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[l. ABSTRACT

ATLAS is one of two genergdurpose detectors at the Large Hadron Collider
(LHC) at CERN. It investigates a wide range oyghs, 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 elager concentric cylinders around the interaction
point where the proton beams from the LHC cellitt can be divided into four major
sectionsghe 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 idetifying 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, makesdditional 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 ath 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 detedr, 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 usesmple information to identify the most interesting events to retain
for detailed analysis. The data acquisition system receives and buffers the event data
from the detectespecific readout electronics. Grid computing is being extensively
used for eventreconstruction, 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 poifhis background causes several
problems suchsaradiation damage to silicon detectors and readout electronics, ageing
of the subdetectors, radiation deposits that disrupt electronic signals or destroy
components, and background signals resulitngpurious and random triggers. For
the limitation of hese 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 presentedThe 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 ATLASletector 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 descripti@f 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 sdétectors. 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 backgdoushielding, radiation impact,
Monte Carlo method, MCNP software.
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1.INTRODUCTION

1.1.THE STANDARD MODEL

The Standard Model of particle physics (SM) describes all of the known
fundamental particlesalong with their interactionsvia three out of the four
interactions of nature: electromagnetism, the weak interaction and the strong
interaction. Graiy 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 bogaongntiparticle
corresponds to each of the elementary particles. Leptons and quarks are fermions,
having a spin of | i Diraastatistics, Beethe Paubexclusiatnh e Fer
principle does not allow the occupation of any single quantum statelg/than one
particle of a given type.

The leptons carry integral electric charge and are divided thtee
generations, each composed by the charged
(mass is increasing in every generation with respect to the previous one) and its
neutr i noce cEEnrgtespectively)’s

Generation Lepton Mass (MeV) Charge
I e 0.511 -1
3e < 0.26210° 0
Il € 105.69 -1
3¢ <0.19 0
I U 1776.99 -1
30 <18.2 0

Table 1.1: Generations of Lepton§!

The quarks carry fractional el ectric ct
flavours of quarks divided into three generations of increasing mass. Quarks can carry
one of three possi bl e 0colioguarks @rry(antie d, bl ue

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 quadntiquark pair with integer spin, while baryons are
composed of a triplet of quarks with haiteger spin/?!



Generation Quark Mass (GeV) Charge
I Up (u) <2.320°3 +2/3
Down (d) 4.8210° -1/3
I Charm (c) 1.275 N +2/3
Strange (s) (95 D35 -1/3
1T Top (1) 173.2 N +2/3
Bottom (b) 4.18 N -1/3

Table 1.2: Generations of quarks!

The medhtors of the interactions between fermions are integer spin particles
that obey to Bos&instein statistics, which allows the occupation of a single quantum
state by a large number of identical particles. The electromagnetic force, described by
Quantum Etctrodynamics (QED), is carried by sgdinphotons and acts between
electrically charged particles. The weak interaction, described by the Electroweak
Theor y ( EWT) , I s r e sdpcays, andkabserptidn@md emissiorl of a r
neutrinos, and has three massive gauge bosons with spir‘%‘ andVZ. The gauge
bosons of the strong interaction, described by Quantum Chromodynamics (QCD), are
the eight masslss spinl gluons (g). The graviton (G), a purely theoretical sbin
boson, is considered to be the gauge boson for gr&vity.

Boson Mass (GeV) Charge Interaction
G <7204 0 gravitational
o) 0 0 electromagnetic
wN 80.4 N1 weak
Z 91.2 0 weak
g 0 0 strong

Table 13: Six bosons for the four fundamental forcés.

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 enargies
provided. By producing more collisiongnore 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 Heddoelow.
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1.2.1.THE HIGGS BOSON

The mechanism that describes how the particles gain mass has been
incorporaed in the SM via the the Brout Englert i Higgs mechanism. This
mechanism requires the existence of a spin zero boson, the Higgs boson, aghich h
been observed by the ATLAS and CMS experiments. For a Higgs boson with a mass
of 126 GeV/ét he SM predicts a me'&alllife time of

At the LHC, the Higgs boson can be produced in the following wWai/s®! 6]

f Gluon fusion: gg Y H

Gluon fusion is the dominant production mode. If the collided particles are hadrons
such as the proton or antiproton then it is most likiegt 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 thigds boson is proportional to their
mass.

1 Vector boson fusion (VBFgRY qiH

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.

f Associated production with geor bosons (Higgs Strahlungdn¥ WH or
anyY ZH
If an elementary fermion collides with an afgrmion 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 islp the third largest, because the LHC collides
protons with protons.

| Associated production with heavy quarkgY QOHor gQHY

The final process that is commonly considered is by far the least. It involves two
colliding gluons, which each day into a heavy quarkntiquark pair. A quark and
antiquark from each pair can then combine to form a Higgs particle.
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Figure 1.1: Main production mechanisms of the Standard Model Higgs at Lay@lgoni
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 cani\bdedl into the decays to fermions and
the decays to bosons.

A possible Higgs decay is by splitting into a ferniiantifermion pair. Higgs
is more likely to decay into heavy fermions than light fermions, because the mass of a
fermion is proportional to th strength of its interaction with the Higgs. In the low
mass region, where® 130 GeV, the most common but nc
is into a bottorhantibottom quark pair (56.1%), while the second most common
fermion decay (6%) at that mass is aitmtitau pair, qqH® UU. The taus can
subsequently decay into pairs of leptomadrons or mixed.

Higgs also can split into a pair of massive gauge bosons. or180 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 chartgacsiep 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 cleignal is
given by decay into a pair of-dosons (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 bu 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 fusn 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 sarches 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!®!

E 1?\DE T T T T T LI — g E
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c ]
= i _ e
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Figure 1.2: The branching ratios ¢he 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 theirrpse ct i ve super symmetric ones
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 fordeslectromagnetism and the strong and weak
nuclear force$ 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![5?

1.2.3.THE MATTER-ANTIMATTER ASYMMETRY PROBLEM (CPVIOLATION)

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,mnade 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 antiffatter.
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1.2.4.STUDY OF QUARKT 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
nor maglluye 0 quar ks together. I n those first
however, quarks and gluons were bound only weakly, free to move on their own in
the so called quargluon plasma. To recreate conditions similar to those of the
primordial universe, pow&l accelerators like LHC make head collisions between
massive ions, such as gold or lead nuclei. In these Heawpllisions the hundreds
of protons and neutrons in two such nuclei smash into one another at energies of
upwards of a few trillion elémnvolts each’>!
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2. INTERACTIONS OF PARTI CLES WITH MATTER

The operation of every detection system relies on radiation interactions with
the detection mediurfil and the product of this interaction tréorsns 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 Coulombe famd
particles without charge. The first category includes the radiation of heavy charged
particles and accelerated electrons, while the second includes neutranys Xnd
gamma rays.

2.1.INTERACTION OF HEAVY CHARGED PARTICLES

The interaction of hegvcharged 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 whethee timpulse on the electrons due to Coulomb
interaction forces these electrons to transition from their initial state to a higher bound
energy state eicitatior) or in the continuum where they are no longer bound
(ionization). Further energy loss mechanismase 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 ffaterial.

Consider a particle of mags moving with velocity v and an immobilized free
electron of mass gat rest, v the particle velocity after the percussion andthe

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

MVZ = M{ + ¥ 1)

Mv=My +my 2)

Based on these expressions the final velocities are:

Mv- My, M - v
v, = 1 (3) and v, = ﬂ

m, M+m,

M m. M,v1 me, V2
Q:} Q —= @ =

Figure 2.1: Before and after collisiold

(4)
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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:

Quu =3 MV My =TS ®
2 2 M +m,)
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 1.06010¢ 10.6
1000000 5.380LC° 53.8
10000000 921010° 92.1

Table 2.1 Maximum possible energy transfer during protaglectron collision®!

In the case of noii relativistic energies, it is apparent that the maximum
energy the charged particles losses in every interaction is small comppaitsgitial
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 manytretec 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 (masg ) of momentuny b 3 tbhe maximum transferred energy is:

2°m. Vv
1+ 2gm, ﬂ
M M

2

Qmax -

=1/ p I ,b:Aandcthespeedofligﬁ’f.l]
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2.1.1.STOPPING POWER DUE TGCOULOMB INTERACTIONS

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

_ dE Z 721, 2mCSb° §Qu o 2 5. G
S= 20 N, ¢ m ¢ ozl e 2.2 dzc]

201 & O T L AMeVn?/g

?arAvogado 6 s n u mb @ mol! 6 } density of the akorber

electron radiuser= 2.817210% cm z charge of incident particle in units of electr
charge
me electron mass, &’ = 0:510998918MeV

o b= / , V velocity of incident particle
Emean excitation energy (eV) c

| atomic mass of absorberdpl?) 0=1/ p T
¢ atomic number of absorber U density effect correction to ionization ener:
loss

Qmax maximum transferred energy

C shell correction factor

The mean ionization engy is calculated using serempirical formula
derived from experimental measurements:

eV and =9.76 +58.Z eV

=12

NT~

i il
z z

The density correction factall is considerable in high energies fpr =
logio(b Dis given by the following expression:

1 O ©
i sEpmuvg o0 wWwhd ® ® O
T UL CO O ©

The parameter8 , & hd , Uand 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 immobilizadcomparison to the incident particle.
Consideringl=b® 0.1 an empirical formula for

C(1,d) = (0.422371 2+ 0.0304043| * 1 0.00038106[°) J10°¥

+(3.85019 27 0.1667989] * + 0.00157958%) IO+, [10]

The Bethei Bloch equation for materials of intermediate Z and 0.6 x
1000 gives accurate results. For riomlativistic particles with the same charge in the
same material the stopping power varies inversely with the particle energy. For
different charged partiek moving with the same speed into the same material the
energy loss is defined mainly from the factér¥he Bethé Bloch equation diverges
for low energies of charged particles because the charge exchange between the
particle and the absorber becomesrenimportant, as the positive charged particles

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

H, liquid

I
1

9]
1\ :
1 ||||-||||-‘-\ Il\ll\‘\lllllllllll‘:

—dE /dx (MeV g‘lcmz)
[
\~

0.1 1.0 10 100 1000 10000

By=p/Mc
0.1 1.0 10 100 1000

Muon momentum (GeV/d

o e v el ]
0.1 1.0 10 100 1000
Pion momentum (GeV/q

T R R TTT RS BRI

0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)

Figure 2.2: Measurement of stopping power in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminumran, tin, and lead (radiative effects, relevant for muons and pions,
are not included, but they are becoming signififantmuons in iron fob 2 1000, and at
lower momenta for muons in highgrabsorbers)Except in hydrogen, particles with the
same valcity have similar rates of energy loss in different materials, although there is a slow
decrease in the rate of energy loss with increasifig Z.



