the radiation phenomena tend to become greater than the
ionization of all charged particles. So, these phenomena are the dominant way for
energy loss of energetic muons that exist in cosmic rays or produced by accelerators,
having critical energy of hundreds GeV. Such processes are characterized by small
cross sections, large energy fluctuations and are related to the creation of cascades.
The average rate of muon energy loss can be described by the relation:

_9E_ a(E)+E-b(E)
dx
where o(E) is the energy loss duo to ionization as given by the Bethe — Bloch
equation for charged particles and b(E) is the sum of the contributions from the e*
pair production, the braking radiation and photonuclear procedures. Considering that
these slowly changing functions are stable, the mean range xo for a muon of initial
energy Eo is given as:

= (e £)
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where Euc = a(Eyc) / b(Euc) expresses the energy at which the loss due to radiation
phenomena and ionization is the same. [*%]
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3. THE LARGE HADRON COLLIDER

The LHC (Large Hadron Collider) is the world's largest and most powerful
particle accelerator and the most complex technological achievement in the field of
High Energy Physics and Accelerator technology. The accelerator is located inside a
circular underground tunnel having a perimeter of 26.7 km and a depth of 50 - 175 m
at frenchswiss borders. This tunnel with a diameter of 3.8 m was constructed between
1984-1989 to host the large electron positron accelerator (Large Electron Positron
Collider - LEP), which was in operation until 2000. [211[53]

Figure 3.1: The LHC tunnel 4

3.1. LUMINOSITY

The number of collisions is given by the equation Aﬁt = L [em?st]o[cm?],
where L is the luminosity and o the cross-section. Luminosity is considered to be one
of the most important parameters of an accelerator, giving the number of collisions
that can be produced in a detector per cm? and per second. The total cross-section for
the proton - proton collision at 7 TeV is 110 mbarn. The absolute luminocity depends
on the parameters of the beam and is given by the following equation:

_Npfrman,
27 ExZy

fr the rotational frequency in the LHC, np the number of packets in the interaction
point (IP), nl and n2 the number of particles each of the two crossing ‘packets’
contains, X,and X, is the size of the beam at the interaction point horizontally and
vertically. The LHC luminosity does not remain constant during the experiment, but is
reduced due to the attenuation of the intensity by beam collisions. At the designed
operation of the LHC, the luminosity is about L = 10% cm2s, [211(23]
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3.2. THE LHC COMPLEX AND PROTON ACCELERATION

The electron - positron accelerators are suitable for strict controls and precise
measurements but can not respond to the actions required at the LHC due to the
electromagnetic radiation produced when charged particles are accelerated
perpendicular to the axis (synchrotron radiation), as in the case of particle
accelerators. The hadronic accelerators offer various advantages over the electron
accelerators such as the ability to conduct studies on a wide range of energy without
the necessary fine-tuning. The hadronic conflicts are the only way to study parton -
parton collisions (including gluon - gluon collisions). The nominal LHC energies can
achieve the desired values of cross sections of new natural processes.

One of the main goals of the LHC is to accelerate protons and heavy ions.
Before entering the LHC ring the beam particles gradually accelerated so as to finally
obtain the appropriate energy. Initially protons from hydrogen atoms that have been
'stripped’ from their electrons by an electric field application are entering a linear
accelerator, the LINAC2, from which protons are extracted with energy of 50 MeV.
These protons are directed to the Proton Synchrotron Booster (PSB) where they are
accelerated to 1.4 GeV and then they are introduced into the Proton Synchrotron (PS)
at which they reach 26 GeV. Finally, they get into the Super Proton Synchrotron
(SPS) where they acquire energy of 450 GeV and they end up at the LHC, reaching
the maximum energy of 7 TeV per bunch. The required filling time of the accelerator
with proton bunches is about 4 minutes and 20 sec, while the time needed to reach the
final energy of 7 TeV is 20 min. The bunches are circulated for 10 hours.

The program of the LHC for short periods each year include collisions of
heavy ions (lead - Pb) to study plasma quark - gluons. Lead ions are accelerated by
the linear accelerator LINAC3 and fed into LEIR (Low Energy lon Ring) that stores
and cools the ions. /121
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Figure 3.2: The full LHC acceleration complex with the four big experiments. !

3.3.LHC P—P COLLISIONS

The LHC produces collisions by crossing two proton beams moving in
opposite directions within the ring at four intersection points. The beams are not
continuous but are moving into bunches so that interactions between the two beams
occur at discrete time intervals. Each beam includes 2808 bunches and each bunch
1.15x10* protons. Between each consecutive bunch there will be 7.48 m, resulting in:

26659 / 7.48=3550 bunches into the total circumference.

It is necessary to be enough space to get a correct sequence of bunches inected
into the ring and to be able to insert new bunches when non — useful ones are
extracted.

The total energy of the collision is of the order of 14 TeV. In this energy
protons will move at 0.999999991c = 299792455 m/s speed, so a proton will take 90
ms to traverse the full perimeter of the accelerator. Each bunch will go around
299792455/26659 = 11245 laps/s, so during the 20 minutes needed to reach the final
energy 11245 - 20 - 60 - 26.7 = 3.6 -10® km. The time between bunches (bunch spacing
—BC) is:

t = distance / velocity = 7.48/299792455 = 24.95 ns.
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Thus, the interactions between the bunches occur with a time difference of
more than 25 ns. Each bunch gets squeezed down using magnetic lenses to 16x16 um
section at an interaction point (IP), where collisions take place. The probability of one
particular proton in a bunch hitting a particular proton in the other bunch depends on
the rate of the proton size (d? with d~ 1 fm) and the cross sectional size of the bunch
(o2 with ¢ = 16 microns) in the IP. Then:

PI’ObabI|Ity = (dproton)2 / (52 —
Probability = (10°%%)? / (16*10°)? =~ 4*102!

Therefore, if N is the number of protons per bunch, the number of interactions will be:
Probability - N? = (4 - 102%) - ( 1.15x10*Y)? = 50 interactions per crossing.

But ust a fraction of these interactions are inelastic scatterings that give rise to
particles at sufficient high angles with respect to the beam axis. The total p — p cross
section is approximately 110 mbarns, counting the contributions from:

inelastic = 60 mbarn
single diffractive = 12 mbarn
elastic = 40 mbarn

Inelastic event rate at nominal luminosity is:
Neventisec= L * Gevent =

10% - [(60 - 10%) - 10%#]= 600 million/s

With 11245 crosses per second:
11245 - 2808 = 31.6 millions crosses, the average crossing rate.

and so:

600 / 31.6 = 20 inelastic events per crossing, therefore, 20 effective collisions
per crossing. Most of the protons that didn’t collide are moving forward. Considering
3550 bunches:

11245 - 3550 = 40 million crosses = 40 MHz.

In every bunch passing, some of the protons collide at very high energies,
giving primary vertices. At maximum luminosity more than 20 primary vertices are
expected (pileup vertices). From these primary vertices secondary vertices are created
and so on. The less energetic primary vertices are not taken into account. [5411551.156]
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Beam 1 Beam 2

L

Figure 3.3: The larger is the crossing angle 6c, the smaller is the area of overlap and
therefore the possibility of collision is smaller. While oz is constant over the machine (~7.5
cm), ox varies and assumes its minimum in the Interaction Points. %

3.4. RF CAVITIES

A radiofrequency (RF) cavity is a metallic chamber that contains an
electromagnetic field. Its primary purpose is to accelerate charged particles. RF
cavities can be structured like beads on a string, where the beads are the cavities and
the string is the beam pipe of a particle accelerator, through which particles travel in a
vacuum.

To prepare an RF cavity to accelerate particles, an RF power generator
supplies an electromagnetic field. The RF cavity is molded to a specific size and
shape so that electromagnetic waves become resonant and build up inside the cavity.
Charged particles passing through the cavity feel the overall force and direction of the
resulting electromagnetic field, which transfers energy to push them forwards along
the accelerator.

The field in an RF cavity is made to oscillate (switch direction) at a given
frequency, so timing the arrival of particles is important. On the Large Hadron
Collider (LHC), each RF cavity is tuned to oscillate at 400 MHz. [¢°]
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3.5. MAGNETS

The LHC consists of sophisticated superconducting  magnets.
Superconductivity is defined as the property of certain materials to conduct electricity
with almost no resistance, when in the environment of very low temperature of about
1.9 K. Thus, it becomes possible to pass large amount of current through
superconducting wires of relatively small diameter. The basic structural element of
the accelerator is the magnetic dipole. Between the poles a toroidal vacuum tube of
the dipole containing the bundle is placed. The poles are inclined to each other to
reduce the generated field with increasing radius. A series of plates in order to
minimize convection composes the electromagnet iron core. Furthermore, a hysteresis
loop is required to reduce losses. The required magnetic field is generated by the
passage of the core magnetic flux through the gap of the poles. The gap in the iron
core is required to compensate the different thermal shrinkage of core and coils during
cooling from room temperature to 1.9 K. Each dipole magnet weighs about 35 tons.

We distinguish two crossings of vacuum tubes of the accelerated particles and
coils lines of each at the following image. They are surrounded by iron as it is a
suitable magnetic flux crossing material to assist in maintaining the forces in the
conductors When the coils are oozed by a large amount of power they must be kept
under pressure to prevent movement and deformation.

Figure 3.5: Superconducting dipole magnet. The diameter of each coil is 50 mm and the
distance of the particle tubings’ shafts is180 mm. Each coil is consisted of cells that are oozed by
current with growing density. [

Another basic element of the LHC is the superconducting magnetic
quadrupoles, which show a similar construction to that of the dipoles. A quadrupole
magnet acts as a condenser lens in a plane and as decentralized in the other. The two
coils of quadrupole share the same core, but its dimensions, as well as developing
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forces, are smaller. Unlike magnetic dipoles, the coils of quadrupole are oozed by
current of variable frequence. The length of the magnetic quadrupole is about twice
the length of the dipole magnet because it contains additionally supplementary and
magnets of higher polarity (six and eight poles).

s

Figure 3.6: Supefconducting quadrupole [¢7)

The system consists of 9593 magnets. 1232 dipole magnets coerces the
bundles in a circular orbit and 392 quadrupole magnets ensure that the beams are
centralized, increasing the likelihood of particle interaction of the two beams. The
acceleration of the beams is controlled by radio frequency cavities (RF cavities) to
400 MHz. Magnets consisting of niobium-titanium coils (Nb - Ti) giving fields as
8.33 T with current 12 kA. [71122]

3.6. CRYOGENIC SYSTEM

The existence of a cooling system for maintaining the magnets in the operating
temperature of 1.9 K is required. For this purpose five cryogenic islets for cooling the
magnets and the linking pipes are manufactured. Cooling is performed using super-
fluid helium because of its high thermal conductivity, making the LHC the largest
cryogenic system in the world. Totally 120 tons of helium are used, of which 90
tonnes are for magnet cooling and the restof it serves pipe and cryogenic islands
cooling.

Cooling is accomplished in three stages. Initially helium (He) is passed to the
cooling stations, wherein by channelling 10000 tons of liquid nitrogen its temperature
is reduced at 80 K. Thereafter, the helium temperature reaches 4.5K in the cooling
stations. 140kW of cooling power is transferred to the ring. At this temperature the
helium supplied to the magnets. Finally, the cooling system drops the helium
temperature of 1.9 K as desired. ["]
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3.7. SUPERCONDUCTING CABLES

The cables consist of 36 strands of superconducting wire, each strand with a
diameter of 0.825 mm, and consists of 6300 superconducting filaments made of
niobium - titanium alloy (NbTi). Each of the filaments is 0.006 mm thick and has a
thin high-purity copper layer around it. In the superconducting state copper behaves
as an insulating material (below -263° C), while at non-superconducting state
functions as a conductor. Superconducting cables weight 1200 tonnes at a total length

of 7600 km. The current flowing through the wires of the dipole magnets is 11700 A.
[71

Figure 3.8: Strands (left) and filaments (right). [']

3.7. LHC EXPERIMENTS

At the meeting points of the beams four detectors are placed. ATLAS (A
Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid) are general purpose
detectors designed for a wide range of natural studies, including studies of the
Standard Model and the new physics. Both aim at achieving maximum luminosity of
L = 10% cm?s? for proton — proton collisions. The ATLAS experiment will be
discussed below. The CMS comprises a detector of 12000 tons based on a big high
field superconducting magnet. The ALICE experiment (A Large lon Collider
Experiment) specializes in heavy-ion physics and the study of plasma properties of
quark - gluons, which is estimated that existed in the primordial universe, and aims to
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provide answers in open questions of quantum chromodynamics. The LHCb
experiment focuses on the properties of b - quarks and measurements for the violation
of CP symmetry. The degree of violation of CP symmetry can not explain the amount
of matter in the universe and the source of answers considered to be the study of the
possible decay modes of B and D mesons. ']

Figure 3.9: Schematic representation of the underground path of the LHC, with an average
depth of approximately 100m, with the respective positions of the four experiments. %]
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4. THE ATLAS EXPERIMENT AT THE L HC

The ATLAS detector is the largest detecting apparatus of the LHC program.
Its goal is to take measurements on the type, the orbits and energies of particles
produced in the collisions. Because the conditions in the LHC, the detectors should
have fast and radiation-resistant electronics, satisfactory resolution in momentum of
charged particles and efficient track reconstruction, a calorimeter capable of
recognizing and measure of photons and electrons, accompanied by a hadronic
calorimeter of full coverage, a muon system effective in momentum recognition in a
wide range and the ability of accurate identification of muon charge, very efficient
triggering a sufficient background deduction and wide acceptability in pseudorapidity
of almost full azimuthal angular coverage. The pseudorapidity is a spatial coordinate
that describes the angle between the vector of the momentum of a particle with the
beam axis, defined as:

n= - In[tan(26)]

where 0 the angle between the particle momentum p and the beam axis. [2[71.[21]

0 [deg]
Figure 4.1: Pseudorapidity as a function of the angle 0.’

The ATLAS detector is cylindrical, consisting of concentric cylinders with
increasing radius, 46 m long, 25 m high and weighs 7000 tons.?“llt is lengthwise
symmetrical to the interaction Point (IP). The basic distinction can be made between
the cylindrical (barrel) region, where the individual structures form cylindrical layers,
and in the area where the detectors form circular discs (end - cap region). The
experimental design allows the observation of phenomena associated with massive
particles that could not be observed at lower energies. [?1[7]
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Figure 4.2: The ATLAS cavern ! with dimensions 35 x 55 x 40 m [

The beams of protons produced at the LHC interact in the center of the
detector, allowing the possible production of particles. Any form the resulting
physical processes or particles have, ATLAS is able to detect them, and therefore is
characterized as a general purpose detecting system. The high energy of the LHC and
the increased number of collisions makes the maintenance of mechanical parts in high
radiation areas particularly difficult. (%!

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 4.3: The ATLAS experiment. The different parts of the detector are noted. 2]
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Figure 4.4: ATLAS cross section showing particle paths in each detecting layer. ©*

4.1. COORDINATION SYSTEM

CENTRE
TUNNEL

Figure 4.5: The ATLAS right handed coordination system with z in beam direction. %

Each measured quantity into the detector is based on this coordinate system: [

e The ATLAS coordinate system is right-handed.

e The interaction point (IP) is at the beginning of the coordinate system.

e The z axis is collinear to the beam.

e The x axis points towards the center of the LHC.

e The y-axis points upwards.

e The xy plane (transverse) is perpendicular to the direction of the beam.

e The A/C side of the detector is the side with positive/negative z respectively.
e ris the radial distance to the beam axis.

e ¢ is the azimuthal angle.

e 0 isthe polar angle.
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E+p,

e Rapidity is defined as y =~ In (5=

), where E and p, is the energy and

momentum along the z axis.

e In the limit in which the particle is moving near the speed of light, or its mass
is almost zero, the pseudorapidity is numerically close to rapidity.
Pseudorapidity together with the angle ¢ determine each position into the
detector.

e The 4R distance on the ¢ plane is defined as 4R = /4n% + Ap? , where n and
¢ are Pseudorapidity and azimuthal angle respectively.

4.2. THE BEAMLINE VACUUM SYSTEM

The beam vacuum system represents the main interface between the ATLAS
experiment and the LHC machine. The beampipe in the inner detector region, made of
beryllium, runs from the interaction region to about z = = 355 cm. The wall of this
beampipe is 0.8 mm thick, and its inner radius is about 29 mm. At z =+ 355 cm, there
is a short 10 cm long aluminum section. The beampipe material then changes to
stainless steel. It remains to the previous dimensions until z = + 1046.5 ¢cm, where it
flares to an inner radius of 40 mm and thickness of 1 mm by z =+ 1050.7 cm. Atz =
+ 1434.2 cm, there is a second flare and the beampipe expands to an inner radius of
60 mm (thickness 1.5 mm), by z = + 1441.6 cm. The pipe stays this dimension until it
nears the front of the TAS absorber, which will be described later, at z =+ 1865 cm.
To pass through the small hole in the TAS collimator, by z =+ 1888 cm the beampipe
reduces to an inner radius of 17 mm, with a wall thickness of 13 mm, and makes a

transition to copper, which is roughly the same material as the TAS collimator itself.
[48]

4.3. THE INNER DETECTOR — ID

The Inner Detector of 2.1 m diameter and 6.2 m length, is located in the
innermost part of the ATLAS enclosing the beam line a few centimeters away from
the axis. Its pseudorapidity occupies the range |n| < 2.5. Primarily it is required to
recognize the kind of particle and the momentum by detecting the interaction with the
material at various points, imprinting the pattern of charged particles passing
therethrough. The Inner Detector is surrounded by a semi-conducting magnet that
causes a magnetic field of 2T in the center of the detector, which curves the trajectory
of passing particles, revealing the charge depending on the orientation of the
curvature and the momentum by the degree of curvature, and information on the type
of particle from the starting point of the track. The Inner Detector systems are mainly
based on silicon microstrip detectors.

Three different technologies constitute the Inner Detector given the different
particle flow in increasing radii: The Pixel Detector, the Semiconducting Tracker and
the Transition Radiation Tracker. These detectors provide accurate measurements of
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the trajectories; the Pixel detector detects the peaks of the track and the SCT provides
accurate measurement of momentum, which results in the provision of track reference
points (3 and 4 points respectively). The TRT provides a large number of track points
with high accuracy, thereby enhancing pattern recognition and also detects transition
radiation photons contributing to particle identification.

Finally, the collisions recorded in the individual segments are combined to
reconstruct the path of the charged particles, which is limited by the finite resolution
of the detector, the relative positions of detector elements and the presence of the
magnetic field and other uncertain contributions. [?(21}.[57]
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Figure 4.6: The ATLAS Inner Detector with the three subdetectors:
the Pixel detector, the Semiconductor tracker and the Transition radiation tracker. %

Figure 4.7: Left: The Inner Detector assembly and Right: a representation with the dimensions of
the subdetectors.
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4.3.1. THE PIXEL DETECTOR

The inner part of the Inner Detector to the beam axis is the Pixel detector,
which consists of three identical concentric layers of radii 5.1, 8.9 and 12.3 cm
respectively, and plates of azimuthal angle 20°. Each layer has 22, 38 and 52 plates
from the inside to the outside and each consists of 13 pixel units. Each unit has 16
front - end readout chips (FE) and a unit control chip (MCC). Each front - end chip
contains 160 rows and 18 columns of pixels, in total 2880 pixels per front - end chip
and 46080 pixels per detector unit.

Additionally, the Pixel detector consists of three discs at each end - cap and
each disc is divided into 8 sections and 6 units per section. Each unit is identical to the
cylinder units except from the connecting cables.

In total there are 1744 detectors units with an area of 2x6 cm? each and 80
million channels. The dense presence of particles requires good resolution of the
silicon pixel detectors of 250 um thickness, which are the possible unit that can be
read having size of 50x400 um? on the Re — z plane, with different circuits and
electronics each, providing occupancy of 10 per pixel and per beam.

Each particle that crosses the Pixel detector generates electron - hole pairs that
slide towards the readout electrode and if the collected charge exceeds a certain
threshold, it can be recorded. The resolution is 10 um on the Re plane and 115 pm in
z coordinate. The front — end chips are an important energy source of 0.8 W/cm?
consuming in the whole detector volume about 15 kW. This heat is removed through
integrated cooling channels. The Pixel detector operates at -5° C to -10° C to reduce
the wear due to radiation. The requirements for radiation control are more strict
because of the proximity to the interaction point. [21[211131]

End-cap disk layers

Figure 4.8: The Pixel detector !
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4.3.2. THE SEMICONDUCTING TRACKER — SCT

The intermediate subdetector system which surrounds the Pixel detector is a
silicon strip detector, of size 64.0x63.6 mm and 285 mm thick, which provides high
quality track detection at a lower cost compared to the silicon pixels and can follow
the traces of the vertical particle trajectories to the beam in a larger area. Its
pseudorapidity covers the regions |n| <1.1 - 1.4 (29.9-51cm)and 1.1 - 14 < |n| <
2.5 until 56 cm. It has a similar structure and function to the detector Pixel, and
similar requirements on the radiation hardness.

In the present, the pixels are replaced by strip detectors of small thickness
resulting in easy coverage of a large area. The STC consists of 4088 units of silicon
strip detectors in 4 concentric double layer cylinders (2112 units) and two end - caps
with nine disks each and 988 units per end - cap. The barrel units have an uniform
design, with the strips in an almost parallel direction to the beam axis and the
magnetic field, and each unit consists of four rectangular silicon strip sensors,
connected in pairs to each side. A second pair of identical sensors is adhered to the
previous disposed at a small angle to the z axis (solid angle of 40 mrad) to improve
the spatial resolution capability at the z axis.

Essentially eight measurements (four spatial points) are provided for particles
produced in the beam interaction region. The expected resolution is 17 um on the ro
plane and 580 um at z coordinate. The resulting data are read by 6.2 million readout
channels in a total area of 61 m?.

Each of the end - cap disks consist of not more than 3 unit rings with
trapezoidal sensors, that may have five different sizes due to more complex geometry.

The direction of the strips is axial, as in the cylinder, attached to angle 40 mrad.
[2],[21],[31],[38]

4.3.3. THE TRANSITION RADIATION TRACKER — TRT

The transition radiation tracker is the outermost part of the Inner Detector. It
uses thin polyimide drift chambers, 4 mm diameter and a length up to 144 cm, to
provide about 36 additional measurements per track. This size is the compromise
between speed of response and mechanical stability. Besides trajectory determination,
particle identification (PID) is also possible, as mentioned above. The TRT consists of
a barrel with three layers of 32 units each, with chambers arranged parallel to the
beam axis (52,444 in total), occupying radii of 56 - 107 cm and |z| < 72 cm, in
pseudorapidity range of || < 0.7. It also has two symmetrical end - caps, with
159,744 rooms in each, divided into 18 units (wheels) for 224 chamber layers. It
occupies radii 63- 103 cm and 83< |z| < 340 cm, in pseudorapidity region of 0.7<
In| <2.5. Each chamber behaves as a cathode and is under high negative polarity
voltage with the anode grounded. In total, TRT includes 371 932 chambers.
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The spatial resolution is about 130 um, since larger coverage ability and
transition radiation detection are necessary. In the center of the chamber a cable of
diameter 30 um is mounted. The chambers contain gas mixture of 70% Xe, 27% COx,
3% O, which is ionized when a charged particle is passing by. As a result, free
electrons are produced which slide towards the anode wire, the signals from all the
wires are collected and then they are amplified. The TRT can operate at room
temperature.

Between the chambers materials having different refractive indices are
inserted, causing the hyper - relativistic particles to emit transition radiation during
their passage from the different media, resulting in very strong signals on the cables.
The typical photon transition radiation energy deposited in TRT is 8 - 10 keV, while
smaller particles that cause ionization, as pions, deposit 2 keV. The electron
identification parameter is the number of local energy depositions above a given
threshold. [211211.[31]

Lot 9
g, [33

Possible geometric disturbances of active detector elements and improper
alignment can disturb the resolution of the reconstructed track. For this reason,
various alignment algorithms have been developed based on the track to optimize the
reconstruction performance of the Inner Detector.
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4.4. CALORIMETERS

The calorimeters play a crucial role in the new physics discovery at the LHC,
as they measure significant quantities to this direction, such as the reconstruction of
the Higgs mass in the yy channel and the observation of significant loss of transverse
energy derived from non-interacting supersymmetric particles.

