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ÖZET

Yüksek Lisans Tezi

BÜYÜK HADRON-ELEKTRON ÇARPIŞTRICISI ALGICINDA RADYASYON
SEVİYESİ BENZETİŞİMİ

Abdullah NAYAZ

Uludağ Üniversitesi
Fen Bilimleri Enstitüsü

Fizik Anabilim Dalı

Danışman: Yrd. Doç. Dr. Zerrin KIRCA

CERN’de Büyük Hadron-Elektron Çarpıştırıcısı (BHeÇ), Büyük Hadron Çarpıştırıcısı’ndan
(BHÇ) gelen 7 TeV’ lik protonların/iyonların, enerji geri dönüşüm hızlandırıcısında (ERL)
üretilecek olan 60 GeV’lik elektronlar ile çarpışmasını inceleyecek üzere önerilen bir
programdır. Geniş fizik programına, özellikle leptonlar ve kuark-gluon ile alakalı fizik
hedeflerine sahip olan BHeÇ, BHÇ için tamamlayıcı bir proje olarak planlanmıştır ki
bu hedefleri gerçekleştirmek için BHeÇ çalışma grubu tarafından çok amaçlı ve maksi-
mum verimli bir algıç tasarlanmıştır. Yüksek enerjili çarpışan demetler nedeniyle algıçta
yüksek bir ışınlık ve dolayısıyla yüksek bir radyasyon oluşması beklenmektedir. Algıç-
taki radyasyon ortamının simülasyonu, projenin ömrü ve algıç hasarını tahmin etmek için
büyük önem taşımaktadır.
Bu çalışmada FLUKA Monte Carlo kodunu kullanarak, LHeC algıcı için radyasyon or-
tamının benzetişimi yapılmıştır. Öncelikle, LHeC detektörünün geometrisi, BHeÇ’in
kavramsal tasarım raporunda açıklandığı gibi, her alt algıç için gerekli radyasyon ve
etkileşim uzunluğu değerleri dikkate alınarak FLUKA benzetişim programında tanım-
lanmıştır. Daha sonra ise, yeni benzetişim yapılan geometride, PYTHIA 6 olay üretim
programı tarafından üretilen bir elektron-proton veri dosyası çalıştırılmıştır. LHeC al-
gıcının tüm alt elemanlarında önemli radyasyon tahminleyicileri (parçacıkların dağılımı,
Dose, NIEL vb.) öngörülmüştür. Sonuçlar iz sürücüde, özellikle ön bölgelerinde (forward
regions), daha yoğun parçacık dağılımını göstermektedir. Ayrıca ön (forward) kalorimet-
relerde (FEC ve FHC) 7 TeV’lik proton demetleri nedeniyle daha yüksek radyasyona
maruz kalmaktadır. Bunun yanında, algıç cevabı daha iyi incelenmesi için, izotropik
olarak gönderilen proton olaylarının davranışı algıçta incelenmiştir.
Anahtar kelimeler: BHeÇ, BHeÇ algıcı, radyasyon seviyesi benzetişimi, algıç cevabı,
FLUKA benzetişimi.
2017, xv + 50 Sayfa
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The Large Hadron electron Collider (LHeC), a future project proposed at CERN, is des-
igned to collide 60-140 GeV electron/positron beam accelerated in an Energy Recovery
Linac (ERL) with the 7 TeV Proton or massive ion beam from existing Large Hadron
Collider (LHC) machine. This is planned to be a complementary project for the LHC
presenting an expanded range of physics goals especially those associated with leptons
and quark-gluon. To accomplish these goals, a multi-purpose 4π detector with large ac-
ceptance Deep inelastic scattering (DIS) has been designed by the LHeC study group. A
high luminosity and therefore an extreme radiation background is expected in the detector
due to the high energy colliding beams. The simulation of this radiation is of great impor-
tance for estimating the detector damage and predictions over the lifetime of the project.
This study presents the preliminary simulations of radiation environment for the LHeC
detector using FLUKA Monte Carlo code. Firstly, the geometry of the LHeC detector was
constructed in FLUKA using the LHeC detector baseline layout reported in LHeC CDR.
The required radiation lengthX0 and interaction length λI for each sub-system were taken
into account while defining the new composite materials. Secondly, an electron-proton
event data obtained by PYTHIA 6 event generator was run in the newly-built virtual
geometry. The essential radiation estimators (Particle Fluence, Dose, NIEL) were pre-
dicted in all sub-systems of the LHeC detector. More intense particles fluence is foreseen
in the tracker system, particularly in the forward regions. Forward Calorimeters (FEC
and FHC) are also exposed to a higher radiation due to 7 TeV proton beams. Besides, for
a better understanding of the detector response, the behavior of isotropically sent proton
events in the detector is explored.
Key words: LHeC, LHeC Detector, detector response, radiation environment simul-
ations, FLUKA simulations.
2017, xv + 50 Pages
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1. INTRODUCTION

The fundamental structures of matter and the forces between them are the main topics

of High Energy Physics (HEP) which is also known as Particle Physics. In the history

of Particle Physics, many basic building blocks were accepted as the fundamental con-

stituents of matter. For instance, at the end of the 19th century, atoms were believed as

the fundamental blocks of matter which can not be further subdivided. However, later on,

the internal structure of atom was discovered and the electron, proton, and neutron be-

came the elementary particles. The most updated knowledge about the issue is presented

by Standard Model (SM) (Wiese 2010), which has the most successful explanation of

the elementary particles and forces between them. According to this model, leptons and

quarks are grouped into three families of 2+2 each. These particles are governed by four

forces: the strong force, the weak force, the electromagnetic force and the gravitational

force. These forces are mediated by gauge bosons. Although the SM has been successful

in explaining the structure of the universe (Egana-Ugrinovic 2016), still there have been

some drawbacks in describing the dark matter, dark energy, neutrino masses, etc.

A deeper exploration of the structure of matter and the universe requires large particle ac-

celerators to give more energy to the colliding particle beams. The Large Hadron Collider

(LHC) at CERN, as briefly outlined in section 2.3, has been the largest high energy exper-

imental center in the world until now which can reach ≈ 14 TeV center-of-mass energy

(Evans and Bryant 2008, CERN 2017).

As part of the LHC, the Large Hadron Electron Collider (LHeC) is also proposed to be one

of the High Energy Physics experiments at CERN. It has been planned to collide 7 TeV

proton or heavy ion beams from existing LHC machine with 60−140 GeV electron beam

accelerated by Energy Recovery Linac (ERL).

Before LHeC, HERA at DESY, Germany, was known as the biggest electron-proton

collider ever built which pushed the Deep Inelastic Scattering (DIS) energy to reach the

Fermi scale. HERA which is still known as the first e-p collider ever, was designed for

the collision of the electron and proton beams with energies of 30 GeV and 1 TeV respec-

tively. The beams were accelerated in a 6 km circumference tunnel. According to the

1



achievements considered for HERA, it reached the luminosity of L ≈ 1031cm−2s−1 and

continued its operation until 2007.