2.1.2.ENERGY LOSS

Most of the relativistic particles (muons, cosmic rays) have mean rates of
energy los 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 valuef 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 decréasaeletected
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 energyThe mean range R of particles of given enégsepresents 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 :

° dE. ,
R= f—) dE
Vo

The value of the thickness that no particle is detéi called projected range.R!
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Figure 2.3: Number of particles in a material as a function of thickne8s x.

The energy loss of a charged particle within a material is a statistical
phenomenon in which the width of the energy distribution measure of energy
dispersion (Energy Struggling). The amount of the transferred energy to any collision
is following the Landau distribution:
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Figure 2.4: Landau distribution. The distribution showdail in the high energy loss
region, due to rda¥e energetic U

The parametes-expresses the divergence from the most possible value:

(p Areal energy loss at a layer of thickness x,
o £ the most probable energpss at a layer of thickness x,

and the mean energy loss 2° 1 & wda ——x = kx, } density (g/cr) and x

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

k= x{|n(w +|n|5 0.2 -b (d)p

Experimentally the actual energy loss distribution is often broader than
expected by Landau distribution. The most probable tdssincreases in a first
approximation as x{+ Inx), and the ratio vap £ 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:

DE :(E)x
dx

dE
(&) the mean value of the stopping power within the absofber.
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Figure 2.5: Left: Straggling functions in silicon for 500 MeV pions, normalized to unity at
the most probable valup #/x. Right: Most probable energy loss in silicon, scaled to the
mean loss of a minimum ionizing particle, 388 &W/(1.66 MeV §* cn¥). 14

In a compound of various elements i the energy loss is:

de .. d
o afl 5

fi the fragment of theii th element anqj ] the mean energy loss of this

element/*1]

2.1.3.EXCITATION

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

X+pO X*+p

The atom eventually retns to its stable state, usually accompanied with
photon emission. A molecule may have many characteristic ways of excitetion.

2.1.4.10NIZATION

An ionization takes place when an election pair is created. For this to
happen, the energy ofdlpassing 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 thresholdibnizes 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 fom t he at om. Through these electrons
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 nemtf primary interactions is:

nk

n — . a n
e
The total number of pairs produced as the sum of primary and secondary ionizations
is given by:

e
"W

&k is the energy lost andi\Whe effective energy for the creation of one electom
pair. [121[15]

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 detesmihe parameters of the orbit of a
charged particle. It is emitted when a charged patrticle is passing through a dielectric
medium at a speed greater than the phase velocity of light in this medium:

v=bc @ ¥2V44 oKL
cC C n

n = n@) 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 followBhe molecular dipoles of the dielectric material
orientate when the charged particle is passing by, and after it has elapsed they
redirect, resultingn an amount of excess polarization energy that is emitted in the
form of a spherical electromagnetic plsAs 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 c, 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 plartiecteigure
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 surféce.

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

The angled: of Cherenkov radiation according to the direction of the particle
is given by the following relation:

cosk = 1/rb etand. = \n?b*-1 [2(1- %b) for small anglest.

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

d°N 20 & 1
dxd/ 7 @ 2l ( ))‘

u=~P &Jﬂe fine structure constant.

po&Ko
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For a narrow range of frequenciesg, [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:

(hfy)* - (htf,)" 1

dE_ZéM < v \
M

dx 2A2

{ tH? &

This relation suggests reliance welocity:

dE 1 1 M?
—ON[J1-— 4 =1 —+
dx ¢ b*r? nz{ "]

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, sincehehgier and therefore
slower particle will emit less Cherenkov ligHt! 161159

2.1.6. TRANSITION RADIATION

The transition radiation is emitted when a charged particle penetrates the
interface of two media with different electrical properti€sechange of the dielectric
constant oflte 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 (U=1) &nH. Ths pohemdande averconie by replacing
the conductorwith the positive particle- 'image’ of the incident, to eventually
transform into the problem of the conflict of two charged parti€iés.

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 wih its oppositely charged image and is indicated by a dotted’fine.

_46_



2.2.INTERACTIONS OFFAST ELECTRONS

The electrons eand positrons™eare very similar, with slight variations in their
interactions with matter. When a positron loses all its enérggnds 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 etectiue 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 matérials.

Figure 2.8: Left: Electron trajectories and Right: alpha trajectories in a Cloud Chaifiber.

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

2.2.1.SCATTERING WITH REGICNAL ELECTRONS

During the inelastic scattering of electrons excitation and ionization
phenomena due to Coulomb field are noted, ltieguin 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 cawsmrsdary 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 particlespis = /2. These two factors require the
adjustment of the BetheBloch equation for the energy loss per unit length, With
kv/c
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2.2.2.BRAKING RADIATION (BREMSSTRAHLUNG)

During the inelastic collisionwith the nuclei, electrons lose their energy due
to braking radiation (Bremsstrahlung radiation). Bremsstrahlung is electromagnetic
radiation produced by the deceleration of a charged patrticle (electron) when deflected
by another charged particle (atormacleus). 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)é 2E 4
(o = 1amie M ype @

For very energetic electrons anblsarbents 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:

_E “E Yd_E :idx E'( %:é}&o
dx dx X%

where X 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 tonBsgahlung and it is
approximated by (Dahl):

716gcmt A

%o Z(Z+1)In(287,)
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In the case of compounds radiation length is expressed as follows:

i_.. VV
X, X

w; fraction by weight angl ; radiation length of theii th element/*}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

/ v
P

e

e

Figure 2.1Q Moller scattering. In guantum chromodynamics (QCD), Moller scattering
represents the repulsion of the two electréfis.

Bhabha scattering involves the interaction between an electron and a positron
(e"+ e 9 e+ g€). In this case there is an extrderaction channel which contributes
to the cross section because of the possible annihilation and recreation of the electron
i positron pairl*e]

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.i*®l



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:

J

_ . OE
—ajl(dx)

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:

o _ 610(MeV)
Z+1.24
o) _ 710MeV)
Z+0.92

=
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 sdlitls.

For speeds near the speed of light in vacuum and absorber with atomic number
Z, an accurate approximation of toss ratio is{**!

EO

o) 3 ZGE(MeV)
Qo 700
Qw
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Figure 2.13:Fractional energy loss per radiation length as a function of the energy in

2.2.5.ELECTRON RANGE

lead.*!

Fast electrons, athey 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 thease of backscaterring, the electron exits from the entry point,
resultingin full energy deposition thereif!

Nie

=== == === Background

i
L]
1
]
i
i
R

r

Figure 2.14:The number of electrons that manage to reach the detector after passing through
the absorber is reduced and so it reaches quikkl number of background electrofis.
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2.3.PHOTONINTERACTIONS

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 bbfon energy, partial or total, to the atomic electrons
of the medium, which appears as kinetic energy.

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

EHX) = loe™®*

wheree = g¢(Coherent) € (Photo) +¢(Compton) +¢(Pair) the total linear attenuation
coefficiert, 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/ is the total cross section per atom and N the atomic density. The total
linear attenuation coefficient depends on the photon energy of the B!

Intensity

Figure 2.15: Attenuation of the intensity of the passing beam depending on the thickness of
the materiall®
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Figure 2.16:Mass attenuation coefficientsAAa S, (G the atomic cross section for each
i

process and A the atomic weigfd) a gas mixture of Ar+7%CO(XCOM databas€}®!

Additionally, € = 1/8; wherea-is the mea free path within the absorber:

100

Absorption length & (g/cm?)

y
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Figure 2.17:The mean free pathfor various adsorbents as a function of photon energy. The
remaining intensity | after passing through a material of thickneskx)is 1oe X, [11]
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2.3.1. COHERENT SCATTERINGI RAYLEIGH

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

o e Z 2
Ucoh I
Eg

A, photon energy. The cross sectidgn increases fok < 0.1 MeV andZ >
80. %3l

N,E,

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 thel&ctronlayer. A
photo- electron absorbs all the energy of the photon acquiring kinetic energy:

K= KT K

where&, = hf is the photon energy and tGe 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 phosétectron, an ionized ators i
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 phenoméfion

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 oflower energy. The cross section of the photoelectric phenomenon
can be estimated as:

4 mecz 35 z°
()" ==
=

ﬂphoto:
g
which tends to increase fé <1 MeV.
The rearrangement of electrons in order to fill the gap becaftisthe
detachable electron is accomplished either viaay 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 Xay emisson (X-ray fluorescence) the electron
rearrangements are followed by photon emission in theay 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 d&cé&on in the inner
layer of the atom is accompanied by an electron emission from the samea/dtem.
an electron of the inner layer is detached, then an electron ftughar energy level
can fill the hole, resulting in excess energy. This energy i€somas released by the
emission of a photon, but sometimes, it is transferred to another electron (Auger
electron), which leaves the atom. In light elematdsay through Auger phenomenon
is more likely. The new holes are covered from electron transitions 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 posSibié.

{

e” Auger

& -

Figure 2.20:Auger phenomeno#

_55_



2.3.3.COMPTON SCATTERING

The Comptorscattering occurs in energies similar to the electron rest energy,
and describes the inelastic scattering of a photon at an @oflan 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 anliangle
compared with the initial axis of the photon. The energhefscattered electron has a
wide range, because any scattering angle is pos§ible!

For the cross section of Compton scattering:

Z
(o] e —_—
Ucompton E
g

Recail

elactron

Targel . g

Incident elactron .-
photan at re-;'l‘\*'q}

Figure 2.21:Compton scattering representatién

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

— Ea 2 H
Et - (A +1)2 (COSqS \/A Slrf gf

mec? electron rest energyay the wavelength after scattering aagithe wavelength
before scHering. The frequency of the scattered electron only depends on the
scattering anglg?10]

1 Energy of the scattered photon:
Ea
E/ =hf, = g
7 1+a(l -cosg)

a

m.¢

wherea =

1 Kinetic energy of recoil electron:
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_pa a(l- cosq
“ T91+a(l -cosg)

For angled = 18C the kinetic energy gets maximum, while tbx 0°* minimizes.