The ATLAS Calorimeter consists of an electromagnetic and a hadronic
calorimeter and is located outside the solenoid magnet, between the Inner Detector
and the Muon Spectrometer. The calorimeters are required to measure the energy and
position of electrons and photons by sampling the deposited energy (10 GeV - 1
TeV), recognize particles, calculate the missing transverse momentum of an event, as
well as the energy and direction of jets, and they further contribute to the choice of
events to trigger level. At the LHC design luminosity (10** cm2s™) multiple collisions
will occur in every single bunch crossing (BC) every 25 ns, giving rise to the time and
space "pileup”. So, the calorimeters must be characterized by fast detection response,
above 50 ns and detailed granularity. The radiation resistance is a prequisite, given the
expected large particle flow in long-term operation. [21121131]. [57]

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic 3
end-cap (EMECQ) \

LAr eleciromagnetic

barrel
LAr forward (FCal)

Figure 4.11: The calorimeter system estimates the energy and position of particles by
sampling the deposited energy. %!
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Figure 4.12: Left: The calorimeter integrated into the ATLAS detector. The toroid coils
surrounding the calorimeters are also visible. ?*) Right: EM “accordion”calorimeter. ]

4.4.1. THE ELECTROMAGNETIC CALORIMETER — ECAL

The role of EM calorimeter is to absorb energy from particles that interact
electromagnetically therewith, i.e., charged particles and photons. The pseudorapidity
region that covers is n| < 3.2. The ECAL is a liquid argon detector (Lar), wherein the
absorbing material is lead (Pb) and the active material is liquid argon. Lead causes
particle cascades, so the particles interact with the liquid argon resulting in electron
ionization. These electrons can be collected from Kapton accordion shaped electrodes,
which provide full coverage at angle ¢ without azimuthal gaps.

The density of the ECAL is often measured in units of the radiation length Xo.
It consists of a barrel (22 Xo), separated into three parts with different granularity and
two end - caps (26 Xo). The closest part to the beam (5 Xo) provides accurate
measurements on the position of the particles and the deposited energy due to
electromagnetic interaction with the material. The intermediate part has the greater
granularity and absorbs the majority of the particles. The end - caps are composed of
1024 steel absorbers lined with lead with equal number of electrodes each. The barrel
of the ECAL uses the same cryogenic system with magnets, in contrast with to the
end — caps, which have their own. [2[31].37]

4.4.2. THE HADRONIC CALORIMETER — HCAL

The hadronic calorimeter absorbs energy from particles passing through the
ECAL but not interacting via the strong force (mainly hadrons). It consists of a barrel
and multiple end — caps, and is separated into two parts of independent technologies,
the Tile Calorimeter (jn| < 1.7), which is placed outside the ECAL barrel, and the
Liquid Argon Hadronic Endcap Calorimeter (LArHEC) (1.5 <[n|< 3.2), placed behind
the ECAL end — caps.

The TileCal operates as a sampler of the deposited energy and uses plastic
scintillator plates as active material, which generates signals to the photomultipliers.
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The absorbent material is steel. It consists of three barrel parts, the central of || <1
and two external of 0.8 < n| < 1.7.
The LArHEC uses LAr as active material, and copper (Cu) as an absorber.
Each end - cap consists of two wheels, each of which has 32 identical subsystems.
Generally, the hadronic calorimeter is less expensive compared with the
ECAL, regarding the positioning of the passing particles and the energy
measurement. 21121]

Figure 4.13: TileCal Hadronic Calorimeter [

2.4.3. THE FORWARD CALORIMETER — FCAL

The pseudorapidity region covered by the FCAL is 3.1 < n| < 4.9 and it is
separated into three parts. The first is made of copper and is used for electromagnetic
calorimetry, while the other two parts are made of tungsten (W) in order to measure
the energy of hadronic interactions. [2[31]
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Figure 4.14: Schematic diagram illustrating the three sections of FCal. [
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4.5. THE MUON SPECTROMETER

The high-energy muons presume interesting physical processes. They appear
in standard model measurements at Z° and W- bosons, as well as in studies of the
Higgs boson, especially at W*W- and Z°Z° decays. Their role is also crucial in the
study of supersymmetry. [2°]

The muon spectrometer is the outermost part of ATLAS, designed to measure
accurately the momentum of muons, which penetrate the previous parts of the
detector, hence the large size. It extends from a radius of 4.25 m around the
Calorimeter to the outer part of the detector radius (11 m). The muon trajectory is
artificially curved so as to measure their momentum with a different arrangement of
the magnetic field, slightly reduced accuracy in position measurements and larger
volume coverage. Muon momentum can be measured by determining three points in
space, and of course, the larger the momentum of a muon, the smaller the curvature of
the track by the magnetic field will be. The spectrometer also provides independent
muon trigger.

Four different technologies constitute the spectrometer, specifically two
subdetectors, the Monitored Drift Tubes - MDT and the Cathode Strip Chambers -
CSC, and two triggering technologies, the Resistive Plate Chambers - RPC and the
Thin Gap Chambers - TGC, and toroidal magnets in the barrel and the end - caps.

The spectrometer consists of a barrel, which covers a pseudorapidity range of
n| < 1.05 and two end — caps of 1.05 < |n| < 2.7. In the barrel, the chambers (MDTSs)
are placed in three concentric cylindrical layers (channels), in radii of 5 m, 7.5 m and
10 m with respect to the z axis, with the two outer layers additionally contain RPCs.
In the end - caps the chambers are placed on four disks arranged at 7m distance, 10 m,
14 m, and 21.5 m, with respect to the IP. In the three outer layers MDTs are used,
while in the inner section CSCs replace the previous. For triggering TGCs are used
instead of RPCs. [21[21].[311157]

Thin-gap chambers (T&C)

B
[

Cathode strip chambers (CSC)

“ _”\  Barmel toroid

\" Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.15: The muon spectrometer aimes at identifying, measuring and triggering of
muons including four technologies (MDTs, CSCs, RPCs and TGCs). ]

_90_



Each detector station has an error of about 35um. The parameters of the four
technologies are given in the following table:

Chamber resolution (RMS) hits / muon
Type Function Coverage ZIR [0) time barrel endcap
MDT tracking nl<2.7 35um (2) - - 20 20
CSC tracking 20<m<2.7 | 40um (R) 5mm 7ns - 4
RPC trigger m| < 1.05 10mm (z) 10mm 1.5ns 6 -
TGC trigger 1.05<mn<2.7 | 2-6mm (R) | 3-7mm 4ns - 9

Table 4.1: The spatial resolution (columns 4 and 5) does not include uncertainties of the
alignment of the chambers. The temporal resolution (column 6) does not include contributions

from the transmission of signals and the electronics. [*°!

A good practical approximation for the determination of a
muon trajectory is using sagitta. The maximum deviation of a
circle from the line is defined as sagitta, and its accuracy increases
when the distance L of the outer measurements also grows. The
relation that links sagitta with the transverse muon momentum pr
into a magnetic field of magnetic strength B is as follows:

BL?
pr=——

8s

1

Figure 4.16: Sagitta(s) to
three points measurement.?®!

As regarding the end — caps, the momentum measurement is slightly different as
there is no magnetic field between internal and external stations, so the track is not
curved. Conversely, the direction between the interaction point and the measurement
of the inner layer is compared with the direction of the measurements in the middle
and the outer layer.

To enable reconstruction, the spectrometer is constructed so that each muon of |n|
< 2.7 will cross at least three detection stations, except maybe some areas. When a
particle crosses only two stations, the ID is taken as the third measurement and the
momentum is determined by the difference between the angles regarding to the IP. [26]

_91_



I Small Whesl Region
1zmT ¥ IR Big Whesl Region EML

r
P RPC's ’ 13 P
/ Av 7 5141 -
LU T 5 — — — — ||~ -
BoL| 1 [ =2 [ 3 | Ff4] ¥ B | B -

8
o

[ Trwlw]slolaed

Figure 4.17: Side view of a quarter of the ATLAS muon Spectrometer on z —y plane for angle ¢ = n/2.
The stations (inner, middle, outer) are noted as Bl, BM, BO respectively for the barrel and EI, EM, EO
for the endcap. With different colors the different chambers are indicated: Endcap MDT (blue), CSC
(yellow), barrel MDT (green), RPC (white) and TGC (magenta). 12!

Three different regimes can be identified:

e pT < 30 GeV, for low momenta, the resolution is defined by the fluctuations of the
energy loss in the calorimeter;

e 30 < pT < 200 GeV, for intermediate momenta, the resolution is dominated by
multiple scattering;

e pT > 200 GeV, for high momenta, the resolution is determined by the intrinsic MDT
tube resolution and the alignment of the chambers.

4.5.1. THE MONITORED DRIFT TUBES — MDTS

The MDTs are 3cm diameter aluminum tubes, of 0.4 mm wall thickness and
0.9 m - 6.2 m length and contain Ar 93% and CO2 7% in absolute pressure of 3 bar.
They cover almost the entire pseudorapidity range of n| < 2.7 except for high
pseudorapidity region where the CSC are located. They are placed vertically to the
beam axis and each chamber comprises of two multilayers of MDT tubes, each of the
multilayers composed of three levels (intermediate - external stations) or 4 (internal
stations). The operating voltage is 3080V. When a muon is passing through the
chamber, the ionized electrons are drifting towards the positive electrode and the
positive ions are directed to the cathode. The spatial resolution of a tube is about 80
um and the overall accuracy of the level across the anode is 40 um. The MDT

detecting system consists of 1150 chambers and contains a total of 354000 drift tubes.
[2].[21],[26]
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Figure 4.18: Left: Cylindrical aluminum drift tube, the main detector of the MDT chambers.
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Figure 4.19: Schematic representation of an MDT chamber. 2%

4.5.2. THE CATHODE STRIP CHAMBERS — CSCs

The CSCs are multiwire proportional chambers that occupy a high
pseudorapidity region of 2.0 < [n| < 2.7. They are separated to the angle ¢ into two
wheels of eight chambers each. They contain gas mixture of Ar 80% and 20% CO:
under atmospheric pressure. The accuracy of the coordinates of a passing muon is
achieved by measuring the induced charge in the segmented cathode strips by the
formed avalanche in the anode wire. Each passing muon gives four independent
measurements for both n (resolution of 60 um) as well as for ¢ (resolution of 5 mm).
The anode wires are oriented towards the radial direction while the cathode strips are
placed orthogonally to the anode wires. [21[211.[26]
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2.54 mm. [26]

4.5.3. THE RESISTIVE PLATE CHAMBERS — RPCs

Like MDTs, RPCs are placed on three concentric layers around the beam axis
between the eight coils of the toroidal magnets, consisting of two parallel planes
which are spaced 2 mm, enclosing a gas mixture of CoHzF4 (94.7%), iC4H1o (5%), SFe
(0.3%). In nominal operation a uniform electric field is flowing through the volume of
the chambers, allowing time resolution of 1.5 ns. The readout strips have a typical
width of 30 mm and are divided into two planes, orthogonal to each other, for
measurements of n and ¢. The measure of the ¢ component has a spatial resolution of
10 mm is of particular importance that the MDT chambers cannot measure this
component. The trigger can choose high momentum muons, with thresholds ranging
from 9 to 35 GeV. The internal RPC undertakes triggers of lower momentum with
thresholds that vary from 6 to 9 GeV. A muon RPC provides six measurements. [2:[21]

4.5.4. THIN GAP CHAMBERS —TGCs

The TGCs are multiwire analog chambers and are placed in four levels around
the beam axis. The inner TGC level (1.05 < |n| < 1.92) is incorporated in the
supporting structure of the toroidal coils of the barrel section in |z|] ~ 7 and is
separated into two non-overlapping segments, the forward and the end - cap. Each
chamber has a pair of two TGC levels. The remaining 3 TGC levels are located at the
wheels outside the intermediate MDT station at |z| ~ 14 and they give seven
measurements in total, a triplet chamber level (TGC1, 1.05 < n| < 2.7) and two
doublet chambers (TGC2 — TGC3, 1.05 < |n| < 2.4). Cumulatively, there are nine
TGC levels. The two cathode graphite levels on the outer surface in are arranged in
strips orthogonally placed to the wires. The gas mixture of CO2 44% n - CsH12 45%
allows operation in high saturation with a time resolution of 4 ns. The measurement to
the ¢ component is conducted by the strips with a spatial resolution of 3 - 7 mm,
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while the measurement in the r component is carried out by the wires with a spatial
resolution of 2 - 6 mm. [
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Figure 4.21: Left: The TGC structure in which the anode cables, the cathodes of graphite and a pick -
up strip orthogonal to the wires are illustrated.’* Right: Intersection of a triplet and a doublet TGC unit,
with the dimensions of the air gaps have increased with respect to the other elements. 26!

4.6. FORWARD DETECTORS

There are three forward detectors. The main operation of the first two is to
identify ATLAS luminosity.

LUCID (Luminosity measurement Using Cerenkov Integrating Detector),
which is the main ATLAS online luminosity counter, is located 17 m from the IP, at a
radial distance of about 10 cm from the beam-line (|n|= 5.8), and detects non — elastic
scatterings in the forward region. It consists of 20 aluminium tubes which surround
the beam-pipe. The Cerenkov light emitted by a particle traversing the tube is
reflected on average three times before the light is measured by photomultiplier tubes
(PMTs). The PMT signal amplitude is used to distinguish the number of particles per
tube, and the fast timing response provides unambiguous measurements of individual
bunch-crossings. LUCID is situated in a high radiation area and, although the PMTs
are radiation hard, their performance is expected to gradually degrade. The Cerenkov
light from the detector is transmitted through radiation-hard quartz fibres to a region
with low background radiation, in which the fibres are read out with multi-anode
PMTs. The 16 electrical signals from the PMT readout are fed into a custom-designed
front-end card, containing a fast amplifier and a differential line-driver, and then pass
through a discriminator, which registers a hit each time the PMT pulse height is above
a preset threshold. A charge-to-digital converter allows offline analysis of the signal
amplitudes. One of the digital outputs of the front-end card is fed into a multi-hit
time-to-digital converter for offline timing analysis, with a second output going to a
custom-designed 9U VME readout card. The readout card houses FPGAs used to
calculate the luminosity for each bunch-crossing using different algorithms. After
receiving a L1 trigger accept signal, the readout card sends the pattern of hits to the
overall readout system, and also provides an independent LUCID trigger. The LUCID
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readout buffer is sent to the trigger and data acquisition system via the S-link interface
for inclusion in the overall event record.

The second Forward Detector, ALFA (Absolute Luminosity For ATLAS), is
located 240 m from the IP and it consists of scintillator fibers located inside ‘Roman
pots’, which are designed to approach as close as 1 mm to the beam. The extremely
small scattering angles (3 mrad) needed to measure the absolute luminosity, are
smaller than the nominal beam divergence, and can therefore only be performed with
specially prepared beam conditions.

The third system refers to zero — degree calorimeter (ZDC) which plays
dominant role at the determination of collision centrality of heavyweight ions. This
system is mounted 140 m from the IP with |n|> 8.3. Significant backgrounds in
hadron-collider experiments are created by beam-gas and beam — halo effects, which
can be greatly reduced by requiring a tight coincidence from the two symmetric arms
of the ZDCs. The four ZDC modules per arm (one electromagnetic (EM) module and
3 hadronic ones) consist of layers of alternating quartz rods and tungsten plates. [3]

4.7. THE MAGNET SYSTEM

The ATLAS magnet system provides the bending force required for momentum
measurements. The system is composed of a central superconducting solenoid, which
is aligned along with the beam axis and three superconductive toroidal air-core (a
barrel and two end - caps), providing good momentum resolution and ensuring
minimal multiple scattering.

The central solenoid is located around the inner detector and gives 2T axial field
in the tracker, having an axial length of 5.3 m, 1.2 m radius and operating temperature
of 4.5 K using liquid helium around the coils. The same cryogenic system with
calorimeter is used to minimize the material. The peak of the field reaches 2.6T at the
superconducting windings. The nominal current is 7.6 kA. The coils with the
supporting structure and the magnet material must be minimized to avoid particle
absorption.

Stk can Figure 4.23: Graphical representation of the three

' main parts of the ATLAS magnet system. The central

tube is positioned within the cavity of the liquid argon
calorimeter (blue), surrounded by the cylinder (red)

and the toroidal coils of the endcap (green). 2%

barrel
toroids

end-cap

toroids solenoid

The toroidal system (air - cored toroid) consists of eight coils which provide non-
uniform magnetic field, toroidal and perpendicular to the corresponding field of the
solenoid with an average width of 0.5T in the muon spectrometer. A toroidal cylinder
with a length of 25.3 m, an internal diameter of 9.4 m and an outer diameter of 20.1 m
covers the barrel region. The toroids are electrically connected in series with a
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nominal current of 20 kA. The magnetic field varies according to pseudorapidity. The
peak of the toroidal superconductor is 3.9 T for the barrel region and 4.1 for the end -
caps. The end - caps toroid is rotated 22.5° towards the barrel toroid maximizing the
bending force to the limit region between the barrel and the end - caps. [?[%1]

Figure 4.24: The cylindrical solenoid magnet enters
the surface of the LAr Calorimeter 2%

&

1o 6

Figure 4.26: One of the two toroidal magnets in its Figure 4.27: The magnetic field in the transverse
final position surrounded by the toroidal coils 2! plane, between barrel and endcap. The coordinate
system of the magnetic field is rotated by n/8 with

respect to the ATLAS coordinate system. [
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4.8. THE ATLAS TRIGGER

The current LHC luminosity levels produce 0.2 billion p — p events per second.
The mean data size for reading out all fired detector channels belonging to the same
bunch crossing (BC) is about 1.5 MB. However, the processing and storage
capabilities set an upper bound of about 100 selected events per second. To achieve
this enormous reduction factor of the order of 107 without losing interest events, the
existence of a trigger system is necessary.

The ATLAS trigger system consists of three levels. Each higher level is based on
the decisions taken earlier, often introducing additional selection criteria. The Data
Acquisition System (DAQ) receives and stores the data of the events of the electronic
readout electronics to the rate of the Level 1 trigger. %]

Level 1

Level 1 (L1) trigger is hardware based by using processors (FPGAs, ASICs),
synchronous and based on pipeline logic, having a design which allows decisions
within 2.5 ps (75 kHz). L1 searches for signatures from high-pT muons,
electrons/photons, jets, and t-leptons decaying into hadrons. It also selects events with
large missing transverse energy (ETSS) and large total transverse energy. The L1
trigger uses reduced-granularity information from a subset of detectors: the Resistive
Plate Chambers (RPC) and Thin-Gap Chambers (TGC) for high pT muons, and all the
calorimeter sub-systems for electromagnetic clusters, jets, t-leptons, EF¥SS, and large
total transverse energy. The pipeline logic separates the processing into smaller steps,
each of which can be completed in a time equal to the detector response time (25 ps).
Thus, many operations can be performed in parallel, if each of them is using different
processing unit. The use of the pipeline requires a time contingency of 500 ns to avoid
pipeline overflow. The delay of the L1 trigger will be equal to the pipeline length.

Calorimeters Muon Trigger Chambers

Muon
Barrel
Trigger

Detector frant-ends/Readout

Figure 4.28: ATLAS Level-1 trigger architecture.

The trigger system is in total constituted by the Central Trigger Processor (CTP)
which is fed by signals from hardware trigger calorimeter (L1 Calo) and the
spectrometer (L1 Muon). [

_98_



The L1 muon trigger is based on dedicated finely segmented detectors (the RPC’s
in the barrel and the TGC’s in the end-caps, with a sufficient timing accuracy to
provide unambiguous identification of the bunch-crossing containing the muon
candidate.
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BCID
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IE, ﬁr Threshold count
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DAQ
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Figure 4.29: Triggering at the Calorimeter (4]

In readout pipeline systems, information from each beam collision for each
detector element is maintained during trigger latency. This information can be analog
(kept in capacitor), digital (ADC), or binary (hit - no hit). In this case, the output of
the trigger system is a single bit "Level -1 Accept” (L1A), which gives a signal to the
front - end readout of the detector systems via the Trigger Timing and Control System
(TTC) to decide whether to read or not the event information kept in the pipeline of
the front - end electronics. The readout of accepted facts can pass to the next trigger
stage.

| signal

Conversion

BC clock

—_——

Trigger

Trigger accept

reject \

=
mm Buffer

Fidﬁre 4.30: L1 triggering Data Flow 42

The L1 trigger has its own trigger menu (default triggers Level 1), which is
read at each data acquisition cycle and contains information about the thresholds from
prescaled trigger objects. These objects consist a list of 256 criteria for deciding
rejection or not of the event. The technique that ensures the vitality of the trigger
system even at high luminosity is called prescaled trigger. Increasing the luminosity, a
linear increase of the trigger rate is observed. If a particular trigger is prescaled to a
value, then only the number of events that cause trigger equal to this value can be
recorded. The trigger menu also includes combinations of trigger objects for use with
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respect to the decisions to be taken. The area where the detector trigger objects
appear, is called Region of Interest (Rol).

The trigger chains in the menu are given names of the form NzXX i, where the
various components denote the following:

1. N (optional): The minimum number of objects required.
2. z: The type of selection, including

* ¢ = electron

* g = photon (y)

 E=total ET , etc.
3: XX The minimum transverse energy required.
4: 1 An online quality requirement, such as tight, loose etc. This refers to one of many
possible sets of criteria depending on the particle type, for example, the shape of the
shower produced in the calorimeter.

Each chain is composed of LVL1, LVL2 and EF components. Ordinarily, an
event is recorded if it satisfies at least one trigger chain. However, a small fraction of
events are recorded in “minimum bias” mode, meaning that they are selected for
storage (almost) randomly, regardless of whether or not they satisfied any chain.
Similarly, within a single chain, a certain fraction of events are “passed through” one
or more components, meaning that they pass regardless of what the trigger’s physics-
based decision would have been. On the other hand, some events are rejected at

random by a trigger chain, despite the fact that they meet the right criteria to pass.
[31],[35],[36],[40],[42]

Level 2

The L2 trigger is software based and uses algorithms that run on multiple
computers of multiple processors each, which are connected via a fast network. This
level uses a L1 Rol as a seed and performs a partial reconstruction of the event
starting from the Rol, and uses full granularity data from all detectors in contrast to
the first level. The full computing power is based on complex decision algorithms that
reduce trigger frequency at about 3.5 kHz, with a corresponding average processing
time of 40 ms, according to the complexity of the event. The events are sent from the
readout servers to events constructors for further analysis. [3]

Level 3
The last level (L3) is the event filter and is also software based. It uses the
Rols of the second level and the full granularity of the detector for entire event
processing. The rate now reaches 400 Hz with size event of 1.3 Mbyte. The mean
processing time is 4 sec. The events of interest for each different physical analysis are
separated into streams of events. The events that have finally passed the filter events

are stored for further analysis. Level 2 and event filter consist the high level trigger.
[31]

Finally, it is noted that during data acquisition multiple conditions are
unstable, ie some parts of the detector may malfunction, or be disabled, or changes in
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beam condition might occur. Therefore, the trigger system should be flexible and
robust to manage such changes in real time. %

Interaction rate
~1 GHz CALO MUON TRACKING

Bunch crossing
rate 40 MHz

LEVEL 1
TRIGGER

< 75 (100) kHz

Pipeline
memories

Derandomizers

Readout drivers

Regions of Interest (RODs)

LEVEL 2 Readout buffers
TRIGGER (ROBs)
~ 1 kHz
[ Event builder |
EVENT FILTER Ful[-evg:hbuﬂers
~ 100 Hz processor sub-farms

Data recording

Figure 4.31: Architecture of the ATLAS trigger system with the numbers of the
frequency of events at different trigger levels. %

Detector Channels Frame size (KB)
Pixels 1.4*108 60
SCT 6.2*10° 110
TRT 3.7*10° 307
LAr 1.8*10° 576
Tile 104 48
MDT 3.7*10° 154
CsC 6.7*10* 256
RPC 3.5%10° 12
TGC 4.4*10° 6
LVL1 28

Table 4.2: Event Size of ATLAS 1.5 MB (140 million channels) !

Trigger efficiency

In the case of a trigger chain, the efficiency of the trigger, denoted ¢, refers to
the probability of a particle passing that particular chain. Efficiency is usually
considered with respect to a kinematic variable, such as photon transverse energy, EY,
which generates an efficiency curve, € = & (EY). Conceptually, the efficiency of a
photon trigger chain could be measured as follows: for a fixed range of photon Er, the
efficiency is simply the number of photons that passed the chain divided by the total
number of photons in the sample. This can be repeated for various bins of EX and
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then, a histogram can be constructed, representing the desired efficiency curve. To
accomplish this, two histograms should be constructed, the first containing the
photons that passed the trigger chain, binned by EY, and the second containing all
photons, with the same binning. Dividing the first histogram by the second would
yield the desired efficiency curve. The existence of “minimum bias” events make
studies such as this one possible. The photons contained in this minimum bias sample
can be splitted into energy bins, and for in each bin, the fraction that would have
passed the criteria of a trigger chain can be calculated. [

4.8.1. MUON TRIGGER ALGORITHMS

The LVL1 muon trigger is based on the measurement of muon trajectories in
three different planes (stations). Muons are deflected by the magnetic field generated
by the toroids; the angle of deflection depends on their momentum and the field
integral along their trajectory. Coulomb scattering in the material traversed, and for
low-pT triggers, the energy-loss fluctuation, are also of importance.
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Figure 4.22: Intersection of muon system with reference to the positions of the muon trigger
chambers. The differences from a straight-line trajectory of an infinite-momentum track originating
at the nominal interaction point are measured using three trigger stations.