Since the accelerator ring of the LHC for proton/ion beam was already in operation, to

make better use of it, the idea of having an electron proton (ep) collider (the LHeC) was

introduced. In the middle of nineties, a study was performed suggesting two options for

the electron accelerator part of LHeC; a new lepton ring in the LHC tunnel, Ring-Ring

(RR) option, and an electron linear accelerator, Linac-Ring (LR) option.

The LHeC has a wide range of physics programme which is crucial in expanding the

capabilities of the LHC. It brings the possibilities of discovery for physics beyond the

SM with high precision deep inelastic scattering measurements. A considerable radiation

environment is created in the detector due to the high luminosity and energy during the

collisions. The radiations, higher than minimum bias background, start to influence the

detector and may damage semiconductor devices. It also may lead to saturation of the

detector or its occupancies beyond the tolerable level. The simulation of radiation envi-

ronment for the detector is necessary to predict the behaviour of the detector system and

its performance over the lifetime of the project.

In this study, the geometry of LHeC detector is built in FLUKA (FLUKA 2017) according

to LHeC Conceptual Design Report CDR (Fernandez et al. 2012). The material of each

component is defined newly from the composite of all materials used in the respective

part according to their X/X0. As a result, the detector response and simulation of rad-

iation environment for the LHeC detector, such as the dose distribution and the fluences

of different particles (charged particles, protons, muons etc.) are presented. For detector

response studies, events of protons with 7 TeV energy were sent isotropically from the

interaction point of the detector. While an electron-proton collision data, generated by

Pythia 6 (Pythia 2013), is used for simulation of radiation environment. The significant

radiation estimators are then presented.

In the following sections, some HEP Experiments like HERA and LHC are shortly re-

called. The details of the LHeC project, its Physics goals and the two possible options

of the projec are reviewed. The LHeC detector and the parameters used in the FLUKA

simulation are explained in chapter 3 . Finally, chapter 4 presents the simulation results

for the radiation environment and the detector response.
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2. THEORY

2.1. An Overview of High Energy Physics Detectors

Exploration of the fundamental constituents of matter, as mentioned above, requires large

particle colliders like LHC to accelerate particles beams and bring them into collision

at the highest energy possible. The collision can take place either between two acceler-

ated particle beams (head-on collision) or between the colliding beam and a fixed target.

After the crash, new-generated particles and their interactions are investigated in the de-

tectors built around the interaction point (IP). Many detection principles are being used in

High Energy Physics. Using gaseous detectors, solid-state detectors and scintillator de-

tectors are the most common methods. The gaseous detectors are based on the ionization

(electron-ion pair production) that take place by a charged particle as it passes through

matter. While the solid-state detectors utilize semiconductor materials such as silicon or

germanium crystal. In scintillators, photons are released when an electron returns to its

ground state (excitation mechanism). Scintillations are then monitored by photomultiplier

tubes which convert them to electrical signals (Grupen and Shwartz 2008). A detector at

particle colliders based on the physics goals of the experiment can use different technolo-

gies mentioned above.

A typical detector used on a collider includes vertex detector, tracker, calorimeter, and

muon detector. A schematic view of a typical High Energy Physics detector system is

illustrated in Figure 2.1 showing all sub-detectors (Moser 2009). For the LHeC detector

layout, see Figure 3.1.

Tracker, with a larger radii ≈ 1-2 m, is positioned after the vertex layers. The main task

of tracking detector is to monitor the path of the particles which are curved under the

magnetic field provided by the magnet system of the detector. The measurements of the

curvature by the tracker allow us to determine the momentum of the particles. Tracker

also exploits silicon detectors like strip sensors and gaseous detectors (Green 2005, Kayl

2010).
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Figure 2.1. A hermetic HEP detector layout. Front view (right), side view (left).

Calorimetry is designed to measure the energy of the incident particles generated in the

strong and electromagnetic interactions in the detector. The measurement is done by en-

tirely absorbing the incident particles and then converting their energies to detectable light

or electronic signal. There is less disturbance for particles that traverse tracking detectors.

However, the interaction and the deposited energy by the incident particles are maximum

in the calorimeter detectors where the electromagnetic and hadronic showers take place.

Calorimetry has electromagnetic and hadronic parts specialized to deal with electromag-

netic and hadronic showers respectively. The particles involved in the electromagnetic

shower are electrons, positrons, and photons, while hadrons (particles made of quarks)

are produced in hadronic shower with a comparatively longer range (Fabjan and Gianotti

2003). This extensive range requires a large enough region to contain the entire hadronic

showers. From the point of construction technique, calorimeter detectors are classified

into homogeneous and sampling calorimeters. In the homogeneous calorimeter, a single

medium (e.g. PbWO4 or BGO crystals) serves as both absorber and the active material.

Sampling calorimeters, on the other hand, are built of alternating layers (e.g. Pb and LAr)

for absorption and signal generation.

Muons (Gorringe and Hertzog 2015), unlike the most of other particles, can travel large

distances even without any interaction. The muon detectors are, therefore, placed in the

4



very outer region where no other particles like hadrons or electrons can reach. The most

common interaction mechanism for muons is ionization by which they can be detected

easily in the outermost region. The detection process is performed mainly by gaseous and

scintillation detectors. By passing through the gas volume of the detector, the incident

muons produce electron-ion pairs whose absorptions in the anode and cathode induce

the detectable electrical signal. Scintillators are also used in some cases for accurate time

measurement of muon tracks and positions. The magnetic field in the muon detector helps

us for the analyses of muon’s momentum. More information about the principles of muon

detectors can be found in (Paolucci 2006, Arai et al. 2008).

2.2. The HERA Experiment

High Energy Ring Analge (HERA), the very first electron-proton collider, was built at

DESY (German Electron Synchrotron) in Hamburg city of Germany in 1992 (Klein and

Yoshida 2008). HERA (HERA 2006) was known as the only experimental center in the

world, in which e−/e+ and proton beams were accelerated separately in a 6.3-Km-long

tunnel located deep below the ground, to reach the required amount of energy (Ee ≈

27 GeV andEp ≈ 920 GeV). The beams were then brought to a head-on collision. The HI

and ZEUS detectors were designed to investigate high energy ep interactions with nearly

4π acceptance and a solenoidal field of 1.2 T and 1.43 T, respectively. The first phase of

operation at HERA, “HERA I" was taken place from 1992 through 2000, while after the

upgrade to achieve a higher luminosity (almost by a factor of four of HERA I), the second

data-taking phase “HERA II” was begun in 2003. The research operation at HERA was

continued until the end of June 2007. The experiences gained at this experiment played a

crucial role in design and installation of the LHC at CERN (Amaldi 2015, CERN 2017).

Figure 2.2 shows a part of proton and electron beam tunnels at HERA project.
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Figure 2.2. The HERA experiment at DESY, Germany.

2.3. The Large Hadron Collider

The Large Hadron Collider (LHC), the world’s largest particle accelerator until now, is

located at the European Organization for Nuclear Research (CERN) close to the border

of Switzerland and France, where a two-ring superconducting proton-proton collider is

installed in a 27 km tunnel buried 50− 150 m below the ground surface to investigate the

resulting particle interactions. A magnetic field of 8.3 T, provided by the Superconduct-

ing dipole magnets, is required to keep the protons or ions in orbit during the acceleration.

