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Abstract

The proposed upgrade of the LHC! to SLHC?, planned for the period after about 10 years of LHC
operation at design parameters and an integrated luminosity of about 500 fb~!, will increase the
peak luminosity of the collider by a factor of 10 to 10%° cm=2s~ .

To keep the amounts of data, resulting especially from the increased muon rates at these lumi-

nosities, manageable, a new 2D detector component for the CMS detector has been suggested,
the Muon Track fast Tag.

This thesis presents studies of a scintillator-based, two-dimensional muon detector fulfilling the
requirements of an MTT.

The studies base upon a GEANT4 simulation of light production and propagation inside a plastic
scintillator. For the readout of the optical photons, the properties of small semiconducting photo
detectors, called SiPMs?, are simulated in detail.

The results of these studies show that the chosen materials and geometries of the setup promise
a good signal-to-noise ratio and a readout timing that allows coping with the event rates of the
SLHC environment.

Additionally a construction according to the specifications of the simulation is presented. This
setup is read out by Silicon Photomultipliers, in analogy to the setups in the simulations.

'Large Hadron Collider
2Super LHC
3Silicon Photo Multipliers






Zusammenfassung

Die vorgeschlagene Aufriistung des LHC zum SLHC, geplant fiir den Zeitraum nach ca. 10 Be-
triebsjahren des LHC bei Entwurfsparametern und einer integrierten Luminositdt von ungefahr
500 fb~!, wird eine Erhhung der Spitzenluminositét des Beschleunigers um einen Faktor 10 auf
10%° cm~2s~! mit sich bringen.

Um die Datenmengen, die insbesondere durch die erhéhten Myonraten bei diesen Luminositaten
entstehen, handhabbar zu halten, wurde eine neue 2D-Detektorkomponente fiir den CMS-Detektor
vorgeschlagen, der Muon Track fast Tag.

Diese Arbeit zeigt Studien eines szintillatorbasierten, zweidimensionalen Myondetektors, der die
Anforderungen eines MTT erfiillt.

Die Studien basieren auf einer GEANT4 -Simulation der Lichterzeugung und -ausbreitung inner-
halb eines Plastikszintillators. Fiir die Auslese der optischen Photonen werden die Eigenschaften
von kleinen Halbleiter-Lichtdetektoren (SiPMs) im Detail simuliert.

Die Ergebnisse dieser Studien zeigen, dass die gewéhlten Materialien und Geometrien des Aufbaus
ein gutes Signal-zu-Rausch-Verhéltnis versprechen und eine Auslesegeschwindigkeit erlauben, mit
der die Ereignisraten des SLHC bewaltigt werden kénnen.

Des Weiteren wird ein der Simulation entsprechender Detektor-Aufbau vorgestellt. Die Auslese
innerhalb dieses Aufbaus wird, wie in der Simulation, mit Silizum-Photomultipliern durchgefiihrt.
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Chapter 1

Introduction

History of Particle Physics

The way to modern particle physics starts way back in ancient Greece, where in ca 500 — 400 BC
Demokritos and his teacher Leukippos stated that everything is composed of different kinds of
atoms* which were supposed to be the smallest and indestructible parts of all materials with
nothing but empty space between them [Bro78a; Bro79].

This was only one of many competing theories of the ancient world.

For many centuries there was no scientific evidence of this or any other theory, not even serious
attempts have been made.

In the very early 19*" century J. Dalton picked up the idea of Demokritos and used it to explain
the “law of multiple proportions”. He claimed that there is one sort of atoms of each (known)
element and those atoms can be combined to molecules, but the atoms were still assumed to be

indivisible [Bro78a].

After a series of experiments at the end of the 19*" century, J.J. Thomson found a particle with
a mass to charge ratio that was more than a thousand times lower than that of a HT ion, the
electron. He could also show that hydrogen holds exactly one electron [Bro80a].

At the same time Marie Curie proved that heavy elements could convert into lighter ones by
“radioactive decay” [Bro78b].

Thus, more than 100 years ago it was clear that atoms, the smallest units, that matter was
thought to be made of, were not as indivisible as imagined.

In the following years different models were considered to describe how atoms are built. And
in 1911 E. Rutherford showed experimentally that most of the matter of the atom must be
concentrated in its innermost centre, the (positively charged) nucleus. He could also identify the
proton® and show that it was a part of other nuclei [Bro80b].

Soon it was clear that the nuclei of most elements are heavier than the sum of their proton
(and electron) masses and so another (electrically neutral) constituent of matter was found, the
neutron.

Many theoretical attempts have been made to understand atoms in a proper way but only the
theory of quantum mechanics has been able to describe states of atoms in a satisfying way, at
the price of abandoning many classical concepts like “the determinism of measurement”.

The journey continues as in the middle of the 20*" century many new heavy particles have been
found in collision experiments. These particles (called hadrons®) could be grouped by several
quantum numbers like spin or isospin.

To describe this system, M. Gell-Mann, G. Zweig and later R. Feynman developed the concept

46’(10&.10@: indivisible, uncuttable
Snedtov: first
S&dpbe: stout, thick
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that hadrons consist of smaller units called quarks or partons [GM64; Fey69]. A few years later
it was clear, that partons are not just theoretical objects but physical constituents of hadrons
and in particular of protons and neutrons, the “building blocks” of well-known matter.

Today partons can be subdivided into groups of 6 quarks (plus antiparticles) and gluons, providing
the exchange force between the quarks. The heaviest of the quarks has been discovered in the
1990’s at the TEVATRON Collider [D095; CDF95].

On the other hand during the 20*" century, several particles have been discovered that do not
behave like hadrons, the leptons’. Unlike hadrons all leptons have the same spin (%) and seem
not to consist of smaller units. Starting from the electron, the first known lepton, in the year
2000 the latest member of the lepton family, the 7 neutrino®, has been detected in the DONUT

experiment [DONO1].

Modern Particle Physics

Today, quarks and leptons can each be subdivided into three families each containing two particles
(plus antiparticles). Along with the gauge bosons they build up the foundation of the very
successful Standard Model of particle physics (SM).

Many measurements of different quantities have been performed to confirm (or falsify) the SM,
and so lots of parameters are known with high precision, e.g. the magnetic moment of the
electron, or the number of colours.

But we are still far away from the end of the road. The better the SM works, the more questions
come up why it works. For example theories like QED?, describing the electroweak interactions,
can be formulated completely without regarding the masses of the involved particles, although
providing theoretical predictions of high quality! Thus the existence of massive particles in the
SM has to be explained. One attempt to do this is done by the Higgs mechanism (see also
sec. 2.4.3 and 2.4.4).

Until present days it is not clear whether quarks and leptons are point-like particles or if they
possess a substructure. Best measurements show that the electron radius is smaller than 10722 m
(depending on the underlying model) [Deh88].

One more hint for physics reaching beyond the SM is the standard model itself. It does not contain
a theoretical description of the gravity and thus fails to describe physics at the Planck Scale
(Eplanck ~ 10 GeV) at which gravity is expected to become as strong as the other forces.

Recent Approaches

The last decades have shown that it is possible to find evidence for many theoretical predictions
and to find new physics with help of collider experiments. In doing so it becomes inevitable to go
to higher and higher collision energies and luminosities, e.g. to find processes that are predicted
to be very rare.

Moreover Heisenberg’s uncertainty principle - one of the fundamental principles of quantum
mechanics - says that certain properties, like location and momentum, cannot be known exactly,
mathematically:

Az -Ap > (1.1)

VRIS

"xentéc: small, thin, delicate
8from ital. “small neutron”
9Quantum Electro Dynamics, see also sec. 2.4.1.
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This also means that in order to resolve smaller structures one needs to go to higher momenta
and therefore to higher energies.

The long-term research and experience in collider and detector physics peak in two grand ex-
periments: TEVATRON at Fermilab (Chicago, USA) and LHC at CERN'? (Geneva, Switzer-
land /France).