The pivot plane is the trigger plane farthest from the IP in the end-cap, and
nearest to the IP in the barrel. The two different lever arms from the pivot to the other
two trigger planes provide two different measurements of the size of the deflection
due to the field. The two different lever arms allow trigger thresholds to cover a wide
range of transverse momenta with reasonably good resolution: the shorter lever arm
(pivot plane and station 2) covers a lower-momentum range and the longer one (pivot
plane and station 1 for the end-cap, pivot plane and station 3 for the barrel), a higher-
momentum range.
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Each hit found in station RPC1 (TGC3) is extrapolated to station RPC2
(TGC2) along a straight line through the nominal IP. A coincidence window is then
defined around this point, where the window size depends upon the required pT
threshold. The low-pT trigger condition is then satisfied if, for both projections, there
is at least one hit within the coincidence window, and at least one of the two low-pT
stations has hits in both trigger planes satisfying the three-out-of-four logic.

A similar procedure is performed for the high-pT trigger, where the planes of
RPC3 (TGC1) together with the pivot plane are used. The high-pT trigger is satisfied
if the track passes the low-pT criteria, and in the barrel at least one hit in the two
trigger planes of RPC3 are in coincidence, and in the end-cap if at least two of the
three planes of TGCL1 in the h view, and one of the two planes of TGC1 in the r-f view
are within the appropriate coincidence window. [341144]

4.9. DATA ANALYSIS

The production and analysis of ATLAS data takes place on a series of defined
steps. Initially, the raw detector data is generated in bytestreams which are converted
to object binary data (Raw Data Objects - RDO). Then the RDO objects are
transformed into high energy physics objects (muons, electrons, orbits) and this new
form is called Event Summary Data (ESD). As the ESD form contains all the
necessary information, including detector collisions and reconstruction algorithms,
data size per event is great for data analysis. For this reason, ESDs are converted into
Analysis Data Objects (AOD), which retain only the relevant information for data
analysis, maintaining a reasonable size per event. %]

4.10. THE GRID

The large volumes of generated data during LHC operation make impossible the
exclusive handling by CERN facilities. Therefore a more sophisticated infrastructure
for distribution, processing and storage of data is considered as necessary. This
infrastructure consist the worldwide LHC computing grid (WLCG), the world's
largest computing grid that distributes the data into four different levels (Tiers), each
of which consists of several centers and provides different services. The grid connects
thousands of computers and storage systems in over than 170 centers in 41 countries,
providing near real-time access to LHC data and clock monitoring in different time
zones, [21:[60]
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Tier-0 is the CERN data center, which although is the crossing point of all data
coming from the LHC, it provides less than 20% of the total computing capacity of
the grid. The purpose of Tier-0 is to keep backup copies (million digital readings from
the detectors), to perform the first steps of reconstruction of the raw data into
influential data, reprocess the data during LHC pause periods and distribute the data
to the next level, Tier-1.

Figure 4.33: Servers at Tier 0 record a copy of primar LHC data, and distribute it to 13
Tier 1 centres around the world. 4

The Tier-1 centers keep a second copy of raw and reconstructed data and allow
the experimental groups to have access to the physical data analysis. It performs high-
scale reprocessing and storage of the produced output, distributing data in Tier-2. The
Tier-1 consists of 13 data centers large enough to store LHC data. The fiber optic
connectors (10 gigabits / second) link CERN to each of the 13 Tier-1 centers
worldwide. This high-bandwidth network zone is called LHC Optical Private
Network (LHCOPN).
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Tier-2 consists of one or more computational facilities and receive data from Tier-
1. There are more than 160 Tier-2 centers dedicated to simulation and analysis of the
user side. The usually Tier-2 are universities or institutes that can adequately store the
data and provide sufficient computing power for specific analysis tasks.

The smaller Tier-3 centers provide local access to individual scientists. (']

o
§
O
3
&

Figure 4.34: A StorageTek machine retrieves server tapesfrom a stack in the CERN Data
Centre. %

4.11. THE ATLAS CONTROL SYSTEM

The subdetector systems and the common experimental infrastructure are
controlled and monitored by the Detector Control System (DCS) by using a highly
distributed system of 140 servers, aiming to a consistent and safe operation of the
ATLAS components. Higher levels of control allow automatic control procedures,
efficient identification of errors and manipulation, managing communication with
external systems, such as the LHC, and provide a synchronization mechanism with
the ATLAS data acquisition system. Different databases used for the storage of online
parameters of the experiment and storage of system configuration parameters.

The ATLAS control system consists of different front - end systems and the back -
end Supervisory Control and Data Acquisition system (SCADA). It is organized into
three functional horizontal planes, a Local Control Station (LCS), a Subdetector
Control Station (SCS) and a Global Control Station (GCS). This is a flexible
hierarchy that reliably models the natural ATLAS subdetecting parts and subsystems.
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Figure 4.35: The ATLAS Control System. 1

FRONT-END

The LCS layer transmits information regarding the state of subdetectors and
subsystems. The LCS may execute orders received from higher hierarchy levels or
can perform its own special features. The SCS layer is the middle level of the
hierarchy. Each subdetector has its own control station which allows full local control.
At this level of the hierarchy the subdetectors are connected to external systems such
as the magnet system, the LHC, the detector safety system, and trigger and data
acquisition system. The GCS layer forms the upper part of the hierarchy and is
responsible for the overall operation of the detector. This level summarizes all the
functions of each state of the detectors and subsystems as well as malfunctions
(alarms).

The front-end system consists of various parts arranged near the detector or in
nearby rooms. It is directly linked with the hardware of the detector, providing
reading, digitization and in some cases, signal processing and data transfer to the
back-end. On the other hand, it receives and executes instructions from the back-end.
The equipment of the front-end consists of sensors, controllers, digitizers, processors
and computing systems pf autonomous basis. All the ATLAS front-end equipment has
to adapt to different requirements regarding radiation tolerance (radiation levels can
reach 100 kGy / year in areas close to the IP), operating under strong magnetic fields
(magnetic field amplitude can reach 4 T in the cavern), the long lifetime (because the
experiment is planned to operate for more than a decade), and low cost.

The back-end system consists of different software systems which
communicate with the front-end providing supervisory control at the detector users.
The back-end system, used by the four LHC experiments, carried out using a
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commercial SCADA package. The SCADA package provides software tools and
guidelines ensuring the homogeneity of the back-end in all the different subsystems,
their subdetectors and the LHC experiments.

The ATLAS automatic control system archives the important parameters in
the ATLAS online database, which is only accessible via the ATLAS control network
(ATCN), for security and performance reasons. However, an offline base, which is an
exact copy of the online database, serves users within the CERN General Public
Network (GPN). Although the operating parameters are of the order of 108, the delay
of the replication mechanism does not exceed a few sec. [21.311[43]
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Figure 4.36: Flow of the information. ATLAS sub-detectors write in the online
database. DDV reads from the offline database that is a complete replica of the online
database. Finally, the user accesses the data through the DDV interface. [
4.12. USA15

The ATLAS experimental cavity (UX15) is surrounded by a variety of other
caverns and access shafts. The USA 15 cavern, of 20 m width and 62 m length, is
designed to accommodate the majority of the electronics that are necessary for
carrying out the experiment. It is divided into two floors 1.8 m below and 3.6 m above
the beam axis. Access for personnel and work for a long time are necessary
conditions, even during operation of the LHC at high luminosity, but without
exposing to high radiation levels. From USA15 there are several service tunnels
leading to the experimental cavity (ULX16, UPX16, ULX14 and UPX14) and service
ducts for cables (TE14 and TE16). Moreover, there is a second cavity US15, in which

some of the electronics of the ATLAS are hosted, but access is prohibited during LHC
operation. [27]
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Figure 4.37: The experimental area with its individual cavities, tunnels and access
shafts [27]

4.13. BACKGROUND MONITORS

Measurements of particle fluences in ATLAS provide a precise bench-
marking of the particle transport codes used in the calculations and also monitor the
absorbed doses in the various detectors. For the proper operation of the LHC and the
detector experiments, the existence of detectors protection provisions during the
proton collisions is necessary, providing fast feedback to the accelerator operations
team. 34

4.13.1. THE ATLAS BEAM CONDITIONS MONITOR AND TAS COLLIMATOR

The protection of the detectors is based on collimators, which absorb particles
that deviate from the beam trajectory and may cause damage. A problematic, though
rare operating scenario, occurs when multiple proton beams impinge on the
collimators. The Beam Condition Monitor (BCM) perceives such events, as well as
cases of beam and gas interaction, and aborts LHC operation. Both malfunction
scenarios have in common charged particles cascades. By placing two detector
channels on both sides of the IP in the z-axis, the particles from cascades hit on the
BCM stations with a time difference of At = 2z/c. The stations are suspended from the
supporting structure of the beam pipe (BPSS) and take measurements for each beam
crossing (BC = 25 ns). The optimum distance of the two channels of four units each is
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calculated ideally to be about 3.8 m, at points z = + 1.9 m, resulting in At = 12.5 ns
(6.25 ns after a collision). The background particles reach the up - stream station 12.5
ns (1/2 BC) before the particles from collisions and down - stream station at the same
time with them. By the use of the out — of - time hits, the background events can be
recognized.

Furthermore, BCM provides additional luminance measurements per package
to those derived from the main monitor of the ATLAS system, LUCID, by using in —
time hits. The measurements are performed with use of synchronous collisions.

The 4 BCM units are located in radius r ~ 5.5 cm (n = 4.2) and by angles ¢ =
0°,90°, 180°, 270°, and a deviation of 45° to the beam pipe. [281129].[30}.[32]

Figure 4.38: BCM onto the supporting unit. [°!

ATLAS additionally is protected by TAS (Target Absorber Secondaries)
collimators placed at z = £ 18 m from the IP which protect the inner layer of the
cryogenic quadrupole from excess heat due to the collisions. The TAS collimator also
protects the Inner Detector by various failures of the beam.

The Beam Interlock System (BIS) includes two optical loops per set which
transmit signals BeamPermit, a logic AND of UserPermit signals provided by user
systems (like BCM). The logic AND is achieved by using two Beam Interlock
Controllers (BIC). User systems connecting to BIS through CIBU user interface
(Controls Interlocks Beam User), through which each UserPermit signal is transmitted
to the nearest BIC. The beam export is triggered by the BIS and completed within 270
ms after it passed from BICs.
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Figure 4.39: Principle of BCM operation. In normal p - p collision at IP (green) secondary
particles arrive simultaneously at the 2 BCM. In problematic cases, as during proton impact on
the collimator (red), each BCM station will detect secondary particles before the other does. %

The BCM detecting units particularly in the region of intense radiation consist
of polycrystalline CVD diamond sensors of size 1x1 cm?. As a charged particle passes
(from p - p collisions or secondary proton products that get lost) the crystal lattice of
the diamond is ionized, producing a very fast MIP signal with a rise time of less than
1 ns and an width of less than 2 ns. The passing particle leaves a trail of ionization
charge of 36 electron - hole pairs per mm at its orbit. A two-stage RF amplifier
amplifies the signal and transmits it to an analog format for digitization. For the
sensor operation, a bias potential has to be applied to the electrodes to create a drifting
field, in which electrons and holes are sliding, inducing current to the electrodes.

Amplifier

Charged Particle >
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. 'l eh Creation
/ Diamond if}ﬁ
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Figure 4.40: Schematic representation of the diamond detector. !
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Figure 4.41: BCM unit. The two-stage amplifier consists of the following individuals: 1*
stage: Agilent MGA-62653, 500 MHz (22 dB), 2™ stage: Mini Circuit GALI-52, 1 GHz (20
dB). ¥
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The BCM has to measure the arrival times of the signals and their time above
the threshold (TOT) for each of the 8 units. The analog signals from each BCM unit is
routed through high-quality cables behind the calorimeter to lower radiation points
and digitized separately for each unit by boards based on NINO chip technology.
Before entering NINO, the signals from the BCM are divided into two channels by a
voltage divider, in a ratio of 12: 1 to increase the dynamic range. The optimal signal-
noise ratio for data and amplifiers requires the adding of a low-pass filter with a
bandwidth limit 200-300 MHz of 4th order. The digital outputs of TOT coming from
NINO are converted into optical signals, using laser diodes resistant to radiation and
through they are transferred through optical fibers to the ATLAS calculation room
(USA15), where they are obtained by photodiodes, converted back into electrical
signals and fed into a Xilinx Vitrex-4 FPGA chip. The FPGA technology is suitable
for the processing of these signals due to the parallel processing capability in high
speed.
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Figure 4.42: Signal before entering NINO (left) and after the exit (right). (¢!

The BCM system can be analyzed in the following sections:

LHC Beam abort: Through CIBU system, two signs mark that the conditions
in the inner detector have reached the beam abort point, which eventually takes place
in a controlled manner.

ATLAS Security System: Four electrical connections exist between the
detector safety system (DSS) of the ATLAS, which preserves the experimental
equipment and the BCM. The DSS acts preventing losses through interconnections
sending warnings and alarms (alarm).

Automatic control system: In less critical situations in conjunction with the
hardware based DSS, the DCS is activated, for monitoring the temperature of the
detector units and electronics of the Nino board, control voltages and acquire
statistical information by signal processing available by connecting a DCS PC via an
Ethernet connected to the FPGA. In case of beam abort, the recent information of
BCM, which had been stored in the FPGA buffer, is transferred for post mortem
treatment.

L1 Trigger: The BCM provides 9 bit information for the level 1 trigger system
allowing the triggering of topologically interesting events, as well as real-time
information on the luminosity per bundle.

-111-



DAQ stream: At each trigger signal from the CTP, the digitized information of
the arrival times of the signals and the amplitude of each are sent from the FPGA and
stored in a special buffer in the DAQ data flow.

FPGA Board ATLAS CTP

2xXilinx ML410
: L1A out

LVLI frigger in

BCM detector
modules
ATLAS

LAl in TDAQ ROS

Trigger Out
S-link Data Out ATLAS

Threshold R  E=0 i Beam Abort Signal Erwesemrirad Beam Abort(2)
Temperature S S Recorded Data and DSS(4)

8x
High Voltage, Low Voltage, Temperature

Temperature

Figure 4.43: BCM system architecture 52

As a complement of BCM, the beam loss monitoring system (Beam Loss
Monitor - BLM) was added, for measuring the ionization current while having a quite
simple construction and autonomy. 12 detector units have been placed, six on each
side of the IP at points z = + 3450 mm and a radius of r = 65 mm. The current is
converted into a digital signal which is transmitted via optical fibers to the
calculations room and recorded by a FPGA., [281.[291.[30.[31].[32]

4.13.2. MONITORS IN THE INNER DETECTOR

The inner detector region of ATLAS contains a set of small detectors, which
are sensitive to dose, to the 1MeV neutron equivalent fluence (Fneq), described later,
and to thermal neutrons. These detectors consist of Field-effect transistors
(RADFET’s), which measure the total ionising dose, PIN-diodes, which measure
Fneq, and radiation-hardened transistors, which measure thermal neutron fluences.

These detectors measure the integrated doses and fluences in the inner detector
and also provide bench-marking estimates of the different contributions (charged
particles, neutrons and photons). [3]
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4.13.3. MONITORS IN THE MUON SPECTROMETER

Several sets of detectors have been installed in the inner, middle, and outer
end-cap muon stations, providing a reliable response to particles in various energy
ranges.

Boron-lined proportional tubes with Ar/CO2 gas, insensitive to photons and
charged particles, are used for thermal and slow neutrons measurements (< 10°
MeV). Each n + 1°B — Li + a interaction sends a slow Li or a- particle into the tube,
causing a large ionization pulse, which is used for pulse-height discrimination against
Compton electrons and MIPs. Additionally, a Boron-loaded plastic scintillator (BC-
454) is sensitive to the neutron interactions and is also used for neutron studies.
Detectors with a plastic disk loaded with LiF and coated with a thin layer of ZnS(Ag)
scintillator are sensitive to the tritium and a-particles produced in the neutron capture
process in lithium.

Another ZnS(Ag) scintillator embedded in plastic is used to study fast
neutrons. The plastic is rich in hydrogen, from which incoming neutrons scatter to
create recoil protons that produce large ionisation pulses compared to MIPs or low-
energy electrons. Pulse-height discrimination schemes provide good rejection against
these backgrounds. A liquid scintillator, with pulse-shape discrimination electronics,
is used in combination with plastics to measure fast neutrons.

Scintillator detectors with Nal and lutetium oxyorthosilicate (LSO) crystals
are used to measure the low-energy photon spectrum (0 - 10 MeV), dominated by
photons, but also containing a neutron component, which can be separated out using
fitting techniques and detailed simulations.

Finally, small ionisation chambers measure the total ionising dose. (]

4.13.4. NETWORK OF DETECTORS FOR RADIATION MEASUREMENTS

A system of small silicon pixel detectors, fully capable of delivering real-time
images of fluxes and spectral composition of different particle species, has been
developed for radiation measurements in the experimental environment. These silicon
detectors will be operated via active USB cables and USB-ethernet extenders by a PC
placed in the USA15 counting room. The hybrid silicon pixel device consists of a
silicon detector chip, 300 mm thick with 256x256 pixels, bonded to a readout chip.
Each of the 55 mm x 55 mm pixels is connected to its respective readout chain
integrated on the chip. Settings of the pulse height discriminators determine the input
energy window and at the same time provide noise suppression. The pixel counter
determines the number of interacting quanta of radiation falling within this window.
These devices can be used for position and energy sensitive (5 keV — tens of MeV)
spectroscopic detection of radiation. They are also capable of counting particle fluxes
at rates in excess of GHz/cm?.

This system can be used in both tracking and counting modes, to record tracks
or counts caused by x-rays, gamma-radiation, neutrons, electrons, MIPs and ions. The
silicon detectors are partially covered by neutron converters for neutron detection.
The tracking mode is based on electronic visualization of tracks and traces of
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individual radiation quanta in the sensitive silicon volume. In the case of count rates
above 5x10° events/cm?s, the devices are operated in counting mode, in which charge
deposition in the pixels is counted at different threshold settings. Calibration of the
devices enables the conversion of the individual tracks observed and/or counts
measured into fluxes of respective types of radiation and dose rates. These pixel
devices will be placed inside ATLAS: four devices on the LAr calorimeter facing the
inner detector, four devices on the tile calorimeter, four devices near the muon
chambers in the inner end-cap muon station, and two devices near the forward
shielding and close to the outer end-cap muon station. [3]
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5. MONTE CARLO METHOD AND SIMULATION

5.1. THE MoONTE CARLO METHOD

The high complexity of the various natural systems considers their modeling
through numerical methods necessary rather than an analytical approach. Simulation
techniques take into consideration the speed of modern computer systems, allowing
convergence to a valid solution. The Monte Carlo method is a widely used general
approach for the numerical modeling of physical systems. It can be used to duplicate
theoretically a statistical and is particularly useful for complex problems that cannot
be modeled by computer codes that use deterministic methods. Monte Carlo includes
a class of computational algorithms that rely on iterative random sampling of
distribution functions, which are inputs to the model, and produce as a result the
probabilities of different expenses. The distribution functions are normalized in the
appropriate range. The individual probabilistic events that comprise a process are
simulated sequentially.

The stochastic description of particle interactions is expressed through the
statistical quantity of cross-section. When a particle stream impinges on a target, the
differential cross-section represents a statistical distribution function.

The Monte Carlo method follows some predefined steps for the simulation of
particle interactions. Firstly, a primary particle is generated with predefined fixed
initial conditions (position and momentum). The particle travels inside the current
medium for a certain distance before it interacts for the first time. The value of the
distance is sampled by a random number generator from a probability density function
(PDF), which differs for each type of particle and material. Afterwards, all the
possible N interactions that can take place are considered, giving a certain probability.
The probability of occurrence is assigned to the i'" interaction by an internal algorithm
depending on the cross sections of the different processes. After sampling another
uniformly distributed random number, the type of interaction occurring is decided.
Changes of the position and the momentum of the primary particle will be taken into
account by the end of the particle step. All active particles (a primary and its
secondaries) are placed on the computer stack together with their properties (type,
spatial coordinates, momentum, etc). There is also the possibility that a particle is
annihilated (undergoes an inelastic process, being absorbed, or transformed, surpasses
the geometry's boundaries, or its energy is lower than predefined energy cut-off) or
stopped during the interaction and thus, it is no longer taken into account, so it is
removed from the stack of tracked particles, after the quantities of interest are
recorded. After the first interaction has finished, the primary particle is put on the
stack with the others and the steps above are repeated for all given primaries.

Finally, the data obtained from the simulation are exported into data files.
Almost all of the CPU time is spent in detecting particle processes. So it is necessary
to balance the need for short time consumption and validity of the results. [**]
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5.1.1. THE LAW OF LARGE NUMBERS

Let X1, Xo, ..., Xn be independent trials of a finite mean value ¢ = E(X;) and
variance o> = V(Xi). Forevery e >0 € Rand Y™, X; = Su:
V(Sn) =ne® = V(Sn/n)=d?/n
and E(Sn/n) =u

Using the Chebyshev inequality:
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So, according to the Low of Large Numbers, the average value of the results
obtained by the repetition of the same experiment many times is very close to the
expected value, which tends to be more accurate when increasing the number of
repetitions (n — o). It guarantees stable long-term results for the mean values of
independent random events. The validity of the Monte Carlo method is based on this
principle. [

5.1.2. PSEUDO — RANDOM NUMBER GENERATORS

Besides the numerous tests, the validity of the approach is based on the use of
uniformly distributed random numbers, which requires the use of a pseudorandom
number generator (RNG) to produce large quantities of random numbers for statistical
sampling.

In each trial of a Monte Carlo simulation, the random numbers should be
generated as if it were just samples of a random variable of a specific PDF. A typical
pseudo — random number generation algorithm is used for transforming
pseudorandom numbers that follow a uniform distribution, into numbers distributed
according to a given distribution. It is a periodic algorithm that has a long period of
thousands of cycles and is initialized using a number ‘seed’. The pseudorandom
numbers can be predicted and they have a deterministic behavior, so they are not
really random, but they provide simplicity in practical approach and ensure the
reproducibility of the same performance if tested in exactly the same simulation. By
using a good algorithm, the pseudorandom numbers show the same statistical
properties with truly random numbers. Different executions with the same seed will
give the same set of pseudorandom numbers, and even a small variation of the seed
provides a completely different set. [°]
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5.2. MCNP5 SOFTWARE

The MCNP software which was developed by the Los Alamos National
Laboratory, is an internationally recognized software for interaction analysis of
neutrons and gamma rays using the Monte Carlo statistical method.

The program uses embedded databases coming from recognized libraries. Its
operation is based on the creation of an appropriate simulation by using geometric
models of layout design, by the determination of surfaces (surface cards) and the
elementary volumes between the surfaces (cells) which are obtained using the
intersection, union and complement between surfaces, and the various materials
composing the space thanks to their density. [*6]

5.2.1. INPUT FILE

The general structure of an MCNP code is as follows:

Message Block {optional}
blank line delimiter {optional}
One Line Problem Title Card
Cell Cards [Block 1]
blank line delimiter
Surface Cards [Block 2]
blank line delimiter
Data Cards [Block 3]
blank line terminator {optional}

The three main parts of the code (cell cards, surface cards, data cards) should
be written in the correct order. Each card can be 80 characters at maximum, otherwise
the simulation terminates with error occurrence. Within the 5 leftmost card positions
the number of the corresponding surface or cell is indicated, but if more than 5
positions are used, the continuation of the previous card is meant. The title card
describes the problem to be simulated.