The superconducting magnets are cooled using liquid helium at a temperature of 1.9 K.

The proton or ion beams accelerated in the opposite directions, nearly at the speed of light,

are collided at four different experiments (ALICE, ATLAS, CMS, and LHCb) along the

ring.

Two general purpose experiments, A Toroidal LHC ApparatuS (ATLAS) and the Com-

pact Muon Solenoid (CMS), focus on understanding the nature of electroweak symmetry

breaking and Higgs boson (The CMS Collaboration et al. 2008, Plehn 2012). The Large

Hadron Collider beauty experiment (LHCb) is dedicated to B Physics and A Large Ion

Collider Experiment (ALICE) investigates the physics of heavy ion collisions. There is

also the TOTal cross section, Elastic scattering, and diffraction dissociation Measurements

(TOTEM) experiment.

The LHC is designed to provide collisions with high luminosity of ≈ 1034cm−2s−1 and

a center of mass energy of
√
s = 14 TeV. Protons, obtained from hydrogen atoms, are

first injected into some smaller accelerators; Linac2, PS Booster, Proton Synchrotron and
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Super Proton Synchrotron (SPS), where proton beams are given the energies of 50 MeV,

1.4, 25 and 450 GeV by each accelerator respectively. When the proton beams gain the

required energy, they are injected into the LHC where they are accelerated to their final

energy level.

The main purpose of the LHC is to understand the nature of electroweak symmetry break-

ing and to explore potential manifestations of new physics phenomena beyond the Stan-

dard Model (BSM).

Figure 2.3. The overview of CERN’s accelerator complex.

2.4. Deep Inelastic Electron-Nucleon Scattering at the LHC

The electron-proton (ep) scattering at the LHC was presented at the first ECFA-CERN

workshop on the feasibility of Hadron Colliders in the Large Electron-Positron Collider

(LEP) Tunnel in March 1984, where the physics of electron-proton (ep) collision was stud-

ied (Altarelli et al. 1984) in the range of center-of-mass energies between
√
s ≈ 0.3 TeV

(HERA) and
√
s ≈ 1− 2 TeV. The later energy was considered if the e−/e+ beam from

LEP collided with the proton beam of the LHC. Later on, since the 7 TeV proton or ion

beams of the LHC ring were already in implementation, it was reasonable to think of ex-

ploiting one of these beams as a part of new (ep) or electron-ion (eA) collider- the Large

Hadron electron Collider (LHeC).

In the middle of nineties upon the request of the CERN Scientific Policy Committee
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(SPC), a study on electron-proton ring option with an estimated luminosity of L ≈

1032cm−2s−1 was presented (Keil 1997). Finally, the more detailed study on Deep Inelas-

tic electron-nucleon Scattering at the LHC was performed (Dainton et al. 2006), demon-

strating for the first time that the luminosity of L ≈ 1033cm−2s−1 could be achieved. It

suggested a 70 GeV e−/e+ beam in the LHC tunnel to collide with one of the LHC hadron

beams operating simultaneously.

2.5. The Large Hadron Electron Collider

The Large Hadron Electron Collider (LHeC), a future project proposed at CERN, has been

designed to collide 7 TeV proton or heavy ion beam from existing Large Hadron Collider

(LHC) machine with 60− 140 GeV electron beam accelerated by Energy Recovery Linac

(ERL). The performances set for the LHeC, lead it to be the first experiment studying deep

inelastic lepton-hadron (ep, eD and eA) scattering at the TeV energy scale for momentum

transfers Q2 beyond 106 GeV2 and for Bjorken x down to 10−6. Providing a high lum-

inosity of L = 1033cm−2s−1 and a center of mass energy of
√
s = 1, 4 TeV, the LHeC

therefore, represents an excellent opportunity of exploring a new regime of energy and

luminosity for DIS and the determination of hadron structure, as studied in QCD. This

high precision lepton-hadron collision brings in a crucial accuracy in the physics goals

of the LHC and extends its capabilities, especially in the matter of exploration of hadron

structure (Dainton et al. 2006, Brüning 2013). The luminosity achievable in the LHeC

is 100 times higher as compared to the previous ep collider, HERA, while it is four times

higher in case of the center of mass energy (Cruz-Alaniz et al. 2015).

The LHeC Conceptual Design Report (CDR), published in 2012, was developed under the

auspices of CERN, European Committee for Future Accelerators (ECFA), and Nuclear

Physics European Collaboration Committee (NuPECC) (Körner 2017). It explores two

distinctly different options for the LHeC; a new lepton ring in the LHC tunnel (Ring-Ring

option) and an electron linac along with the LHC (Linac-Ring option). The Linac-Ring

option was then preferred for implementation due to economic reasons as well as for con-

servation of the LHC tunnel. The complex of both options is given in Figure 2.5.1.
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In consideration of the requirements of the LHeC experiment, a hermetic and asymmet-

ric 4π detector has been designed for both Linac-Ring (LR) and Ring-Ring (RR) options

by the LHeC study group, as documented in the CDR (Fernandez et al. 2012). The

LHeC detector baseline layout, from center to the outer layer, consists of tracker detec-

tors (central, forward and backward tracker), calorimeters (electromagnetic and hadronic

calorimeters), and the muon system. A strong solenoid (3.5 T) separates the electromag-

netic and hadronic calorimeters. See Figure 3.1. More details about the LHeC detector

can be found in the section 3.

Figure 2.4. Schematic view of the CERN’s accelerator complex. The LHeC location is
near to ALIC (red line).

2.5.1. The LHeC Ring-Ring Option

When the LHC project (Verdier 1991) at CERN was intended to be installed in the LEP

tunnel, the overlap in the exploitation of LEP and LHC brought up the idea of an ep Ring-

Ring collider. However, later on, it was decided to install the LHC in the LEP tunnel after

complete removal of the LEP machine, an additional lepton ring was proposed to be built

on the top of the LHC tunnel (Lehrach 2012) with three bypasses towards the outside of

the ring in isolated tunnels each of which is 1.3 km long (Klein 2011). See Figure 2.5.

This layout could benefit from known technologies and experiences gained at HERA and

LEP. Some of the LHeC Ring-Ring parameters are summarized in Table 2.1. For further

information about RR configuration refer to (Keil 1997, Fernandez et al. 2012, Burkhardt
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2012).

Table 2.1. Main LHeC Ring-Ring option parameters.

Parameter Value
Electron beam energy 60 GeV

e+, e− intensity per bunch 2× 1010

Total e+, e− beam current 100 mA
# bunches 2808

ep Luminosity (HL-layout) 1.3× 1033cm−2s−1

Total wall plug power 100 MW
Transverse normalized emittance εNx,y 0.59, 0.29 mm

Figure 2.5. Schematic view of the LHeC RR option: The LEP tunnel now used for the
LHC (grey/red) and three bypasses of ATLAS, CMS, and LHCb (blue) (Keil 1997).