TEVATRON was the first hadron collider reaching the TeV scale!! and was able to discover the
top quark after a few years of collisions.

In 2010 the LHC with its four detectors: CMS, ArLAs, ALICE, LHCb will supersede TEVATRON
and will open a window to the energy scale of more than 10 TeV with a luminosity that has never
been reached before at a hadron collider.

Future Plans

Although the LHC has not yet reached its design parameters, there are important plans to
improve the collider’s performance and, associated with this, of the detectors used to analyse the
collisions.

The most probable upgrade considered at the moment is an increase of the LHC-luminosity by
a factor of 10 to 103> ecm~?s~!, thus bringing much higher particle rates inside the detectors.
A more detailed description of the planned upgrade of the LHC to the SLHC can be found in
chapter 4.

Oformer: Conseil Européen pour la Recherche Nucléaire
HTEVATRON reaches a centre of mass energy of 1.96 TeV






Chapter 2
Theoretical Background

In this work, natural units are used. This means:
h=c=1 (2.1)

This increases clarity without loss of information. One consequence of this definition is that the
dimensions of many important quantities can be written in powers of eV, e. g.:

[energy] = [momentum| = [mass] = [length] ™! = [time] ! (2.2)

According to common conventions in relativistic physics, Greek indices will be used to label time
and space coordinates. For example, z* stands for 2%, 2!, 22, 23.

One further abbreviation in this context is:
x = (M) = (ct,x) = (t,x). (2.3)

Further, v* denotes the gamma or Dirac matrices.
Two widely used quantities are:

1 v \/1—ﬁ2'

== = —, 2.5
=& = (2.5)
with: E,p,m = energy, momentum, mass of the particle.
In these units, the relativistic mass-energy-relation is simply given by:

E? =p* +m?. (2.6)

2.1 Particles of the Standard Model

As mentioned in the introduction, after many years of research, it is possible to identify and
classify twelve particles, all with spin:% (fermions), which can be used to describe all the visible
matter in the universe. Additionally, the theory provides a way to describe the fundamental
forces by the exchange of (virtual) particles with spin=1 (bosons).

The fermions can be grouped according to their participation in different interactions. All
fermions take part in the electroweak interaction. The first group considered here are the leptons.
This group consists of the electron, the muon and the tauon, and the corresponding neutrinos:

) G G
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As electron, muon and tauon have a charge of one elementary charge'? e, they take part in the
electromagnetic interactions. The neutrinos, being electrically neutral, can only participate in
weak interactions. Therefore it is very hard to detect them because it is possible for them to
travel long distances in matter without any interaction.

The other group, the six known quarks (up, down, charm, strange, top, bottom), can be arranged

) ) 6)

All quarks carry colour charge (that has three aspects) enabling them to interact via the strong

in three generations:

force.

The ‘up-type’ quarks (u, ¢, t) have an electrical charge of —i—% -e, the ‘down-type’ quarks (d, s, b)
have a charge of —% -e. Hence, the quarks can interact via electromagnetic, strong and weak
force.

Because of the special properties of colour charge and thus of the strong interaction, quarks
cannot be observed as isolated particles. Interactions with quarks always end up in the formation
of hadrons that are colourless (hadronisation). Because of the ‘strength’ of the strong force the
resulting bound states have a size in the order of a proton (dp ~ 1.7-1071° m).

As one can see, the fermions are arranged in doublets, called generations. This grouping indicates
their role in weak interactions. Only the weak interaction is able to convert a member of one
doublet into the other and vice versa's.

Additionally, quarks have finite probabilities to convert into quarks of other generations. For

example the decay:
s—u+l+7; (2.7)

is allowed and has a measurable probability. Many other combinations are possible and the
14

transition probabilities can be summarized in the CKM-matrix
For every particle mentioned above there exists an antiparticle with opposite sign for all additive
quantum numbers like charge, baryon number or lepton number, and with same sign for non-
additive quantum numbers like mass or spin.

Gauge theories like QED, QCD'® and the electroweak ‘unification’ provide the possibility to
describe the three forces by the exchange of bosons'®. The electroweak theory shows that the
electromagnetic and weak interactions can be described by the exchange of photons, W+, W,
and Z° bosons.

QCD provides eight gluons that mediate the strong interactions of quarks. The photon is massless
and uncharged. W~ and W have a mass of 80.40 GeV and an electrical charge of +1 -e.
The Z° boson has a mass of 91.20 GeV and is uncharged [PDGO0S8]. The gluons are assumed as
carrying a combination of colour and anticolor charge. The theory predicts the gluons to be
massless. Direct measurements are difficult, but a rough estimate based on observations leads to
a conservative value of my < 1.3 MeV [Ynd95].

A summary of all known particles is given in tab. 2.1.

12Unit of elementary charge (e = 1.602176487(40) - 10~ C)

Brespecting the conservation laws, like lepton number or charge conservation
1 Cabibbo-Kobayashi-Maskawa matrix or quark mixing matrix

15Quantum Chromo Dynamics, see also sec. 2.4.2.

called “gauge bosons”
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Table 2.1: Summary of the particles of the standard model. I3 stands for the third component of the
weak isospin. All values are taken from [PDGOS].

Fermions (spin = 1/2)

leptons: e n T

me = 0.511 MeV ~ my, = 105.7 MeV ~ m, = 1776.8 MeV

Ve vy v,
1
q=0 q=0 q=0 I3 = -3
my, < 2eV my, <0.2MeV my, < 18 MeV
quarks: U c t
1
q=+3 q=+3 a=+3 I3 =+35

My ~ 2.6 MeV me ~ 1.3 GeV m: ~ 171.2 GeV

d s b

1
q:—% q:—é :_% I3:—§

mgq ~ 5.0 MeV ms ~ 104 MeV my ~ 4.2 GeV

Bosons (spin = 1)

~ g ZY | Wt
q=0 q=0 q=0 qg=—1 q=+1
my <1078 eV my < 1.3 MeV mz = 91.2 GeV my = 80.4 GeV
H (spin = 0)
q=0

(hypothetical particle)

2.2 Formalism of Quantum Field Theory

Similar to classical mechanics, where equations of motion can be derived from the principle of
stationary actions by demanding

5S = 6/dt L(g,4) =0, (2.8)
in quantum (field) theory a corresponding approach leads to:

68 = 5/dt /d%: L(p(x), 0up(x)) = (2.9)

Lagrangian (den51ty)

~g oL oL

“(0,0(x))  9b(x) 0 (2.10)
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with the field ¢(z) and its (four dimensional) gradient 0,¢(x).
One major theoretical challenge is to find Lagrangians £ that satisfy this equation and describe
the propagation of particles. For example the Lagrangian:

L = () (in" 0y — m)ip(z). (2.11)

leads to the Dirac equation for free fermions.

2.3 Dirac Equation

Since Schrodinger’s equation cannot be used to describe relativistic particles, in 1928 Dirac
developed his equation to allow it and thus was able to predict the existence of a “positively
charged electron”, the positron.

The Dirac equation with the four-component column vector ¢ (x), called Dirac-Spinor, and the
mass m of the fermion, reads:

(iv'0y —m)p(z) = 0. (2.12)

2.4 Gauge Principle

In classical electrodynamics the electric and magnetic fields can be described by a scalar potential
 and a vector potential A. Further it can be shown that the physical solutions for the fields do
not change, if the following transformations are applied:

A(r,t) — A" = A(r,t) + Vx(r,t) (2.13)

@(Tat) — 30, = (10(7'715) - X(T¢t)a (214)
with the gradient (V) and time derivation (x) of one and the same scalar gauge field x [Nol04].

In non-relativistic quantum mechanics, the solutions of the Schrédinger equation are invariant
under a global transformation:

U(w) — P (x) = (2). (2.15)
Therefore, the resulting probability densities and expectation values of operators are not changed

by such a transformation.