Cell Cards

The cells describe any physical structure of the problem and their description in the

code given below:

j m d geom param

e j€[0,99999] is the number of the current cell and is different for each cell

e m is the number of the material comprising the cell

e d is the material density, with d> O define the atomic density in atoms per cm,
while d <0, the density in grams per cubic centimeter is given

e geom is the geometric characterization the cell produces through surface cards

e param is where other parameters are set, such as the importance of each particle,
which determines if the particle will be monitored within the cell (imp = 1) or not
(imp =0).
MCNP uses the Cartesian coordinate system and some basic simple geometries:
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Mnemonic Type Description Equation Card Entries
P general Ax+By+Cz-D=0 ABCD
PX normal to x — axis x—D=0 D
PY s normal to y — axis y—-D=0 D
p7 normal to z — axis z-D=0 D
SO centered at origin | x> +y*+2°-R*=0 R
S general (x—§f+(y—yf+(z—ﬂ2—R2=O xXyzZR
SX sphere | centered on x —axis =gy =R =0 x R
% centered on y — axis X2 * (Z_ Y) +_22 - Rz =0 y R
S7 centered on z—axis | X *Y T(#-2 -R*=0 z R
C/IX parallel to x — axis (y=Y)>+(z—2)>—-R*=0 yzR
CclY _ parallel to y — axis (x—x)2+(z—2)>—R?=0 ¥z R
cylinder . — _ .
CX on X — axis y>+2z°-R*=0 R
cy ony — axis x*+2°-R*=0 R
c7 on z — axis x> +y>*—R*=0 R
K/X parallel tox —axis | iy )2+ (z—2)? ~t(x—x)=0 | X¥Z t2 +1
K/Y parallel to y — axis 2 7Y —t(v—V) =0 *yZ 2 £l
K/Z cone parallel to z — axis VG )—()2 S Z—) 2 v Z) i 2 4|
JU—X)+(y—W —t(z—2)=0 xyz
KX on X — axis [y + 22 —t(x—x)=0 x t? £1
KY on 'y — axis X2+ 722 —t(y—-y)=0 y t2 £1
KZ on z — axis X2 +y? —t(z—2)=0 Z t2 £1
SQ ellipsoid axis not parallel A(x-x)*+B(y-y)*+C(z-z)* | ABCDE
h);przrbbcﬂlooildd to X-, y-, or z- axis +2D(x—>_<)+2E(y—§) FG xyzZ
P +2F(z-2)+G =0
GQ cylinder taxis not parallel AX? +By? + Cz® + Dxy + Eyz ﬁ CB; ﬁ ?KE
cone 0 X-, Or y-, or z-
ellipsoid axis +Fzz+Gz+Hy+Jz+K =0
paraboloid
hyperboloid
TX elliptical or Y Y Z7)2 _ A)? B
circular (x X)Az +(\/(y y»+z=2) ) c21=0 | xyzABC
torus. — = =
L Axis is (y—y)%2+(\/(x—x)2+(z—z)2—A)ch_lzo xXyzZ ABC
parallel to B _ _ B
TZ X-, y-, OF - (z—z)72+(J(x—x)2+(y—y)2 —A)% _,_o | X¥ZABC
i B C
axis
XYZP surface defined by points

Table 5.1: MCNP geometries [*°]
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By combining the above more complex geometries can arise. Every point in
space must belong to either a surface or a cell, so that there are no gaps in geometry.

Surface Card
The structure of the surface card is then:
j alist
e jis the serial number of the surface card and obviously different for each surface
e aisthe geometric stereo which can be one of the aforementioned basic geometries

is the number that specifies the location (eg plane distance from the origin) or stereo
size (eg sphere radius).

There are also surfaces defined by macrobodies. Using a combinatorial-
geometry-like macrobody capability is an alternative method of defining cells and
surfaces. The macrobodies can be mixed with the standard cells and surfaces. MCNP
can use the following macrobody structures: 71

¢ BOX—ARBITRARILY ORIENTED ORTHOGONAL BOX
e RPP—RECTANGULAR PARALLELEPIPED

e SPH—SPHERE

¢ RCC—RIGHT CIRCULAR CYLINDER, CAN

e RHP OR HEX—RIGHT HEXAGONAL PRISM

e REC—RIGHT ELLIPTICAL CYLINDER

e TRC—TRUNCATED RIGHT ANGLE CONE

e ELL—ELLIPSOID

e WED—WEDGE

e ARB—ARBITRARY POLYHEDRON

Afterwards, the cards with the rest of the simulation parameters are filled.

Mode Card

Firstly, mode card is filled followed by one or more of p (photons), e
(electrons), n (neutrons), having a blank space between them. This card describes
which particles are generated and monitored during the simulation.

Material Cards
Material cards should be also defined. The syntax of the respective card is the
following:

mn zaidl fractionl zaid2 fraction2

e mn is the material card designated by the letter m followed by the serial number of
the material n,

e zaid is the atomic number of the atomic mass of the isotope (often followed by a
number that indicates the library in which isotope data are recorded),
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Source Card

fraction is the fraction of the nuclei content, wherein a positive number indicates
atomic density in atoms per cm, and a negative number indicates the nucleus
weight fraction.

To conduct the simulation it is necessary to place one (or more depending on the

study) source, which is determined by the sdef command, followed by other
parameters for its determination. The main parameters used in the majority of
simulations are:
pos to determine its position in three-dimensional space

erg for the source energy
par for the particle type
dir for the direction of the particle emission

Details are given in the following table:

Variable Meaning Default
CEL cell determined from XXX, YYY, ZZZ and possibly
Uuy, VvV, WWwW
SUR surface 0 (means cell source)
ERG energy (MeV) 14 MeV
DIR w, the cosine of the angle between VEC and Volume case: p is sampled uniformly in [-1, 1]
UUU, VVV, WWW. The azimuthal angle is (isotropic). Surface case: p(n) = 2u for u€[0, 1]
always sampled uniformly in [0, 2x] (cosine distribution)
VEC reference vector for VEC Volume case: required unless isotropic. Surface
case vector normal to the surface with sign
determined by NRM.
NRM sign of the surface normal +1
POS reference point for positioning sampling 0,0,0
RAD radial distance of the position from POS or 0
AXS
EXT Cell case: distance from POS along AXS. 0
Surface case: cosine of angle from AXS.
AXS reference vector for EXT and RAD no direction
X X — coordinate of position no X
Y y — coordinate of position noY
Z z — coordinate of position no Z
CCC cookie — cutter cell no cookie — cutter cell
ARA area of surface (required only for direct none
contributions to point detectors from a plane
surface source)
WGT particle weight 1
EFF reference efficiency criterion for positon 0.01
sampling
PAR type of particle source emits =1(neutron) if MODE N or P or NP E,

=2 (photon) if MODE P,
=3 (electron) if MODE E

Table 5.2: Source parameters for the
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The parameter values can be described in 3 levels: (1) Direct value assignment
(my ERG=1.25), (2) using distribution number (my ERG=d5) and (3) as a function of
another variable (my ERG=Fpos). In cases 2 and 3, three additional cards required:
e Sl (source information)
e SP (source probabilities)
e SB (source bias)

Tally Cards
For taking measurements, which will appear in the output file, tally cards are
used. The structure of the card is:

Fn:p1 S1 (S2 ... S3) S6S7
where n is the number whose last digit identifies the tally as given in the table below:

Mneumonic Tally Type Particles pl Fn Units | *Fn Units
Fl:pl surface current NorPorN,PorE # MeV
F2:pl average surface flux NorPorN,PorE #lcm? MeV/cm?
F4:pl average flux in a cell NorPorN,PorE #lcm? MeV/cm?

FMESH4:pl | track — length tally over 3D mesh NorPorE #/cm? MeV/cm?
F5a:pl flux at a point or ring N or P #lcm? MeV/cm?

FIP5:pl pin — hole flux image N or P #lcm? MeV/cm?

FIR5:pl planar radiograph flux image N or P #lcm? MeV/cm?

FIC5:pl cylindrical radiograph flux image N or P #lcm? MeV/cm?
F6:pl energy deposition N or P or N,P MeV/g jerks/g
F7:pl fission energy deposition in a cell N MeV/g jerks/g
F8:pl pulse height distribution in a cell PorN,PorE pulses MeV

Table 5.3: MCNP5 tally types. The type of the tallied particle is noted as pl. [“°]

e pl the particle type the user wishes to measure (p, €, n or a combination
separated with ,)
e Si is the surface number or cell number of measurement

Energy bins

In order to take measurements, the energy spectrum of the source has to be
separated into narrower energy regions (energy bins). The given output is referred to
every energy bin, as well as to the whole spectrum, by adding each contribution
within each energy bin.
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Time or History Cards

Finally, the run time of the code until satisfactory results occur should be
defined. The usual method for limiting how long MCNP runs is to specify either the
maximum number of source particle histories or the maximum execution time. The
maximum number of histories N is specified on the card nps N, where N defines the
maximum number of events of source particles that get lost. In addition, or as an
option, the computing-time cutoff T, in minutes of computer time, may be specified
by the card ctme T.

Variance reduction

MCNP offers a variety of variance reduction techniques based on different
nonanalog simulations. The art of using MCNP to solve difficult problems is to use
these program features to obtain both precise and computationally efficient results.

e Geometry Splitting

In geometry splitting, importances are assigned to each cell in the problem. When
a particle leaves a cell with importance Iy and enters a cell of importance I, the
particle is split/rouletted according to the ratio I»/l:. This technique of geometry
splitting with Russian roulette is very reliable since, if no other biasing techniques are
used, all the particles in a cell will have the same weight regardless of the paths taken
to reach the cell.

e Weight Windows

The weight-window variance reduction technique adjusts the weights of particles
as they change energy and move through the various cells in the problem geometry. In
each cell, a lower weight bound and an upper bound, defined as a multiple of the
lower bound, are specified. If a particle entering a cell or a particle created in the cell
has a weight above the upper bound, the particle is split such that all split particles are
within the weight window. Similarly, if a particle has a weight below the lower
bound, Russian roulette is used to increase the particle’s weight until it lies within the
window or until it is killed.

e Exponential Transform

The exponential transform artificially changes the distance to the next collision. In
this technique, particles can be moved preferentially towards the tally region and
inhibited from moving away from it. The exponential transform stretches the path
length between collisions in a preferred direction by adjusting the total cross section.

e Energy Splitting/Russian Roulette

When such a particle is created, the ESPLT command can be used to split the
particle into more daughter particles of the same type. Also, when a particle of energy
outside the energy region of interest is created, Russian roulette is used to eliminated
some of these particles.

e Forced Collisions
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The forced collision biasing method increases the sampling of collisions in specified
cells. This method splits particles into collided and uncollided parts. The collided part
is forced to interact within the current cell while the uncollided particle exits the cell
without collision.

e Source Biasing

One of the easiest nonanalog techniques to implement is source biasing. In MCNP
any of the SDEF variables can be biased. For example, source particles can be started
with enhanced weights, with preferred energies, and in regions closer to the detector.
One of the most useful source biasing techniques is to start particles in preferred
directions, generally towards tally regions.

5.2.2. OUTPUT FILE

The output file contains the statistical results that came from the execution of
the code depending on the tallies which were defined in the input file. By default only
a small portion of all the possible output is produced. Always output are (1) input file
listing, (2) summary of particle loss/creation, (3) summary of KCODE cycles (if
KCODE is used), (4) tallies (if used), and (5) tally fluctuations charts. The results are
given per source particle, analytically for each energy bin accompanied with the
respective error, and also cumulatively with the total error.

By using various techniques of variance reduction it is possible to produce
tally results that are very precise, given the small relative error, but not very accurate.
Technically, precision is the uncertainty (as measured by the tally variance) in the
tally mean x caused by the statistical fluctuations in the individual scores xi of the
simulated histories. By contrast, accuracy is a measure of how close the tally mean x
IS to the true physical quantity being estimated. The difference between the true value
and the expectation value of the simulation tally is called the systematic error, an
important quantity but one that is seldom known.

Statistical checks are used for the evaluation of the results. [“°]

Relative error

The relative error is the fractional 1-sigma estimated uncertainty in the tally
mean, i.e., R = S; /x, the ratio of the standard deviation of the tally mean to the
mean.

Range of R Quality of Tally
>0.5 Meaningless
0.2t0 0.5 Factor of a few
<0.1 Reliable (except for point/ring detectors)
<0.05 Reliable even for point/ring detectors

Table 5.4: Interpretation of the reactive error R. [*6]
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Figure of merit

Another important statistic generated by MCNP is the figure of merit (FOM),
defined as

1

RT

where T is the run time. Since T varies with the computer, the same simulation
performed on different machines produces different FOMs. FOM should remain
relatively constant except for fluctuations early in the simulation. For different
variance reduction techniques, the one with the largest FOM is preferred.

FOM =

Variance of the Variance
To indicate the accuracy of the relative error R, MCNP estimates the relative
variance of R, i.e. a variance of a variance (VOV). The VOV is defined as

SZ(SZ)_ Zl:(xi_)_()A 1

X

VOV = 57y - = — N
S0 o -wr

where is the variance of (Sf).

The Empirical PDF for the Tally

MCNP also constructs the tally PDF f(x) to help assess the quality of the
confidence interval estimates for the tally mean. Examination of the high-end tail of
this distribution is very important for problems involving infrequent events with very
high score.

Confidence Intervals

From the relative error R, MCNP estimates the confidence interval for the
tally. Because the estimated mean and estimated uncertainty in the mean are
correlated, the mid-point of the confidence interval needs to be shifted slightly from
the mean. The amount of this midpoint shift, SHIFT, is proportional to the third
central moment, and should decrease as 1/N. MCNP calculates this refinement for the
confidence interval.

A Conservative Tally Estimate

Sometimes a user wishes to make a conservative tally estimate, just in case
rare high-tally events may not be completely considered. In the output, MCNP shows
what would happen to the mean, R, VOV, confidence interval, etc., if the next history
(N + 1) were the same as the largest scoring history encountered in the simulation of
N histories. If large changes occur, then be very suspicious of the result.

The Ten Statistical Tests

The most valuable tool provided by MCNP is the suite of 10 statistical tests it
performs on the tally. Considering N as the number of the events that have been
carried out, the ten tests are listed below.
e Tally mean:
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1.The mean must exhibit, for the last half of the problem, only random
fluctuations as N increases. No up or down trends must be exhibited.

Relative error, R:
2. R must be less than 0.1 (0.05 for point/ring detectors).
3. R must decrease monotonically with N for the last half of the problem.

4. R must decrease as 1/\/ﬁ for the last half of the problem.

Variance of variance
5. The magnitude of the VOV must be less than 0.1 for all types of tallies.
6. VOV must decrease monotonically for the last half of the problem.

7. VOV must decrease asl/m for the last half of the problem.

Figure of Merit, FOM:
8. FOM must remain statistically constant for the last half of the problem.
9. FOM must exhibit no monotonic up or down trends in the last half of the
problem.

Tally PDF, f(x):
10. The SLOPE determined from the 201 largest scoring events must be
greater than 3.
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6. THE ATLAS RADIATION BACKGROUND

At the LHC the dominant primary source of background radiation is collisions
at the interaction point. The very high energies and collision rate means that the levels
of low-energy neutron, high-energy hadron and photon radiation are at an extremely
high level in the ATLAS experiment. This causes several problems such as radiation
damage to silicon detectors and electronics, increased detector occupancy,
background signals resulting in spurious triggers in some of the detector systems and
creation of residual radionuclides that will lead to radiological hazards that impact
access and maintenance scenarios.

Radiation in the LHC underground areas and in the accelerator tunnel is
produced when protons interact with the nuclei of the residual gas atoms (beam gas
interactions) or with the nuclei of the atoms of every other material surrounding the
beams such as beam screens collimators, magnets, cables, cryostats or the beam dump
(point losses). When there are circulating beams in the LHC there is a small but
continuous loss of protons along the ring. These lost protons will interact with the
material that is closed to the beams. These primary interactions produce secondary
particles (neutrons, pions, kaons, other protons), with some of them having sufficient
energy to interact again and cause the production of tertiary particles and so on,
resulting in a hadronic cascade. The fragments of the struck nuclei produced in the
hadronic cascade are radioactive and decay in a timescale between a fraction of a
second and many days. The accelerator thus continues to produce radioactivity even
though there are no more circulating beams.

The secondary charged hadrons in the Inner Detector dominate the
background at small radii. At larger radii the backgrounds of other particles, such as
neutrons, become more important. The purpose of the shielding in ATLAS is to
reduce the number of background particles in regions that the radiation background is
more intense, such as near the beampipe and specifically at the Inner Detector and the
Muon spectrometer, to a manageable level and to protect people working in the
electronics cavern (USA15). 1. [48]

6.1. RADIATION ESTIMATORS

The “primary” estimators, obtained directly from transport codes, are
determined by the tracking models of the transport code and are rarely modified by
the user. Estimators derived from these quantities can be considered “secondary”
quantities, which are obtained in the user “post processing” step by multiplying or
convolving the primary quantities with conversion factors.

Particle fluence @ is defined as the number dN of particles incident on a
sphere of cross-sectional area da, irrespective of their direction and it is a necessary to
describe and quantify radiation side effects:
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@ = d%a (kHz/cm?)

Also, fluence can be described as the time integral of fluence rate (flux).

Particle current is a measure of the net number of particles crossing a surface
with a well-defined orientation. In a directed radiation field fluence and current are
the same only for normal incidence to the surface.

The 1 MeV neutron equivalent fluence (Fneq) is obtained by convoluting the
various particle energy spectra and fluences with silicon displacement damage
functions, normalized using the non-ionising energy loss (NIEL) cross-sections to the
expected damage of 1 MeV neutrons. As a result, a comparison of damage effects for
different radiation fields is feasible.

The absorbed dose is a measure of the energy deposited in a medium by
ionizing radiation per unit mass, taking into account all energy loss mechanisms and
its unit of measure is Joules/kg (Gray — Gy). The ionising dose is defined as the
integrated dE/dx energy loss in the detector material from charged particles, excluding
ionisation energy loss from nuclear recoils. It is given in units of Gy/y, where one
year corresponds to 8 x 10% inelastic p — p collisions, assuming an inelastic cross-
section of 80 mb, a luminosity of 10 cm™s ! and a data-taking period of 107 s.
lonising dose is responsible for surface or interface effects in silicon devices, as well
as inducing gas detector aging effects.

Single event effects (SEE) include Single Event Upsets (SEU) in electronic
circuits, which are recoverable, and Single Event Damage (SED), which may lead to
the destruction of electronic components. The SEE rate is calculated by summing the
rates of charged hadrons and neutrons with kinetic energies greater than 20MeV.

Muon single plane counting rate (kHz/cm?) is the estimator for the rate at
which Muon Drift Tubes and similar detectors in the muon system will count in
response to the background particle rates.

Muon penetrating particle rate (kHz/cm?) is the estimator for the muon level-1
trigger rate from background particle rates.

Star density (N/cm?®) represents the density of hadronic inelastic interactions
with energy above 50MeV. [#¢]

6.2. SHIELDING STRATEGIES AND MATERIALS

High energy particles from the IP initiate showers, as they encounter the
materials of the detector. Ideally, the shielding materials should be thick enough to
absorb all charged particles. ATLAS has almost 2825 tons of shielding (1887 tons of
metal, 920 tons of concrete, and 18 tons of plastic) in order to limit the hazards of
background radiation. Since different types of radiation require different types of
shielding materials, a multi-layered shielding approach is used.
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The inner layer needs to be as dense as possible in order to stop high energy
hadrons and secondaries, so it is built from materials that give a large number of
interaction lengths into a limited volume, such as copper and iron. In the case of iron,
a minimum carbon content of a few percent is advantageous, since it efficiently
moderates the neutron energies down to lower values.

The remaining neutrals are mostly neutrons, which can travel long distances,
losing their energy gradually. The second layer is consisting of doped polyethylene,
which is used to moderate the neutron radiation escaping from the first layer. The low
energy neutrons are then captured by a dopant (either boron or lithium).

Photon radiation is created during the neutron capture process. The third
shielding layer, which consists of steel or lead, is made to stop these photons. Lead is
more effective in stopping photons but it has the disadvantage of giving off more
neutron radiation than steel.

In ATLAS, most of the energy from the primary particles is dumped into the
TAS collimators, and the Forward Calorimeters (FCal) which are among the strongest
sources of secondary radiation and are somewhat self-shielding. Since they are
compact, they have been further shielded with layers of dense material and cladding.
Although self-shielding, the FCal sits inside the endcap calorimeters, and is not far
from the first forward muon station, so there is relatively little space for shielding in
this “corner” of the detector, and many design iterations have been done to optimize
the shielding shapes and materials in this region.

Shower lengths will be determined by the material-dependent radiation lengths
for electrons and photons, and hadronic interaction lengths for hadrons. Shower
lengths increase logarithmically with particle energy so, as the energy increases,
shower maximum moves deeper into the material and leakage out the back of the
shielding increases. [*¢]

Material p (g/cm?) A(cm) Xo (cm) Comment
Pure Cu 8.9 17.5 1.45 expensive
Cu Alloy 8.6 8.8 18.0 - 18.4 1.4-1.35 machinable
Pure Fe 7.9 19.1 1.8 n resonances
Steel 7.8 19.2 1.8 low carbon
Caste Fe 7.2 20.4 2 3% carbon
Pb 11.4 18.9 0.56 y filter
Pure W 19.3 10.3 0.35 elemental
W Alloy 18.2 11.2 0.38 expensive
Concrete 2.4 46.9 10.9 walls
C 2.3 50.0 18.8 moderator
Al 2.7 37.2 8.9 structural
Polyethylene 0.94 92.4 47.0 moderator

Table 6.1: Radiation lengths and interaction lengths for the materials more
commonly used in the shielding. The graphic comparison of some of these materials is
presented in Appendix 1. [*¢]

-130-




6.3. ATLAS SHIELDING REGIONS

Figure 6.1: The shielding in ATLAS is divided up in six subprojects.

6.3.1. JF - THE FORWARD SHIELDING

The purpose of the two Forward Shielding assemblies is to protect the middle
and outer end — cap muon stations from background particles created in secondary
interactions in the beampipe, the calorimeters and the TAS collimators. This shielding
is removable and will be stored in the surface building during maintenance of
ATLAS. The JF shielding consists of 2x387=775 tons of cast iron, 2x24=48 tons of
steel plates and 2x5.5=11 tons of polyethylene for a total weight of 2x418=836 tons.

Cylindrical core sections Octagonal sections

3 cm steel plates

3 cm steel plates

5 cm polyethylene 8 cm polyethylene

Ductile cast iron

A - frame
Stainless stee <

Ductile cast iron

Figure 6.2: JF shielding !

The shielding consists of two parts: The cylindrical core, which is enclosed in
a 5 cm polyethylene layer and the octagonal back that is surrounded by a thick layer
of 8 cm. Three pieces called JFC1 ("the bridge"), JFC2 and JFC3 are used for the core
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and two pieces called "JFS3 upper" and "JFS3 lower" for the octagonal back. All
pieces are made of cast ductile iron, which has a large carbon content useful as a
moderator of neutron radiation and they are surrounded by a layer of polyethylene
doped with boron in the form of H3BOs and followed by a 3 cm thick steel layer.
These polyethylene layers are made of 10000 bricks of three different shapes. B[

Washers

T

—

Figure 6.3: The massive shielding in the forward region (JF, JN) and TAS collimator. ¢!

6.3.2. JD - THE DISK SHIELDING

The Disk shielding (JD) has a diameter of 872 cm and a total weight of
2x87=174 tons and serves a threefold purpose. Firstly, it supports the muon chambers
in the first end-cap muon station (Small Wheel). Secondly, it shields these chambers
from background radiation emerging from the calorimeters. Also, it provides a well-
defined way for the magnetic field flux return from the solenoid magnet. The bulk of
this shielding disk, which supports end — cap muon trigger chambers, consists of a
vertical steel disk with a diameter of 872 cm. Three such disks are used for the 8 cm
thick “large disc”. Two disks of diameter of 540 cm are used for the 5 cm thick “small
disk”. Two cast iron ribs of 1.6 tons attached to the large disk are used to increase the
mechanical stability of the JD.
Jrnn

| [pyon
DETECTORS

i

AR PROS

Figure 6.4: JD shielding Y
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The magnetic field is lead back through the electronic boxes of the Tile
calorimeter by using 31 ring segments, with a weight of 161 kg each, attached to the
large disk.

At the center of the large disk and surrounding the beam-pipe is a stainless
steel tube of length 208 cm, weight 5.4 tons and diameter 106 cm stainless steel tube
containing a set of cylindrical shielding pieces made of leaded red brass (85% Cu, 5%
Pb, 5% Sn, 5% Zn), which also supports Cathode Strip Chambers (CSCs) and
Monitored Drift Tubes (MDTSs).

?é - b '..'.

Figure 6.5: Left: The stainless steel tube. Right: The front of the JD shielding (IP side). [**!

g i

The total weight of the muon chambers is about 13 tons (SW 12 tons and
TGCs 1 tone) which brings the total weight of one JD/SW assembly to 98 tons. ) €1

6.3.3. JT - THE TOROID SHIELDING

The toroid shielding consists of two parts: JTT which is outside the toroid and
surrounds the beampipe, and JTV which is neutron shielding situated inside the
endcap toroid cryostat.

FRONT WALL ()
/ BACK WALL
Polyethylene
doped with B ) ,/4 | o Eul);c;hy.l‘cl:li _
Y oped wi i
=\l JIT PLUG
FRONT RING T M / Cast iron
Polyethylene '/
doped with B e, TR / I 4

JTT POLY
Polyethylene
doped with B

TOROID INNER BORE TUBE
Stainless steel

BACK RING
Polyethylene
doped with B

Figure 6.6: JT shielding ="
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The JTT is a cylindrical structure made of ductile cast iron of overall length
about 473.6 cm, which surrounds the beampipe on the inside of the two end-cap
toroid cryostats. The shielding consists of four plug pieces numbered (1 — 4) from the
back. The front piece has a large hole in the center, into which the stainless steel tube
of the JD fits. On the outside of the cast iron is a polyethylene layer doped with B20O3
(5%) that is used for neutron shielding. The photons created in the polyethylene layer
are stopped by the stainless-steel ECT bore tube, which supports the shielding in the
end-cap toroid. The JTT shielding consist of 2x55=110 tons of cast iron and
2x1.3=2.6 tons of polyethylene for a total weight of 113 tons.