2.5.2. The LHeC Linac-Ring Option

As outlined in the previous sections, the LHeC project can also be visualized as a Linac-

Ring collider, which requires a new Linear accelerator (Linac) for the electron (or positron)

beam. The linac, based on superconducting (SC) radio frequency (RF) technology (Nas-

siri et al. 2016), accelerates the electron (or positron) beams to 60−140 GeV and collides
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them with the 7 TeV proton beams circulating in the current LHC tunnel. Of the sev-

eral options studied for the linear accelerator (pulsed, recirculating and Energy Recovery

Linac configurations), a recirculating 60 GeV Energy Recovery Linac (ERL) (Zimmer-

mann 2013, Bogacz et al. 2015) has been chosen for accelerating the e/e+ beams. The

60 GeV ERL version consists of two superconducting RF sections 1 Km each and two

return arcs that house magnets for three passages at different energies. Since each linac

section provides an energy gain of 10 GeV, the machine requires total three revolutions

to reach the required energy of 60 GeV (Zimmermann 2012, Brüning 2013). Figure 2.6

shows a schematic layout of the 60 GeV ERL option including the dimensions. The LHeC

baseline linac parameters for the 60 GeV ERL and 140 GeV pulsed option are summarized

in Table 2.2 (Brüning 2013).

Figure 2.6. Schematic layout of the LHeC ERL.

Table 2.2. Parameters for LHeC linac option, 60 GeV ERL and 140 GeV pulsed.

Operation mode CW Pulsed
Beam Energy [GeV ] 60 140

Peak Luminosity [cm−2s−1] 1033 4× 1031

Cavity gradient [MV/m] 20 32
Cavity Q0 2.5× 1010 2.5× 1010

RF length [km] 2 7.9
Total length [km] 9 7.9

Beam current [mA] 6.4 0.27
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2.5.3. The Physics Programme

The inclusive physics programme of the LHeC project is documented extensively in the

LHeC CDR. It has been organized in three general sections; New Physics at Large Scales,

QCD and Electroweak Physics, Low x and Nuclear Physics. The intense proton or ion

beam of the LHC along with the new e/e+ beam from ERL can provide a high luminosity

of ≈ 1031cm−2s−1 which is around 100 times larger than that achieved at HERA. It can

yield a center of mass energy of almost 2 TeV (Cruz-Alaniz et al. 2015) and would probe

distance scales of the order of 10−20 m (Dainton et al. 2006). With high luminosity and

low Bjorken-x, the new TeV scale ep and eA energy frontier collider pursue the new as-

pects of physics beyond the Standard Model (BSM). The LHeC can completely unfold the

partonic content of the proton and give us the knowledge about quantum chromodynamic

phenomena and hadron or nucleus structure (the Quark-Gluon distributions). Since HERA

was not designed to collide electrons with deuterons or ions, a good opportunity for ex-

ploration of the electron-deuteron and electron-ion scattering (Rossi 2016) with high Q2

and low x is provided by the proton/ion beam of the LHC ring. The phase space which

will be extended by the LHeC is shown in Figure 2.8.

A TeV-energy-scale lepton hadron collider like the LHeC, provides us with the chances

of investigation into new areas of physics especially those associated with leptons and

quark-gluon described by QCD (Perez and Rizvi 2013). LHeC data could separately con-

strain all of the quark favors for the first time in a single experiment.

When exploring new physics, the electron-quark vertex requires precision study consid-

ering the pure-lepton and pure-strongly-interacting vertices. The LHeC has a unique

potential for precision electroweak physics reaching high scales and effective couplings,

and provides a good sensitivity to new leptons or particles with both lepton and baryon

quantum numbers. Therefore, it can be an excellent complement for the LHC discovery

potential-especially for physics BSM (Newman 2009, Staśto 2011).
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Figure 2.7. Key results of the exploration of the TeV scale colliders beginning by the
LHC (top), and complementing by the LHeC (bottom left) and ILC/CLIC e−/e+ colliders
(Fernandez et al. 2012).

Figure 2.8. Kinematic regions in Bjorken-x and momentum transfers Q2 for the H1 and
ZEUS experiments at HERA and the LHeC (Dainton et al. 2006).
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3. ANALYSIS

3.1. An Overview of LHeC Detector

The LHeC detector baseline layout, designed by LHeC study group, presents a hermetic

and asymmetric detector with a high precision and 4π acceptance (Polini et al. 2012,

Kostka et al. 2013). The detector design has been presented for both Linac-Ring and

Ring-Ring options, however, due to some reasons like being less intrusive for LHC run-

ning and being synergic with Future Circular Collider (FCC), the LR design, as shown in

Figure 3.1, has been preferred as the baseline layout. Therefore, this simulation uses the

details and characteristics of the LR detector baseline layout reported in the CDR (Fer-

nandez et al. 2012).

Figure 3.1. Schematic r − z view of the detector design for the Linac-Ring option.

The LHeC detector, as depicted in Figure 3.1, consists of a central tracker extended with

forward and backward tracking detectors surrounded by the electromagnetic calorimeter

which is separated by a strong solenoid (3.5 Tesla) from the hadronic calorimeter. The

detector, finally, covered by the muon system. The dimensions of the main LHeC detector

are 14 m× 9 m which are much smaller than the CMS or ATLAS (Polini et al. 2012).
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This chapter gives a short description about geometry of the LHeC detector with some

details of each sub-detector presented by the LHeC study group (Fernandez et al. 2012).

Based on this information, the FLUKA simulations are then presented. Some required

information regarding material composition, which is not mentioned in the CDR, are taken

from CMS and ATLAS designs. This is based on the similarities in technologies used for

the LHeC and the specified experiments.

3.2. Geometry of The LHeC Detector

3.2.1. Magnet system

The LHeC magnet system design (Fernandez et al. 2012, Tommasini et al. 2012) presents

a solenoid that can provide a magnetic field of 3.5 T. It is placed between electromagnetic

calorimeter and hadronic calorimeter with a length of 5.7 m and a free bore of 1.8 m to

house the tracker and EMC detectors. See Figure 3.1 and 3.9.

In the Linac-Ring option an additional 0.3 T, provided by the two dipoles, is also required

to bend the e-beam into the IP. As can be seen in Figure 3.1, each of the dipoles is divided

into two sections: the superconducting inner part (with the same bore as the solenoid) and

the outer section magnet with a bore of 0.3 m stands on the beamline either side of the

detector. The inner superconducting dipoles and solenoid, by the support of a common Al

cylinder, are integrated into one cryostat (Figure 3.2) equipped with thermal shields.

Al stabilized NbTi/Cu Rutherford cable is used in the inner superconductor dipoles (Russen-

schuck et al. 2012), whereas the outer dipoles are normal-conducting iron based. A

14 mm sized tube is attached to the outer surface of the support cylinder which is used for

forced liquid helium to cool the solenoid and dipoles. Moreover, a 0.3 mm thick double

layer of polyimide/glass tape is used for conductor insulation. In the FLUKA simulations,

in addition to the definition of mentioned materials, the 3.5 T is switched on for the reg-

ions under the magnet system.

The technology used for the LHeC solenoid has been proven well by the experiments

like ATLAS (Yamamoto et al. 2008) and CMS (Acquistapace et al. 1997). Some of the

dimensions and characteristics of this section listed in Table 3.1.
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Figure 3.2. Te cryostat of the LHeC magnet system.