These examples show that phase transformations are an important principle in different fields.
This principle can be used to describe the interaction between particles when looking at local
phase transformations, i. e.

b(z) — 1 (z) = XDy (). (2.16)

But the Dirac equation is not invariant under such a transformation. In order to make this
equation invariant under local transformations, one has to introduce a new “covariant derivative”
that can be written as:

D, =0, +iqA,, (2.17)
with a vector field A,. This field transforms under (2.16) as:
Ay — A, = A, — 0. (2.18)
With this, the Dirac equation can be written as:
(V' Dy —=m)yp(z) =0 = ("0, —m)(z) = ¢y Ay (). (2.19)

The gauge field A, can be identified with the photon field coupling to a fermion with charge q.
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2.4.1 Quantum Electrodynamics (QED)

If local phase invariance of the Dirac equation is claimed, it is needed to introduce a field that
can be identified with the electromagnetic field, through which this particle interacts [Sch95].
The complete Lagrangian of QED is:

1
L=vY(y"D, —m) — ZFWFW’ (2.20)
with the kinetic term of the photon:
F, =0,A, — 0,A,. (2.21)

Gauge transformations can be described mathematically by gauge groups. In this case the group is
the U(1) (unitary group). The attempt to describe the strong and the weak force in a comparable
way turns out to be more complicated because a ‘simple’ U(1) group has not the adequate
properties.

The solution is to use higher symmetry groups and thus it is e. g. possible to model the symmetry
properties of (strong) colour interactions by SU(3)".

2.4.2 Quantum Chromodynamics (QCD)

In Quantum Chromodynamics, quarks are described by the quantum mechanical states ¥ that can
be seen as a direct product of a state depending on time and space and another state describing
the colour charge properties, i.e.:

U= 1/}(.%’) & Xcolour (222)

(1(x) = Dirac spinor).
All known strong interactions can be described if three different colour charges (plus anti-colour
charges for anti-particles) are assumed. Formally, the colour parts of the wave function can be

written as:
1 0 0
Xred = | O Xgreen — 1 Xblue = | 0 (2'23)
0 1

The Dirac equation is required to be invariant under local SU(3)c!® transformations. These
transformations can be written as:

S (2.24)

(sum over all a € [1,8]).

The operators t* are the eight generators of SU(3)c.

To fulfil the postulated invariance, eight vector fields must be introduced. This leads to the
Lagrangian of QCD:

— 1
£ =W(in, D" — m)¥ — G2, G, (2.25)
with:
GZV = 0,6}, — aVGZ - gsfachZGzCn (2.26)

Ygpecial unitary group, UTU =1, detU =1
18The subscript C indicates that this group is meant to describe the transformation in the ‘colour space’ in contrast
to the also used SU(3)r for transformations in the “flavour space”
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where fup. are structure constants. This Lagrangian contains all possible QCD interactions.
The fields G}, can be combined to represent eight colour carrying gluons. One usual method to
do this is:

RG, RB, GB, GR. BR, BG, RR-GG, RR+GG-2BB. (2.27)

One major difference to QED is the fact that gluons have a colour charge and are able to interact
with other gluons. Fig. 2.1 summarises the possible interactions in QCD:

(a) (b) (c) (d) (e)

Figure 2.1: Summary of possible QCD interactions. (a) shows a ‘pure’ quark, (b) a pure gluon, (c) is
the ‘normal’ quark-gluon vertex, (d) is one of the possible gluon-gluon interactions, (d) the
other one. The solid line represents quarks, the dashed line stands for gluons. Adapted
from [HM84].

The gluon-gluon interactions cause QCD to behave completely different from QED. One major
difference is the anti-screening property of QCD leading to a coupling constant aig, that become
large at low energies. This results in the confinement of quarks in hadrons. For example, at the
electroweak energy scale of ag(Myo) =~ 0.11, while at lower energies, ag(1 GeV) < 1, making a
perturbative approach impossible.

2.4.3 Electroweak Interactions

To describe the properties of weak interactions, a more sophisticated approach must be con-
sidered. It turns out that a combination of two symmetry groups SU(2);, x U(1)y leads to a
theoretical description in agreement with observations. The subscript ‘L’ denotes that only left
handed fermions participate in weak interactions, ‘Y’ stands for “weak hypercharge” that is de-
fined as Y = 2(Q — T3) (with @ = charge, T5 = third component of the weak isopin). In a way
this theory unifies the electromagnetic and weak interactions which is reflected in the fact that
the gauge boson fields can be written as linear combinations:

1 .
Wi = E(Wﬁ + W) (2.28)
Z, = —Bysin Oy + W3 cos by (2.29)
A, = B cos by + Wj’ sin Oy, (2.30)

where the W% stand for the three gauge fields of the SU(2) and B for the gauge field of U(1).
The angle Oy is called Weinberg angle and needs to be determined by experiment. Z, describes
a boson field that allows to predict the existence of neutral currents (Z9).

One property of this theory is that all gauge bosons mentioned above are assumed to be massless.
This is correct for the photon as the force carrier of the electromagnetic force, but W+ and Z9
do have non-negligible masses, and it is not possible to simply add mass terms to the Lagrangian
to describe the masses. One way to handle this issue is to introduce an additional Lagrangian
depending on four scalar fields (¢°) that result in a symmetry breaking!'®. This leads to additional

194n the ground state
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terms that can be interpreted as a particle coupling to the W=+ and Z° bosons generating their
masses. The attempt is called the Higgs mechanism [HM84].

The complete Lagrangian of the electroweak interaction including the Higgs boson can be writ-
ten as:

1 1 W=, Z9, ~ kinetic
L= _ZW’“’ -WHY — ZBWBW {

energies and self-interaction

+ Ly (iau _ g%T W, — q % Bu) L (lepton and quark kinetic energies
B v and their interactions
+ RAy* <z’0u - g’2BM> R | with W+, 20, ~
) v 9 W+, 70, ~, Higgs
+ ‘ (i@u — 95T W, — glzBN> o —V(p) masses and coupling
and the Higgs potential

7T T lept d k
— (GiT6R + GaLpeR+h.c.). { epton and quark masses

and coupling to Higgs

Here L represents the left handed fermion doublet and R the right handed fermion singlet, g and
g’ are the coupling constants of electroweak interactions. ¢ and ¢, are Higgs fields and G1, Go
mass coupling constants. This Lagrangian shows the massless bosons, their interaction with the
fermions, the Higgs mechanism, attaching the mass to the bosons, and finally the mass terms of
the fermions.

2.4.4 Higgs Boson

The new particle called Higgs boson?’ must have spin=0 and charge=0. It has not been observed
yet and searches (especially at LEP2!) could only exclude the Higgs boson with a mass below
mg < 114.4 GeV [PDGO8]. More recent results from TEVATRON exclude a Higgs boson with
a mass in the range 162 — 166 GeV [CD10]. Fits of the experimental results and corresponding
predictions from electroweak calculations favour a Higgs boson with mpg < 180 GeV.

As mentioned above, this particle could explain the masses of the gauge bosons and of the
fermions and, in a certain manner, it would make the standard model complete.

The discovery potential for the Higgs boson of the CMS detector is shown in fig. 2.2. The plot
shows the significance in units of standard deviations from the SM vs. the Higgs mass for 30 fb~1.
This integrated luminosity can be accumulated within only a few months of LHC operation at
design luminosity. The search for the Higgs boson is one of the primary goals of the LHC and it
will be possible to find or exclude a standard model Higgs with its help.

2.4.5 Supersymmetry

As mentioned introductory, the standard model cannot describe all phenomena in particle physics
(e.g. the hierarchy problem).

One favoured extension of the standard model that could solve this and other problems, has been
developed in the 1970s and is called supersymmetry (SUSY). In this theory to every particle of
the SM a new one is assigned with exactly the same quantum numbers, but with a difference in

2after its inventor P. Higgs
21Large Electron Positron Collider
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Figure 2.2: Signal significance as a function of the Higgs mass for 30 fb~* for different production/decay
channels at /s = 14 TeV [CMS06b].

spin of % Nevertheless this symmetry must be broken in some way because the SUSY particles
have not been observed until today. Thus they must be much heavier than their SM counterparts.
By introducing these new particles, SUSY allows to solve some problems of particle physics like
the hierarchy problem, unification of couplings and possibly even the existence of dark matter,
known from astrophysics.