1 Relation of(i andd angles:

cot = @a- cogq YA +a)
sing

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

4
ds _ ¢ N 1 171 €osiq +é(l cos § q
dW 2nfc 1+al <osy 1 &#@ ceos
. 0010007900 80°
oA ~S0-
ST g

2 0 25 5 75 10
do_,/dQ [10% cm¥st]

3]

Figure 2.22:Angular distribution of the scattered photoHs.

2.3.4.PAIR PRODUCTION

During the process of pair production o photon converts into an eléictron
positron pair after interacting with the electric field of alaus. 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 kinetic energy. This phenome dominates at high energies

and its cross section is:

g = -4 A 1
PN X,
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E,= 511 keV

Eleepxéueve putivio £
Electroi-g-

Figure 2.23: A photon of sufficient energy creates an electrpositron pair and then the
positron annihilates in a pair of photons with equal enéfdy.

The quantityU= Gpair (N, }/) ) =—, wherej o the mean radiation length

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

I (x) = 1(0)e* = (O) °%

So, mean radiation lengthoXor pair production expresses t]ﬁ%of mean

free path for e production [pair) by @ high energy photon.

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

Ry = 2V o TA L o

E. Z
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 annihilaté°-*1]
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Figure 2.24:Probability P that a photon interaction will leadefoe” pair productionFor
photon attenuation lengts L,air the probaility that the photon will lead to pair production
in an absorber of thickness x is R[&>9]. [

2.4.NEUTRONINTERACTIONS

Neutrons are electrically neutral subatomic particles which together with
protons constitute atomic nuclei. The absenceladtecal 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 rauclateractions even at low
energies because they can easily penetrate the Coulomb nuclear Harrier.

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

n® p+Q +0 +Q

Figure 2.25:Feynman diagram for neutron dec&j.
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The possibility of neutron interactions with certain nuclei depends on the type
of the material and the neutron enerfjjeutron cross section is very small, soythe
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 fo 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 AD KT D1/40 eV
Cold/ Ultracold AD meV /eeV
Epithermal 0.1 eV <E <100 keV
Fast 100 keV < E < 100 MeV
High energy A 1680 MeV

Table 2.2:Categories of neutrons!

The main ways of neutron interaction with matter is the scattering and
absorptim. 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 theelagtic collisions
energy of the incident neutron should be such as to achieve the induction of the
nucleuswhich occurs in energies in levels of MeV.

1 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 systemare 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 ¥ 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 ehnucleus without incorporating by making a sort of elastic
collision.

For nucleus with atomic mass numherand neutron scattering angie ds
expressed in laboratory system afdn center of mass system&y neutron energy
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before scatteringluneutron energy after scattering, the general formula for the elastic
scattering in laboratory system is:

E :(AEal)z (cosg, ®/~A sif gf

+

For energies in laboratory system and the adgiensidered in the center of
mass system, the energy relation gives:

E-E (A* 2 Rosy, ¥
4 a (A+1)2

If neutron energy is greater than 10 MeV, energy at which neutrons show
their wave naturescattering is independent of angleEach neutron is scattered more
than once, so in the second scattering neutrons are notinemsogetic anymore.

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

.. Q& p
w e+

0 cowe+ p
For very heavy nuclej (>200) both laboratory and center of mass systems coincide.

1 Inelastic neutroii nucleus scattering

During this process the neutron is instantaneously absorbed by the nucleus and
stimulates it. The newnucleusdecays partly by the emittance of a lovesergy
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 thiest excited level of the nucleu#). In the laboratory
system the minimum kinetic energy of the neutron for successful inelastic scattering is
calculated by:

w =—~F&

Neutrons after inelastic scattering have less energy and their direction changes
considerably.

1 Nonelastic scattering
The procedure is similar to inelastic scattering, except that the exiting particle
i snoét a neutron but usually particle al phz
decays by emission af photons. Non elastic scattering is more likely higher
neutron energies, above 5 MeV!
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2.4.2. ABSORPTION

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

1 Absorption witho 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 isotopeaat excited state. During the decay one or more photons
are produced but without particle emission:

n+ @O ® 2

1 Absorption with charged particle emission

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

1 Absorption with emission of several neutrons

For very high energy neutrons nuclear reactions can leashigsien of two
(required energiesi7 10 MeV) or three neutrons (1130 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 nowypaxtaed
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 enoissio
third neutron to return to the naxcited state.

1 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 ophoton the nucleus transits to a rgieady 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®!

1 Hadron jetproduction

The nuclear reaction involving neutr® with energy about 100 MeV, which
collide with target nuclei, resultsn the fragmentation of nuclei, i.e. cutting into
nucleon complexes in nuclei fragments. The most commonly produced hadrons result
in hadron jets!!°!

2.4.3.NEUTRON DECELERATION

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

DE=E ; E %

2

A -
whereg = (Z5)?
(A +]1-)

The mean logarithmic energy loss is given by:

E a
x=In—=2 A4 +—1In ¢

3-takes high values for light nucleioff hydrogems-= 1), while in larger mass
numbers is approximated as follows!

2
A +

XO

wWIN
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The mean value of I® is reduced byin every impingemerd Uamd after n
scatterings:

INO =InNO T n3

This approach givegood 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 distributory!

Y

Murmber of
Molecules with
Energy

Kinetic Energy (E)

Figure 2.27:Maxwell distibution of neutron energy spectrum with distribution

function f ()d =4 m—D_y¥2 2g, o g (4]

20kT

2.5.ELECTROMAGNETIC SHOWRS

A photon or electron of energy higher to a critical energy thresielthat
enters a material can cause cascade of secondary electrons and photons via braking
radiation and pair production. The init@photon of energyo produces a €’ € pair,
which can produce new photons via braking radiation if they have high enough
energy. These new photons can produce agahpairs 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 mediym
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Figure 2.28:Electromagnetic showér’!

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

E _ b(bt)a-lebt
dt Ga)

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

1 tmax=(U-1)/b=Iny+Gj=e,n,

1 y = E/& (energy in units of critical energy), where €- 0.5 for cascades
caused by electrons and €+0.5 for cascades by photoHs!*°]
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F n/\z/u—ﬁ;;n 1
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Figure 2.29:Values of the parameter b for the energy depositions of inoaectrons of
ener gikds 1D0BeV (same for incident photons). Ba
to each case and the system of equations, the pardiuzteralso be evaluated!
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2.6.HADRONIC SHOWERS

A hadronic shower is generated via #teng 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 betweertley more than one nucleonarficipate,
resulting in predominéan®,|iya ratib afralgoat®:1,0 r not
foll owed in importance by nucleons® (p,n),
etc), and photons. The pions have high energies and almost parallel diredten t
incident particle. For energies below a certain threshold neutral pions decay imto two
rays (°© o+ 9), which generate electromagnetic showers. Charged pions have larger
decay length and they can be disrupted or interact. If they interact, ribeycp 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 thedaergy pions decay into
muons and muon neutrinos’@ g*+3. o Us0 &+’ ).

The energyremaining 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 continuestil the point at which the hadron energy becomes
lower than the energy threshole!)[*°]

2.7.MUON ENERGY LOSS AT HGH ENERGIES

At high energies, the radiation phenomena tend to become greater than the
ionization of all charged particles. So, thesempomena 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 ar¢éecela the creation of cascades.
The average rate of muon energy loss can be described by the relation:

- =a® EHNY
X
where U4) is the energy loss duo to ionization as given by the Bétiioch
equation for charged particles and&p{s the sum of the contributions from thee
pair production, the braking radiation and photonuclear procedures. Considering that
these slowlychanging functions are stable, the mean rang®mxa muon of initial
energyXo is given as:

o E,
% ()@ =)
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where Ec = UEeo) / b(E.) expresses the energy at which the loss due to radiation
phenomena and ionization is the saltté.
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Figure 2.30: Contributions in fractional muon energy loss from the various energy
loss phenomené&?
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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- df7/50m
at frenchswss borders. This tunnel with a diameter of 3.8 m was constructed between
19841989 to host the large electron positron accelerator (Large Electron Positron
Collider - LEP), which was in operation until 2000!5]

3.1.LUMINOSITY

The number of collisions is given by the equatiers L [cnm?sY]d[cn?],
where L is the luminosity andlthe crosssection.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 pef and per secah The total crossection 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:

fr the rotationalfrequency in the LHC, ;mmithe number of packets in the interaction

poi nt (1P, nl and n2 the number of parti
contains, A1 A 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 abdut 103 cnmis?t, [211123]
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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 necesmy finetuning. Thehadronic conflicts are the only way to study parton
parton collisions (including gluongluon collisions). The nominal LHC energies can
achieve the desired valuetcross sections of new natural processes.

One of the main goals of the LHC is tocalerate 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 figdplication 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 introducedhat®itoton 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 timéeficcelerator
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 ims (lead- Pb) to study plasma quarkgluons. Lead ions are accelerated by
the linear accelerator LINAC3 and fed into LEIR (Low Energy lon Ring) that stores
and cools the ion&’[?1]
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Figure 3.2: The full LHC acceleration complex with the four bigpeximents!?*!

3.3.LHC PT 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 interactiomgebptthe two beams
occur at discrete time intervals. Each beam includes 2808 bunches and each bunch
1.15x16! protons. Between each consecutive bunch there will be 7.48 m, resulting in:

26659 / 7.48a3550 bunches into the tota

It is necessarto be enough space to get a correct sequence of bunches inected
into the ring and to be able to insert new bunches wheninaoseful ones are
extracted.

The total energy of the collision is of the order of 14 TeV. In this energy
protons will move at 099999991c = 299792455 m/s speed, so a proton will take 90
ms to traverse the full perimeter of the acceleraach bunch will go around
299792455/26659 = 11245 laps/s, so during the 20 minutes needed to reach the final
energy 11245P0 360 6.7 = 3.620° km. The time between bunches (bunch spacing
1 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 deing magnetic lenses to 16xdm
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’(@i t h g and the cfoss sectional size of the bunch
(G2 with & = 16 microns) in the IP. Then:

Probability = (@roton)? / 0%
Probability = (10"%?/ (16*10%? & 43*'10

Therefore, if N is the number of protons per bunch, the number of interactions will be:
Probability ON? = (41021 0(1.15x16%2 &4 50 interactions per

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 fofalcposs
secton 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:
Neventise= L Dleventt

10%4 (60 2L0%) 2L024= 600 millionss

With 11245 crosses per second:
112452 2808 = 31.6 millions crosses, the average crossing rate.

and so:

600 / 31.6 a 20 inelastic events per cr
per crossing. Most of t he forwad Gonsweringhat di d
3550 bunches:

11245 23550 = 40 million crossas 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 (pileupetrtices). From these primary vertices secondary vertices are created
and so on. The less energetic primary vertices are not taken into actotnt>s!
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Beam 1 Beam 2

L

Figure 3.3: The larger is the crossing angle, the smaller is the area of overlap and
therefae the possibility of collision is smaller. While is constant over the machine (~7.5
cm), Ux varies and assumes its minimum in the Interaction Péifits.