Table 3.1. Dimensions of the LHeC magnet system.

Parameter Value Unit

Cryostat inner radius 0.90 m
Length 10.0 m

Outer radius 1.140 m
Coil windings inner radius 0.960 m

Length 5.70 m
Thickness 60.0 mm

Support cylinder thickness 0.030 mm
Conductor sect., Al-stabilized NbTi/Cu insulation 30.0× 6.8 mm2

Length 10.8 km
Superconducting cable sect., 20 strands 12.4× 2.4 mm2

Superconducting strand φ Cu/NbTi ratio = 1.25 1.24 mm

3.2.2. Tracking detector

The tracking detectors which are the most inner part of the LHeC detector baseline lay-

out, are all silicon devices with very high resolution. Covering the pseudorapidity of

−4.8 < µ < 5.5, the tracker is located inside the electromagnetic calorimeter and under

a solenoidal field of 3.5 T (Fernandez et al. 2012). Figure 3.3 shows the baseline lay-

out of the tracking detector which includes the sub-parts of Central Pixel Tracker (CPT),

Central Silicon Tracker (CST), Central Forward/Backward Tracker (CFT, CBT) and For-

ward/Backward Silicon Tracker (FST, BST). The tracker is kept as small as possible in
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radius for the requirements of the tracking detector and also the limitation given by the

magnet system.

Figure 3.3. The r− z view of Tracker detectors and Electromagnetic-Calorimeter for the
LHeC baseline layout.

3.2.2.1. Pixel detector

The main task of the pixel detector is the reformation of secondary vertices and generation

of track seeds for the reformation in the full tracker. The LHeC tracker detector uses a

pixel detector with a resolution of σpix ≈ 8µm in position. The barrel part includes four

Si-Pixel layers (CPT1-CPT4) with minimum radii of 3.1, 5.6, 8.1 and 10.6 cm, which are

placed as close to the beam pipe as possible. The ∆R is 2 cm for each layer (Fernandez

et al. 2012).

Figure 3.4 illustrates the module used in the ATLAS pixel detector (Aad et al. 2008)

which is assembled of sensor tile, front-end electronics chips (FE), flex-hybrid, module

control chip (MCC) and a flexible foil called pigtail (Alam et al. 1998). The geometry

used for the CPT simulation is given in Table 3.2, while the material composition is based

on the pixel detector used in the ATLAS detector.
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Figure 3.4. The exploded view of a barrel pixel for ATLAS detector full module (Alam
et al. 1998).

Table 3.2. Summary of the Central Pixel and Central Strip Tracker (CPT/CST).

Cen. Barrel CPT1 CPT2 CPT3 CPT4 CST1 CST2 CST3 CST4 CST5

Min. R [cm] 3.1 5.6 8.1 10.6 21.2 25.6 31.2 36.7 42.7
Min. θ [◦] 3.6 6.4 9.2 12.0 20.0 21.8 22.8 22.4 24.4
Max. |η| 3.5 2.9 2.5 2.2 1.6 1.4 1.2 1.0 0.8
∆R [cm] 2 2 2 2 3.5 3.5 3.5 3.5 3.5

± z-length [cm] 50 50 50 50 58 64 74 84 94
Project [m2] 1.4 8.1

3.2.2.2. Strip detector

Si-Strixel detectors, as depicted in Figure 3.3, include 5 central barrel layers (CST1-

CST5) with a resolution of σstrixel ≈ 12µm. Minimum radii of the layers are 21.2, 25.6,

31.2, 36.7 and 42.7 cm. The LHeC Strip detectors use silicon module (Figure 3.5), which

is currently functional in the CMS tracker (Borrello et al. 2003, Azzurri 2006). A layout

of the silicon strip (2-in-1 design) is shown in Figure 3.6. The simulation of this region is

based on the information given in Table 3.2 along with materials used in the silicon strip

module.
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Figure 3.5. A layout of a silicon strip used in the CMS Tracker (Kaußen 2008).

Figure 3.6. A layout of the 2-in-1 strip sensor design used in the CMS tracker module.

3.2.2.3. The endcaps

The central tracker is finally completed by four disks of endcaps in both Central Forward

and Central Backward Trackers (CFT-CBT). The dimensions of each disk are summarized

in Table 3.3.

Furthermore, five wheels of Forward Silicon Tracker (FST) and three wheels of Backward

Silicon Tracker (BST) are positioned in the forward and backward directions of the tracker

respectively (Figure 3.3). Tabel 3.4 gives more information about these wheels.
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Table 3.3. Summary of the Central Forward and Backward Trackers (CFT/CBT).

Cen. Barrel CFT1 CFT2 CFT3 CFT4 CBT1 CBT2 CBT3 CBT4
Min. R [cm] 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1

Min. θ [◦] 1.8 2.0 2.2 2.6 177.4 177.4 178 178.2
at z [cm] 101 90 80 70 -70 -80 -90 -101

Max./Min. η 4.2 4.0 3.9 3.8 -3.8 -3.9 -4.0 -4.2
∆z [cm] 7 7 7 7 7 7 7 7

Project [m2] 1.8 1.8

Figure 3.7. A fully assembled end-cap of CMS (Widl 2008).

The BST uses Si-Strip, while in the five wheels of FST, Si-Pixel or Si-Strixel detectors

may have to be used (Fernandez et al. 2012). In this work, for both FST and BST, Si-

Strip detectors are simulated. The materials which are less in amount and does not have

a significant radiation length were neglected in the simulation. Figure 3.5 demonstrates a

template of the Si-Strip module used in the CMS. A fully assembled end-cap of the CMS

detector is depicted in Figure 3.7.
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Table 3.4. Summary of the Forward and Backward Silicon Trackers (FST/BST).

Cen. Barrel FST5 FST4 FST3 FST2 FST1 BST1 BST2 BST3
Min. R [cm] 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1

Min. θ [◦] 0.48 0.54 0.68 0.95 1.4 178.6 178.9 179.1
at z [cm] 370 330 265 190 130 -130 -170 -200

Max./Min. η 5.5 5.4 5.2 4.8 4.5 -4.5 -4.7 -4.8
Outer R [cm] 46.2 46.2 46.2 46.2 46.2 46.2 46.2 46.2

∆z [cm] 8 8 8 8 8 8 8 8
Project [m2] 3.3 2.0

3.2.2.4. Powering and cooling

The LHeC powering and cooling system, as pointed in LHeC CDR, can use the current

LHC installations (Fernandez et al. 2012). For instance, ALICE and CMS pixel detectors

have adopted so far C6F14 monophase liquid cooling-systems as the baseline. Although

fluorocarbon fluid has the features of excellent stability, good thermal properties and high

electrical resistance, the CMS upgrade for the cooling system has used CO2 to have a

much more lightweight and effective cooling system (König 2009, Daguin et al. 2012).

Figure 3.8 shows the mechanics layout for the CMS inner barrel tracker upgrade form,

which CO2 is used instead of fluorocarbon.