One SUSY scenario, the minimal supersymmetric extension of the standard model (MSSM),
allows to solve these problems but unfortunately, this model needs more than 100 free parameters
that have to be determined experimentally. A simplification, known as mSUGRA?? allows a
reduction of free parameters to five. The LHC provides the possibility to scan this parameter
space in a wide range. One example for the discovery reach of the CMS detector with respect to
a certain parameter plane is shown in fig. 2.3.
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Figure 2.3: Discovery reach of CMS in the mg — my jp-plane of the MSSM for different integrated lumi-
nosities for fixed parameters tan 3, Ag, u, /s = 14 TeV [CMS06b)].
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Chapter 3
LHC and the CMS Detector

In the search for new physics there are several theories that predict the existence of new parti-
cles with masses from several hundred GeV up to some TeV. Producing these new particles in
collider experiments requires correspondingly high centre-of-mass energies. Since the energy of
electron-positron storage rings is limited due to the synchrotron radiation losses (AE ~ % (%)4,
R the bending radius of the accelerator, F, m energy and mass of the particle), heavier particles
are used to reach higher beam energies. When using protons and anti-protons as collision part-
ners, the luminosity of the collider is limited due to the challenging production of anti-protons.

The desired centre-of-mass energies can be reached by using protons because they are about 2000
times heavier than electrons and thus do not suffer dramatically from synchrotron radiation losses
as electrons do and they are much easier available than anti-protons. Therefore, instead of using
protons and anti-protons, the LHC?? is a proton-proton collider with a design centre-of-mass

energy of /s = 14 TeV.

3.1 The Large Hadron Collider (LHC)

The LHC is built in the tunnel of the former e /e-collider LEP?* close to Geneva, Switzerland.
It has a circumference of 26.7 km and is located between 45 m and 170 m below surface as
demonstrated in fig. 3.1a. The protons inside the beam are bent by 1232 dipole magnets that

Low B (pp)
High Luminosity

(a) Underground view of the LHC and SPS?® with the (b) Layout of the LHC beams [CERO09].
four major experiments [CER09].

Figure 3.1: Sketch of the LHC storage ring and of the proton beams inside the ring.

23Large Hadron Collider
24Large Electron Positron Collider
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each create a peak dipole field of about 8.4 T requiring the usage of special superconducting
materials that need cooling down to 1.9 K. The bending power of these magnets limits the beam
energy to 7 TeV.

Due to the fact that no particle/anti-particle combination is used inside the LHC, the acceleration
and deflection of the beams must take place in two separate rings as is shown in fig. 3.1b. Because
of this and the limited space inside the beam pipe, a ‘two-in-one’ solution for the dipoles has been
chosen that is illustrated in fig. 3.2. One disadvantage of this solution is the magnetic coupling
of both rings that complicates maintenance and reduces flexibility.

ALIGNMENT TARGET
MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE

~—— SUPERINSULATION

SUPERCONDUCTING COILS 1A m
BEAM PIPE
| ECTET)
VACUUM VESSEL Bl x5 2sm
Bz 2ms
BEAM SCREEN Bl 220 20
Bl 2o 220
AUXILIARY BUS-BARS B s 2
R
SHRINKING CYLINDER | HE |.VESSEL P e
THERMAL SHIELD (35 1o 75K) ol
138 - 1413
| RELTE- ]
NON-MAGNETIC COLLARS B i
IRON YOKE [COLD MASS, 1.9K) B osor- 100
B ovo- osea
DIPOLE BUS-BARS B os0. ome
B osz. omm
SUPPORT POST Bl o4- o
Bl o o4
M 0447
(a) Schematics of the dipole cross-section. (b) Computation of the magnetic flux within the

dipole. The peak magnetic field of more than
8 T is reached inside the innermost part of the
dipole and is not shown here.

Figure 3.2: Sketch of the twin bore dipole magnets used in LHC [Eva07b].

One important property of a particle collider is its (instantaneous) luminosity. The number of
events per time of a specific process with cross section geyent is given by [PDGOS|:

N event = L * Oevent-
Here the luminosity L is approximately:

2

= f b P 3.1
4oy oy (3.1)

where ny, is the number of bunches within the proton beam and is intended to be 2808 (per
beam). Ny, is the number of particles per bunch which will be in the order of 10'° in design
operation and f the revolution frequency with intended 40 MHz. o, and o, denote the widths
of the beam which is assumed to be Gaussian distributed in both directions.

The peak luminosity is expected to be as high as 103 cm™2s~! at the interaction points where the
two all-purpose detectors ATLAS?6 and CMS?7 are placed and 1032 cm~2s~! for the LHCb?8-
experiment and even lower (1027 cm~2s7!), for heavy ion collision, for the ALICE?’-detector.
Before injected into the main storage ring, the proton beams are accelerated in several steps as
shown in figure 3.3.

25Super Proton Synchrotron

26 A Toroidal LHC ApparatuS
2TCompact Muon Solenoid

28for b-physics

2 A Large Ion Collider Experiment
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Figure 3.3: The injection and acceleration chain of the LHC [CER09].

After being created by ionisation of hydrogen, the protons are accelerated to 50 MeV in the
Linac?, a linear proton accelerator. Then the PSB? is filled and the protons are accelerated
to 1.4 GeV and the bunches are compressed to 190 ns. Thereafter the bunches are injected into
the PS3!, split up and further accelerated to 25 GeV. Before the bunches are filled into the
SPS, they are compressed to a length of 4 ns. Here the protons are accelerated up to the LHC
injection energy of 450 GeV per beam. Finally, in the LHC, they are accelerated to the design
beam energy.

The expected lifetime of the proton beams inside the LHC is in the order of 15 h.

More details on the LHC can be found in [Eva07b; EB08; Bri04a; Brii04b; Brii04c; PDGOS|.

3.2 CMS and its Components

The Compact Muon Solenoid has been constructed as a multi-purpose detector particularly for
proton-proton collisions at the LHC at CERN. It has been first built on the surface and was
then lowered and installed in a cavern about 100 m underground at Point 5 (see fig. 3.1a). It
is a challenge for the construction of all detector components to handle the expected particle
flux after a proton-proton collision at the design collision energies and luminosities. At a bunch
crossing rate of up to 40 MHz it is essential to be able to clearly distinguish the products of the
interaction of one bunch crossing from another. For this purpose a detector with high granularity

3%Proton Synchrotron Booster
31Proton Synchrotron
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and good time resolution is needed, resulting, among other things, in the need of a vast number
of readout channels and a very good synchronisation. A coverage of nominally the whole solid
angle is important to have a good resolution for the missing transverse momentum where new
physics could show up.

Due to the fact that the centre-of-mass system of the collision partners is approximately at rest in
the laboratory frame, a spherical design of the detector would be preferred because the reaction
products are expected to leave the interaction point in all directions (not isotropically). However
the beams have to pass the detector, so a cylindrical structure surrounding the beam axis has
been chosen that allows the coverage of approximately 4 7 of solid angle around the interaction
point. The detector is constructed of five wheel-like structures called the barrel region and two
endcaps. Each wheel has a diameter of 14.6 m and in total the detector has a length of 21.6 m
and a weight of 12500 t. A schematic view of the detector with its components is given in fig. 3.4
The CMS coordinate system is as follows:

Superconducting Solenoid
ey — Silicon Tracker
Very-forward 4 1/ </ ) Pixel Detector

Calorimeter

Bectromagnetic
Calorimeter
Detectors

Compact Muon Solenoid

Figure 3.4: Sketch of the CMS detector with its major components [CMS08].