3.4. RFCAVITIES

A radiofrequency (RF) cavity is a metallic chamber that contains an
electromgnetic 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
vacwm.

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 parti@s 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 Mf{%.
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3.5 MAGNETS

The LHC consists of sophisticated superconducting magnets.
Supeconductivity 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
superconductingvires 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 generatefield 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 magodiux 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 crossingd 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
conductorsWhen the coils are oozed bylaage amount of power they must be kept
under pressure to prevent movement and deformation.

Figure 3.5 Superconducting dipole magnet. The diameter of ech coil is 50 mm and the
di stance of the particle tubiofcebsthatareae@tetlsy i s180
current with growing density’

Another basic element of the LHC is the superconducting magnetic
guadrupoles, which show a similar construction to that of the dipoles. A quadrupole
magnet acts as a condenser lens in a pladeaa 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 thagnetic quadrupole is about twice

the length of the dipole magnet because it contains additionally supplementary and
magnets of higher polarity (six and eight poles).

Figur 3.6 Supércnducting quadrupd?éJ

The system consists of 9593 magnets32l2lipole 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 frequengities (RF cavities) to
400 MHz. Magnets consisting of niobidtitanium coils (Nb- Ti) giving fields as
8.33 T with current 12 kA"}[23]

3.6. CRYOGENIC SYSTEM

The existence of a cooling system for maintaining the magnets in the operating
temperaturef 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 syst@ 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, wérein 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 th magnets. Finally, the cooling system drops the helium
temperature of 1.9 K as desiréd.
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3.7. SUPERCONDUCTING CABLE

The cables consist of 36 strands of superconducting wire, each strand with a
diameter of 0.825 mm, and consists of 6300 supercomdudtiaments made of
niobium - titanium alloy (NbTi). Each of the filaments is 0.006 mm thick and has a
thin highpurity copper layer around it. In the superconducting state copper behaves
as an insulating material (below263 C), while at norsuperconduing state
functions as a conductouperconducting cables weight 1200 tonnes at a total length

of 7600 km. The current flowing through the wires of the dipole magnets is 11700 A.
(7]

Figure 3.8: Strand (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 naturatlisfy including studies of the
Standard Model and the new physics. Both aim at achieving maximum luminosity of
L = 10* cm?s?! for protoni proton collisions. The ATLAS experiment will be
discussed below. The CMS comprises a detector of 12000 tons baselig high
field superconducting magnefThe ALICE experiment (A Large lon Collider
Experiment) specializes in heaign physics and the study of plasma properties of
guark- 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 efgoarks and measurements for the violation

of CP symmetry. The degree of violation of CP symmetry can not explain the amount
of matter in theuniverse and the source of answers considered to be the study of the
possible decay modes of B and D mesé&hs.

Figure 3.9: Schematic representation of the underground path of the LHC, with an average
depth of approximately 100m, with the respectivsitians of the four experiments!
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4. THE ATLAS EXPERIMENT AT THE LHC

The ATLAS detector is the largest detecting apparatus of the LHC program.
Its goal is to take measurements on the type, the orbits and emnefgparticles
produced in the collisions. Because the conditions in the LHC, the detectors should
have fast and radiatieresistant electronics, satisfactory resolution in momentum of
charged particles and efficient track reconstruction, a calorimetpablea 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
bean axis, defined as:

d= - In[tan(2d)]

whered the angle between the particle momentum p and the bean?ais!

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

The ATLAS detector is cylindrical, consisting of concentric cylindersh wit
increasing radius, 46 m long, 25 m high and weighs 70004Bihds lengthwise
symmetrical to the interaction Point (IP). The basic distinction can be made between
the cylindrical (barrel) region, where the individual structures form cylindricaldayer
and in the area where the detectors form circular discs {esap region). The
experimental design allows the observation of phenomena associated with massive
particles that could not be observed at lower energi€s.
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Figure 4.2: The ATLAS caven °! with dimensions 35 x 55 x 40 f!

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 d#tem, 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 patrticularly difficult!

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 4.3: The ATLAS experiment. The different parts of the detector are né&téd.
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Figure 4.4: ATLAS cross section showing particle paths in each detecting I&yer.

4.1.COORDINATION SYSTEM

010~ (ATLAS POINT 1)

CENTRE
TUNNEL

Figure 4.5: The ATLAS right handed coordination system with z in bei@ction.?

Each measured quantity into the detector is based on this coordinate 8ystem:

1 The ATLAS coordinate system is righanded.

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

9 The z axis is collinear to the beam.

1 Thex axis points towards the center of the LHC.

1 The yaxis points upwards.

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

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

1 G is the azimuthal angle.

1 disthe polar angle.
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1 Rapidity is defined ay =-In (——), where& andn is the energy and

momentum along the z axis.

1 In the limit in which the particle is moving near the speed of lightisomiass
is almost zero, the pseudorapidity is numerically close to rapidity.
Pseudorapidity together with the angledetermine each position into the
detector.

1 TheqgRdistance on thg (plane is defined agR= w- =+ , wheredand
U are Psadorapidity 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 fromhhe i nteraction region to about =z
beampipe is 0.8 mm thick, and its inner ra
is a short 10 cm long aluminum section. The beampipe material then changes to

stainless steel. It remainstohe pr evi ous di mensions until :
flares to an inner radius of 40 mm and thi
N 1434.2 c¢cm, there is a second flare and t
60 mm (thickness 1.5mm),by=z N 1441.6 cm. The pipe stays
nears the front of the TAS absorber, which
To pass through the small hole in the TAS

reduces to an inner radius of Inm, 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 DETECTORT ID

The Inner Detector of 2.1 m diameter and 6.2 m length, is located in the
innermost prt of the ATLAS enclosing the beam line a few centimeters away from
the axis. Its pseudorapidity occupies the ragge 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 Bemiconducting 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 curvaturenéordhation 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 increasig 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 measurementrabmentum, which resulis the provision of track reference
points (3 and 4oints respectively). The TRT provides a large number of track points
with high accuracy, thereby enhancing pattern recognition and also detects transition
radiation photons contruting to particle identificatian

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 detectomelats and the presence of the
magnetic field and other uncertain contributiofig'}>7]

)
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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 subdetector§™
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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 identicaoncentric layers of radii 5.1, 8.9 and 12.3 cm
respectively, and plates of azimuthal anglé. Zach 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 frend chip
contains 160 rows and 18 columns of pixels,otalt 2880 pixels per frontend chip
and 46080 pixels per detector unit.

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

In total there are M#& detectors units with an area 26 cnf each and 80
million channels. The dense presence of particles requires good resolution of the
silicon pixel detectors of 250m thickness, which are the possible unit that can be
read having size of 50x40m? on the Ri i z plane with different circuits and
electronics each, providing occupancy of* J&r pixel and per beam.

Each particle that crosses the Pixel detector generates elebttEnpairs that
slide towards the readout electrode and if the ctdle charge exceeds a certain
threshold, it can be recorded. The resolution ishOon the R plane and 118m in
z coordinate. The frorit end chips are an important energy source of 0.8 W/cm
consuming in the whole detector volume about 15 kW. Thisieeamoved through
integrated cooling channels. The Pixel detector operatés At G10°tCdo reduce
the wear due to radiation. The requirements for radiation control are more strict
because of the proximity to the interaction pdtz*} 34

End-cap disk layers

Figure 4.8: The Pixel detectdr!
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4.3.2.THE SEMICONDUCTING TRACKERT 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 detetion 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 regioggs 1.17 1.4 (29.951 cm) and 1.2 1.4 $S
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 consist8®fufits of silicon
strip detectors in 4 concentraouble layer cylinders (2112 units) and two erwps
with nine disks each and 988 units per erwip. The barrel units have an uniform
design, with the strips in an almost parallel direction to thembeais 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 toraad)rove
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 resolutioreis bn the &
plane and 58@m at z coordinate. The resulting data are read by 6.2 million readout
channels in a total area of 62.m

Each of the end cap disks consist of not more than 3 unit rings with
trapezoidal sensors, that may have five diffestr¢s 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 TRACKERT TRT

The transition radiation tracker is the outermost part of the IDe&zctor. 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 detamminatio
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 507 cm andds 72 cm, in
pseudorapidity range afs 0.7. It also has two symmetrical enrdcaps, with
159,744 rooms in each, divided into 18 units (wheels) for 224 chamber létyers.
occupies radii 63103 cm and 83€s 340 cm, in pseudorapidity region of 0.7<
s-s 2.5. Eachchamber 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 130n, since larger coverage ability and
transition radiation detection are necegsén the center of the chamber a cable of
diameter 3&m is mounted. The chambers contain gas mixture of 70% Xe, 27% CO
3% O, which is ionized when a charged particle is passingAsy.a result free
electrons are produced which slide towards the emvade, 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 hyperelativistic particles to emitransition 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-i8BkeV, while
smaller particles that cause ionization, as pions, sie@ keV. The electron
identification parameter is the number of local energy depositions above a given
threshold 1211, (31]

Figufe 4.9: Left

/. b r ‘..

Figure 4.10:TRT and SCT end caps®®

Possble 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 perfonance of the Inner Detector.



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 xhannel and thebservation of significant loss of transverse
energy derived from nemteracting supersymmetric particles.