Figure 6.7: The JTT is installed in the hole in the center of the ECT cryostat which is
illustrated left. The final JTT ductile iron core pieces are shown at the picture right. [

The JTV consists of various polyethylene structures, which are located in the
vacuum of the end-cap toroid cryostats and its purpose is to moderate neutron
radiation and stop the low — energy neutrons by absorption in the boron. In particular,
it consists of the front wall (petals) which are 8 cm thick plates and a front and back
ring, all made of polyethylene. The polyethylene is doped with boron carbide B4+C
(5%), which causes fewer out-gassing problems than other dopants. The front ring
covers the radius 93 to 142 cm and it has a weight of 432 kg, while the back ring
covers the radius 96.5 to 134.3 cm and has a weight of 220 kg. Photons created when
the neutrons are absorbed by the boron are stopped by the aluminium of the cryostat
itself. (). 631

Figure 6.8: Left: Installation of JTV petals on the endcap toroid endplate. Right: A
JTV petal segment in the front wall. [©°]
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Figure 6.9: Various pieces of the disk shield (JD) and toroid shield (JTT and JTV). The
location of the muon chambers in the Small Wheel (SW) are also indicated. [*¢]

6.3.4. JM - THE MODERATOR SHIELDING

The moderator shielding (JM) on the front face of each of the endcap and
forward liquid argon calorimeters reduces the neutron fluences and protects the inner
detector from back-splash of neutrons from the calorimeter. Its mass that is as small
as possible and the total weight of this shielding is only 2x168 kg. It is made of
polyethylene, doped with (5%) boron carbide (B4C). This dopant results in a plastic
that is more radiation hard than if other boron dopants were used. This is important
since the shielding in front of the forward calorimeter is exposed to a very large dose
of radiation during the ATLAS lifetime.

JM shielding consists of two parts: The 2m diameter disc of 90 kg on the front
face of the endcap liquid argon calorimeter and the tube and plug of 52 kg which lines
the alcove in front of the forward calorimeter. The tube cover has water pipes on the
inside for cooling during beampipe bake-out. £ [63]
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Figure 6.10: Inner detector region and JM shielding

]
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Figure 6.11: Left: The JM after installation on the endcap calorimeter. Right:
Installation of scintillators on top of the JM disc. [**!

"

6.3.5. JN - THE NOSE SHIELDING

The nose (JN or TX1S) shielding supports the TAS collimator and protects
ATLAS from the radiation created in the TAS, which is designed to prevent the first
LHC quadrupole from quenching due to the energy deposited by the particles
emerging from the interactions in ATLAS. The nose shielding is permanently
installed in ATLAS and cannot be removed during shutdowns.

The main part of this shielding is the cylindrical 117 tone heavy monobloc
made of cast iron with outer diameter of 295 cm. It is supported by a tube that is
anchored in a 460 tone concrete structure. This cast iron tube has a weight of 51 tons
and it has an inner diameter of 257 cm and an outer diameter of 297 cm.

The 2x200 tone heavy “washers”, which are located around the support tube,
surround the tube and the monobloc and increase the radial thickness of the iron
shielding by 112 cm in a region where the monobloc is thin. 1% [53]

Support fube

TAS collimodor
TAS crudl=

Momobloe
Washers

Concrete

Figure 6.12: Schematic view of JN
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Figure 6.13: Left: The monobloc after installation. Right: Front view of the TAS collimator
and the remotely controlled beampipe flange. !

6.3.6. PLUGS IN THE LAR CALORIMETER

There are three brass shielding elements inside each of the end-cap calorimeter
cryostats, located directly behind the calorimeters. The largest one of outer diameter
387 cm, inner diameter of 118.2 cm and weight of 12 tons is attached to the rear
endplate of the cryostats. Closer to the beam-line are two other shielding plugs. Plug 2
is a smaller ring shaped shielding with a weight of 0.9 tons, an inner diameter of 95
cm and an outer diameter of 135 cm. Plug 3 is a cylindrically-shaped extension of the
forward calorimeters. The main purpose of these shielding elements is to protect the
end-cap inner muon stations from the background radiation. 1. [

EMEC HEC1 | HEC2
PLUG 1
—PLUG 2
-_-lFCALl FCAL 2||[FCAL 3 —PLUG 3

— | | T 1

Figure 6.14: LAr calorimeter shielding plugs **

6.4. MEASUREMENTS, PREDICTIONS AND RADIATION IMPACT

The largest impact from background radiation is of course to be expected close
to the beampipe, in particular in the region of the inner detector and the forward
Calorimeters. The secondary sources leading to background radiation in the outer
regions of the detector depend on the locations where the most energy is deposited by
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primary particles. The three hottest sources in order of importance are (1) the core of
the TAS collimator at 19.5 meters, (2) the core of the forward calorimeter at 5.2
meters, and (3) the beamline, from 5.2 meters to about 14 meters. Projected radiation
levels in key areas of the detector are described below. The energy deposited in each
TAS collimator is of the order of 2.3 TeV. Each FCAL calorimeter absorbs about 0.45
TeV while about 50 GeV are deposited in the beam pipe. B

6.4.1. PREDICTIONS FOR THE INNER DETECTOR

The inner detector sees the primary particle production coming from the
interaction point, along with albedo particles with their largest number coming from
the face of the endcap calorimeter. Charged hadrons, dominated by charged pions
originating from the p-p collisions, constitute the most serious background for the
innermost layers of the inner detector. The charged hadron fluence contours run
parallel to the beamline, which is a consequence of the flatness of the charged particle
rapidity plateau of minimum bias events. Hadrons above 10 MeV are less numerous,
but are also important.
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Figure 6.15: Charged hadron fluence rates in the inner detector. [“8]

The variation in fluence levels is much less for neutrons than for charged
hadrons. Most of the neutrons in the inner detector are the result of albedo (back-
splash from the calorimeters).

Considering photons, the fluence contours are similar to those of neutrons
away from the beamline, indicating that most of the photons are being produced from
neutron capture. Photons are also produced copiously from interactions in the
beamline equipment and the minimization of the material it is important in this region.
Another source of photons is from n° decay, which dominates the fluences at high
energies. [ [48]
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Figure 6.16: Left: Total neutron fluence in the Inner detector. Right: Proton fluence rates in
the Inner detector [“]

6.4.2. RADIATION IMPACT ON THE INNER DETECTOR

lonizing energy loss in the surface layers results in damage to silicon devices.
Electrons resulting from ionization in semiconductor oxide layers quickly drift from
the oxide layer, driven by the bias voltage. The low mobility holes that are left behind
slowly drift towards the Si-SiO- interface, where they accumulate as a charged layer,
modifying the operating characteristics of the device.

Another effect is bulk (or displacement) damage which dominates the damage
to “minority carrier” devices (silicon detectors, bipolar electronics etc.). Damage
effects by energetic particles in the bulk of any material can be described as being
proportional to the displacement damage cross section D, which depends on the
particle type and energy.

Silicon detectors, and other detector components, are also subject to damage
by ionizing radiation, also referred as “ionising dose” damage (Gy/y). The character
of the damage due to this ionisation energy loss is quite different from displacement
damage, in that it typically involves only the surface layers of detectors, since the low
energy electrons and positrons responsible for the majority of the damage have little
penetrating power in silicon.

Charged particles will induce ionization at an energy dependent rate, dE/dX,
given by Bethe-Bloch formula, and photon backgrounds can be important since they
interact readily to produce charged particles. 21 [48]
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6.4.3. PREDICTIONS FOR THE CALORIMETER

The forward calorimeters will be exposed to up to 160 kGyly, whereas the end-cap
electromagnetic calorimeters are exposed to up to 30 kGy/y, numbers which lead to very large
integrated doses over the full lifetime of the experiment. This is one reason why only the LAr
technology with its intrinsically high resistance to radiation is used in the end-cap and
forward regions. The tile calorimeter, with its scintillator samplings read out by wavelength-
shifting fibres, is protected by the LAr electromagnetic calorimeter and is exposed to less than
30 Gyly.

The photon map shows an electromagnetic shower development at around z = + 4.9
m. The neutron map emphasizes the hadronic shower maximum at z =+ 5.1 m. 3 [48]

Z (m)
Figure 6.17: Total neutron flux and Photon flux in the calorimeter region (GCALOR) [“¢]

6.4.4. IMPACT ON THE CALORIMETER

The TileCal consists of steel absorber material, impervious to radiation
damage and scintillating plates read out by wavelength shifting (WLS) fibers. TileCal
irradiation tests for possible damage to the scintillator and WLS fibers concluded that
these elements can have their light yields reduced by ionizing radiation, including the
ionization induced by interacting background neutrons.

The TileCal photomultiplier tubes (PMTs) and front end electronics are in
‘drawers’ positioned between structural steel support girders at the back of the TileCal
modules. In both the barrel and endcap, this region is well shielded by the total depth
of the ATLAS calorimeters. The most exposed regions are at the ends of the drawers,
where there are gaps for inner detector services and electronics.

As for the LAr calorimeters, the argon itself is not susceptible to radiation
damage, either short or long term. However, the radiation rates in the ATLAS FCAL
region are exceptionally high, and there was concern that activation of the argon
might lead to signal or safety problems. The absorber and structural materials used in
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the ATLAS LArg calorimeters are primarily metals known to be radiation resistant
and ‘stable’, meaning that they do not release potential poisons into the argon. [“¢]

6.4.5. PREDICTIONS FOR THE MUON SPECTROMETER

The main source of the background recorded in the active elements is from
particles produced in the interactions of primary hadrons from p - p collisions with the
material of the detector, especially the calorimeters and the toroid structures, and with
machine elements such as the collimators and the beam pipe. The particles are
neutrons, low-energy photons originating from neutron capture, and charged particles.
The neutrons mostly have thermal energies, while the photons are concentrated in the
200 keV to 2 MeV energy range. The interaction of these photons with the detector
material (aluminium in the case of the precision chambers, bakelite or G10 in the case
of the trigger detectors) produces a signal in the sensitive volume of the chamber via
the Compton effect with a probability of about 102, Neutrons have a much lower
probability to produce a direct signal in the muon detectors, but are directly
responsible for the photon flux. The charged-particle background consists mainly of
muons, charged pions, protons, electrons and positrons. The muons and pions are
produced mostly in K° decays, while the protons emerge from neutron spallation
processes. Hadrons and muons have a typical momentum of 100 MeV.

The CSC’s in the inner end-cap stations will be exposed to the highest
ionizing dose (3 - 20 Gyly). The chambers closest to the beam-line in the middle end-
cap stations are expected to receive at most 10 Gy/y. Most of the muon spectrometer
will, however, be exposed to less than 1 Gy/y. 1 [46]

6.4.6. CONSEQUENCES OF THE BACKGROUND AT THE MUON SYSTEM

High particles fluxes in the muon system have a major impact on the
spectrometer design. The most important consequences of this background are the
high occupancy of the muon detectors, especially in the inner stations at large |n|,
space-charge effects, and the reduced lifetime of the muon detectors. These effects are
mainly determined by the intensity of the photon flux, and indirectly by the intensity
of the neutron flux. The highest fluxes are expected in the innermost end-cap muon
stations, in particular in the CSC’s, which will have to cope with a large background
counting rate, although the estimation of this rate is subject to systematic
uncertainties. Fluxes tend to be isotropic in the barrel, while in the end-cap a
substantial fraction of the particles originates from the interaction region and from the
beam-pipe in the region of the end-cap toroids, which is the main local source of
secondary radiation. The physics performance of the Muon System begins to be
degraded if the background level becomes larger than ten times the one presently
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estimated by muon track reconstruction studies. Moreover, a high fake LVVL1 muon
trigger rate occurs due to charged particles with a momentum around 100 MeV. Bl

6.4.7. FAKE MUON TRIGGERS

They are two broad classes of background hits: primary collision products,
such as prompt muons from heavy particle decays and hadronic debris of calorimeter
showers; very low-energy secondaries from radiation background. The ATLAS muon
instrumentation has been designed to offer the rate capability and robustness to the
high occupancies required for running at nominal luminosity. The LVL1 trigger
system is based on dedicated, fast and finely segmented detectors. The accidental
trigger rate should remain below the rate expected from prompt muons including
safety factors in predicted background rates.

The radiation background affects the muon system by generating uncorrelated
noise hits and by producing penetrating particles. A large background flux is expected
in the experimental cavern at the LHC from the interactions of hadrons produced in p-
p collisions with the forward elements of the ATLAS detector, the shielding system
and machine elements. The particles produced in such secondary interactions and
their decay products can induce high counting rates in the muon trigger system and
may significantly reduce the muon track-finding efficiency.

The muon-detector counting rate depends strongly on the muon station
position and pseudorapidity. Typically, in the barrel chambers at high luminosity, the
nominal rate in the first station is ~10 Hz/cm?, and increases to 100 Hz/cm? around
In|=0.7. For the end-cap chambers, the counting rate in the inner stations increases up
to ~1 kHz/cm?. The counting rate in all the other stations is significantly lower, with
values in the range between 10 and 30 Hz/cm? and depends weakly on
pseudorapidity. The dominant contribution to this rate comes from the photon flux,
whereas charged particles contribute a rate of only a few Hz/cm?2. The MDT chambers
have been designed to handle up to 5 times counting rates of about 10 Hz/cm2 in the
middle of the barrel and up to about 100 Hz at Pseudorapidity ~2, while CSCs are
designed for rates above 200 Hz/cm2 and are to be used in the most critical forward
location. RPCs and TGCs provide transverse measurements used by the trigger to
reject muons with pT below a given threshold. The sensitivities of the chambers to the
neutron and photon background for estimation of the trigger rates are given below:

Chamber type Neutron sensitivity Photon sensitivity
MDT ~5*10* ~8*103
CSC ~10* ~5*10°
RPC/TGC ~10* ~5*103

Table 6.2: Average sensitivity of muon chambers to neutron and photon background
used in trigger rate estimates. [¢]
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Particles of low energy (up to 10 MeV) include mainly soft Compton electrons
and neutron-induced soft protons. Such particles produce hits in a single trigger
counter (no correlation between trigger planes). This incoherent background was
produces triggers at rates much below those expected from p-p collision products. The
dominant contribution to the fake low-pT trigger rate in both barrel and end-cap arises
from the coincidence of a pair of hits from a penetrating particle in one of the low-pT
stations, with one or more hits deposited by any other particle. The fake high-pT
trigger rate is dominated by a low-pT trigger in coincidence with any other hits (or
track) in the high-pT station of the barrel or end-cap.

Harder particles that (momenta above 10 MeV) can give rise to hits in more
than one plane of trigger detectors, and thus fake a muon trigger. The majority of such
triggers are due to muons of momentum around 100 MeV, arising directly or
indirectly from the decay of neutral kaons (K°— unv). This background is therefore
called the ‘100 MeV background’. The K> flux is produced by interactions of
secondaries with the material of the detector, and the forward shielding.

The counting rates have been evaluated as:

Single plane countingrate=n-en+y-g + (p+ n+ p + 0.25¢)
Penetrating particle rate =0.1-y-g + (p + m+ p + 0.25¢)

where “n” and “y” stand for neutron and photon particle fluences respectively,“en”
and “g,” are the corresponding average neutron and photon chamber sensitivities. For
charged particles, p, m, n, and e, stand for currents instead of fluences. Fluence is
proportional to the track length in a given volume and is appropriate for hits resulting
from neutral particle interactions in the chamber while particle current gives a better
estimate of the counting rate induced by charged particles crossing a chamber. The
efficiency for charged particles to produce a hit in a chamber is taken as 100%.
Electron currents are multiplied by a factor 0.25 to avoid double counting of electrons
produced in photon interactions in neighbouring material. The factor 0.1 multiplying
the photon fluence in the penetrating particle rate is a rough estimate of the fraction of
photon interactions that result in a coincidence of two adjacent planes.

Single chamber counting rate is dominated by the photons at ~80%, while
neutrons contribute at the 10% level. In the inner barrel, the contribution from
punchthrough muons raises to about 15% and from pions to a few %. In the forward
region, photons contribute somewhat less to the counting rate. Penetrating particle
rates are shared between charged particles and photons in the forward region and
dominated by photons and electrons in the barrel. Photons and protons account for
about 70% of the rate while muons and electrons share the remaining 30% and pions
are negligible.
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MDT Inner single 12% n 64% vy 8% p 7% p 9% e
Forward - "nenetrating 21% -y 27% p 24% 28% e
MDT Outer single 12% n 74% vy 4% p 1% p % e
Forward penetrating 35% vy 17% p 7% p 41% e

Table 6.3: Relative contributions from different particle species to the single plane
and penetrating particle counting rates. The “MDT Inner Forward” set of data, corresponds to
the Small Wheel MDT chamber closest to the beam, while the MDT Outer Barrel,
corresponds to MDT chambers of the outer barrel. [4¢]

6.4.7.1. PARTICLE EFFICIENCIES

The chamber efficiencies for neutrons, photons and electrons have
been calculated for each type of chamber with the detailed Geant3 geometry
taking into account the angular distribution of the particles.

GCALOR
neutron | single-plane | double- double-compton fraction of
photons plane electron
photons 3/4 2/3 3/4*2/3 rate
MDT (BA) | 3.0*10* 5.0*10° 5%
MDT (EC) | 3.0*10* 4.7/5.2 10%
103
CSC 1.2*10* 7.4%10°3 10%
RPC 2.0*10* 6.5%10° 5.0%10* 3.5%107 5%
TGC 5.0*10* 4.4/5.1/6.7 | 2.0/3.5/5.7 | 1.2/2.4/4.0 | 4.9/9.5/16. | 2.7/4.4/7.2 10%
103 10* 10 10° 108
FLUKA
neutron | single-plane | double- double-compton fraction of
photons plane electron
photons 3/4 2/3 3/4*2/3 rate
MDT (BA) 5.5%10° 5%
MDT (EC) 5.7/5.6 10%
103
CSC 6.0%10° 10%
RPC 5.4*10° 2.2%10* 1.9*107 5%
TGC 5.7/5.5/5.5 | 3.8/3.6/3.7 | 3.5/2.6/2.6 | 9.6/9.5/10. | 22./8.9/10.4 10%
103 10+ 10° 10° 108

Table 6.5: Summary of average efficiencies obtained by folding efficiency curves

with the GCALOR spectra and the FLUKA spectra. In the endcap the values are given for

high/mid/low n values respectively. [*]
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Figure 6.18: MDT Efficiency for neutrons [“¢]

There are three components that contribute to the efficiency. Neutron capture,
most probable for thermal neutrons, with subsequent gamma emission and interaction
are responsible for the efficiency up to approximately 0.1 keV. Then, from the
chamber signal detection threshold (~ 1 keV) up to 10 MeV, it is the recoil of gas
nuclei with its associated ionization that produces the signal. At higher energies,
charged secondaries, mainly protons from quasi-elastic neutron scattering in the
chamber wall or surrounding material, are the source of the signal.

The average efficiencies have been calculated for the different chambers and
different locations.
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Figure 6.19: Efficiency for neutrons for the different chamber types as calculated
with Geant3. Experimental measurements are shown for CSC and TGC. [“8]
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Efficiency for photons
The single plane efficiency for photons in the MDT chambers is shown above:

MDT efficiency for pholons
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Figure 6.20: Efficiency for photons in MDT chambers as calculated with Geant3
(coloured stars) and as calculated with FLUKA (black circles). (4]

The efficiency below 100 keV is due to photo-electric effect in the gas, while
the raising curve in the 1 MeV region is due to Compton scattering in the tube
wall. Around 10 MeV, pair production becomes important and interactions in the
material surrounding the chamber do play a role. The calculation was done for an
isotropic photon flux and for a set of three MDTSs without the surrounding RPCs
and chambers support. The curves are similar in the region where Compton
scattering in the wall dominates. At low energy differences can be expected due to
the different gas composition and sensitivity to surrounding material. At high
energies, the latter has also an influence.

The single plane efficiency for RPC is shown below. Photon absorption is
relatively less important in this case.
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Figure 6.21: Single plane efficiency for photons in RPC chambers as calculated with
Geant 3. [48]

The efficiency for firing a single plane in a TGC triplet is shown in the figure
below. The efficiency has been measured experimentally with collimated sources
of photons impinging perpendicularly to the chamber surface. The energy range
covered was 20 keV to 1.8 MeV. The Geant3 simulated efficiency is in quite good

agreement with the experimental data.
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Figure 6.22: Efficiency for firing a single plane in a TGC triplet as simulated with
Geant3. Experimental data are also represented. [“€]
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The efficiency for CSC is shown below. Good agreement is seen in the region
dominated by Compton effect. Differences in the details of the chambers
geometry and in the gas used in the simulation and in the experiment may explain
the higher experimental efficiency below 100 keV.
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Figure 6.23: Efficiency for firing one the CSC plane. Experimental values are also
available. [*¢]

The average MDT and RPC photon efficiency have been calculated with the
GCalor energy spectrum and the AV16 FLUKA spectrum by folding the spectra
with the efficiency. The RPC single plane efficiency folded spectra are shown:

—1 RPC Fluence {kHz/cm#x2) = efficiency for photons

F B GCALOR Barrel spectrum

b e Aukaavis

E * Fluence » single eff (kHz/cmes2)

16°
E MeV

Figure 6.24: Photon energy spectra folded with the efficiency for firing a single RPC
plane. [*]
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An important characteristic of the RPCs is the probability for a photon
to fire a couple of planes inside a station. So far it was assumed that 10% of
the photons would be able to satisfy the coincidence. The efficiency for
satisfying the coincidence has been calculated: the coincidence window is 3
strips, (-1,0,+1) in strip number.

The probability that a photon fires two planes as a function of the
energy of the photon is shown in the picture below. It is a sharply raising
curve around a few MeV.
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Figure 6.25: Gamma efficiency for RPC: stars for a single layer, open circles for
firing a doublet, open triangles for fulfilling the trigger logic. The single plane efficiency of
TP MDT is given for comparison (full dots). [*]

The probability that the photon interaction fulfils the muon trigger logic in the
eta projection is also shown in the figure. At these energies, the photons mainly
undergo Compton scattering, producing sometime energetic electrons able to cross
two planes. But, in addition, the scattered photon may continue, unhampered by the
magnetic field, reach the next station and produce a second electron (“Double-
Compton”).
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Figure 6.26: Example of 10 MeV photon that triggers two planes (left) and 3 planes

(right). (48]

The following table summarizes the efficiencies and expected counting rates.

Average efficiency

Counting rate at low luminosity

Single plane (GCalor) 6.5*10° 0.7-1 Hz/cm?
Single plane (FLUKA) 5.4*10-3 1.2-2.2 Hz/cm?
Doublet (GCalor) 5.0*10-4 5-7*102 Hz/cm?
Doublet (FLUKA) 2.2*10-4 5-9*%102 Hz/cm?
Low pt Trigger (GCalor) 3.5*10-7 340-490 Hz (barrel)
Low pt Trigger (FLUKA) 1.9*%10-9 420-790 Hz (barrel)

Table 6.6: Averaged efficiency for firing a single RPC plane, a doublet of RPC and
fulfilling the low pt trigger logic in the barrel. Counting rate are given fr low luminosity. The
range in rates corresponds to low and high Z, respectively. The counting rates for the barrel
are calculated for a surface of 107 cm?. [#8]

For the TGCs examples of photons firing 3 out 4 planes in a TGC doublet and
fulfilling the full endcap trigger logic are shown:

|

|

Figure 6.27: Example of 200 MeV photon that triggers 3 out of 4 planes (left)
and the full trigger logic 3-out-4 and 2-out-3 (right). [*¢]
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The probability of firing 3 out of 4 planes in a TGC doublet is about an order
of magnitude higher than in a RPC doublet, due to the different angular distribution of
the photons and the lower magnetic field.

e Efficiency for charged hadrons
Protons and pions are rather energetic, having energies above 20 MeV. They
fire a plane or a couple of RPC planes with 100% probability.

e Efficiency for electrons
In the case of electrons, most of the e+ background is produced locally in the
muon chamber material, and is therefore accounted for in the photon sensitivity
functions. What is relevant for the trigger is the fraction of electrons that is able to fire
a RPC or a TGC doublet. The figure below shows that probability as a function of the
electron energy as simulated with Geant3. [*®]

RPC ond TGC doublet efficiency for electrons

s

Efficiency

10 | O Eff electron RFC doublet
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Figure 6.28: Probability for an electron to fire a RPC doublet and to fire a TGC doublet. [€]

6.4.8. IMPACT ON ELECTRONICS

The high radiation levels in ATLAS can affect electronic components by one
or both of the following routes: (1) the slow accumulation of radiation damage over
long periods of time as the experiment runs, leading to signal degradation or
destruction of components, or (2) individual interactions of background particles
(mostly high energy hadrons) with electronic components, causing large local
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ionization deposits that corrupt data (“single event upsets”) or destroy components
(“single event damage™). In principle, these effects extend to all components in the
trigger and data acquisition system, both analog and digital: preamps and front-ends,
pipelines and processors, optical and wire data links, monitoring electronics, voltage
regulators and power supplies, etc. And because the inner detector silicon microstrip
and pixel detectors are essentially electronic devices, these are vulnerable to the same
classes of damage as the data acquisition system. [4¢]
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/. SIMULATIONS AND MEASUREMENTS

7.1. METHODOLOGY OF THE SIMULATION

Simulations using simple geometries like sphere and cube where conducted in
order to verify the validity of more complex geometries (Appendix 1).