The centre lies in the (nominal) interaction point with the y-axis pointing vertically upwards.
The z-axis points along the beam pipe while the z-axis points to the centre of the LHC collider
ring. The azimuthal angle ¢ is measured in the x — y-plane from the z-axis. The polar angle is
translated into the pseudorapidity n by:

7= —Intan (g) (3.2)

Here 6 denotes the angle between the particle momentum and the beam axis. 7 has the
range [—00, 00| and has the advantage to be closely related to the (invariant) rapidity y in special
relativity.

The main detector components are described in the following sections starting from the interac-
tion point going outwards. Further details on CMS can be found in [CMS08; CMS06a; CMS98;
CMS00a; CMS97b; CMS97a; CMS00b].

3.2.1 The Tracking System

To handle the many different particles leaving the interaction point, a detector with high granu-
larity is needed that also has a very good time and space resolution. Due to the high particle rates
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expected in this region and the accompanied radiation damages, the choice of proper materials of
the components for the Tracker is crucial to ensure a lifetime that is as long as possible. Silicon is
the material of choice in this case. To increase the lifetime further, the cooling of the Tracker to
—10°C is necessary. Nevertheless, the first Tracker parts will have to be replaced after a period
of about 3 years of collisions at design luminosity.

The working principle of a silicon tracker is illustrated in fig. 3.5a. A silicon layer works like a
semi-conductor diode with reverse voltage applied. A traversing ionising particle creates electron-
hole pairs inside the depleted silicon volume which leads to a measurable electric pulse at the
diode terminals. The readout anodes (upper part in the figure) are typically sub-divided into
pixels or strips. This fine segmentation allows a very fast and precise position determination.
The figure additionally shows the deflection of the electrons (and holes) in a magnetic field.
The deflection angle (Lorentz angle) must be taken into account when reconstructing tracks. A
complete schematic of the Tracker and its components can be found in fig. 3.6.

The Pixel Detector

The Pizel Detector is the detector component which is closest to the interaction point. It consists
of three cylindrical barrel layers and is completed by two disk-like modules at both ends. These
components are shown in fig. 3.5b. The 48 million pixels in this arrangement cover the wide
region of || < 2.5. Each pixel having a size of 100 x 150 um? allows for a spatial resolution
in the range of 15 — 20 um. The major advantage of pixels is their ability to measure three
coordinates simultaneously, one big disadvantage is the huge amount of readout channels needed.

*_ pixd implants
@ B-Field (4T) ‘ n-» P

depleted
E>0

undepleted E~0

ionizinglparticle track \

p*- implant (-300V)
(a) Cross section view of a silicon layer of (b) Layout of the three barrel layers and endcaps of the
the tracker. A traversing particle creates innermost pixel detector [CMS06a).
electron hole pairs that drift to the ter-
minals causing an electrical signal. The

charge carriers are deflected by the mag-
netic field [CMS98].

Figure 3.5: Working principle of a Tracker layer and a schematic view of the Pixel Tracker.

The Silicon Strip Tracker

The remaining (outer) parts of the Tracker are composed of silicon micro-strip devices. This
reduces the number of readout channels and also the construction costs. By mounting the different
layers under a well-known angle to each other it is possible to measure both coordinates of a
traversing particle with high precision. The remaining Tracker components are:

e Tracker Inner Barrel (TIB) / Tracker Inner Disks (TID):
The Inner Barrel part is situated directly outside the Pixel Detector again in cylindrical
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shape and is complemented by the Tracker Inner Disks which are located at both ends of
this cylinder. The strip pitch of 80 — 120 pm allows a single hit resolution of 23 — 35 um
and a two-track separation of better than 200 pm.

e Tracker Outer Barrel (TOB):
The Tracker Outer Barrel consists of six detection layers. Due to the reduced particle flow,
with respect to the inner most part of the detector, a bigger strip pitch can be chosen
what allows to further reduce the number of readout channels. Still a single hit resolution
of 35 — 53 um can be reached.

e Tracker End Caps (TEC):
The Tracker is closed by the two Tracker End Caps, each containing nine disks carrying
the modules with the silicon readout.

The overall transverse momentum resolution of the Tracker can be written as3? [CMS98]:
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@b (3.3)

With a = 15 % — 60 % depending on the 7-region and a constant b = 0.05 %.
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Figure 3.6: Drawing of the Tracker cross section with all its components [CMS08].

3.2.2 Electromagnetic Calorimeter (ECAL)

One way to measure the energy of electrons and (high energy) photons is to let them interact
electromagnetically until they are absorbed in a specified volume and to count the optical photons
created by scintillation within the material. To do this efficiently a material with a high proton
number is preferred which should also be transparent to its own scintillation light.

In the CMS detector this is realised by 61200 lead tungstate (PbWQ,) crystals in the central
barrel region of the detector and 7324 crystals in each endcap, all positioned directly outside the
Tracker.

PbWO;, is a fast inorganic scintillator®® (decay time ~ 10 ns) that has a high density, short

32With the notation: a @ 8 = /a2 + (2

33 An inorganic scintillator has a completely different light creation mechanism as an organic scintillator. Details on
this can be found in [Bir64].
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radiation length3* of 8.9 mm and a small Moliere radius®> (22 mm). It has a high mass fraction
of metal (about 85 %) and is nevertheless transparent to (visible) light. The components of the
ECAL are:

e Barrel region (EB):
The crystals in the barrel region of the ECAL have a face cross-section of ~ 22 x 22 mm
and a length of 230 mm. They are composed to form a hermetic and homogeneous calorime-
ter. Due to the low light output of the PbWOy (% ~ %) and the very high magnetic
field inside the detector, special photodetectors are needed. For the barrel region Avalanche
Photo Diodes (APD, see also section 5.6.5) have been chosen which have a very high quan-

tum efficiency (75 % at 430 nm) and are insensitive to magnetic fields.

2

e Endcaps (EE):
The ECAL Endcaps are positioned at the ends of the cylindrical ECAL structure and are
readout by Vacuum Photo Triodes (VPT). These light sensitive devices can be described
as photomultipliers with only one gain stage. They have comparably small gain but can be
operated at high magnetic fields without major losses in signal quality. Nevertheless high
voltage (600 — 800 V) is needed.

e Preshower (ES):
The motivation for the Preshower detector of the ECAL lies in the improvement of identify-
ing 7% that can decay into two photons and fake a high-energetic photon. The Preshower
is constructed as a sampling calorimeter with two layers. Electromagnetic showers are ini-
tiated by incoming photons/electrons in the lead radiator and the deposited energy and
shower profile are measured in a layer of silicon strip sensors after each radiator. The ES
covers 1.653 < |n| < 2.6.
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Figure 3.7: Section through one quarter of the ECAL. Adapted from [CMS06a].

All components together cover a range of |n| < 3.0.
The energy resolution of the ECAL is found to be [CMS06al:

E  \/E/GeV =~ E/GeV

C (3.4)

34The radiation length is the distance an (high-energetic) electron travelled in matter where its energy has dropped
to /e of its starting energy. More details in [Leo87].

35The Moliere radius Ry is a measure for the energy deposit of a particle inside a volume. On average 90 % of the
electromagnetic shower energy, caused by a traversing particle, is deposited in a cylindrical volume with the radius
Rym. See also e. g. [Kle05].
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where the stochastic term is S ~ 2.8 %, the noise term is N ~ 12 % and constant the term
C ~0.3%.
An overview of all the components of the ECAL can be found in fig. 3.7.

3.2.3 Hadronic Calorimeter (HCAL)

The working principle of the HCAL is similar to that of the ECAL but the incoming particles
loose energy by reactions of the strong force rather than electromagnetically. In these reactions
new particles are produced resulting in a hadronic shower inside the absorber material. The read-
out and the measurement of the energy deposit are done with help of scintillation light caused
by the created charged particles.

Hadronic calorimeters are crucial to measure the energy of hadron jets and together with the
electromagnetic calorimeters to determine the missing energy of a process caused by e. g. neutri-
nos or new particles that do not interact inside the detector.

The calorimeter is hermetic and covers a total of |n| < 5.0 surrounding the whole ECAL. An
overview of the calorimetric system of CMS can be found in 3.8.