Figure 3.8. The mechanics layout designed for the CMS inner tracker.
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3.2.3. Calorimetry

The LHeC calorimetry, illustrated in Figure 3.9, is located behind the tracker detectors

and has two parts of electromagnetic and hadronic calorimeters covering rapidity region

up to |η| < 5.5. The Electromagnetic Calorimetry (EMC) is based on liquid argon tech-

nology, while Hadronic Calorimetry (HAC) uses scintillating tiles technology. Taking

into account the electromagnetic and hadronic showers, a high enough radiation length

of X0 = 30 and interaction length of λI = 10 are considered for the EMC and HAC

respectively.

Figure 3.9. x−y and r−z view of the LHeC calorimetry, EMC (green) and HAC (pink).

3.2.3.1. Electromagnetic calorimeter

The electromagnetic calorimeter of the LHeC experiment is a Liquid Argon (LAr) samp-

ling calorimeter with accordion shaped electrodes, subdivided into three parts: central

Electromagnetic barrel (EMC) and Forward and Backward Electromagnetic Calorimeters

(FEC/BEC), see Figure 3.9. It covers a rapidity range of 2.8 < η < −2.3 and based on the

electromagnetic calorimeter currently used by the ATLAS (Alam 2005, Wilkens 2009).

LAr has been chosen because of its intrinsic linear behavior, the stability of the response

over the time and radiation tolerance. A detail of the accordion-electrode structure of

ATLAS EMC is presented in Figure 3.10.

As seen in Figure 3.10, a cell consists of a lead absorber plate, a copper/Kapton readout

electrode and the liquid Argon gaps in both sides (Buchanan et al. 2008, Fernandez et al.
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Figure 3.10. Accordion structure of ATLAS LAr Calorimeter with a longitudinal view of
its one cell.

2012). Si-W modules (X0 = 30) and Si-PB modules (X0 = 25) are used in the FEC and

BEC respectively.

Some preliminary simulations of the EMC have been already presented in CDR using

GEANT4 (Agostinelli et al. 2003) and FLUKA. Using almost the same approach, this

simulation defines a composite material based on the X/X0 of all used materials like

LAr, Cu, Lead, Stainless steel, Kapton, glue etc. A 3D view of the accordion structure

of the ATLAS LAr Calorimeter is shown in Figure 3.11. Further details about EMC are

summarized in Table 3.5.

Table 3.5. The details of the LHeC electromagnetic calorimeter.

E-Calo parts FEC1 FEC2 EMC BEC2 BEC1
Min. Inner radius R [cm] 3.1 21 48 21 3.1

Min. polar angle θ [◦] 0.48 3.2 6.6/168.9 174.2 179.1
Max./Min. η 5.5 3.6 2.8/-2.3 -3 -4.8
Outer R [cm] 20 46 88 46 20
z-length [cm] 40 40 660 40 40
Volume [m3] 0.3 11.3 0.3
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Figure 3.11. The 3D view of the ATLAS EM barrel detector, displaying the accordion
structure.

3.2.3.2. Hadron calorimeter

The LHeC Hadronic Calorimeter (HAC), as can be seen in Figure 3.12, includes a hadronic

barrel and the Forward and Backward Hadronic Calorimeters (FHC/BHC). The hadronic

barrel, with an inner and outer radius of 120 and 260 cm respectively, is a cylinder divided

into three sections: central barrel (with 580 cm length along the beam axis) and two ex-

tended barrel in the forward and backward directions. The barrel part based on a samp-

ling technique with scintillating tile embedded inside an absorber structure made of steel

plates, the same method as used for the ATLAS hadronic calorimeter (Airapetian et al.

1996, Hrynevich 2017). The results of preliminary simulations (Fernandez et al. 2012)

for the HAC are presented in the CDR, in which 3 mm thick scintillator tile is embed-

ded inside a 4 mm thick steel plates which are placed in planes perpendicular to the z-

direction. It makes the total interaction depth of λI = 7 required for the HAC. By using

the dimensions given in Table 3.6, the geometry of HAC was simulated in FLUKA and

the materials, mentioned above, were then defined in consideration to the recommended

λI = 7 for the HAC.
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Table 3.6. Summary of the hadronic calorimeter barrel part dimensions.

H-Calo barrel part FHC4 HAC BHC4
Inner radius R [cm] 120 120 120
Outer radius R [cm] 260 260 260

z-length [cm] 217 580 157
Volume [m3] 121.2

Figure 3.12. An r − z view of HAC, FHC1-FHC3, BHC1-BHC3 of the LHeC detector.

The forward and backward parts of the calorimeter (FHC, BHC) are exposed to high level

of radiation environment.Therefore, Tungsten with short radiation length is used as the

absorber material. Copper can be used as an alternative in the BHC. Table 3.7 summarize

the detail of the FHC and BHC.

Table 3.7. Summary of the FHC and BHC dimensions.

H-Calo parts Inserts FHC1 FHC2 FHC3 BHC3 BHC2 BHC1
Min. Inner radius R [cm] 11 21 48 48 21 3.1

Min. polar angle θ [◦] 0.43 2.9 6.6 169 175.2 179.3
Max./Min. η 5.6 3.7 2.9 -2.4 -3.2 -5
Outer R [cm] 20 46 88 88 46 20
z-length [cm] 177 177 177 117 117 117
Volume [m3] 4.2 2.8
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3.2.4. Muon Detectors

The muon layers are the outermost component of the LHeC detector. A 3D view of

the LHeC detector surrounded by the three muon layers is demonstrated in Figure 3.13.

Depending on the central detector, the LHeC muon detector has various options like muon

tagging, combined muon momentum measurement and standalone momentum measure-

ment which are yet to be finalized for the baseline layout. The first option, muon tagging,

is based on the LR design of central detector using the residual magnetic field of the cent-

ral solenoid. It considers three layers each include a double layer for triggering along with

another layer for precision measurements, see Figure 3.14.

This method is commonly used in HEP experiments. In the ATLAS and CMS exper-

iments; Drift Tubes (DT) and Cathode Strip Chambers (CSC) are used to obtain the

measurement of position and momentum of the muons while Resistive Plate Chambers

(RPC) are dedicated to triggering and second coordinate measurements (Fernandez et al.

2012).

In the CMS muon system, DTs are used in the central barrel region, CSCs in the endcap

region and RPC is used in both the barrel and endcaps (S Chatrchyan 1997). For the sim-

ulation of muon layers, based on the traditional technology used by CMS and ATLAS, Al

layers, Ar/CO2 gas mixture, W-Re wire and other used materials detailed (Arai et al.

2008, Collaboration 2010), are considered for DTs. While in the case of endcaps, anode

wires with copper strips (cathode) within the gas volume are included in the simulation.

The gas mixtures (C2H2F4), Bakelite electrodes and readout strip are simulated for the

RPC (Thyssen 2012, Hadjiiska et al. 2013). Further studies on the detail of LHeC muon

system design can help us to improve the accuracy of the simulations.
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Figure 3.13. A full view of the baseline detector in the r − z plane with all components
shown. The dimensions are ≈ 14 m× 9 m.

Figure 3.14. An artist 3D view of the projective arrangement of the barrel layer muon
chambers (left). A schematic view of the cross section of one of the chambers (right) (Fer-
nandez et al. 2012).