7.1.1. CYLINDRICAL GEOMETRIES

A Co-60 source is chosen for the first simulations. It is placed initially at
(0,0,0) which is the center of any simulated geometry. Co-60 decays into two photons
with energies 1.173 MeV and 1.332 MeV respectively.

Co-60 Gamma Spectrum

104 E T T ] ] ] T T T
; Photo peak 1
Channel 7051
I Energy 1.173 MeV T
i Photo peak 2
3 Compton Edge Channel 7969 E
£ (tor photo \\ ]
peak 1) Energy 1.332 MeV s
Channel 5628
S 10°L 3
o
10'L Backscatter .
Peak (for both Compton Edge
photo peaks (for photo peak 2.
[ Channel 1339 & 1419 Channel 6613

10

1 ] 1 1 1 1 1
] 1000 2000 3000 4000 5000 6000 7000 8000 9000
Channel Number

Figure 7.1: Co-60 spectrum

Simple Cylindrical modules can be combined to give a satisfactory
representation of the ATLAS detector and its cavern. A Right Circular Cylinder
(RCC) macrobody of 50 m long on the x-axis with a radius of 12.5 m, the Co-60
source in the center and filled with air is used. This dimensions can roughly represent
the ATLAS barrel, without any elements inside. The simulation runs for 1 minute of
computer time.
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Figure 7.2: Simulated cylinder with MCNP (3D plot). [Vised]

The total average cell photon flux within the cylinder is 13.89822 E-08
particles/cm? (relative error 0.0005). For the surface flux:

Surface Flux per source particle (#/cm?) Total flux for 2 source Relative error
particles(#/cm?)
Cylinder 2.87071 E-08 5.74142 E-08 0.0008
Right base 1.12482 E-08 2.24964 E-08 0.0070
Left base 1.15430 E-08 2.3086 E-08 0.0068

)

Flux per energy bin (particles/cm~) x 102

Table 7.1: Photon flux in a cylinder simulated by MCNP.

7.1.2. SOURCE TRIALS

14000

Flux per energy bin for a cylinder (barrel section) with Co-60 source

13000 —
12000 —
11000 —
10000 —
9000 —
8000 —
7000 —
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Figure 7.3: Surface flux spectra of the Co-60 source (for the barrel section) when it is placed

at (0,0,0). [Matlab]

Different photon sources into the cylinder simulated above are compared.
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Relocation of the Co-60 source:

Co-60 source at Xx=-1m

Surface Surface Flux (#/cm? Relative error
Cylinder 5.73676 E-08 0.0008
Right base 2.09388 E-08 0.0073
Left base 2.49846 E-08 0.0067
Co-60 source at x=-10m
Cylinder 5.44194 E-08 0.0009
Right base 1.17560 E-08 0.0099
Left base 5.49392 E-08 0.0044
Co-60 source at x=-20m
Cylinder 4.30708 E-08 0.0012
Right base 0.70113 E-08 0.0117
Left base 20.4134 E-08 0.0023
Co-60 source at y=1m
Cylinder 5.75696 E-08 0.0008
Right base 2.25316 E-08 0.0071
Left base 2.30094 E-08 0.0069
Co-60 source at y=10m
Cylinder 7.91262 E-08 0.0008
Right base 2.00498 E-08 0.0068
Left base 2.00644 E-08 0.0067

Table 7.2: Photon flux measurements after the relocation of the source.
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Figure 7.4: Surface flux spectrum when the Co-60 source is relocated at x=-10cm. It can be
observed that it remains exactly the same. [Matlab]

]
05 1 15 2 25 3

More Co-60 sources:
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Energy bins (MeV)
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"
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Two Co-60 sources at x=-1m and x=1m

Surface Surface Flux (#/cm? Relative error
Cylinder 11.4854 E-08 0.0008
Right base 4.57448 E-08 0.0071
Left base 4.55412 E-08 0.0069
Three Co-60 sources at x=-1m, x=0 m and x=1m
Cylinder | 17.2298 E-08 | 0.0008
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Right base 6.83652 E-08 0.0071

Left base 6.83994 E-08 0.0069
Three Co-60 sources at x=-10m, x=0 m and x=10m

Cylinder 16.6367 E-08 0.0008

Right base 8.9236 E-08 0.0061

Left base 8.9922 E-08 0.0060

Table 7.3: Photon flux measurements when an extra sources are used.

e Other sources:

Source at (0,0,0) that emmits one photon of energy 1.332+1.173=2.505 MeV

Surface Total Surface Flux (#/cm?) Relative error

Cylinder 2.86875 E-08 0.0008

Right base 1.14596 E-08 0.0081

Left base 1.14364 E-08 0.0078

Source at (0,0,0) that emmits one photon of energy 5 MeV

Cylinder 2.87121 E-08 0.0009

Right base 1.15031 E-08 0.0080

Left base 1.15612 E-08 0.0079

Table 7.4: Fluxes when other sources are used
Comparison of the flux per energy bin for a cylinder (barrel section) for different sources
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Figure 7.5: Comparison of the flux spectra per energy bin for the Co-60 source, the 2.5 MeV source
and the 5 MeV source. Obviously, peaks are expected at the energies of the source particles and

Energy bins (MeV)

practically, the spectrum is relocated, when the energy of the source particles increases. [Matlab]
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Figure 7.6: Particle tracks from a 30 MeV source placed at (0,0,0) and their tracks
after collision. 73468 points were plotted. minimum energy used = 0.1000E-08 maximum
energy used = 0.1000E+04, minimum energy found >1.e-9=0.1000E-02, maximum energy

found = 0.3000E+02, blue for minimum, red for maximum. [Vised]

Figure 7.7: Particle tracks from a 10 MeV source placed at (2000,0 0) and their tracks after
collision. 58522 points were plotted. [Vised]

Figure 7.8: Particle tracks from three Co- 60 sources placed at (-20,0,0), (0,0,0),(20,0,0)
respectively and their tracks after collision. 85403 were points plotted. [Vised]
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Figure 7.9: Particle tracks from three Co-60 sources placed at (-2000,0,0), (0,0,0),(2000,0,0)
respectively and their tracks after collision. 84568 points were plotted. [Vised]
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Figure 7.10: Particle tracks from three 30 MeV sources placed at (-2000,0,0), (0,0,0),
(2000,0,0) respectively and their tracks after collisions. 75097 points were plotted. [Vised]

If we consider sources placed closely on the x-axis, a line source occurs. The
total flux depends of the total number of source particles, given that each source
emmits one photon of energy 5 MeV. So, the resulting flux depends on how many
sources it is supposed to be placed in order to obtain approximately a continuous line
and the total flux is multiplied accordingly. This line source can represent a beam on

the cylinder axis.

Line source of energy 5 MeV from x=-25m to x=25m (uniform probability)
Surface Surface Flux per source particle(#/cm?) Relative error
Cylinder 2.50906 E-08 0.0011

Right base 3.69682 E-08 0.0071
Left base 3.71622 E-08 0.0069

Table 7.5: Flux when a line source is used
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Figure 7.11: Line source of energy 5 MeV. The even distribution of the source can be
confirmed. [Vised]

.-/' .l"

Figure 7.12: Tracks after collisions from partlcles emmited from a line source of energy 5
MeV. [Vised]

Moreover, a volume source equal to the volume of the cylinder (radius 12.5m,
length 50 m) was used. Photons emit following uniform probability. According to the
previous case, the total flux depends on how many sources are placed into the
cylindrical volume.

Cylindrical source of energy 5 MeV length 50m, radius 12.5 m

Surface Surface Flux per source particle(#/cm?) Relative error
Cylinder 3.60612 E-08 0.0016
Right base 3.09944 E-08 0.0072
Left base 3.07619 E-08 0.0071

Table 7.6: Flux when a cylindrical source is used
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Figure 7.13: Distribution of source particles emmlted from the cylmdrlcal source.
16363 points plotted, minimum energy used = 0.1000E-08 maximum energy used =
0.1000E+04 minimum energy found >1.E-9 = 0.5000E+01, maximum energy found =
0.5000E+01, blue for minimum, red for maximum. The even distribution of the source can be
confirmed. [Vised]

Figure 7.14: Particle tracks (coII|S|ons) for the aforementioned source. 60176 points
were plotted. [Vised]

Considering all the above, the flux on each surface, when simulating a
cylinder filled with air, depends strongly on the number of emmited source particles
and not on the energy of these particles, which relocates the flux spectrum. Regarding
the energy of the source particles, it is also observed that more energetic particles
form straighter tracks and they can travel further. The number of the existing sources
can be a very influencing factor, when the relocation of the source can influence
slightly only the fluxes on the the approaching surfaces.

In different materials the energy of the source influences the induced flux on
surfaces.
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7.2. ATLAS

DESIGN AND SIMULATION

The simulated ATLAS geometry was based mainly on the following geometry
consisted of coaxial cylinders.
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Figure 7.15: One quadrant of the ATLAS detector [“¢]

The use of cylindrical MCNP macrobodies considered to be the most suitable
and easiest choice to represent this geometry.

7.2.1. DIMENSIONS OF THE ATLAS GEOMETRY

e Beampipe:
©)
©)

Regionl: z=[-355, 355]cm , r=2.9 cm, wall = 2.98 cm (beryllium).
Region2: z= [-1046.5,-355]cm & z=[355, 1046.5] cm, r=2.9 cm, wall
= 2.98 cm (stainless steel).

Region 3: z=[-1050.7,- 1046.5]cm & z=[1046.5, 1050.7] cm, r = 4cm,
wall = 4.1 cm (stainless steel).

Region 4: z=[-1441.6,- 1050.7]cm & z=[1050.7, 1441.6] cm,r==6
cm, wall = 6.15 cm (stainless steel).

Region 5: z=[-1888, -1441.6] cm & z = [1441.6, 1888] cm, r=1.7 cm
wall = 3 cm (copper).
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e Inner Detector: z=[-309.2, 309.2 ] cm, r=110.6 cm.
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Figure 7.16: Cross section of a detailed geometry of the ID. The various areas in
the ID where fluxes have been measured are also indicated. %]

Envelopes Z (cm) R (cm)
Pixel 309.2 4.55-24.2
SCT barrel 80.5 25.5-54.9

SCT end — cap 81-279.7 25.1-61
TRT barrel 78 55.4-108.2
TRT end - cap 82.7-274.4 61.7-110.6

Table 7.7: Dimensions of the different areas of the Inner Detector [31]

e EM Calorimeter (Barrel): z=[-309.2, 309.2] cm, r=200 cm around the ID.

e Forward Calorimeter: z=[500,600] cm and symmetrically for z<0, r=25 cm.

e EM-Had Calorimeter: z=[350, 650] cm and symmetrically for z<0, r=200 cm
around the FCal.

e Hadronic Calorimeter Barrel: z=[-309.2,309.2] cm, r=400 cm around EM Cal.

e Hadronic Calorimeter End-cups: z=[350,650] cm and symmetrically for z<0,
r=400 cm around EM-Had.
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Figure 7.17: Geometry of the Calorimeters around the 1D. [#¢]
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Shielding Regions, TAS and Magnets:

JT Cu Shielding: z=[800, 1300] cm and symmetrically for z<0, r=50 cm.
JD Shielding: z=[650, 800] cm and symmetrically for z<0, r=50 cm.

JF Iron Shielding 1:z=[1300, 1800] cm, r=100 cm.

TAS: z=[1888, 2188] cm, r=20 cm

Quadrupole: z=[2200, 2400] cm, r=20 cm

JF Iron Shielding 2: z=[1800, 2188] cm, r=200 cm around TAS.

JF Iron Shielding 3:z2=[2188, 2400] cm, r=100 cm.

JN Shielding 1: z=[2188, 2300] cm, r=250 cm around JF.

JN Shielding 2: z=[2388, 2400] cm, r=300 cm around JF.
Superconducting Magnet: z=[800, 1300] cm and symmetrically for z<0, r=500
cm around JT Cu Shielding.
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Figure 7.18: Geometry of the shielding, the TAS collimator, the Forward Toroid and the
quadrupole. [“¢]
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e Muon Spectrometer
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Figure 7.19: Detailed geometry of the muon spectrometer [°]

e (CSCs: z=[650, 800] cm, r=[50, 200] cm around JD Shileding.

e Small Wheel (EIL): z=[650, 800] cm and symmetrically for z<0, r=600 cm
around CSCs.

e Muon Inner Barrel (BIL): z=[-650, 650] cm, r=[500, 550] cm, wall 0.04 cm.

e Muon Medium Barrel (BML): z=[-900, 900] cm, r=[700, 750] cm, MDTSs as
above.

e RPCs (outside BML): z=[-900, 900] cm, r=[680, 770] cm around BML

e Muon Outer Barrel (BOL): z=[-1200, 1200] cm, r=[920, 970] cm.

e RPCs (BOL): z=[-1200, 1200] cm, r=[920, 990] cm.

e Muon End Cap (EEL): z=[1000, 1075] cm, r=[600, 900] cm.

e Muon Medium End Cap (EML): z=[1300, 1380] cm, r=[120, 1100] cm.

e TGCs 1 (EML): z=[1390, 1400] cm, r=[200, 1200] cm.

e TGCs 2 (EML):z=[1410, 1420] cm, r=[200, 1200] cm.

e Muon Outer End Cap 1 (EOL):z=[1800, 1850] cm, r=[600, 1200] cm.

e Muon Outer End Cap 2 (EOL):z=[2100, 2150] cm, r=[250, 500] cm.

e ATLAS cylinder: z=[-2400, 2400] cm, r=1250 cm.

e ATLAS cavern: Rectangular parallelepiped (3500 x 5500 x 4000 cm)

7.2.2. SELECTION OF THE MATERIALS
The materials used for each subsystem are listed below: [4°]
e Beampipe

o Inner Beampipe: Vacuum

o Beampipe Walls:
1. Beryllium Be-4, (4000, weight fraction 1), Density (g/cm®) =1.848000
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2. Stainless steel 202: Density (g/cm?) =7.860000

Element | Photon | Neutron ZA Weight Atom Atom Density
ZA Fraction Fraction
© 6000 6000 -0.000750 0.003405 0.000296
N 7000 7014 -0.001250 0.004866 0.000422
Si 14000 14000 -0.005000 0.009708 0.000843
P 15000 15031 -0.000300 0.000528 0.000046
S 16000 16000 -0.000150 0.000255 0.000022
Cr 24000 24000 -0.180000 0.188773 0.016386
Mn 25000 25055 -0.087500 0.086851 0.007539
Fe 26000 26000 -0.675050 0.659160 0.057217
Ni 28000 28000 -0.050000 0.046454 0.004032

Table 7.8: Composition of the Stainless Steel 202 “°]

3. Copper Cu-29 (29000 weight fraction 1), Density (g/cm?) = 8.960000

Inner Detector:

o Pixel: silicon Si-14,(14000, weight fraction 1), Density (g/cm?) =2.330000

o SCT: silicon Si-14,(14000, weight fraction 1), Density (g/cm®) =2.330000

o TRT: xenon Xe-54, (54000, weight fraction 1),Density (g/cm®) = 0.005485
EM calorimeter: lead Pb-82 (82000, weight fraction 1), Density (g/cm?) =11.350000
Hadronic Calorimeter: Stainless Steel
CSCs: Argon Ar-18 (18000, weight fraction 1), Density (g/cm3) = 0.001662
Muon Spectrometer: aluminium wall Al-13, for photons (13000,weght fraction 1), for
neutrons (13027,weght fraction 1), Density (g/cm?) = 2.698900
MDTs (BIL): Argon Ar-18
RPCs: 1,1,1,2 tetrafluroethane
CSCs: Argon Ar-18
TGCs: Co: , for photons C (6000, weight fraction 0.272912), O (8000, weight fraction
0.727088), for neutrons C (6000, weight fraction 0.272912), O (8016, weight fraction
0.727088), Density (g/cm®) = 0.001842
Superconducting Magnets: Titanium Alloy Grade 5, (simulating the actual Nb-Ti alloy),
Density (g/cm®) = 4.430000

Element Photon Neutron ZA Weight Atom Atom Density
ZA Fraction Fraction
H 1000 1001 -0.000110 0.004953 0.000291
C 6000 6000 -0.000570 0.002154 0.000127
N 7000 7014 -0.000210 0.000680 0.000040
O 8000 8016 -0.001410 0.004000 0.000235
Al 13000 13027 -0.061250 0.103023 0.006056
Ti 22000 22000 -0.893630 0.847256 0.049805
Vv 23000 23000 -0.040000 0.035635 0.002095
Fe 26000 26000 -0.002830 0.002300 0.000135

Table 7.9: Composition of the Titanium Alloy ]
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e TAS collimator: Copper Cu-29 (29000 weight fraction 1), Density (g/cm?) = 8.960000

e Quadrupole: Titanium Alloy Grade 5, (simulating the actual Nb-Ti alloy), Density
(g/cm?) = 4.430000

e JD Shielding: Stainless Steel 202
e JF Shielding: Iron Fe-26 (26000 weight fraction 1), Density (g/cmq) = 7.874

e JT Shielding: Copper Cu-29
¢ JN Shielding: Cast Iron, Density (g/cm?®) = 7.150000

Element Photon Neutron ZA Weight Atom Atom Density
ZA Fraction Fraction
C 6000 6000 -0.034000 0.137104 0.012189
Si 14000 14000 -0.026000 0.044836 0.003986
P 15000 15031 -0.003000 0.004691 0.000417
S 16000 16000 -0.001000 0.001510 0.000134
Mn 25000 25055 -0.006500 0.005730 0.000509
Fe 26000 26000 -0.929500 0.806128 0.071667

Table 7.10: Composition of the Cast Iron. !

7.2.3. PHOTON FLUXES ON SURFACES

Photon fluence rates (flux rates per second) for various regions of the ATLAS
detector have been collected by FLUKA AV16 and GCALOR simulations.

e Inner Detector:

Region R(cm) Z(cm) | Flux (#cm?)>30keV Flux (#/cm?) FLUKA/GCALOR
(FLUKA) (GCALOR)

PixB1 4.2 0-40.7 45764 E+03 309 E+05 1.48
PixB3 12.7 0-40.7 9147 E+03 963 E+04 0.95
PixD5 9.9-16 77 8329 E+03 129 E+05 0.65
SCTB1 30 0-75 4403 E+03 458 E+04 0.96
SCTB4 52 0-75 3905 E+03 375 E+04 1.04
SCTD9 44-56 272 7582 E+03 772 E+04 0.98
TRTW1 48 324-332 12596 E+03 105 E+05 1.20
TRTWO 104 324-332 5651 E+03 43 E+05 1.31
TRTBO 108 0-76 243 E+04 241 E+04 1.01

Table 7.11: Fluxes in the various regions of the Inner Detector. Statistical uncertainties are
typically less than 10%. [“¢]

e Calorimeters:

Given that an LHC year = 120 days = 10.368.000 sec.

Region Fluence/cm?/year Flux (#/cm?) (GCALOR)
Lar Barrel 0.378E+11 3645.83
Lar End - Cap 0.384E+10 370.37
Tile Low z region 0.226E+09 2.18
Tile mid z region 0.615E+10 593.17
Tile Cal 0.545E+10 525.66

Table 7.12: Fluxes in the various regions of the Calorimeters. (48]
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Muon Spectrometer:
Region Photon flux (#/cm?) Average flux per region
Muon Barrel
Inner Barrel
MDT IN low-z 1.00E+03
MDT IN mid-z 1.10E+03 1.1E+03
MDT IN high-z 1.20E+03
Middle Barrel
RPC MID low-z 1.00E+03
RPC MID mid-z 1.10E+03 1.17E+03
RPC MID high-z 1.40E+03
Outer Barrel
RPC OUTER low-z 1.10E+03
RPC OUTER mid-z 1.30E+03 1.30E+03
RPC OUTER high-z 1.50E+03
Muon End - Cap
Small Wheel Region
SW MDT OUT 2.40E+03
SW MDT MID 5.40E+03
SW MDT IN 11.00E+03 10.76E+03
SW TGC 10.00E+03
SW CSC 25.00E+03
Large Wheel Region
LW MDT OUT 1.70E+03
LW MDT MID 4.40E+03 5.7E+03
LW MDT IN 11.00E+03
Back Wheel Region
BW MDT OUT 0.80E+03
BW MDT MID 1.20E+03 1.17E+03
BW MDT IN 1.50E+03
Table 7.13: Fluxes in the various regions of the Muon Spectrometer [46]
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Figure 7.20: Particle fluxes in the various muon spectrometer stations at high luminosity 103
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7.2.4. SIMULATION RESULTS FOR THE ATLAS DETECTOR

Geometry

Every geometry is depictured via the MCNP Visual Editor (Vised). Vised uses
a different color for each material. The design process begins with the beampipe:

t

Figure 7.21: Design of the ATLAS beampipe

Figure 7.22: Zoom towards the IP. The material of the wall (beryllium) is indicated with blue
color. Vacuum in the inside is indicated with white. The numbers of cells can be shown on the
right.
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The simulation continues by designing the ID subsystems around the
beampipe. Vised uses dark pink for air, light blue for silicon and orange for xenon:
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Figure 7.23: Design of the Inner detector subsystems.

Around the ID, the Calorimeters are designed:
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Figure 7.24: Design of the Calorimeters. Light pink is used for the lead and yellow for the
stainless steel.

Afterwards, the easiest element to be applied is the shielding. JD shielding is
indicated by yellow color, as it is made of stainless steel. Vised uses light green for
the copper (JT, TAS), purple for the iron, dark red for the cast iron and grey for the
alloy.

Figure 7.25: ATLAS beampipe, ID, Calorimeters and Shielding.
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The muon subsystems can be added now. The first barrel station contains
MDTs ,which are simulated as below:

Figure 7.26: MDTs for the BIL.

MDTs consist mainly of argon, which Vised represents with this light grey

color. The walls of the MDTSs can be discriminated if the picture is zoomed:
I

]
Figure 7.27: Zoomed aspect of the BIL station. The wall of the MDTs made of

aluminium is represented by light brown.

The second station BML contains also RPCs around the MDTSs. RPCs,
made of tetrafluroethane, are indicated by light green:

Figure 7.28: RPCs and MDTs for the BML.

Muon barrel stations, as well as the small wheels and the muon end
caps (EEL) are shown in the following picture:

Figure 7.29: Muon barrel stations, SW and EEL.

The end — cap stations are also designed. TGCs in the EML, containing
mainly Co> , are represented by pink:
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Figure 7.30: Left: Muon end — cap stations. Right: half of the ATLAS detector,
where all the muon stations are shown.

Finally, the whole of the ATLAS detector with its cavern is designed:

Figure 7.31: The ATLAS detector with its cavern.

-172-



7.2.5. ANALOG SIMULATION

Sources

An analog simulation can be conducted by placing simple sources within the
ATLAS geometry. Particularly, two simulations with different sources were carried
out; a point source of 100 MeV and a cylindrical source extended from -2500 cm to
2500 cm with a radius of 2.9 cm and energy 100 MeV, both emmiting photons were
used. These simulations used 30 minutes of CPU time.

e Simulation 1: 100 MeV point photon source
Following the logic of simulating particles emmiting from a p-p interaction as
a solid source placed at the origin. The energy of the source is set at 100 MeV, which
is the upper energy limit that MCNP allows and represents the highest possible energy
of background particles.

Figure 7.32: Particles after collision (purple) are observed in the regions of the Inner Detector
and slightly in Calorimeter regions. No particles are observed further.

The number of particles after collision decreases dramatically when moving
outwardly, due to the larger distances they have to travel without undergoing
attenuation processes and also because of the absorbing capacities of the materials.
Although the result of the simulation can be considered as logical, a different
approach ought to be used in order to get more precise results.

e Simulation 2: 100 MeV cylindrical photon source
A different approach includes the placement of a cylindrical source imitating
beamlike background particles in the beampipe.
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Figure 7.33: Particles after collision (purple) are observed in the regions of the Inner Detector
and slightly in Calorimeter regions. No particles are observed further. The distribution of the
particles is very similar as above.

The low number of particle histories prevents a more accurate simulation, so a
different running period must be chosen.