The ATLAS Calorimeter consists of an electromagnetic and a hadronic
calorimeter and is located outside the solenoid magnet, between the InnepiDetect
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
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 luminosity3(1@n?st) multiple collisions
will occur in every single bunch crossing (BC) every 25 ns, giving rise to the tidhe an
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 lostgrm operation’2[21.31]. [57]

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic o

end-cap (EMEC) -

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 calorimeterseaalso visible?”’ Ri ght : EM fAaccd¥di onocal or

4.4.1. THE ELECTROMAGNETIC CALORIMETERT ECAL

The role of EM calorimeter is to absorb energy from particles that interact
electromagnetically therewith, i.e., charged particles and photongsEuelorapidity
region that covers ig||| < 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 aegitingin electron
ionization. These electrons can be collected from Kapton accordion shaped electrodes,
which provide full coverage at andlewithout azimuthal gaps.

The density of the ECAL is often measured in units of the radiation I¢ngth
It consists of a barrel (220X separated into three parts with different granularity and
two end- caps (26 X). The closest part to the beam (%) rovides accurate
measurements on the position of the particles and the deposited energy due to
electromagneti interaction with the materiallhe intermediate part has the greater
granularity and absorbs the majority of the particles. The-@ags are composed of
1024 steel absorbers lined with lead with equal number of electrodesTé&cbarrel
of the ECAL ses the same cryogenic system with magnets, in contrast with to the
endi caps, which have their owrLE[E7]

4.4.2 THE HADRONIC CALORIMETER T HCAL

The hadronic calorimeter absorbs energy from particles passing through the
ECAL but not interactingia 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 | < 1.7), which is placed outside the ECAL barrel, and the
Liquid Argon Hadronic Endcap Calorimeter (LArHEC) (1.9)<|3.2), placed behind
the ECAL end caps.

The TileCal operates as a sampler of the deposited energy and uses plastic
scintillator platesas active material, which generates signals to the photomultipliers.
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The absorbent material is steel. It consists of three barrel parts, the cerdfat af |
and two external of 0.8 4||< 1.7.
The LArHEC uses LAr as active material, and copper (&upan 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
measuremernt! 2!

Figure 4.13:TileCal Hadronic Calorimeté€f®

2.4.3.THE FORWARD CALORIMETER T FCAL

The pseudorapidity region covered by the FCAL3i$ < ]| < 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 interactiof&>']

-
oo
<1

50

40

30

20

10

3%:;- I 750 _ _5.5::- 50600 e:,_é:_:- ,‘_{m}f
Figure 4.14:Schematic diagram illustrating the three sections of FEal.



4.5.THE MUON SPECTROMETER

The highenergy muons presume interesting physical processes. They appear
in standard model measurements &taAd W bosons, as well as in studies of the
Higgs boson especially at VW~ and Z°Z° decays. Their role is also crucial in the
study of supersymmetrizS]

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 sizk 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 acacy 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 spenteter also provides independent
muon trigger.

Four different technologies constitute the spectrometer, specifically two
subdetectors, the Monitored Drift Tube#DT and the Cathode Strip Chambers
CSC, and two triggering technologies, the ResistiaePChambers RPC and the
Thin Gap ChambersTGC, and toroidal magnets in the barrel and the-exaghs.

The spectrometer consists of a barrel, which covers a pseudorapidity range of
|d| < 1.05 and two enidcaps of 1.05 <] < 2.7. In the barrel, the chambers (MDTS)
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 conk@s.R
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 dre use
instead of RPC& BT

Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

s Barrel 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 TGEs).
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technologies are given in the following table:

Each detector station has an error of abown85The parameters of the four

Chamber resolution (RMS) hits / muon
Type Function Coverage z/IR a time barrel endcap
MDT tracking | d] <| 35%m(2) - - 20 20
CSC tracking 2.0 < | 40em(R) 5mm ms - 4
RPC trigger | d] < 10mm (z) | 10mm | 1.5ns 6
TGC trigger 1.05 < | 26mm(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 (eol@) does not include contributions
from the transmission of signals and the electrofits.

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 asgta, and its accuracy increases 2
when the distance L of the outer measurements also grows. Th%
relation that links sagitta with the transverse muon momentum p s
into a magnetic field of magnetic strength B is as follows:

pr=—" f
Figure 4.16: Sagitta(s)to
three pointsmeasuremerit®

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 nner 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 ngjjon of |
< 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 td#he IP.
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Figure 4.17:Side view of a quarter of the ATLAS muon Spectrometer by plane for angldéi = " /2.
The stations (inner, middle, outer) are noted as Bl, BM, BO respectively for the barrel and El, EM, EO
for the endcapWith different colors the difrent chambers are indicated: Endcap MDT (blue), CSC
(yellow), barrel MDT (green), RPC (white) and TGC (magenta).

Three different regimes can be identified:

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

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

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

45.1. THE MONITORED DRIFT TUBEST 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 ranggdpf< 2.7 exept for high
pseudorapidity region where the CSC are localdwy 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 (intermediagxternal stations) or énternal
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 i8@bout
em and the overall accuracy of the level across the anode &m40rhe 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 detectdithe MDT chambers.
Right: Crosssection of the chambét

- Cross plate

~ Multilayer
- In-plane alignment
"~ Longitudinal beam

Figure 4.19: Schematic representation of an MDT chamBér.

4.5.2.THE CATHODE STRIP CHAMBERS T CSGCs

The CSCs are multiwire proportional chambers that occupy a high
pseudorapidity regionf 2.0 <|d| < 2.7. They are separated to the arigiato 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¢hen segmented cathode strips by the
formed avalanche in the anode wire. Each passing muon gives four independent
measurements for both(resolution of 6&em) as well as fofi (resolution of 5 mm).
The anode wires are oriented towards the radial direethole the cathode strips are
placed orthogonally to the anode wirgg21126]
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Figure 4.20:Left: Internal CSC structuré® Right: Structural CSC diagram showing anode
and cathode wires and strips. The spacing of the cables S and aattge distance d is
2.54 mm/[2¢l

4.5.3.THE RESISTIVEPLATE CHAMBERS T 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 mranclosing a gas mixture obB2F4 (94.7%), iGH10 (5%), Sk
(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 areidded into two planes, orthogonal to each other, for
measurements a@fand(. The measure of thé 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 RPundertakes triggers of lower momentum with
thresholds that vary from 6 to 9 GeV. A muon RPC provides six measureffiénts.

4.5.4. THIN GAP CHAMBERS 1 TGCs

The TGCs are multiwire analog chambers and are placed in four levels around
the beam axis. T inner TGC level (1.05 4d| < 1.92) is incorporated in the
supporting structure of the toroidal coils of the barrel section i |Z] and is
separated into two neaoverlapping segments, the forward and the ewdp. Each
chamber has a pair of two TGC levels. The remaining 3 TlE@€ls are located at the
wheels outside the intermediate MDT station atQzfl4 and they give seven
measurements in total, a triplet chamber level (TGCQ5 <|d| < 2.7) and two
doublet chambers (TGCR TGC3, 1.05 <|d| < 2.4). Cumulatively, there ar@ne
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 €19 n- CsHi2 45%
allows operation in high saturation with a time resolution of 4 ns. The measuitement
the G component is conducted by the strips with a spatial resolution-of &m,
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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.2!
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Figure 4.21:Left: The TGC structure in which the anodeleabthe cathodes of graphite and a pick
up strip orthogonal to the wires are illustratétRight: Intersection of a triplet and a doublet TGC unit,
with the dimensions of the air gaps have increased with respect to the other eléments.

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 1ffom the IP, at a

radial distance of about 10 cm from the beama (-3

5.

8) .

anelasdcet ect

scatterings in the forward region. It consists of 20 aluminium tubes which surround
the beanpipe. The Cerenkov light emitted by a particle traveysthe 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 measureniadigiddal
bunchcrossings. 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 radiatiand quartz fibreso a region

with low background radiation, in which the fibres are read out with raotide

PMTs. The 16 electrical signals from the PMT readout are fed into a castsigned
front-end card, containing a fast amplifier and a differentialtirieer, andthen pass
through a discriminator, which registers a hit each time the PMT pulse height is above
a preset threshold. A chargedigital converter allows offline analysis of the signal
amplitudes. One of the digital outputs of the frent card is fed @ a multihit
time-to-digital converter for offline timing analysis, with a second output going to a
customdesigned 9U VME readout card. The readout card houses FPGAs used to
calculate the luminosity for each bunciossing using different algorithms. taf
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 vidittiei &terface
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 consistssoE i nt i | | at or fibers | oca

potsoé, which ar e de s lgnetdthetbeamalpegextemetyh a s
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 referto zeroi 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 wgHs> 8.3. Significant backgrounds in
hadroncollider experiments are created lbgamgas and bearn 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 alternatingtguads and tungsten platés!

4.7. THE MAGNET SYSTEM

The ATLAS magnet system provides the bending force required for momentum
measurementshe system is composed of a central superconducting solenoid, which
is aligned along with the beam axis amdee superconductive toroidal -aiore (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 aaxial 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. €hnominal 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 cent
tube is positioned within the cavity dfe liquid argon
calorimeter (blue), surrounded by the cylinder (red
and the toroidal coils of the endcap (greé).

barrel
toroids

end-cap

toroids solenoid

The toroidal system (aicored toroid) consists of eight coils which provide non
uniform magnetic fial, 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 ggon. 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- capstoroid is rotated 22%towards the barrel toroid maximizing the
bending force to the limit region between the barrel and the eapls [?[*1]

Figure 4.24 The cylindricalsolenoidmagnet enters
thesurface of the LAr Glorimeter?*!

] M <2
1o 6 7 B 9 10 11 12
X (m)
Figure 4.26:0One of the two toroidal magrsah its Figure 4.27: The magnetic field in the transverse
final position surrounded by the toroidal cdils plane between barrel and endcdphe coordinate

system of the magnetfield is rotated i /8 with
respect to th&TLAS coordinate systent!
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4.8. THE ATLAS TRIGGER

The currentLHC luminosity levels produce 0.2 billionipp 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 bounfiabout 100 selected events per second. To achieve
this enormous reduction factor of the order of Wthout losing interest events, the
existence of a trigger system is necessary.