3.3. The FLUKA Monte Carlo Code

The FLUKA Monte Carlo Code is a well-known transport code widely used for calcula-

tion of particle transport and interactions with matter. The name of FLUKA code stands

for FLUktuierende Kaskade (Fluctuating Cascade) which was first written in 1962 by

Johannes Ranft and later on, it was developed by a collaboration of CERN and INFN in

2003 (Rata et al. 2016).

FLUKA can transport particles over a wide energy range of 1 keV to thousands of TeV.

It is capable of transporting about 60 different particles; neutrinos, muons with different
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energies, hadrons with energy up to 20 TeV and all the corresponding antiparticles, neut-

rons down to thermal energy and heavy ions. It covers an extensive range of applications

spanning from proton and electron accelerator shielding to target design, calorimetry,

activation, dosimetry, detector design, cosmic rays, radiotherapy, etc. (T.Böhlen 2005).

In this study, the geometry of the LHeC detector, as explained in section 3.2, was con-

structed in FLUKA. The new defined materials in the simulation are based on their X/X0

in consideration of the required radiation length X0 or interaction length λI for each sub-

detector, as reported in LHeC CDR. For simulation of radiation environment, the required

data was generated by PYTHIA 6 (Sjostrand et al. 2006) as a result of 7 TeV proton

and 120 GeV electron beam collisions. The pseudorapidity η and momentum of particles

in the generated data is drawn in ROOT Data analysis program (Figure 3.16) (Brun and

Rademakers 1997).

6− 4− 2− 0 2 4 6 8 10 12
η 

0

500

1000

1500

2000

2500

 F
re

qu
en

cy
 [a

.u
.] 

Figure 3.15. The pseudorapidity of particles in ep data generated by PYTHIA 6.
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Figure 3.16. The momentum of particles in ep data generated by PYTHIA 6.
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4. SIMULATION RESULTS

4.1. Radiation Environment at the LHeC Detector

FLUKA predictions for significant radiation estimators are discussed in this chapter. Sec-

tion 4.1.1 presents the fluence of some particles which are more effective in radiation

damage studies. The fluence of energy and ionizing dose are given in section 4.1.2.

Finally, section 4.12 is dedicated to Non-Ionizing Energy Loss (NIEL) which let us study

the displacement damage in semiconductors or other electronic devices. The simulation

results in this study are performed per primary weight (unit primary particle statistical

weight) (T.Böhlen 2005). A detailed persentation of cross section studies at the LHeC is

helpful for the normalizition and improvement of the results.

4.1.1. Particle Fluence

Fluence is one of the main monitoring parameters in radiation background studies. It

is defined as the number of particles or amount of energy passing through a surface per

unit area (Daquino et al. 2006). Another definition is the track length per unit volume,

which in both cases has a unit of m−2. In the matter of energy, it is called fluence of

energy with a unit of J.m−2. There are radiations created from different particles in the

detector, however, some of them like neutrons, protons, hadron with energy greater than

20 MeV, 1 MeV neutron equivalent etc. have more influence on damage effects and are

of high importance in radiation background studies. Investigating the charged particles is

useful for studying detector occupancy. Figure 4.1 demonstrates the fluence of all charged

particles per primary weight at the LHeC detector. As it is obvious from the figure, the

charged particles constituted during the collision of electron and proton beams, have a

higher radiation in the inner detector especially in the forward region due to higher energy

of the proton beam.
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Figure 4.1. The fluence of all charged particles [particles/cm2/sec] in the LHeC detector.

Shown in Figure 4.2 is the fluence of hadrons with energy greater than 20 MeV. Due to

the high energy of proton beam (7 TeV), the formation of energetic hadrons are expected

in the forward regions of the detector, especially in the inner detector. Background sim-

ulation for hadrons with energy greater than 20 MeV is important for studying the single

event upsets.

Hadrons greater than 20 MeV [hadrons>20MeV/cm
2
/primary]

-400 -200  0  200  400  600

Z [cm]

 0

 100

 200

 300

 400

 500

R
 [
c
m

]

10
-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

10
2

Figure 4.2. The distribution of hadrons with energy greater than 20 MeV.
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The contour map presented in Figure 4.3 is neutron fluence in the LHeC detector. A higher

flux of neutrons is observed in the inner detector, particularly in the FEC and FHC regions

which utilize the radiation-hard W-Si and Cu-Si modules. Among the neutral hadrons,

neutrons which are largely formed in nuclear evaporation, have a considerably longer

lifetime and it is only nuclear scattering which is effective in their attenuation allowing

them to travel large distances. Therefore, in High Energy Physics, detector damages due

to neutron background is a well-known issue since few regions of the detector are save

from the radiations (Huhtinen and Aarnio 1995, Arratia Munoz 2016), as it is also the

case for the LHeC detector. To reduce the radiation damages, neutron shielding materials

like stainless steel are largely used in the HEP experiments (Linnik et al. 2017).
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Figure 4.3. The neutrons fluence in the LHeC detector.

Given in Figure 4.4 is the proton fluence which is quite different as that of neutrons. Prot-

ons predominantly lose their energy in the hadronic calorimeter. However, the hadronic

cascade created by the high energy proton beams causes more intense proton fluence in

the forward calorimeters (FEC and FHC). Figure 4.5 presents the photon fluence show-

ing a higher radiation in the FST and FEC regions. Photons, which are investigated in

the EMC, have many formation sources like electromagnetic cascade and neutron capture

reactions (von Holtey 1992, Huhtinen and Aarnio 1995). The neutron capture can also be

seen from the similarity in the photon and neutron fluences. See Figure 4.5 and 4.3.
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Figure 4.4. The protons fluence in the LHeC detector.
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Figure 4.5. The photons fluence in the LHeC detector.

Figure 4.6 shows the distribution of all pions. Compared to the other particle fluences,

muons have a quite different contour fluence. See Figure 4.7. Their trajectories are rather

straight reaching the muon detector. However, similar to other heavy particles, muons

have an intense background in the forward regions of the detector.
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Figure 4.6. The pions fluence in the LHeC detector.
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Figure 4.7. The muons fluence in the LHeC detector.
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4.1.2. Energy Distribution and Ionizing Dose

Figure 4.8 shows the contour map of deposited energy in the different regions of the LHeC

detector. A significant energy deposition is seen in the inner detector and calorimeters.

This contour is the result of ENERGY scoring in FLUKA USRBIN, which in the case of

energy fluence, specifies the Kinetic energy (Ferrari et al. 2005).
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Figure 4.8. Energy distribution in the LHeC detector.

In radiation damage studies, particularly in surface damages calculations, ionizing rad-

iation dose defined as the energy delivered in a volume per unit of the volume mass,

is of central importance. The unit becomes Joule/Kg/Sec which is commonly given in

Gray/year (Gy/Yr). Gray is the unit of absorbed dose and 1 Gy = 1 Joule/Kg (Huhtinen

1996, Baranov et al. 2005). All energy loss mechanisms are included in Dose. How-

ever, ionization is the most common mechanism which silicon and other electronic dev-

ices are subject to its defects especially in the surface layer. For displacement damage,

non-ionizing energy loss as explained in the next section is considered. Figure 4.9 demon-

strates the dose distribution in the LHeC detector in GeV/gr/primary, the unit considered

by FLUKA. As seen in the figure, tracker system is exposed to a more intense ionizing

radiation which causes surface damage effects.
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Figure 4.9. Dose distribution in the LHeC detector.