Tallies
A large quantity of source particles is considered.

o F2 tallies: F2 tallies were placed on certain critical surfaces. The simulations were
run for 24 hours (1440 minutes) in order to minimize the statistical errors. 10E+11

source particles were counted. All cell importances were set to 1.

Regions Photon flux on surface Ratio
Cylindrical source (GCALOR/MCNP)

1 Pixel PixB1 50156 E+03 0.912
2 Pixel PixB3 23018 E+03 0.397
3 SCT SCTB1 24414 E+03 0.18
4 SCT SCTB4 7919 E+03 0.49
5 TRT TRTBO 5444 E+03 0.446
6 SCT SCTD9 9705.6 E+03 0.78
7 TRT TRTW1 6648.3 E+03 1.89
8 LAr Barrel 314.222 E+03 0.012
9 LAr End-cap 1.0456 E+03 0.35
10 Tile Cal 12.1426 E+03 0.04
11 MDT IN 8.7912 E+03 0.125
12 MDT MID 4.0772 E+03 0.29
13 RPC OUT 2.3325 E+03 0.557
14 Small Wheel 1.3571 E+03 7.923
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15 | End-cap middle 2.6213 E+03 217
16 | End-cap outer 0.9639 E+03 1.21

Table 7.14: Photon fluxes on various surfaces of the ATLAS detector in comparison with
measurements.

F4 tallies: Cell flux tallies were placed in critical areas of the ATLAS geometry.
Symmetrical regions were ignored, as well as areas filled with air, which represent
gaps between the various components of the detector or cells for geometry
simplification. 1440 minutes of CPU time were used.

No | Cell Number Cell Flux in cell
(MCNP code)

1 i Beampipe 1 23111900

2 2 Wall 1 23367800

3 3 Beampipe 2 756148

4 5 Wall 2 771706

5 7 Beampipe 3 0

6 9 Wall 3 0

7 11 Beampipe 4 0

8 13 Wall 4 0

9 15 Beampipe 5 0

10 17 Wall 5 0

11 20 Pixel Detector 16825600

12 22 SCT barrel 7226700

13 24 TRT barrel 3457780

14 27 SCT end - caps 6290040

15 31 TRT end - caps 3084020

16 34 EM Calorimeter Barrel 172794

17 35 Forward Calorimeter 1309

18 37 EM-Had Calorimeter 215067

19 39 Hadronic Calorimeter Barrel 56939

20 40 Hadronic Calorimeter End-caps 15122

21 43 JD shielding 43

22 45 JT Cu Shielding 11

23 47 JF Iron Shielding -1- 25

24 49 TAS collimator 0

25 51 Quad 0

26 23 JF Iron Shielding -2- 10.1

27 55 JF Iron Shielding -3- 0

28 o7 JN Shielding -1- 7.14

29 59 JN Shielding -2- 9.2

30 61 Superconducting Magnet 43

31 63 CSC 194.6

32 65 Small Wheel (EIL)-MDT 609

33 66 Small Wheel (EIL)-inside 6030

34 67 Small Wheel (EIL)-MDT 674
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35 72 Muon Inner Barrel (BIL)-MDT 5054
36 73 Muon Inner Barrel (BIL)-inside 4512
37 74 Muon Inner Barrel (BIL)-MDT 4407
38 76 RPCs (BML) 2414
39 77 Muon Medium Barrel (BML)-MDT 2374
40 78 Muon Medium Barrel (BML)-inside 2230
41 79 Muon Medium Barrel (BML)-MDT 2217
42 80 RPCs (BML) 2074
43 82 Muon Outer Barrel 1 (BOL)-MDT 1374
44 83 Muon Outer Barrel 1 (BOL)-inside 1272
45 84 Muon Outer Barrel 1 (BOL)-MDT 1323
46 85 RPCs (BOL) 1209
47 88 Muon End Cap (EEL) -MDT 449.6
48 89 Muon End Cap (EEL)-inside 342
49 90 Muon End Cap (EEL) -MDT 320
50 96 Muon Medium End Cap (EML)-MDT 167
ol 97 Muon Medium End Cap (EML)-inside 156
52 98 Muon Medium End Cap (EML)-MDT 162
53 104 TGCs (EML) 1 159
54 108 TGCs (EML) 2 148
55 113 Muon Outer End Cap 1 (EOL) -MDT 80.7
56 114 Muon Outer End Cap 1 (EOL)-inside 72
57 115 Muon Outer End Cap 1 (EOL) -MDT 73.5
58 120 Muon Outer End Cap 2 (EOL) 22.7
59 121 Muon Outer End Cap 2 (EOL) 25
60 122 Muon Outer End Cap 2 (EOL) 31.6
61 150 ATLAS Cylinder 260

Table 7.15: Photon fluxes in various cells of the ATLAS detector.

7.2.6. NON ANALOG TECHNIQUES

For many deep penetration problems, such as the analysis of the ATLAS
radiation background, a direct simulation (analog MCNP) would require far too many
histories to achieve acceptable results with the computer time available. It is observed
that very few of the source particles reach the detector or region used for the tally, i.e.,
most particles produce a zero score. For such cases, “tricks” must be employed to
reduce the relative error of a tally or its variance for a fixed computing time, or to
reduce the computing time to achieve the same relative error.

The number of particles reaching the tally region can often be dramatically
increased by abandoning a strict analog simulation without changing the value of the
tally. The solution is to assign each particle a weight, and, as the particle is artificially
forced towards the scoring region, the particle weight is decreased in a manner such
that the average of the particle weights reaching the detector is the same as the
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expected tally in a true analog simulation. Thus, if we make a certain event in a
particle history m times more likely, we must multiply the particle’s weight by 1/m to
avoid biasing the tally expectation. [“°]

7.2.6.1. GEOMETRY SPLITTING

In geometry splitting, importances are assigned to each cell in the problem.
Typically, source cells should have an importance of unit and cells closer to the tally
regions should have larger importances, so the cell importances should be adjusted so
as to keep the population of particles in the cells relatively constant as one moves
from the source region to the tally region. First, a short run of 10 minutes CPU time
with all photon importances set to unity is performed, and the “cell population” was
examined. Then, the cell importances can be estimated by the ratio of cell populations
P in adjacent cells, i.e. In = Py-1/Pn, Pna the inner cell.[*6 A simple approach is used;
the importance of each cell is calculated depending on only one previous
neighbouring cell. The cells in which the ratio P,-1/Pn <1, the importance is set to 1.
The importance is zero only outside the ATLAS cavern. The reference cell 1 has
importance=1.

Cell | Population Importances Cell | Population Importances
1 128 1 65 3 lés = Pe3/Pss 2.3333 2
2 133 I2 = P1/P2 1.0391 1 66 4 lés =~ Ps3/Pss 1.7500 | 2
3 7 I3 = P1/P3 18.2857 | 18 67 4 l67 = Pe3/Ps7 1.7500 2
4 4 l2 = P1/P4 32 32 | 68 1 les =~ Pga/Pss 7 7
5 7 Is = P3/Ps 1 1 69 1 léo =~ Pga/Pso 7 7
6 4 le = P4/Ps 1 1 70 0 170 = Psa/P70 - 7
7 0 I7 = P3/P7 - 18| 71 26 I71 = P3o/P71 | 515.308 | 515
8 0 Is = P4/Ps - 32| 72 27 l72~P71/P72 | 0.9630 | 1
9 0 lg = P7/Pg - 18 | 73 26 I73 = P72/P73 1.0385 | 1
10 0 l10 = Ps/P1o - 32| 74 26 174 = P73/P74 1 1
11 0 l11 = P7/P11 - 18 75 27 I75 = P74/P75 0.9630 1
12 0 l12 = Ps/P12 - 32| 76 27 I76 = P75/P76 1 1
13 0 l13 = P11/P13 - 18 77 26 177 = P76/P77 1.0385 1
14 0 l14 = P12/P14 - 32| 78 27 l7g =~ P77/P7s | 0.9630 | 1
15 0 l15 = P11/P1s - 18 | 79 27 I79 = P78/P79 1 1
16 0 l16 = P12/P1s - 32 | 80 25 Iso =~ P79/Psgo 1.0800 | 1
17 0 l17 = P15/P17 - 18 81 30 Is1 =~ Pgo/Ps1 0.8333 1
18 0 l1s = P16/P1s - 32 | 82 27 Is2 =~ Pg1/Ps2 1.1111 1
19 175 l19 = P2/P19g 1.3158 1 83 26 lss = Pg2/Ps3 1.0385 | 1
20 3243 l20 = P19/P20o 0.0540 1 84 27 lsa =~ Pg3/Psa 0.9630 1
21 224 I21 = Poo/P21 | 144777 | 14 | 85 26 lss = Pga/Pgs 1.0385 | 1
22 1481 I22 =~ P21/P2 | 0.1512 1 86 0 Iss =~ Pe1/Pss = S
23 161 l2s = P22/P2s 9.1988 9 87 1 ls7 = Pe62/Ps7 4 4
24 390 I24 = P23/P24 2.4224 2 88 1 lss =~ Pge/Pss - 5
25 297 los =~ P2o/P2s | 10.9192 | 11 | 89 1 Iso =~ Pgs/Pso S 5
26 255 I26 = P20/P2s 12.7176 | 13 90 1 loo =~ Pgs/Pgo = 5
27 2196 l27 = P2s/P27 0.1352 1 91 2 lo1 = Pg7/Po1 4 4
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28 1799 l2g = P2s/P2s 0.1417 1 92 2 lo2 = Pg7/Pg2 4 4
29 232 log = P27/P2g 9.4655 9 93 1 lo3 = Pg7/Pg3 4 4
30 189 I30 = P2s/P30 9.5185 10 94 0 loa = Pa7/Pg4 - 18
31 478 I31 = P2o/P31 0.5335 1 95 0 los =~ Pag/Pgs 32
32 409 I32 = P30/P32 0.4621 1 96 1 los = Poa/Pgs 18
33 755 Is3 = P24/P33 0.5166 1 97 1 lo7 = Pga/Pg7 18
34 37838 I34 =~ P33/Pas 0.0200 1 98 0 log =~ Pga/Pgg 18
35 0 I35 = Ps/P3s - 7 99 5 log= Pgs/Pgg 32
36 0 I36 ~ Pe/P3s - 4 | 100 5 l100~ Pos/P100 32
37 6789 I37 = P35/P37 - 7 101 5 l101= Pos/P101 32
38 7320 Isg =~ P36/P3s - 4 102 0 1102~ Pa7/P102 18
39 13398 l39 ~ P3a/P3g | 2.8242 3 | 103 0 l103= Pas/P103 32
40 1701 la0 = P37/Pao 3.9912 4 104 1 l104~ P102/P104 18
41 1525 ls1 =~ P3s/Ps1 | 4.8000 5 | 105 2 l105~ P103/P105 32
42 734 lap = P3a/Ps2 | 51.5504 | 52 | 106 0 l106 = P47/P106 18
43 0 la3 = Ps/Pa3 = 7 107 0 l107 = Pag/P107 32
44 0 la4 = Ps/Paq - 7 108 1 l108~ P106/P10s 18
45 0 l45 = Po/Pss = 18 109 2 1109~ P107/P109 32
46 0 l4g = P10/Pas - 32 | 110 29 l110~ Pgs/P110 1
a7 0 l47 = P17/Pa7 = 18 111 0 l111= Ps3/P111 18
48 0 lag =~ P1g/Pag - 32 | 112 0 l112~ Psa/P112 32
49 0 lag = P17/Pag = 18 113 0 l113~ P111/P113 18
50 0 Iso = P1s/Pso = 32 114 0 l114~ P111/P114 18
51 0 Is1 = P17/Ps1 - 18 | 115 0 l115~ P111/P115 18
52 0 Is2 = P1s/Ps2 = 32 116 0 l116~ P112/P116 32
53 0 Is3 = P17/Ps3 - 18 | 117 0 l117= P112/P117 32
54 0 |54 ~ P13/P54 = 32 118 0 |118z P112/P118 32
55 0 Is5 = Ps1/Pss - 18 | 119 0 l110~ P110/P119 1
56 0 Is6 =~ Ps2/Psg - 32 | 120 0 l120~ Ps3/P120 18
57 0 Is7 = Pss/Ps7 = 18 121 0 l121= Ps3/P121 18
58 21 Iss = Ps6/Psg 1.5238 2 122 0 l122= Ps3/P122 18
59 0 Isg = Pss/Psg = 18 123 0 l123 = Ps54/P123 32
60 1 lso = Ps6/Pso 32 32 | 124 0 l124~ P54a/P124 32
61 6 l61 = Pas/Ps1 5.3333 5 125 0 l125 = Ps54/P125 32
62 8 l62 = P46s/Ps2 4 4 126 0 l126 = P110/P126 1
63 0 l6s =~ Pa3/Ps3 - 7 | 127 29 l127= P126/P127 1
64 0 les = P4a/Psga - 7 128 29 l128 = P127/P128 1
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Tallies

¢ F2 tallies: This non-analog simulation is using the same cylindrical source as before and
is running for 1440 minutes.

No Regions Photon flux on surface (#/cm?) Ratio (Analog/Non Ratio
Analog Non Analog Analog) (GCALOR/MCNP)

1 Pixel PixB1 50156 E+03 25440.8 E+03 1.97 1.797
2 Pixel PixB3 23018 E+03 11580.2 E+03 1.98 0.79
3 SCT SCTB1 24414 E+03 12337.5 E+03 1.97 0.36
4 SCT SCTB4 7919 E+03 3901.78 E+03 2.03 0.99
5 TRT TRTBO 5444 E+03 2703.63 E+03 2.01 0.898
6 SCT SCTD9 9705.6 E+03 5025.34 E+03 1.9 1.5

7 TRT TRTW1 6648.3 E+03 3332.64 E+03 2 3.77
8 LAr Barrel 314.222 E+03 | 157.119 E+03 2 0.024
9 LAr End-cap 1.0456 E+03 0.502 E+03 2.08 0.73
10 Tile Cal 12.1426 E+03 5.826 E+03 2.08 0.083
11 MDT IN 8.7912 E+03 4.529 E+03 1.94 0.242
12 MDT MID 4.0772 E+03 2.067 E+03 1.97 0.57
13 RPC OUT 2.3325 E+03 1.184 E+03 1.97 1.09
14 Small Wheel 1.3571 E+03 0.503 E+03 2.7 21.3
15 End-cap middle 2.6213 E+03 0.119 E+03 22 47.80
16 End-cap outer 0.9639 E+03 0.121 E+03 7.96 9.6

Table 7.17: Photon fluxes from the non-analog simulation and the ratio comparing with the
analog simulation fluxes and the GCALOR values. It is indicated when the ratio is improved

(pink), and when the divergence is very large (blue).

It is observed that the fluxes of the outermost regions decline much more from
the CGALOR values than those of the analog simulation, while the ratio at many
innermost regions has improved.

e F4tallies

Fluxes in various cells for the simulation using geometry splitting. The source and the

running time (1440 minutes) are the same as before:

No | Cell Number Cell Flux in cell Ratio (Analog/Non
(MCNP code) Analog)

1 1 Beampipe 1 23381600 0.988

2 2 Wall 1 23441700 0.9968

3 3 Beampipe 2 800118 0.945

4 5 Wall 2 758418 1.018

5 7 Beampipe 3 0 NaN

6 g Wall 3 0 NaN

7 il Beampipe 4 0 NaN
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8 13 Wall 4 0 NaN
9 15 Beampipe 5 0 NaN
10 17 Wall 5 0 NaN
11 20 Pixel Detector 16768400 1.003
12 22 SCT barrel 7237960 0.998
13 24 TRT barrel 3468160 0.997
14 27 SCT end - caps 6324200 0.995
15 31 TRT end - caps 3091460 0.998
16 34 EM Calorimeter Barrel 172636 1.0009
17 35 Forward Calorimeter 1089.8 1.2
18 37 EM-Had Calorimeter 214540 1.002
19 39 Hadronic Calorimeter Barrel 56822 1.002
20 40 Hadronic Calorimeter End-caps 14957.5 1.01
21 43 JD shielding 66.4 0.65
22 45 JT Cu Shielding 0 Inf
23 47 JF Iron Shielding -1- 7 0.359
24 49 TAS collimator 0 NaN
25 51 Quad 0 NaN
26 53 JF Iron Shielding -2- 4.5 2.2
27 95 JF Iron Shielding -3- 0 NaN
28 57 JN Shielding -1- 2.9 2.49
29 59 JN Shielding -2- 9 1.009
30 61 Superconducting Magnet 38.8 1.11
31 63 CSC 214.7 0.906
32 65 Small Wheel (EIL)-MDT 485 1.26
33 66 Small Wheel (EIL)-inside 466 1.29
34 67 Small Wheel (EIL)-MDT 395 1.7
35 72 Muon Inner Barrel (BIL)-MDT 5324 0.949
36 73 Muon Inner Barrel (BIL)-inside 4652 0.9698
37 74 Muon Inner Barrel (BIL)-MDT 4443 0.99
38 76 RPCs (BML) 2447 0.987
39 77 Muon Medium Barrel (BML)-MDT 2470 0.96
40 78 Muon Medium Barrel (BML)-inside 2195 1.02
41 79 Muon Medium Barrel (BML)-MDT 2202.8 1.006
42 80 RPCs (BML) 2138.7 0.9697
43 82 Muon Outer Barrel 1 (BOL)-MDT 1383 0.993
44 83 Muon Outer Barrel 1 (BOL)-inside 1253.5 1.016
45 84 Muon Outer Barrel 1 (BOL)-MDT 1224.5 1.08
46 85 RPCs (BOL) 1191 1.015
47 88 Muon End Cap (EEL) -MDT 291 15
48 89 Muon End Cap (EEL)-inside 281 1.22
49 90 Muon End Cap (EEL) -MDT 296 1.08
50 96 Muon Medium End Cap (EML)-MDT 136 1.23
51 97 Muon Medium End Cap (EML)-inside 130.8 1.19
52 98 Muon Medium End Cap (EML)-MDT 127 1.28
53 104 TGCs (EML) 1 157 1.017
54 108 TGCs (EML) 2 150 0.989
55 113 Muon Outer End Cap 1 (EOL) -MDT 113 0.71
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56 114 Muon Outer End Cap 1 (EOL)-inside 99 0.73
57 115 Muon Outer End Cap 1 (EOL) —-MDT 96 0.765
58 120 Muon Outer End Cap 2 (EOL) 73.7 0.308
59 121 Muon Outer End Cap 2 (EOL) 71 0.353
60 122 Muon Outer End Cap 2 (EOL) 55.5 0.57
61 150 ATLAS Cylinder 249 1.04

7.2.7. FURTHER SIMULATIONS

Table 7.18: Fluxes in cells of the ATLAS geometry

It can be observed that the fluxes when using geometry splitting are close
enough to the analog ones. The non — analog simulation has not proven much more
precise. This probably depends on the function of defining cell populations for the
non — analog simulation; a most accurate function should take into account more than
one neighbouring cells, resulting in a more realistic new cell population.

Simulations for neutron fluxes on critical surfaces were also carried out. The
cylindrical source, as in the case of photons, was used here, and the running time was

set at 1440 minutes. The results for 10E+11 source particles are presented below.

No Regions Neutron flux on surface (#/cm?)
Cylindrical source

1 Pixel PixB1 243978000

2 Pixel PixB3 148010000

3 SCT SCTB1 168359000

4 SCT SCTB4 151782000

5 TRT TRTBO 127549000

6 SCT SCTD9 90193600

7 TRT TRTW1 128770000

8 LAr Barrel 5139490

9 LAr End-cap 7687

10 Tile Cal 998661

11 MDT IN 70309.8

12 MDT MID 35974.6

13 RPC OUT 21491

14 Small Wheel 7661.5

15 | End-cap middle 2874

16 | End-cap outer 2751

Table 7.19: Neutron fluxes on critical surfaces of the ATLAS geometry.
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8. CONCLUSION AND FUTURE PROSPECTS

The previous simulations seem to give results close enough to those predicted
by demanding simulations conducted by ATLAS collaboration. Of course, in the
future, more techniques for variance reduction can be tested, as well as improvement
can occur if a more complex function for cell populations of the geometry splitting
technique is used. The accuracy of the results, as in the case of those by ATLAS
collaboration, demands highly time — consuming simulations. MCNP code introduces
some restrictions, concerning the choice of materials and the composition of mixtures,
which prevents a more accurate approach of the real material constitution of the
ATLAS detector. Furthermore, another restriction refers to the inability of
multithreading in this edition; this service would enable MCNP code to run faster, but
it will be included in future editions. Despite these disadvantages, the results can be
rendered satisfying regarding the level of this work, in the terms of a diploma thesis,
the time available for the design of the geometry, the selection of the materials and
processing and mainly the results. As a future work, a more detailed design can be
used and simulations can be carried out for neutrons and electrons.
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APPENDICES

APPENDIX 1: SIMPLE MCNP GEOMETRIES AS A BASE FOR THE MORE
COMPLEX SIMULATIONS

Spherical Geometries

Some simple trials must be conducted in order to ground on the final
simulations of the ATLAS detector, where more complex geometries are used. Firstly,
a comparison between treoretical values and simulated ones was conducted.
Photon flux on a surface is defined as:

#photons
surface

Flux =

Simulated Sphere with MCNP (3D plot). [Vised]

A cobalt-60 source was used in the common center of spheres. The simulation
contains concentric spheres with radii from 1m to 25 m with step of 1 m, filled with
air and radioactivities from 1 Beq to 10 Beq for the Co-60 source. For better graphical
representation a smaller sphere of radius 1 cm is included. The simulation carries out
108 scenarios. This running time is sufficient as air is not an absorbent material, so,
the relative errors are negligible.
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10

Flux (photons/m?)

Common logarithm of photon flux through spherical surfaces, with respect

to the radius of the sphere, for area filled with air, according to MCNPX simulation,
T T T T

Common logarithm of photon flux through spherical surfaces, with respect
to the radius of the sphere, for area filled with air, according to theory.
T T T T

—¥%— Radlation = 1Bq 1

Radlation = 2Bq
—%— Radiation = 3Bq
—%— Radlation = 4Bq
—%— Radialion = 5Bq

—#— Radlalion =6Bq | J
—%— Radiation =7Bq | ]
~—8— Radiation =8Bq |

Radiation = 9Bq

—&— Radlation = 10Bg | ]

-
=]
&

Flux {phulnnslmz)

—*— Radialion = 1Bq
Radiation = 2Bq
—%— Radiation =3Bq
—#— Radiation = 4Bq
—¥— Radiation = 5Bq
—#— Radiation = €6Bq
—#— Radiation = 7Bg
—8— Radiation = 8Bq
Radiation = 8Bq
—&— Radiation = 10Bg

Radius {m)

Radius (m)

MCNP simulation and theoretical results. For radioactivities 1-10 Bequerel and for each
radius the two representations are the same. Additionally, both representations have the same

form regadless of the radioactivity (semilogarithmic plots). [Matlab]

It can be assumed that the chosen representation is correct, and more complex
geometries can be based on this.
If the source is relocated from the point (0,0,0) to (10,0,0) the mean flux for
the spheres of radii 2-15m is the same regadless of the source relocation. A difference
can occur when in the first case the source is inside the sphere and in the second case

is outside.

Comparison of photon flux through spherical surfaces aci
to the radius of the sphere, for area filled with air.
T T T

Flux (photons/m?)

tion, with respect

ing to source |

100

—%— Source on (0.0,0)
—#— Source on (10,0,0)

Radius (m)

Relocation of the Co-60 source at (10,0,0). [Matlab]

Two identical Co-60 sources are located at (-10,0,0) and (10,0,0) and
measurements are obtained for a sphere of radius 25 m filled with air. Every Co-60
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source emmits two photons per second, so for the two sources, 4 photons per secont
will be produced. Thus, the results form the output file will be multiplied 4 times.

Comparison of photon flux through spherical surfaces according to source location, with respect
to the radius of the sphere, for area filled with air,
T T T T

10°

—¥— Source at (0,0,0)
—#— Source al (10,0,0)
—#— Sources at {-10,0,0) and (10,0,0)

Flux (photons/m?)

Radius {m)

Comparison of photon flux through spherical surfaces according to source location, with respect
to the radius of the sphere, for area filled with air,
T T T

—¥— Source at (0,0,0)

—%— Source at (10,0,0)
—¥— Sources at (-10,0,0) and (10,0,0) |
—#— Sources at (-10,0,0), (0,0,0) and (10,0,0)

Flux {photons/m?)

Radius {m)

Left: Flux if two sources are deposited (green) comparing to the single one (pink). Right: Flux
comparison between one source (pink and blue), two sources (green), three sources (light

blue).

[Matlab]

It can be observed that the mean photon flux is increased when an extra

identical source is added.

Spherical geometries are notably important for this study because they are
suitable for measurements regardless direction, as they are symmetrical towards X,y

and z axis.