0.0 VD,W 0.2 /0,3 /0,4 0.5 0.6 0.7 /O.S ,0.9 1.0 1 ’,1 2 13

Figure 3.8: Cross-section view of the CMS detector to show the components of the HCAL. Adapted
from [CMS06a)].

The components of the HCAL are:

e Hadron Barrel (HB):

The Hadron Barrel is a sampling calorimeter that is built to have layers of 50.5 mm brass
each followed by a layer of 4 mm scintillating material read out with scintillating fibres.
Brass has a short nuclear interaction length and is not magnetic. The shower particles
produced in the brass create scintillation light that is detected by multi-channel HPDs36.
Basically the HPD is a vacuum photodiode tube where the collection electrode (anode)
is replaced by a reverse-biased silicon diode. It is also only weakly sensitive to magnetic
fields [DeS97].

The HB is cylindrical and situated in the radial range 1777 mm < r < 2877 mm, resulting
in up to 10.6 interaction lengths, and it covers |n| < 1.3.

e Hadron Endcap (HE):
The calorimeters in the endcaps work in a similar way as those in the barrel region and
have a thickness of about 9 interaction lengths.

e Hadron Forward (HF):
To handle the very high particle rates and with it the high radiation doses in the very
forward region, the Hadron Forward calorimeter uses steel absorbers and quartz fibres as

35Hybrid PhotoDiode
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active medium. Particles passing this material generate Cherenkov light that can be de-
tected by conventional PMTs. These can be used at this place due to the much lower
magnetic filed in the outer region of the detector.

The HF's are located 1120 mm away from the interaction point with a coverage of 2.9 < |n| < 5.0.

e Hadron Outer (HO):
Since the ECAL and the HB do not provide enough material to stop all the incoming
hadrons, an additional layer, the Hadron Outer, is needed. All the components described
in the sections above are located inside the magnetic coil. The HO is situated directly
outside the magnet. The tiles consist basically of scintillating material and are read out by
wavelength shifting fibres. Modules of the HO are only placed in the five wheels and not
in the endcaps.

With the HO the whole calorimetric system (ECAL + HCAL) of CMS has a minimum of 11.8
interaction lengths and is expected to have a resolution of [CMS97b]:

AE _1GeV

~

= = ®45% (3.5)

in the energy range 30 GeV < E' < 1 TeV.

3.2.4 Superconducting Magnet

Figure 3.9: Artistic view of the magnet of the CMS detector [CMS08].

The ‘heart’ of the CMS detector is a superconducting magnet that is located directly outside the
Hadron Barrel and in front of the Hadron Outer calorimeter. This layout has the advantage that
particles have to pass less material before reaching the calorimeters. To create the magnetic field
of nearly 4 T a large superconducting Solenoid magnet is needed. This results in a cylindrical
coil with a diameter of 6 m and a length of 12.5 m that is able to store 2.6 GJ of energy at full
operation current. Nevertheless, it is ‘thin’, i.e., A—If ~ 0.1. To return the magnetic flux a 10000 t
iron yoke in form of the five wheels and 2 endcaps is needed (see also fig. 3.9).
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3.2.5 Muon System

One big goal of CMS is to clearly identify the charge and precisely measure the momentum of
muons coming from the interaction point over a wide momentum range. Many promising theories
predict reactions with high energetic muons in the final state. For example, the Higgs production
and decay via the process:

pp— H— ZZ% =yt

is called “the golden channel” because of its clean signature and the well detectable muons.
For this and other purposes a powerful muon detection system is needed.

Drift Tube (DT) chambers

In the barrel region of the detector the muon momenta are measured by Drift Tube chambers. The
DT chambers are mounted inside the iron return yoke wheels and thus form concentric cylinders
with different diameters. Due to the return yokes, the magnetic field here is much weaker than in
the inner region (< 2 T). A cross section view of one wheel is shown in 3.10. Each DT chamber
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Figure 3.10: Schematical view of one of the CMS wheels. Special focus is given here to the DT chambers.
They are labelled according to: MB/wheel/station/sector. The return yokes are also clearly
visible here (adapted from [CMS08]).

consists of three Superlayers (SL), except of the outermost chambers labelled MB4 where only
two SLs are built in. In every DT the middle SL is rotated by 90° to make a measurement in two
dimensions possible. That is the reason why they are called ¢- and -superlayer. An overview
of an SL and its parts can be found in fig. 3.11. The superlayers are made of four layers of
drift cells/tubes. The drift cells are the actual sensitive detectors in this setup. Each cell has
a width of 42 mm, a height of 13 mm and a length between 1990 mm and 3020 mm. Each cell
is filled with a mixture of 85 % Ar and 15 % COs. A 50 pum anode wire made of gold-plated
stainless-steel is mounted in the middle of each cell where a voltage of +3600 V is applied. The
voltage applied to the cathodes that are glued to the ‘I’-shaped aluminium beams is —1200 V.



3.2. CMS AND ITS COMPONENTS 23

IORN YOKE

RPC
T T T T T T T
T T T T T T
T T T T T T
| O S S Y S S
M =
Fixation RAIL
&
N
1]
e e S e e e
T T T T j[Ijr¢)SL
T T T T T T T
RPC

Figure 3.11: Sketch of one Drift Tube chamber. The three superlayers (SL) with their drift cells are
shown. The RPCs are described in sec. 3.2.5. Adapted from [CMS08].

Additionally there are field forming electrodes mounted on the upper and lower side of the cell
at +1800 V. A drawing of a drift cell can be found in fig. 3.12.

To minimise the non-sensitive volume of the system and to handle the left-right ambiguities,
the drift cell layers are displaced by half a drift cell width with respect to the neighbouring
layers. Charged particles (especially muons) passing the gas volume ionise the gas molecules.
The electrons and ions cannot recombine because of the high electrical field, and the electrons
are accelerated towards the anode wire, the ions towards the cathode strips. When the electrons
reach the anode wire, the acceleration due to the very dense field causes them to ionise further gas
atoms/molecules and so on causing an avalanche effect, so that the number of electrons reaching
the anode wire becomes large enough to create a measurable electrical signal. The gas composition

field forming strips/(+1800 V)

anode wire (+3600 V) /
> . 7777

isochrones

Figure 3.12: Schematics of one drift cell. The field lines and isochrones are a result of a corresponding
simulation. A traversing muon ionises the gas inside the volume what creates an electrical
signal at the anode. Adapted from [CMS08].

and the cell size were chosen to limit the drift time inside a cell to maximally 380 ns. There is
a linear correlation between time and drift-path length. A drift velocity of about 55 um/ns is
reached.

The DT chambers cover the region of || < 1.2 and reach a spatial resolution of 100 pm.



24 CHAPTER 3. LHC AND THE CMS DETECTOR

Cathode Strip Chambers (CSC)

The environment of the forward regions, i.e. in the endcaps of the detector, is a bit more
challenging. Due to the highly inhomogeneous and strong magnetic field and the expected high
particle fluxes, it is mandatory to use a different kind of muon detector. For these purposes Cath-
ode Strip Chambers have been chosen. These are trapezoidal multiwire proportional chambers
made of seven anode wire planes with gaps of 9.5 mm in between that are filled with a mixture
of 40 %Ar + 50 %COy +10 %CF,. The size of the chambers is up to 3400 x 1500 mm?. The
chambers have cathode strips running fan-shaped in radial direction and anode wires in azimuthal
direction. The anode wires are 50 um in diameter and have a spacing of 3.2 mm. A schematic
view and the operation principle are illustrated in fig. 3.13. There is a voltage of 3.6 kV applied

wire plane (a few wires shown)

cathode plane with strips

cathode

« wires

cathode

r——

_ingjlced charge

r——— ———

e e e Bl cathode with strips

>
3-16 mm ‘ avalanche )
wire

s plane cathode

7 trapezoidal panels form 6 gas gaps

Figure 3.13: Schematics and operation principle of a CSC. On the left hand side the segmentation of
the cathode and the anode wires are shown. On the right hand side, a traversing muon
triggers an avalanche on the anode wire that induces charge on the cathodes. Due to this
segmentation, a track can be reconstructed with high precision. Adapted from [CMS06a;
CMS97a.

to the layers, so a minimal ionising particle passing the chamber volume ionises the gas and due
to the high-voltage applied a gas gain in the order of 7-10? is reached.