4.1.3. Displacement Damage and NIEL

The LHeC detector widely uses silicon especially in the tracker system like silicon pixel

and silicon strip. Therefore, their degradation due to displacement damage is of huge

importance for the LHeC radiation environment. Generated radiations in the detector

damage the semiconductors and electronics either by ionizing energy lose in the surface

level, as explained in the previous section, or by the displacement damage known as bulk

damage. Bulk damage is introduced as a deformity of the crystal lattice of a semicon-

ductor which leads to some changes in the characteristics of the device (Huhtinen 1996,

Mallows et al. 2016).

Studies have shown that damage effect is roughly proportional to the displacement dam-

age cross section (MeVmb) which is equivalent to the Non-Ionizing Energy Loss-NIEL

(keV cm2/gr). This observation is also called "NIEL-scaling hypothesis". The Displace-

ment damage cross section for 1 MeV neutrons flux is 95 MeVmb which has been set as

a normalizing value by American Society of Testing and Materials (ASTM). Figure 4.10

shows the silicon damage function for some particles considering the normalizing value

of Dn(1MeV)=95 MeVmb (Williams et al. 1994, Lindström 2003).
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Figure 4.10. Displacement damage in Silicon for neutrons, pions, protons and electrons.

The equivalent 1 MeV neutron fluence prediction for the LHeC detector is given in Fig-

ure 4.11. In the LHeC inner tracker system, the most extreme damage fluences appear

in the forward silicon tracker. The result of "NIEL-DEP" scoring in FLUKA for NIEL

deposition in the LHeC detector is illustrated in Figure 4.12 describing "the energy loss

due to atomic displacement (recoil nucleus) as a particle traverses a material" (T.Böhlen

2005).
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Figure 4.11. 1 MeV neutron equivalent fluence in the LHeC detector.
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Non Ionizing Energy Loss Deposition
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Figure 4.12. FLUKA prediction for the non-ionizing energy loss (GeV), in the LHeC
detector.

4.2. Detector Response

For the simulation of detector response, 4×103 events of protons with 7 TeV energy were

sent isotropically from IP of the detector. Afterwards, particles like neutrons, muons,

hadrons greater than 20 MeV and all transportable particles in FLUKA, were tracked and

presented. Moreover, the distributions of energy and 1 MeV neutron equivalent fluence

were represented.

4.2.1. Particle Fluence

The interaction of protons with materials of the detector materials resulted in forming new

particles which were then monitored by FLUKA. Given in Figure 4.13 is the fluence of

all transportable particles in FLUKA. Since the events were sent isotropically, the contour

fluence of particles is also equally distributed in the detector from the IP, as expected.

The particles behave differently in the case of electron-proton data which is discussed in

chapter 4. See Figure 4.1.
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Figure 4.13. The distribution of all particles [particles/cm2/sec] in the LHeC detector as
a result of 7 TeV proton events.

Figure 4.14 demonstrates the fluence of neutrons in the LHeC detector. As can be seen

in the figure, the most serious background has been constituted in the innermost layers of

the detector. Although, the fluence gradually becomes less intense in the distant regions.
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Figure 4.14. The neutrons fluence in the LHeC detector as a result of 7 TeV proton events.
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The muons fluence is illustrated in Figure 4.15. By comparing the results with those from

the ep data, one can simply observe the difference between contours which, regarding ep

data, shows a higher background in the forward regions like FEC and FHC. While in the

case of isotropic proton events, a radially-distributed fluence can be seen.
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Figure 4.15. The fluence of muons at the LHeC detector as a result of 7 TeV proton
events.

Finally, the fluence of hadrons with energy higher than 20 MeV is performed in Fig-

ure 4.16. More hadrons are constituted in the calorimetry which is due to hadronic show-

ers formed by isotropic proton events sent from the IP. This varies in the matter of ep

data, which similar to the other particles fluences, the harsh background is predicted in

the forward calorimeters (Figrue 4.2).
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Figure 4.16. The distribution of hadrons with energy greater than 20 MeV [hadrons>20
MeV/cm2/sec] in the LHeC detector as a result of 7 TeV proton events.

4.2.2. Energy Distribution

The energy fluence is shown in Figure 4.17. During the interaction of high energy protons

with the detector materials, the energy deposition is seen in every region of the detec-

tor, especially in the EMC and HAC. More energy deposition is expected in the forward

detectors during ep collision due to the high energy proton beams (Figure 4.8).
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Figure 4.17. The distribution of energy [GeV/cm3 /sec] in the LHeC detector as a result
of 7 TeV proton events.
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4.2.3. 1 MeV Neutron Equivalent Fluence

Figure 4.18 presents the 1 MeV neutron equivalent fluence. The most affected part is the

tracker system and EMC. As discussed in section 4.12, the higher radiations move to the

forward regions, while the ep data is run.
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Figure 4.18. 1 MeV neutron equivalent flux in the LHeC detector as a result of 7 TeV
proton events.
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5. CONCLUSION

The LHeC with its extensive physics program is designed to collide the 7 TeV LHC pro-

ton/ion beam with a 60-140 GeV electron/positron beam accelerated in an ERL. The her-

metic multi-purpose LHeC detector is subject to the radiations created due to the high

luminosity and energy, mainly those regions which use semiconductor technology like

tracker system.

In this work, the geometry of the LHeC detector, as detailed in LHeC CDR, was con-

structed in FLUKA. The new composite materials were then defined in consideration to

the required radiation length and hadronic interaction length for each sub-detector. To

present a preliminary simulation for the created radiations in the detector, an ep-data gen-

erated by PYTHIA6 was run in the virtual geometry.

The FLUKA predictions for the radiation estimators like particle fluence, Dose and NIEL,

were performed showing a comparatively high radiation in the inner detector, especially

in the FEC and FHC regions. These regions are exposed to the high energy proton beams

coming from the backward detector. The FEC uses W-si modules which make it more

resistant to the radiation effects. According to the simulations, a higher fluence of part-

icles (protons, neutrons, muons, photons, etc.) is predicted in the tracker system and

calorimeter, particularly in the forward regions of FST, FEC, and FHC. Likewise, in the

event of energy, the inner detector and forward calorimeters (FEC and FHC) are predicted

to expose more ionizing energy dose (Figure 4.9) which results in creating surface dam-

ages in the detector. This is also the case for non-ionizing energy loss NIEL resulting in

bulk damage. The results are close to the simulations done in the CDR as in contour map

of 1MeV neutron equivalent fluence.

Radiation background simulations are sensitive to the materials defined for each sub-

system. In this work, some required information associated with the composition of mat-

erials (e.g. in silicon strips, muon chambers) were taken from CMS or ATLAS detectors

based on some similarities in the technologies of both machines. The precision of the

results can be improved when choices for the technology and designs of all sub-detectors

are finalized.
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