The ATLAS trigger system consists of three levels. Each higher lebaksd 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 €s (75 kHz). L1 searches for signatures from #pdh muons,
electrons/photons, jets, anteptons decaying into hadrons. It also selects events with
large missing transverse enerd® ( ) and large total transverse energy. The L1
trigger useseducedgranularity information from a subset of detectors: the Resistive
Plate Chambers (RPC) and TH@ap Chambers (TGC) for high pT muons, and all the
calorimeter sutsystems for electromagnetic clusters, jeleptons,O , 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 tasg (25
Thus, many operations can be performed in parallel, if each of them is usingndliffere
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 Level1 trigger architecture®

The trigger system iqiitotal constituted by the Central Trigger Processor (CTP)
which is fed by signals from hardware trigger calorimeter (L1 Calo) and the
spectrometer (L1 Muon)!
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The L1 muon trigger is based on dedicatec
inthe barre and t he T &ap§,swithi ansufficignetimiaghatcuracy to
provide unambiguous identification of the burmbssing containing the muon
candidate.
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Figure 4.29:Triggering at the Calorimeté&t!

In readout pipeline systems, information frorack beam collision for each
detector element is maintained during trigger latency. This information can be analog
(kept in capacitor), digital (ADC), or binary (hitno hit). In this case, the output of
the trigger system is a single bit "Lewv&l 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 adegpfacts can pass to the next trigger
stage.

| signal

Conversion

BC clock

—_——

Trigger

Trigger accept

reject \

=
mm Buffer

Figure 4.30: L1 triggering Data Flow/?

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 lumiaosity
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 objectsefavith



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

e = electron
A g = o9photon (
A 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 poduced 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 fAmini mgekectedifoaso mod
storage (almost) randomly, regardless of whether or not they satisfied any chain.
Similarly, within a single chain, a certai

or more components, meaning that they pass regardless of what teertrigg p hy si c s
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 uskwrithms 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 frdndetectors 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 evehe &vents are sent from the
readout servers to events constructors for further andhlysis.

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 foreeevent
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 passetditieyihts

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 disabtddnges in
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beam condition might occur. Therefore, the trigger system should be flexible and
robust to manage such changes in real tifhe.

Interaction rate
~1 GHz CALO MUON TRACKING

Bunch crossing
rate 40 MHz

LEVEL 1
TRIGGER

< 75 (100) kHz

Pipeline
memories

Derandomizers

Regions of Interest Readout drivers

(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 differeigger levels!

Detector Channels Frame size (KB)
Pixels 1.4*10° 60
SCT 6.2*10° 110
TRT 3.7*1¢° 307
LAr 1.8*10° 576
Tile 104 48
MDT 3.7*10° 154
CsC 6.7*10¢ 256
RPC 3.5%1C° 12
TGC 4.4*10° 6
LVL1 28

Table 4.2:Event Size of ATLAS 1.5 ME140 million channels}!

Trigger efficiency

In the case of a trigger chain, the efficiency of the trigger, dempteders to
the probability of a particle passing that particular chain. Efficiency is usually
considered with respect to a kinematiciable, such as photon transverse ene@y,
which generates an efficiency curdg= U (O ). Conceptually, the efficiency of a
photon trigger chain could be measured as follows: for a fixed range of photihe E
efficiency is simply theaumber of photons that passed the chain divided by the total
number of photons in the sample. This can be repeated for various hsaod
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then, a histogram can be constructed, representing the desired efficiency curve. To
accomplish this, twohistograms should be constructed, the first containing the
photons that passed the trigger chain, binne@hyand the second containing all

photons, with the same binning. Dividing the first histogram by the second would

yield the desired effcercy cur ve. The existence of A mi
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 triggeirain can be calculateld

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 dettion depends on their momentum and the field
integral along their trajectory. Coulomb scattering in the material traversed, and for
low-pT triggers, the energpss fluctuation, are also of importance.
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Figure 4.22:Intersection of muon system with eeénce to the positions of the muon trigger
chambers. The differences from a strailji trajectory of an infinitenomentum track originating
at the nominal interaction point are measured using three trigger stéfions.

The pivot plane is the trigggalane farthest from the IP in the eadp, 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 differétever 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 loweomentum range and the longer one (pivot
plane and station 1 for the endp 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, whetbe window size depends upon the required pT
threshold. The lowpT 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 twml'low
stations has hits in both triggdapes satisfying the thresut-of-four logic.

A similar procedure is performed for the high trigger, where the planes of
RPC3 (TGC1) together with the pivot plane are used. Thepigtigger is satisfied
if the track passes the lep criteria, and irthe barrel at least one hit in the two
trigger planes of RPC3 are in coincidence, and in thecapdf at least two of the
three planes of TGCL1 in the h view, and one of the two planes of TGC1 Hh view
are within the appropriate coincidence wind&w“4!

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 ObjectsRDO). Then theRDO 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 algerithm
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 eént.

4.10.THEGRID

The large wlumes 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 consisthe 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 computersdstorage systems in over than 170 centers in 41 countries,
providing near realime access to LHC data and clock monitoring in different time
zones[2H[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 Ti€ris to keep backup copies (million digital readings from
the deectors), 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, Tiel.

Figure 4.33:Servers at Tier O record a copy of priary LHC datal distribute it to 13
Tier 1 centres around the worlet!

The Tierl 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 stge of the produced output, distributing data in-Riefhe
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 131Tmenters
worldwide. This higkhbandwidth netwrk 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 F&icenters dedicated to simulation and analysis of the
user side. The usually Ti2rare universities or institutes that can adequately store the
data and provide sufficient computing power for specific analysis tasks.

The smaller Tiel3 centers provide local access to individual scientfsts.

o
§
O
3
&

Figure 4.34: A StorageTek machine rexies server taps from 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
distributedsystem 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, suas 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 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 Btat(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 Systent:*

FRONT-END

The LCS layer transmits information regarding the state of subdetectors and
subsystems. The LC®ay 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 hierahy 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 operatioh the detector. This level summarizes all the
functions of each state of the detectors and subsystems as well as malfunctions
(alarms).

The frontend system consists of various parts arranged near the detector or in
nearby rooms. It is directly linked thi the hardware of the detector, providing
reading, digitization and in some cases, signal processing and data transfer to the
backend. On the other hand, it receives and executes instructions from thengack
The equipment of the frorend consists odensors, controllers, digitizers, processors
and computing systems pf autonomous basis. All the ATLAS-godtequipment has
to adapt to different requirements regarding radiation tolerance (radiation levels can
reach 100 kGy / year in areas close tolfe 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 backend system consists of different softwaresteyns which
communicate with the frorgnd providing supervisory control at the detector users.
The backend 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 esuring the homogeneity of the baekd 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 ATLA® @onetwork
(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 ordef ofh0dtlay
of the replication mechanism does not exceed a few’set [+l
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Figure 4.36:Flow of the information. ATLAS subetectors write in the online
database. DDV reads from the offline database that is a complete replica of the online
database. Fally, the user accesses the data through the DDV intefface.

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 accommodatbet 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 thédC 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 demnty US15, in which

some of the electronics of the ATLAS are hosted, but access is prohibited during LHC
operation[?7]
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Figure 4.37:The experimental area with its individual cavities, tunnels and access
shafts?’]

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 experimentghe 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 detectorshiased 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) perceivegh 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 thaxis, the particles from cascadas on the
BCM stations with a time difference qf = 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, atibnt s z = N inlgg9125ns resul t
(6.25 ns after a collision). The background particles reach thestnpam station 12.5
ns (1/2 BC) before the particles from collisions and dewimeam station at the same
time with them. By the use of thaitoi 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 usiing in
time hits. The measurements are performéd use of synchronous collisions.

The 4 BCM units are located in radiuP’5.5cm¢a 4. 2) anicc by angl
0¢, 90°, 180°, 270°, and a deviation of 450 the beam pipé?8l(2°1[301.[32]

Figure 4.38:BCM onto the supporting unit®!

ATLAS additionally is protected by TAS (Target Absorber Secondaries)
colimatorsp| aced at z = N 18 m from the 1P whi
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) incliedévo 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 ugerface
(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. Inormal 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 othé”does.

The BCM deteting units particularly in the region of intense radiation consist
of polycrystalline CVD diamond sensors of size 1xF.cAs a charged particle passes
(from p - p collisions or secondary proton products that get lost) the crystal lattice of
the diamond isonized, 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 twstage RF amplifier
amplifies the gnal 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 :
1
“ I
/ Diamond T‘J] e-h Creation
j

//' ““ _l_‘ i bias

Electrodes

Figure 4.40: Schematic representation of the diamond deteétor.

Agilent MGA-62653 e
500Mhz (22 dB) P

Mini Circuits GALI-52
1 CHz (20 dB)

pCVD diamond

Figure 4.41:BCM unit. The twestage amplifier consists of the following individual: 1
stage: Agilent MGA62653, 500 MHz (22 dB),"2stage: Mini Circuit GALI52, 1 GHz (20
dB). ¥2
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The BQM 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 higlguality cables behind the calorimeter to lower radiation points
and digitized sparately 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 dataral amplifiers requires the adding of a lpass filter with a
bandwidth limit 206300 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 transfexd 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 Vitred FPGA chip. The FPGA technology is suitable
for the processing of these signalsedo 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 thattimelitions
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 therimgntal
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 mamidhe 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 ref@mation 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 wsll realtime
information on the luminosity per bundle.
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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 DAf@ta flow.

FPGA Board ATLAS CTP

2xXilinx ML410
: L1A out

LVLI frigger in

2 ATLAS
LAl in TDAQ ROS

Trigger Out

.. S-link Data Out ATLAS
Threshold S S Beaniaborsi gal Beam Abort(2)
Temperature S S Recorded Data and DSS(4)

BCM detector
modules

8x
High Voltage, Low Voltage, Temperature

Temperature

Figure 4.43:BCM system architecturé’!

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 detectatsuimave been placed, six on each
side of the I P at points z = N 3450 mm an
converted into a digital signal which is transmitted via optical fibers to the
calculations room and recorded by a FPGA[29[301,[31]132]

4.13.2.MONITORS IN THE INNERDETECTOR

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 cbnsfs Fieldeffect transistors
( RADFETO6s) , whi ch measur edioded) which mdasule i oni s
Fneq, and radiatichardened transistors, which measure thermal neutron fluences.
These detectors measure the integrated doses and fluences irethaeiector
and also provide benaharking estimates of the different contributions (charged
particles, neutrons and photon).
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4.13.3.MONITORS IN THE MUONSPECTROMETER

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

Borontlined proportional tubes with Ar/CQgas, insensitive to photons and
charged particles, are used for thermal and slow neutrons measurement$ (< 10
MeV). Eachn +19B O Lj + a interaction sends a slow Li or particle into the tube,
causing a large ionization pulse, which is used for pdsght discrimination against
Compton electrons and MIPs. Additionally, a Botoaded plastic scintillator (BC
454) is sasitive 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(AQ)
scintillator are sensitive to the tritium angparticles produced in the neutron capture
proces 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
enegy electrons. Pulskeight discrimination schemes provide good rejection against
these backgrounds. A liquid scintillator, with pulgeape discrimination electronics,
is used in combination with plastics to measure fast neutrons.