In the inner part of the endcaps, where even higher rates and a magnetic field up to 4 T are
expected, a slightly different chamber design has been chosen. The wires are thinner (30 pm)
and the wire spacing is 2.5 mm. Also the voltage is lower, at about 2.9 kV. Due to the strong
magnetic field, the wires of these chambers are tilted by an angle o = 29° to compensate the
effects of the Lorentz force onto the drift electrons.

The electrons created in the gas ionisation develop an avalanche reaching the anode wires and
induce a charge distribution on the cathode plane. Because of the segmentation of the cathodes
it is possible to interpolate the track position from the collected charge fractions. This makes it
possible to measure both coordinates with only one module.

The CSCs are positioned in the endcaps and cover the range 0.9 < |n| < 2.4. The chambers reach
a spatial resolution of better than 50 pum.

Resistive Plate Chambers (RPC)

The relatively slow muon system needs a fast component to assign muon tracks unambiguously to
a particular bunch crossing (BX). Since a time interval of 25 ns between BX is expected, a device
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with a time resolution better than this value is needed. Therefore Resistive Plate Chambers have
been chosen. An RPC is made of two gas filled gaps with a high voltage, up to 12 kV, applied to
each of them. The small gas gaps (2 mm) are positioned in between two bakelite plates that are
directly attached to the high voltage electrodes. Between those gas gaps the common aluminium

insulating foil

/ graphite coating
/

) bakelite
HV gas 2 mm __readout strips

T ——

( ) spacer —@ I-—rl

=

+

Figure 3.14: Cross-section of an RPC. Clearly visible are the two gas gaps. Adapted from [CMS06a].

readout strips are placed. An overview of the setup is shown in fig. 3.14.

The best results could be achieved with a mixture of: 96 % CoHoF4 + 3.5 % i-C4Hig + 0.3 % SF.
An incoming particle ignites an avalanche inside the gas volume. The drift of the created charge
carriers induces a “fast charge” on the pick up electrode that can be read out. The usage of
double-gap RPCs allows to operate the single gaps at lower voltage with even better efficiency
than single-gap RPCs.
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Figure 3.15: Resolution of the muon transverse momentum as a function of the transverse momentum.
(a) showing the region 0 < |n| < 0.8, (b) showing 1.2 < |n| < 2.4

RPCs reach a time resolution of better than 3 ns which is basically determined by the gap width.
They are mounted in both the barrel and endcap region to trigger on muons. The alignment
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is parallel to the beamline in the barrel and perpendicular in the endcap region. Depending on
position they have a length of 250 mm up to 1200 mm.
The momentum resolution (Ap%) of the whole muon system in the range of 10 GeV up to 1 TeV is

expected to be 8 — 15 % up to 20 — 40 % depending on the 7-region. It can be strongly improved
in combination with the Tracker, as shown in fig. 3.15.

3.2.6 Trigger

As mentioned before, at design luminosity a bunch crossing rate of 40 MHz is expected with
approximately 20 proton-proton collisions per BX resulting in about 10 events per second. Due
to technical reasons, i.e. limited manageable data rates and storage capacities, this rate has
to be reduced down to less than 100 Hz. The trigger systems are subdivided into basically two
parts to manage this. The Level-1 Trigger (L1) is based on information provided directly by the
detector readout electronics. The High-Level Trigger (HLT) consists of dedicated software using
reconstruction algorithms to further reduce the rates in several steps. An overview of the L1
triggering system can also be found in fig. 3.16.
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Figure 3.16: Architecture of the Level-1 Trigger. Adapted from [CMS08].

Global Muon Trigger (GMT)
In the GMT, all three muon systems (DT/CSC and RPC) take part.

e In the barrel region, the DT trigger information is generated in several steps. Entries
in the drift chambers in different superlayers are assigned to the corresponding bunch
crossing by the BTI?". Groups of BTI sets are combined to portions of a track with help of
the TRACO?®®. It also improves the angular resolution and introduces a quality hierarchy.
This data is passed to the Trigger Server which is composed of several sub-devices (TSS3?,
TSM*Y, TST#!). This kind of assignment happens for each muon station of every sector and

3"Bunch and Track Identifier
38Track Correlator

39Track Sorter Slave
Orack Sorter Master
“Prack Sorter Theta
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is transmitted to the Regional Muon Trigger called DTTF*? that connects track segments
to a full track and assigns a transverse momentum to it with help of different mechanisms.
The four tracks with the highest momentum are processed by the GMT. Some of these
steps are also shown in fig. 3.17.

e In the endcaps the CSCs also produce trigger information. Due to the reduced magnetic
bending for the measurement of p, spatial information of up to three stations is used to
receive a similar resolution and efficiency as the DT system has. The data processing is
done according to the specifications of the CSCs. The trigger information is created in a
comparable way as in the DTs. Up to four muon candidates are sent to the GMT.

e In both regions the RPCs take the role of a redundant triggering system. They use the
Pattern Comparator Trigger (PACT) that is based on spatial and time coincidences of hits
in four RPC stations. Up to four found candidate tracks or hit patterns from barrel and
also four from endcap region are sent to the GMT after some ghost-busting algorithms have
been applied.

e Information from calorimeters about isolation and compatibility with minimal ionising par-
ticles is also considered in the muon trigger.
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Figure 3.17: Scheme of the local trigger generation from one DT (from [CMS00b]).

Calorimeter Trigger

Calorimeter information is also considered in the L1 trigger, especially to identify ‘interesting’
electrons/photos, transverse energy sums, 7-vetos and also information relevant for muons.
Global Trigger

The Global Trigger combines the information from the GMT and from the calorimeters and
makes a decision whether to accept or reject an event at L1. At Level-1 there is no Tracker
information processed (see also fig. 3.16). This happens in the HLT for the first time.

High Level Trigger (HLT) and Data Acquisition (DAQ)

The architecture of the DAQ system of CMS is shown in fig. 3.18. The latency of the L1 trigger
“2Drift Tube Track Finder
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Figure 3.18: Architecture of the DAQ system of CMS. The processing units of the HLT are also indi-
cated [CMS02].

is 3.2 us. If there is no associated L1 trigger signal within this time interval the data from an
event is discarded. Otherwise the data is passed to the Readout Units (in the Readout System)
where they are buffered and interfaced to a large switched network, the Builder Network. The
event rate at this point has already been reduced down to 100 kHz with help on the L1 trigger
information. The remaining data flow of ~ 100 GB/s is handled by the Builder Network that
stands for the collection of networks that provide the connections between the Readout System
and the Filter Systems. The data flow in the DAQ is controlled by the Fvent Manager. The
Filter Units (in the Filter System) are the actual processing units of the HLT algorithms. Each
unit contains several CPUs. With help of the HLT the event rate is reduced down to several
100 Hz before it can be stored to mass storage devices. After this the data is stored and archived
for later offline data analysis.
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Chapter 4
The SLHC Upgrade

New physics that could show up at LHC is expected to have very small cross-sections. If these
cross-sections are even smaller than expected, detecting will require integrated luminosities far
beyond the reach of LHC. This is one of the driving arguments to increase the peak luminosity
up to 10%° cm 257!
The proposed project, called ‘SUPERLHC’, foresees an upgrade in the acceleration and injection
chain of the LHC beams. Several improvements and redevelopments are needed, like supercon-
ducting quadrupoles or studies of the radiation impact on the new components, to make the

after a few years of LHC operation at design parameters.

luminosity upgrade real. At present there are two proposals, one including a BX rate increase
to 80 MHz (12.5 ns between BX), the other one a reduction to 20 MHz (50 ns between BX) (the
design bunch crossing rate is 40 MHz). Both have advantages and disadvantages.