Cubic and Rectangular parallelepiped geometries
A cube (25m x 25m x 25m) using plane intersections is simulated

Simulated cube with MCNP (3D plot). [Vised]
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The average surface photon flux on each surface is:

Surface Flux per source | Total Flux for 2 source Relative
particle (#/cm?) particles (#/cm?) error

plane perpendicular to x-axis at x=25 m 8.43991 E-09 16.8798 E-09 0.0053
plane perpendicular to x-axis at Xx=-25 m 8.51725 E-09 17.0345 E-09 0.0052
plane perpendicular to y-axis at y=25 m 8.43859 E-09 16.8772 E-09 0.0053
plane perpendicular to y-axis at y=-25 m 8.39849 E-09 16.7970 E-09 0.0052
plane perpendicular to z-axis at z=25 m 8.47317 E-09 16.9463 E-09 0.0051
plane perpendicular to z-axis at z=-25 m 8.38113 E-09 16.7623 E-09 0.0052

It becomes easily observed that the average photon flux is almost the same on
each surface. Also, the average photon flux in the volume of the cube is 2.56918E-08
#/cm? (0.0005). When using a macrobody cube, the average flux in the volume of the
cube and each of the surfaces gives almost the same values with those above. The
simplicity of the macrobody structure makes it the best choice for a cubic or
rectangular parallepiped geometry.

Materials

Flux per radius for a sphere filled with different materials

-
=
ra

Cast iron
Iran
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Radius (cm)

Comparison of some commonly used shielding materials from Table 6.1. The curve of the
cast iron is the same as the one of the lead. [Matlab]

The ATLAS shielding is based on the use of different materials, which are compared

below. Measurements are taken every 5 cm in a sphere of total radius of 40 cm.
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Comparison of the attenuation of photon fluxes in ATLAS shielding materials. The curve of
the cast iron is the same as the one of the lead. [Matlab]

The curves of the flux attenuation in some ATLAS materials depending on the
distance from the source are fitted to the power curve (ax”) using the method of non -
linear least squares. In this way, it is observed that the attenuation in the sphere
follows approximately the same function, which matches the theory of the exponential
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General model Powerl: f(x) = ax®. [Matlab]

The coefficients a,b for the materials that follow the general power distribution

are presented:

Material a b Confidence interval Confidence interval
(95%) for a (95%) for b
air 0.07958 -2 (0.07958, 0.07958) (-2, -2)

Copper 0.3555 -1.467 (0.3433, 0.3677) (-1.651, -1.282)
Lead 0.8508 -2.387 (0.8477, 0.854) (-2.489, -2.285)
Stainless steel 0.2525 -1.286 (0.2383, 0.2667) (-1.497, -1.076)
Iron 0.2814 -1.339 (0.2682, 0.2947) (-1.536, -1.143)
Cast iron 0.8576 -2.392 (0.8544, 0.8607) (-2.494, -2.29)

Source energies

The influence due to the energy of the point source at (0,0,0) was tested for
different materials. Sources of energies 1, 5, 10, 20, 50, 70 and 100 MeV were placed
into concentric spheres at the origin and the measurements below were taken on the
surface of the sphere with radius 5 cm:

Flux per energy for a sphere of radius 5 cm filled with different materials

.ID-1 T T T T 1
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1072 =
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S w0 3
S T
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x 104 — lead
i a’e’ —#— stainless steel
f —#— copper
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e
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Energy (MeV)

Photon flux for different materials and sources of increasing energy.
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The flux in air remains almost constant despite the increase. The flux in the
other materials is increasing following different rates as it can better be seen when
their fitting curves are taken. The curves of the flux in some ATLAS materials
depending of the energy of the source are fitted to the power curve (ax”) using the
method of non - linear least squares.
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Fitting curves following the General model Power 1: f(x) = ax®. [Matlab]
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The coefficients a, b for each material are:

Material a b Confidence interval Confidence interval
(95%) for a (95%) for b

Copper 7.023e-07 1.511 (-1.536e-06, 2.941e-06) (0.7967, 2.225)
Lead 4.402e-05 1.322 (1.659e-05, 7.145e-05) (1.181, 1.462)
Stainless steel 0.0007 0.8647 (4.953e-05, 0.00135) (0.6504, 1.079)
Iron 0.0006206 0.9041 (0.0002164, 0.001025) (0.7543, 1.054)
Cast iron 4.406e-05 1.322 (1.613e-05, 7.199e-05) (1.179, 1.464)

Aluminium 0.003897 0.2662 (0.002055, 0.00574) (0.1439, 0.3886)

Silicon 0.00345 0.2958 (0.001718, 0.005183) (0.1674, 0.4242)
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APPENDIX 2: THE FINAL MCNP coDE FOR THE ATLAS DETECTOR

Blocks 1&2: Cells and surfaces

0.001225 -42 2 39 40 41
-7.86-435

-7.86-44 6
-8.96-451395
-8.96-4614106
-1.874 -47 13 17
-7.874-48 14 18

|
1 0 -1
2 2-1848-21
3 0 -3
4 0 -4
5 3 -786-53
6 3 -7.86-64
7 0 -7
8 0 -8
9 3 -7.86-97
10 3 -7.86-108
11 0 -11
12 0 -12
13 3 -786-1311
14 3 -7.86-1412
15 0 -15
16 0 -16
17 4 -8.96-1715
18 4 -8.96-1816
19 1-0.001225-192
20 5 -2.33-2019
21 1-0.001225-2120
22 5 -233-2221
23 1-0.001225 -23 22
24 6 -0.005485 -24 23
25 1-0.001225-2520
26 1-0.001225-26 20
27 5 -2.33-2725
28 5 -2.33-2826
29 1-0.001225 -29 27
30 1-0.001225-3028
31 6-0.005485 -31 29
32 6-0.005485 -32 30
33 1-0.001225-3320 222427 28 31 32
34 7 -11.35-34 33
35 7 -11.35-355
36 7 -11.35-366
37 3 -7.86-373552
38 3 -7.86-383662
39 3 -7.86-3934
40 3 -7.86-4037
41 3 -7.86-4138

1

3

3

4

4

8

8
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49 4 -8.96-4917
50 4 -8.96-5018
51 10 -4.43-5117
52 10 -4.43-5218
53 8 -7.874-5349 17

54 8 -7.874-5450 18
55 8 -7.874-555117
56 8 -7.874-5652 18
57 9 -7.15-5755
58 9 -7.15-58 56
59 9 -7.15-5955
60 9 -7.15-6056

61 10 -4.43-6145

62 10 -4.43-62 46

63 11-0.001662 -63 43
64 11-0.001662 -64 44
65 12-2.6989 -65 63
66 11-0.001662 -66 63
67 12-2.6989 -67 63
68 12 -2.6989 -68 64
69 11-0.001662 -69 64
70 12-2.6989 -70 64
71 1-0.001225-7142
72 12-2.6989 -72 71
73 11-0.001662 -73 72
74 12 -2.6989 -74 73
75 1-0.001225 -7561 62 6566 67 68 69 70 71 72 70 74 42
76 13-0.00425-76 75
77 12-2.6989 -77 76
78 11-0.001662-78 77
79 12-2.6989 -79 78
80 13-0.00425-80 79
81 1-0.001225-81 8061 62 88 89 90 91 92 93
82 12-2.6989 -82 81
83 11-0.001662 -83 82
84 12 -2.6989 -84 83
85 13-0.00425 -85 84
86 1-0.001225 -86 61
87 1-0.001225 -87 62
88 12-2.6989 -88 86
89 11-0.001662 -89 86
90 12-2.6989 -90 86
91 12-2.6989 -91 87
92 11-0.001662 -92 87
93 12-2.6989 -93 87
94 1-0.001225 -94 47
95 1-0.001225 -95 48
96 12-2.6989 -96 94
97 11-0.001662-97 94
98 12-2.6989 -98 94
99 12-2.6989 -99 95
100 11-0.001662 -100 95
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O O O 0

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
150
151
200

12 -2.6989 -101 95

1-0.001225 -102 47

1-0.001225 -103 48

14 -0.001842 -104 102

14 -0.001842 -105 103

1-0.001225 -106 47

1-0.001225 -107 48

14 -0.001842 -108 106

14 -0.001842 -109 107

1-0.001225 -110 47 48 81 85 96 97 98 99 108 109 100 101 104 105
1-0.001225 -111 53

1-0.001225 -112 54

12 -2.6989 -113 111

11 -0.001662 -114 111

12 -2.6989 -115 111

12 -2.6989 -116 112

11 -0.001662 -117 112

12 -2.6989 -118 112

1-0.001225-119 110113 114 115116 117 118
12 -2.6989 -120 53

11 -0.001662 -121 53

12 -2.6989 -122 53

12 -2.6989 -123 54

11 -0.001662 -124 54

12 -2.6989 -125 54

1-0.001225 -126 53 54 119 120 121 122 123 124 125
1-0.001225 -150 126 53 54 57 59 60 58
1-0.001225 -151 150

0 151

B R S S S R S R S S R R S S S S R S R e e e e

Detector Subsystems

B R S S b S R S S R R S S S S R S e e e e e

--- Beampipe ---

1

rcc-35500710002.9

wall

2

10

11
12

rcc-35500710002.98

rcc-35500-691.5002.9
rcc35500691.5002.9

rcc-35500-691.500 2.98
rcc35500691.5002.98

rcc -1046.500-42004
rcc1046.5004.2004

rcc-1046.500-4.2004.1
rcc 1046.5004.2004.1

rcc -1050.700-390.9006
rcc 1050.700390.9006
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c wall
13 rcc-1050.700-390.9006.15
14 rcc 1050.700390.9006.15

15 rcc-1441.600-9584001.7
16 rcc 1441600958.400 1.7
c wall
17 rcc-1441.600-958.4003
18 rcc 1441.600958.400 3
C AAAKEAAKR AR AAKAAAAKRAAARAAARAAA AR AAA A AR A AAAAAAi ik
c air between beampipe and pixel
19 rcc -309.200618.4004.55
c Pixel
20 rcc-309.200618.400 24.2
c air between SCT barrel and Pixel
21 rcc-80.5001610025.5
¢ SCT barrel
22 rcc-80.5001610054.9
c air between SCT barrel and TRT barrel
23 rcc-7800156 00554
¢ TRT barrel
24 rcc-7800156 00 108.2
c air for SCT end - caps
25 rcc8100198.70025.1
26 rcc-279.700198.700 25.1
¢ SCT end - caps
27 rcc8100198.70061
28 rcc-279.700198.70061
c airfor TRT end - caps
29 rcc82.700191.70061.7
30 rcc-274.400191.70061.7
¢ TRTend - caps
31 rcc82.700191.700110.6
32 rcc-274.400191.700 110.6
¢ Inner Detector
33 rcc -309.200618.400 110.6
C KEEAAKXEAAAKREAAXAKRAAAAAAAKRAAAAAAAAAAAAAAAXdhAdd %k
¢ EM Calorimeter (Barrel)
34 rcc -309.200618.4 0 0 200
¢ Forward Calorimeter
35 rcc-50000-1000025
36 rcc 50000 10000 25
¢ EM-Had Calorimeter
37 rcc -350 0 0 -300 0 0 200
38 rcc 350 00 300 0 0 200
¢ Hadronic Calorimeter Barrel
39 rcc -309.200618.4 0 0 400
¢ Hadronic Calorimeter End-cups
40 rcc -350 0 0 -300 0 0 400
41 rcc 350 0 0 300 0 0 400
¢ Calorimeter
42 rcc -650 0 0 1300 0 0 400
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c AAAAAAAAKAKAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAK
¢ Shielding Regions
¢ JD shielding
43 rcc-65000-150 0 050
44 rcc 65000 1500050
¢ JT Cu Shielding
45  rcc-80000-500 0050
46 rcc 800005000050
¢ JF Iron Shielding -1-
47  rcc-130000-500 0 0 100
48  rcc 13000050000 100
¢ TAS collimator
49  rcc-188800-20000 20
50 rcc 1888002000020
¢ Quad
51  rcc-220000-20000 20
52 rcc2200002000020
¢ JF Iron Shielding -2-
53  rcc-180000-388 0 0 200
54 rcc 18000 0 388 0 0 200
¢ JF Iron Shielding -3-
55  rcc-218800-212 00 100
56 rcc 21880021200 100
¢ JN Shielding -1-
57  rcc-218800-112 00 250
58  rcc 21880011200 250
¢ JN Shielding -2-
59  rcc-230000-100 0 0 300
60  rcc 23000010000 300
C *khkkkkhkkhkkkhkhkkkhkhkhkkhkhkhkkhkkhkhhkkhkhhkhkhkkhkhkkhkhkhhkkhhihkhkkhiikk
¢ Superconducting Magnet
61  rcc-80000-5000 0500
62  rcc 8000050000500
c R R R T R R R R R R R R R S R R R S S e
¢ Muon Stations
c CsC
63  rcc-65000-1500 0200
64  rcc 6500015000 200
¢ Small Wheel (EIL)
65  rcc-65000-0.0500 600
66  rcc-650.0500-149.9 0 0 600
67  rcc-799.9500-0.050 0 600
c
68  rcc 65000 0.0500 600
69  rcc650.0500 149.900 600
70  rcc799.9500 0.05 00 600
c Air before Muon Inner Barrel (BIL)
71 rcc-600 00120000500
¢ Muon Inner Barrel (BIL)
72 rcc-600 00 1200 0 0 500.05 SMDT
73 rcc-600 00 1200 0 0 549.95
74 rcc-600 00120000550
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c Air between Muon layers 1 and 2
75  rcc-900 001800 0 0 680
¢ RPCs(BML)
76  rcc-900 00180000 700
¢ Muon Medium Barrel (BML)
77  rcc-900 00 18000 0 700.05 $SMDT
78  rcc-900 00 180000 749.95
79  rcc-90000180000 750
¢ RPCs(BML)
80 rcc-90000180000 770
c Air Between BML an BOL
81  rcc-13000 0260000920
¢ Muon Outer Barrel 1 (BOL)
82  rcc-120000240000920.05  $MDT
83  rcc-1200 0 02400 0 0 969.95
84  rcc-1200 00240000970
¢ RPCs(BOL)
85  rcc-1200 0 02400 0 0 990
¢ Airfor EEL
86  rcc-100000-7500600
87  rcc 1000007500 600
¢ Muon End Cap (EEL)
88  rcc-100000-0.0500 900
89  rcc-1000.0500-74.9 00900
90  rcc-1074.9500-0.05 00900
c
91  rcc 1000000.050 0900
92 rcc 1000.0500 74.9 00900
93  rcc 1074.95000.050 0 900
¢ Air between Shielding and EML
94 rcc-130000-8000 120
95  rcc 1300008000120
¢ Muon Medium End Cap (EML)
96  rcc-130000-0.0500 1100 $SMDT
97  rcc-1300.0500-79.900 1100
98  rcc-1379.9500-0.0500 1100
c
99  rcc1300000.0500 1100
100  rcc 1300.050079.900 1100
101  recc 1379.95000.0500 1100
¢ Air between Shielding and TGCs 1
102 rcc-139000-3000 200
103 rcc 139000300 0200
¢ TGCs(EML)1
104  rcc-139000-3000 1200
105  rcc 1390003000 1200
¢ Air between Shielding and TGCs 2
106  rcc-143000-3000 200
107 rcc 1430003000200
¢ TGCs(EML) 2
108  rcc-143000-3000 1200
109  rcc 1430003000 1200
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c Air for geometry simplification
110  rcc-18000 03600 0 0 1200
¢ Air between shielding and EOL
111  rcc-180000-80 00 600
112 rcc 180000800 0 600
¢ Muon Outer End Cap 1 (EOL)
113 rcc-180000-0.0500 1200 SMDT
114 rcc-1800.0500-79.900 1200
115  rcc-1879.9500-0.050 0 1200
c
116  rcc 180000 0.050 01200
117 rcc 1800.050079.90 0 1200
118  rcc 1879.95000.050 0 1200
¢ Simplification
119  rcc-188000 376000 1200
¢ Muon Outer End Cap 2 (EOL)
120  rcc-210000-0.050 0 500 $SMDT
121 rcc-2100.0500-79.9 0 0 500
122 rcc-2179.9500-0.05 0 0 500
c
123 rcc 210000 0.05 0 0 500
124 rcc 2100.0500 79.9 0 0 500
125  rcc 2179.9500 0.05 0 0 500
¢ Simplification
126 rcc-218000436000 1200
c FAEAAAAAAAAAAAIAAAAA A AR AAAAAAAAAAAddhiihhhhhxhxikx
¢ ATLAS Cylinder
150  rcc-24000 0480000 1250
¢ ATLAS Cavern
151  rpp-2700 2700 -1700 1700 -2000 2000

Il.  Block 3: Data specification - Materials

c B s o S S S R o 2 S S S S S e e e

c Materials Specification

C *hkkkhkhkkhkhkhkkhkhkhkhkhkkhkhkhkhkhkhkhkkhkhkhhhhkhkhkhkhkhhkhhkhkhhkhhkhhkhkhkhkhhhkhhkhkhhkhhkhkhhkhkhkhhhkhihhhhkiikkx

ml 7014, -0.755636 $air
8016. -0.231475 18000. -0.012889

m2  4000. -1 $beryllium

m3  6000. -0.00075 Pstainless steel 202
7000. -0.00125 14000. -0.005 15000. -0.0003
16000. -0.00015 24000. -0.18 25000. -0.0875
26000. -0.67505 28000. -0.05

m4  29000. -1 $Copper

m5  14028. -1 $silicon

m6  54000. -1 $Xenon

m7  82000. -1 $lead

m8  26000. -1 $lron

m9  6000. -0.034 $Cast Iron
14000. -0.026 15000. -0.003 16000. -0.001
25000. -0.0065 26000. -0.9295

m10 1000. -0.00011 $Titanium Alloy
6000. -0.00057 7000. -0.00021 8000. -0.00141
13000. -0.06125 22000. -0.89363 23000. -0.04
26000. -0.00283

m1l 18000. -1 $Argon
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m12
mi13

ml4

13000. -1 $Aluminium
6000. -0.25 $tetrafluroethane
1000. -0.25 9000. -0.5

6000. -0.272912 $Carbon Dioxide
8000. -0.727088

Block 3: Data specification - Sources

Source emmiting a photon of energy 100 MeV

c *hkkkhkhkhhkkhhkhhhkkhhkhkrhkhhkhkrhkhhkhkkhhkhkhhhhkhhhkihkhhkhkhhkhkihhkhhihkhhkhhkhihkkhhhkihkihhkiikixk

c Source Specification
O Rk ok ok ok ok ok ok ke ko S A A AAAAAAAAAAAAA A
sdef pos=d1 erg=d2 par=2
silL000
spll
¢ Energies
si2 L 100
sp2 1
e Cylindrical source of energy 100 MeV
C *hkkkkhkhhkhkkhkhkkhkhkhkkkhkhhkhhkhhkhkkhkhhkhkhkhikhkhkhhhkkhhhkhkhkkhhkhkhkhhhkhhhhkhkhhkhhkkhihkhhihkkhihkkikx
c Source Specification
c AEAAAAAAAAAAA A A A AR A AAAIT A AR AAAAXAAAA A A A A A AAAAA XTI A A A A A AAAAdddhhhhhhhhhiiik
¢ Cylindrical source
sdef ERG=100 CEL d1 AXS=100POS 00 0 RAD d2 EXT d5
silL1
spll
si202.9 $ radius of cylinder containing cell
si5 -2500 2500  $ axial range of cylinder containing src cells
IV. Block 3: Data specification - Tallies
Type F4: The Average Cell Flux Tally Type F2 : The Average Surface Flux Tally
c AAAAAAAAKAAAAAAAAA AR AR AAAAAA A AR A AAAAAAAA A AR A AAA AR A AR XA A A A A A A A A hhrrhhhhxixkx
Tallies
C *hkkhkkhkkkkkhkkhkhkkhkhkkhkkhkkhkhkhkkhkkikhkhkkhkkhkhkhkhkhkhkhkkhkhkhkhkkhkhkhkhkhkkihkhkhkhkhkhkkhkhhkhkhkkihkhkhkkiikhkhkhihkhkiixhkhkikx
fl4:p 1 f12:p 20.1 $Pixel
f24:p 2 f22:p 22.1 $SCT barrel
f34:p 3 f32:p 24.1 $TRT barrel
fA4:p 5 f42:p 27.1 $SCT-TRT ec cylindrical section
f54:p 7 f52:p 29.1 $SCT-TRT ec cylindrical section
f64:p 9 f62:p 25.2 $SCT right ec outer
f74:p 11 f72:p 25.3 $SCT right ec inner
f84:p 13 f82:p 26.2 $SCT left ec inner
f94:p 15 f92:p 26.3 $SCT left ec outer
f104:p 17 f102:p 29.2 $TRT right ec outer
f114:p 20 f112:p 29.3 $TRT right ec inner
f124:p 22 f122:p 30.2 $TRT left ec inner
f134:p 24 f132:p 30.3 $TRT left ec outer
fl44:p 27 f142:p 31.1 $ID layout
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f154:p 31
f164:p 34
f174:p 35
f184:p 37
f194:p 39
f204:p 40
f214:p 43
f224:p 45
f234:p 47
f244:p 49
f254:p 51
f264:p 53
f274:p 55
f284:p 57
f294:p 59
f304:p 61
f314:p 63
f324:p 65
f334:p 66
f344:p 67
f354:p 72
f364:p 73
f374:p 74
f384:p 76
f394:p 77
f404:p 78
f414:p 79
f424:p 80
f434:p 82
f444:p 83
f454:p 84
fA464:p 85
f474:p 88
f484:p 89
f494:p 90
f504:p 96
f514:p 97
f524:p 98
f534:p 104
f544:p 108
f554:p 113
f564:p 114
f574:p 115
f584:p 120
f594:p 121
f604:p 122
f614:p 150

f152:p 34.1 $EM cal barrel

f162:p 35.1 $Right Forward cal barrel

f172:p 39.1 $Had cal barrel

f182:p 38.2 $Had cal right ec outer

f192:p 37.2 $Had cal right ec outer

f202:p 37.3 $Had cal left ec outer

f212:p 61.1 $Muon BIL lower MDT wall
f222:p 72.1 $Muon BIL lower in

f232:p 73.1 $Muon BIL upper MDT wall
f242:p 74.1 $Muon BIL upper in

f252:p 75.1 $Muon BML lower RPC

f262:p 76.1 $Muon BML lower MDT wall
f272:p 77.1 $Muon BML lower MDT in
f282:p 78.1 $Muon BML upper in

f292:p 79.1 $Muon BML upper MDT wall
f302:p 80.1 $Muon BML upper RPC

f312:p 81.1 $Muon BOL lower wall

f322:p 82.1 $Muon BOL lower in

f332:p 83.1 $Muon BOL upper in

f342:p 84.1 $Muon BOL upper MDT wall
f352:p 85.1 $Muon BOL upper RPC

f362:p 65.2 $Muon left SW inner

f372:p 66.2 $Muon left SW outer

f382:p 86.3 $Muon left EEL inner MDT wall
f392:p 86.2 $Muon left EEL outer MDT in
f402:p 88.2 $Muon left EEL inner MDT in
f412:p 86.2 $Muon left EEL outer MDT wall
f422:p 45.2 $Muon left EML inner MDT wall
f432:p 96.2 $Muon left EML inner MDT in
f442:p 94.2 $Muon left EML outer MDT wall
f452:p 97.2 $Muon left EML inner MDT in
f462:p 102.3 $Muon left EML inner TGC1
f472:p 102.2 $Muon left EML outer TGC1
f482:p 106.3 $Muon left EML inner TGC2
f492:p 106.2 $Muon left EML outer TGC2
f502:p 47.2 $Muon left EOL1 inner MDT wall
f512:p 113.2 $Muon left EOL1 inner MDT in
f522:p 111.2 $Muon left EOL1 outer MDT in
f532:p 114.2 $Muon left EOL1 outer MDT wall
f542:p 120.2 $Muon left EOL2 inner MDT wall
f552:p 120.3 $Muon left EOL2 inner MDT in
f562:p 121.2 $Muon left EOL2 outer MDT in
f572:p 122.2 $Muon left EOL2 outer MDT wall

V. Cards for Optional Tally Features: The Tally Energy Card

c B S S e b o S S S e S T o o o o e

c Energy Bins (MeV)

c khkkkhhkhkhhkkhkhhrhkkhkhhkrhkhhkhkrhkhhkhkrhkhdrhkihhdhrhhrhhhhrhhirhrhhirhhhhirhkihhihkiirhikkx

e0 0100i 100

VI.  Miscellaneous Data Specifications: The Mode Card

mode npe
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APPENDIX 3: ERROR ANALYSIS FOR THE ATLAS DETECTOR

Cylindrical source towards beam axis. Run for 24 hours CPU time.

1. Photons-Analog simulation: Tally fluctuation for tallies 1-4:
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for tallies 1-4:

: Error fluctuation
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