Scintillator detectors wih Nal and lutetium oxyorthosilicate (LSO) crystals
are used to measure the lamergy photon spectrum (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 @8se.

4.13.4 NETWORK OF DETECTORSOR RADIATION MEASUREMENTS

A system of small silicon pixel detectoffsijly capable of delivering reaime
images of fluxes and spectral compositioh different particle species, has been
developed for radiation measurements in the experimental environment. These silicon
detectors will be operated via active USB cables and-etBrnet extenders by a PC
placed in the USA15 counting room. The hybriticen 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 discaiimis 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 sensitiv®/ (b tiems of MeV)
spectroscopic detection of radiation. They are also capable of counting particle fluxes
at rates in excess of GHz/ém

This system can be used in both tracking and counting modes, to record tracks
or counts caused byrays, gammaadiatian, 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®ln volume. In the case of count rates
above 5x18events/cifs, 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 indigidtracks 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 calorimeteyr fdevices near the muon
chambers in the inner em@dp muon station, and two devices near the forward
shielding and close to the outer exap muon statior!!
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5. MONTE CARLO METHOD AND SIMU_LATION

5.1. THE MONTE 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 sydtewiaga
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 dinaibt
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 expressedgthrihe
statistical quantity of crossection. When a particle stream impinges on a target, the
differential crosssection represents a statistical distribution function.

The Monte Carlo method follows some predefined steps for the simulation of
particle irteractions. 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
distances 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 probabity of occurrence is assigned to tHeinteraction 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 ofhe 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 coordinas, 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 enerfy) art
stopped duringhe 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 thers 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 forat time consumption and validity of the resulitg.
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5.1.1.THE LAW OF LARGE NUMBERS

Let X1, Xo, &, be independent trials of a finite mean vatue A(X;) and
variancel? = V(X ). For everyU> 0& RandB & = S
V(S)=nl+ V(S/n)=F/n
andA(S\/n) =¢
Using the Chebyshev inequality:

S ey &
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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° Hy). It guarantees stable lotgrm results for the mean value$
independent random events. The validity of the Monte Carlo method is based on this
principle. (62l

P(

5.1.2.PSEUDOT RANDOM NUMBER GENERATORS

Besides the numerous tests, the validityhef 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, th@ndom numbers should be
generated as if it were just samples of a random variable of a specific PDF. A typical
pseudo i random number generation algorithm is used for transforming
pseudorandom numbers that follow a uniform distribution, into numbersbdisd
according to a given distribution. It is a periodic algorithm that has a long period of
t housands of cycles and is initialized
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 withtruly 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 sét!
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5.2.MCNP5SOFTWARE

The MCNP software which was developed by thes 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 $ 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 andomplement betweersurfaces, and the various materials
composing the space thanks to their denSiy.

5.2.1.INPUT FILE

The general structure of an MCNP code is as follows:

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

The three main parts of the codel(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 surfamecell 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 descriptios i
code given below:
j m d geom param
T jn~ [0,99999] is the number of the current cell and is different for each cell
1 m s the number of the material comprising the cell
1 d is the material density, with d> O define the atomic density in atoms per cm,
while d <0, the density in grams per cubictometer is given
geom is the geometric characterization the cell produces through surface cards
1 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 =rl)at
(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 O ABCD
PX normal to Xi axis x- D H D
plane L
PY normal to yi axis y-D 0 D
Y4 normal to Z' axis z- D 9 D
SO centered at origin| X*+y* +Z R 0= R
S general (x- 1()2 €y ¥° (z 3* R-O WWOUR
SX sphere | centered on k axis (’:;X) fyzz :; Z g i (*f R
SY centered on y axis X2 (32/ R . - w R
Sz centeredonzaxis| < 7Y *% 2 0= ol R
C/X parallel to Xi axis (y- Y2 €z 2> R O W R
clY _ parallel to yi axis (x- X2 ¥z 22> R O o R
ClzZz syllaelss parallel to Zi axis (x- X> ¥y »> R 0 R
CX on X1 axis y’+72 -R & R
cy onyi axis X+ -R & R
C7 on zi axis xX*+y -R & R
K/X parallel to Xi axis | \[(y- y)2 %z 92 tx -0 | ©®at N1
K/Y cone parallel to y| ax.is \/(X_ X €z D ty y-0 oGt N 1
K/Z parallel to Z' axis Jx- 0% €y 92 2z 2-0 oot N 1
KX on xi axis [y?+2 -(x ® 0= wt? N1
KY onyi axis VE+Z -y 3 0= otz N1
K7 on zi axis SE+y? ((z D 0= art? N 1
SQ ellipsoid axis notparallel | A(x- > +Xy y°> &Gz Y| ABCDE
h);prZLbo?Io%d to X-, y-, Or z axis 12D(x X) 2E(Yy 3 FG owal
P +2F(z -2 & O=
GQ cylinder axis not parallel AX + By +CZ Dxy Ry ABCDE
cone to x-, or y-, or z FGHJK
T : +F H K+
ellipsoid axis 22 3Gz Hy & 0
paraboloid
hyperboloid
X elliptical or Y RVE EX 2 o
circular (x X)/z +(\/(y Kz 37 A c2 1 & | WOAABC
torus. =
TY A 15 o= Wx- %% €z A7 1 & | GOHABC
parallel to -
Z | eyorz | @D/ Wx-%2 €y 9 A / COOATA B C
axis
XYZP surface defined by points

Table 5.1: MCNP geometrie§'®!
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By combining the above more complex geometdar arise. Every point in
space must belong to either a surface a@lla o that there are no gaps in geometry.

Surface Card
The structure of the surface card is then:
j alist
1 jis the serial number of the surface card and obviously different for each surface
1 ais the geometric stereo which can be one of therafargoned 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
geometrylike macrobody capability is an atteative method of defining cells and
surfaces. The macrobodies can be mixed with the standard cells and surfaces. MCNP
can use the following macrobody structurés:

BOXd ARBITRARILY ORIENTED ORTHOGONAL BOX
RPR RECTANGULAR PARALLELEPIPED

SPHY SPHERE

RCG3 RIGHT CIRCULAR CYLINDER, CAN

RHP OR HEX RIGHT HEXAGONAL PRISM

RECS RIGHT ELLIPTICAL CYLINDER

TRC3 TRUNCATED RIGHT ANGLE CONE

ELLO ELLIPSOID

WEDJ WEDGE

ARBd ARBITRARY POLYHEDRON

=4 =4 =4 -4 4 48 -2 -5 _95 -9

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 cads should be also defined. The syntax of the respective card is the
following:

mn zaidl fractionl zaid? fraction2

1 mnis the material card designated by the letter m followed by the serial number of
the material n,

1 zaid is the atomic number ofghatomic mass of the isotope (often followed by a
number that indicates the library in which isotope data are recorded),
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1 fraction is the fraction of the nuclei content, wherein a positive number indicates

atomic density in atoms per cm, and a negative munmdicates the nucleus

weight fraction.

Source Card

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 mainapagters used in the majority of
simulations are:

1 pos to determine its position in thrdanensional space
1 ergfor the source energy

1 parfor the particle type

1 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
Uuu, VVV, WWW
SUR surface 0 (means cell source)
ERG energy (MeV) 14 MeV
DIR €, the cosine of the angle between VEC a| Volume caseg is sampled uniformly in-[L, 1]
UUU, VVV, WWW. The azimuthal angle i (isotropic). Surface case:q)(= 2 for €€ [0, 1]
always sampled uniformly in [0, P (cosine distribution)
VEC reference vectofor VEC Volume case: required unless isotropic. Surfa
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 PO 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 T coordinate of position no X
Y y I coordinate of position noY
Z z1 coordinate of position no Z
CCC cookiei cutter cell no cookiei cutter cell
ARA area of surface (required only for direct none
contributions to point detectors from a plal
surface source)
WGT particle weight 1
EFF reference efficiency criterion for positon 0.01
sampling
PAR type d particle source emits =1(neutron) if MODEN or P or N P E,

=2 (photon) if MODEP,
=3 (electron) if MODEE

Table 5.2: Source parameters for the SDEF commiafid
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The parameter valuesin be described in 3 levels: (1) Direct value assignment
(" &€RG=1.25), (2) using distribution numbér €RG=d5) and (3) as a function of
another variable’ ( €RG=Fpos). In cases 2 and 3, three additional cards required:
1 Sl(sour@information
1 SP (source probabilities)
1 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: pl S1 (S2 é S3) S6S7
where n is the number whose last digitntiiges the tally as given in the table below:

Mneumonic Tally Type Particles pl Fn Units | *Fn Units
F1:pl surface current NorPorN,PorE # MeV
F2:pl average surface flux NorPorN,PorE #cnt MeV/cn?
F4:pl average flux in a cell NorPorN,PoE | #lcn? MeV/cn?

FMESHA4:pl| tracki length tally over 3D meskh NorPorE #lcn? MeV/cm?
F5a:pl flux at a point or ring N or P #/cny MeV/cn?

FIP5:pl pini hole flux image N or P #lcn? MeV/cn?

FIRS:pl planar radiograph flux image N or P #/cnt MeV/cn?

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

Table 5.3: MCNP5 tally types. The type of the tallied particle is noted ad$%pl.

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

Energy bins

In order to take measements, 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 Hisory 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
maximumnumber 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 additicss an
option, the computingme cutoff T, in minutes of computer time, may be specified
by the card ctm@.

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 effesalts.

1 Geometry Splitting

In geometry splitting, importances are assigned to each cell in the problem. When
a particle leaves a cell with importanceaind enters a cell of importancg the
particle is split/rouletted according to the ratidlil 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.

1 Weight Windows
The weightwindow 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 specifile 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, Russianwl et t e i s used to increase the part
window or until it is killed.

1 Exponential Transform

The exponential transform artificially changes the distance to the next collision. In
this technique, particles can be moved @reftially 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.

1 Energy Splitting/Russian Roulette

When sucha 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 thesparticles.

i 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 Wehthe uncollided particle exits the cell
without collision.

1 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 enhancedveights, 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.QUTPUT FILE

The output file contains the sitgtical 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 partie 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 cumulaty 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 éaly 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. Theifice 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 restiits.

Relative error

The rehtive error is the fractional-digma estimated uncertainty in the tally
mean, i.e., Rk "YIaf 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 !
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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. Foerdift
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 defiged a

whereis the variance ofo).

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. Examinatfahe highend 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 astimated uncertainty in the mean are
correlated, the mighoint 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. ME&l\fulates this refinement for the
confidence interval.

A Conservative Tally Estimate

Sometimes a user wishes to make a conservative tally estimate, just in case
rare hightally events may not be completely considered. In the output, MCNP shows
what wouldhappen 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 Statistial 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.
1 Tally mean:
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1.The mean must exhibit, fahe last half of the problem, only random
fluctuations as N increases. No up or down trends must be exhibited.

Relativeerror, 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 tbiel@m.

4. R must decrease ﬁsm,— 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 deease & N 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 BACKGROUN D

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

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 sut 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 thats 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 hagnic 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 moceculating 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
reducethe 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
electronicscavern (USA15)31): [48]

6.1.RADIATION ESTIMATORS

The Apri maryo esti mator s, obtained di |
determined by the tracking models of the transport code and are rarely modified by
the user. Estimators derived from these quastitiec an be consi dered A
guantities, which are obtained in the useril
convolving the primary quantities with conversion factors.

Particle fluencel is defined as the number dN of particles incident on a
sphereof crosssectional area da, irrespective of their direction and it is a necessary to
describe and quantify radiation side effects:
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0= d%a (kHz/cr?)

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 welldefined orientation. In a directed radiation field fluence and current are
the same only for normal incidence to the surface.

The 1 MeV neutron equivalent fluen€Bneg is obtained by convoluting the
various particle energy spectra and fluences with silicon displacement damage
functions, normalized using the namising energy loss (NIEL) crossections to the
expected damage of 1 MeV neutrons. As a result, gadeon 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 Jouleg/l{Grayi 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 recoilisis given in units of Gyly, where one
year corr es pPindasdte pitpocolli8iond, asduting an inelastic cross
section of 80 mb, a luminosity of ¥0cm'2s '! and a datdaking period of 10s.
lonising dose is responsible for surface or interface effects in silicon devices, as well
as inducing gas detector agieffects.

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/nis the estimator for the rate at
which Muon Drift Tubes and similar detectors in the muon system will count in
response to the backgroupdrticle rates.

Muon penetrating particle rate (kHz/€nis the estimator for the muon level
trigger rate from background particle rates.

Star density (N/cri) represents the density of hadronic inelastic interactions
with energy above 50Me V¢!

6.2.SHIELDING STRATEGIESAND 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 tonkieldeng (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 mullayered 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 mnimum 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 laigeconsisting 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 captureepso 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 theimary particles is dumped into the
TAS collimators, and the Forward Calorimeters (FCal) which are among the strongest
sources of secondary radiation and are somewhatstseltling. Since they are
compact, they have been further shielded with layers méedenaterial and cladding.
Although selfshielding, 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
orsthave heenrdone t@ optimizena n y

t his

ficorner O

of t he

the shielding shapes and materials in this region.

Shower lengths will be determined by the matedigphendent radiation lengths
for electrons and photons, and hadronic interaction lengths for hadrons. Shower
lengths increas logarithmically with particle energy so, as the energy increases,
shower maximum moves deeper into the material and leakage out the back of the

shielding increase§?!

Material 1 (g/cm?) acm) Xo (cm) Comment
Pure Cu 8.9 17.5 1.45 expensive
Cu Alloy 8.61 8.8 18.01 18.4 1.47 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 ofilter
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 ofrtia¢esals is
presented in Appendix ¢!

-130-

de



6.3.ATLAS SHIELDING REGIONS

i -.,:' ' ,._.7.‘" E( v
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 protectidiolée
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 careich 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 thegoctal 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 of3BOs and followed by a 3 cm thick steeyer.

These polyethylene layers are made of 10000 bricks of three different shéfyes.

Washers

"

Figure 6.3: The massive shielding in the forward region (JF, JN) and TAS collim&tor.

6.3.2.JD- THE DISK SHIELDING

The Disk shielding (JD) has a diametf 872 cm and a total weight of
2x87=174 tons and serves a threefold purpose. Firstly, it supports the muon chambers
in the first enecap muon station (Small Wheel). Secondly, it shields these chambers
from background radiation emerging from the calotar® 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 endcap muon trigger chambers, consists of a
vertical steel disk with a diameter of 872 cm. Three glisks are used for the 8 cm
thick Al arge disco. Two disks of diameter
di sko. Two cast iron ribs of 1.6 tons att a
mechanical stability of the JD.
Jrnn

| [pyon
pE’rEG'l ORS

AR PROS

Figure 6.4:JD sielding®¥
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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 beige is a staless
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 (MDTS).

g ;

Figure 6.5: Left: The stainless steel tube. Right: The front of the JD shielding (IP Side).

o g

>

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

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 ey
: 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®!

-133



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 tweamnd
toroid cryostats. The shielding consists of four plug piecesbeued (1i 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@h B
(5%) that is used for neutron shielding. The photorated in the polyethylene layer
are stopped by the stainlesteel ECT bore tube, which supports the shielding in the
endcap 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 picturéight.

The JTV consists of various polyethylesteuctures, which are located in the
vacuum of the endap toroid cryostats and its purpose is to moderate neutron
radiation and stop the loivenergy neutrons by absorption in the boron. In particular,
it consists of the front wall (petals) which are 8 tinck plates and a front and back
ring, all made of polyethylene. The polyethylene is doped with boron carbide B
(5%), which causes fewer egassing problems than other dopants. The front ring
covers the radius 93 to 142 cm and it has a weight of ¢32vkile 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. B4 163]

Figure 6.8: Left: Installation of JV petals on the endcap toroid endplate. Right: A
JTV petal segment in the front waff!
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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 indi€8ted.

6.3.4.JM - THE MODERATOR SHIELDNG

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 backplash of neutrons from the caloster. 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@R This dopant results in a plastic
that is more radiation hard than if other boron dopamewsed. 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 endcapduid 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 baget. = 6]
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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 disg!

."

6.3.5.JN- THE NOSE SHIELDING

The nose (JN or TX1S) shielding supports the TAS collimator @rotects
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
installedin 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. Téss$ icon 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 fAwasherso, whi ch a
surround the tube and the monobloc and increase the radial thickn#es iodn
shielding by 112 cm in a region where the monobloc is thirt?!

Support fube

TAS collimodor
TAS crudl=

Momobloe

Washers

Concrete

Figure 6.12: Schematic view of JNI
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Figure 6.13:Left: The monobloc after installation. Right: Front view of the TAS collimator
and the remotely controlled &mpipe flangel®!

6.3.6.PLUGS IN THELAR CALORIMETER

There are three brass shielding elements inside each of toagrdlorimeter
cryostats, located directly behind the calorimeters. The largest one of outer diameter
387 cm, inner diameter of 128cm and weight of 12 tons is attached to the rear
endplate of the cryostats. Closer to the béamare 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 of3l8m. Plug 3 is a cylindricallghaped extension of the
forward calorimeters. The main purpose of these shielding elements is to protect the
endcap inner muon stations from the background radiatiof?!

HEC1 | HEC?2
PLUG 1
—PLUG 2
-_-IFCALI FCAL 2||[FCAL 3 —PLUG 3

— | | T 1

Figure 6.14:LAr calorimeter shielding plugf®"

6.4.MEASUREMENTS PREDICTIONS ANDRADIATION 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 sascleading 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 meter§&) 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.TeV. Each FCAL calorimeter absorbs about 0.45
TeV while about 50 GeV are deposited in the beam fipe.

6.4.1.PREDICTIONS FOR THEHNNER DETECTOR

The inner detector sees the primary particle production coming from the
interaction point, along with adlllo particles with their largest number coming from
the face of the endcap calorimeter. Charged hadrons, dominated by charged pions
originating from the g collisions, constitute the most serious background for the
innermost layers of the inner detectdihe 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.

R(cm)

E |
100—(EERE I : '

B8Ol

60—

50 100 150 200 250 300 350 400
Z(em)

Figure 6.15:Chargechadron fluence rates in the inner detectst.

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 phmns, 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 mini@iion of the material it is important in this region.
Anot her source 08decap which dommates the flienaesnat high
energiest! (48]
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Figure 6.16:Left: Total neutron fluence in the Inner detector. Right: Proton fluence rates in
the Inner detectdf*!

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, dven by the bias voltage. The low mobility holes that are left behind
slowly drift towards the S8i0; interface, where they accumulate as a charged layer,
modifying the operating characteristics of the device.

Another effect is bulk (or displacement) darmaghich dominates the damage
to Aminority <carriero devices (silicon
effects by energetic particles in the bulk of any material can be described as being
proportional to the displacement damage cross section Hizthwdepends on the
particle type and energy.

Silicon detectors, and other detector components, are also subject to damage
by ionizing radiation, al so referred as
of the damage due to this ionisation energy Iesguite 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 pdicles will induce ionization at an energy dependent rate, dE/dX,
given by BetheBloch formula, and photon backgrounds can be important since they
interact readily to produce charged particfés:®!
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6.4.3.PREDICTIONS FOR THECALORIMETER

The forward calorimeters will be exposed to up to 160 kGyly, whereas theagnd
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 obArthe
technology with its intrinsically high resistance to radiation is used in thecamdnd
forward regions. The tile calorimeter, with its scintillator samplings read out by wavelength
shifting fibres, is protected by the LAr electromagnetic calorimete is exposed to less than
30 Gyly.

The photon map shows an el ectromagnetic
m. The neutron map emphasizes th@Mhadronic

Figure 6.17:Total neutron flux and Photon flix the calorimeter region (GCALORY!

6.4.4.IMPACT ON THECALORIMETER

The TileCal consists of steel absorber material, impervious to radiation
damage and scintillating plates read out by wavelength shifting (WLS) fibers. TileCal
irradiation tests fopossible 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) anbrit end electronics are in
0drawersé6 positioned between structur al
modules. In both the barrel and endcap, this region is well shielded by the total depth
of the ATLAS calorimeters. The most exposed regamsat 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 ATLABE FC
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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