Due to the fact that many detector components will have taken much radiation damage poten-
tially ending their lifetime after a few years of operation in the LHC environment, and in order
to sustain the increasing particle rates, both all-purpose detectors, CMS and ATLAS, will need
some upgrades. For more details see [Eva07a].

4.1 ‘Super’-CMS

In the scope of the upgrade of the luminosity, the CMS detector has to undergo some changes.
This project is sometimes referred to as ‘SUPERCMS’ or ‘CMS2’. It seems clear that many
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Figure 4.1: Single-muon trigger rates depending on the pp-threshold for the different trigger steps. L1
stands for the Level-1 hardware/firmware trigger, L2 and L3 show (software based) high level
trigger rates. See also sec. 3.2.6. (a) shows the rates for low luminosity and (b) for the LHC
design luminosity.
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detector components of the CMS detector will have to be replaced due to radiation damage, like
e.g. the Inner Tracker that will have to be replaced completely. These upgrades will proceed
in several steps, mostly independent of the accelerator upgrade, resulting in a nearly continuous
research and development of components. Electronics will need upgrades due to radiation damage
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Figure 4.2: Study on muon rates at SLHC-luminosity (10%° cm™2s7!). From [MABO7] (courtesy of
J. Alcaraz).

and the expected higher occupancy at the LHC. From today’s point of view the calorimetric
systems will need only minor upgrades. The muon systems are designed to sustain much higher
rates than expected in the LHC and even the SLHC environment. Nevertheless an upgrade of
the trigger system is needed to handle the higher muon rates especially to reduce the emerging
data rates. Fig. 4.1 shows the muon trigger rates for the low and design luminosity at LHC and
fig. 4.2 those for the SLHC luminosity.

The plans to keep the same L1 trigger bandwidth at SLHC (~ 10 kHz for single muons) as at
LHC cannot be realised by increasing the pp-threshold. One reason is, that new physics could
show up in muons with momenta in the range of few tens of GeV. Another reason is, that even
a higher pp-threshold would not reduce the L1 rates significantly as can be seen in fig. 4.2.

The improvement of the transverse momentum resolution of the muon measurement would limit
the number of low momentum muons mis-measured to higher momentum. One idea to do this is
described in sec. 4.1.1. Further information about the CMS upgrade can be found in [CMS07].

4.1.1 Muon Track fast Tag (MTT)

Fig. 4.1 shows clearly that a luminosity increase by a factor of 10 is accompanied by a single muon
trigger rate increase of one order of magnitude. In order to increase the momentum resolution,
information from the Tracker needs to be processed in the L1 trigger. One approach to realise
this is a new detector component (the MTT) just beyond the Calorimeters and the Solenoid. The
working principle of that kind of detector is shown in fig. 4.3. A muon hitting the MTT defines
a region of interest within the tracker. The ‘width’ of this region is given by the extensions of a
bent 10 GeV-muon track. The corresponding Tracker Layers (TkLs) (at least two) are read out
and the information is sent to the muon trigger system (fig. 4.4). The upgraded trigger is meant
not to change the functionality and efficiency of the existing system.

The multiple scattering of the muons inside the calorimeters and the solenoid causes a spreading
in both, the position, expressed by the position angle ¢, and the incoming angle, denoted as ¢y,.
The spread in dependency of the muon momentum is shown in fig. 4.5. The spread in the
position angle may sum up to 14 mrad which corresponds to a position uncertainty of 50 mm
just before the MB1. Thus the spatial resolution of the detector used as MTT should be of the
same magnitude [Mon09]. More details on this proposal can be found in [MABO7].
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Figure 4.3: Schematic views of the CMS detector to illustrate the working principle of the MTT. Adapted
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Figure 4.4: Proposed architecture of the upgraded Muon Trigger system. The time zero point is the
collision. Adapted from [MABO7].
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Figure 4.5: Developing of position angle and incoming angle of muons from the vertex to just beyond
the Solenoid (caused by multiple scattering) [MABO7].

4.1.2 MTT in Detail

Several concepts are in discussion how to realise a device fulfilling the requirements needed for

an MTT. One idea is to use upgraded double-gap RPC modules with readout strips in both
directions in front of and behind MBI1.
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The approach pursued in the scope of this thesis lies in the study of a scintillator based MTT seg-
ment with SiPM readout fulfilling the mentioned requirements, especially the time and space
resolution. Two basic setups are in focus here. One with a ‘direct’” SiPM readout, i.e. the
SiPMs are mounted directly onto the surface of the scintillating material. In the other one a
wavelength shifting fibre is embedded into the piece of scintillator to increase the photon yield at
the SiPMs. Here straight fibres at different positions and also bent fibres with different bending
radii are examined. In all cases the scintillator is meant to have a length and width of about
100 — 250 mm and a height of about 5 — 10 mm. An overview of the mentioned setups can be
found in fig. 4.6. A muon traversing a piece of scintillator creates photons that propagate inside

SiPM Scintillator WLS fibre Scintillator

100 - 250 mm ‘/ _ 100-250 mm

S ™ .
mmi ¢ 7 SiPM
(a) “Direct readout”. SiPMs mounted directly onto the (b) Readout with straight fibre and SiPMs mounted to
surface. the fibre’s ends.

WLS fibre Scintillator

100 - 250 mm

.y y

5-10 mm¢ S|PM

(¢) Readout with bent fibre and SiPMs mounted to the
fibre’s ends.

Figure 4.6: Different scintillator setups with SiPM readout studied for MTT (not to scale). Fibres are
embedded.

the material and can be detected by light sensitive detectors. The photons are subject to different
processes inside the scintillator (see sec. 6.3.1) but are kept inside the material mainly by total
internal (Fresnel) reflection at surface boundaries. One possibility to help to keep the photons
inside the scintillating volume is to wrap the scintillator using a material with high reflectivity.
Important and interesting aspects of this type of detector are the photon yield at the photosen-
sitive detector (SiPM) and/or at the WLS fibre, the timing properties, i.e. when do the photons
arrive at the SiPMs related to the muon incoming point in time and other related quantities.
These values are expected to be dependent on geometric properties of the setup, like size of the
scintillator or position of the fibre, as well as on material properties like surface roughness or
wrapping reflectivity etc. These are the points of study in this thesis.

The space available between solenoid and the first muon station varies and can be estimated to be
in the order of a few centimetres ([Mon09]) depending on the wiring of the different components.
A final determination of the available space can be done in the planned detector shutdown after
about two years of LHC operation.
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Chapter 5

Particle Detector Basics

5.1 Passage of charged Particles through Matter

When considering a particle detector it is essential to know how a traversing particle will behave
inside this detector. In many cases the interest is on the deposited energy or energy per path
length inside the relevant detector material.

There are several physical processes by which particles interact with matter like inelastic scatter-
ing with atomic electrons, elastic scattering, emission of bremsstrahlung, emission of Cherenkov
radiation or nuclear interactions.

The most important effects in “everyday particle detectors” are the inelastic interactions with
electrons of matter, i.e. ionisation and atomic excitation. At higher particle energies brems-
strahlung becomes a non-negligible process of energy loss in matter.

5.1.1 Heavy Particles

The energy loss of most charged particles heavier than electrons and up to light nuclei (e. g. 3He)
is described by the Bethe-Bloch formula:

dEl g 2L g2
e [In(8%?) + €], (5.1)

Ton.

with:

A = atomic mass of the material ([A] = g/mol),
Z = atomic number,

p = density of the matter,
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me = mass of the electron,
Na = 6.02-10%® /mol = Avogadro constant,

Lg =~ (10 eV) - Z = effective ionisation energy,

1
o ~ —— = fine-structure constant.
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This equation can be derived from quantum mechanical considerations and can be used to de-
termine the mean energy loss of a particle with high accuracy over a very wide range of particle
energies [Bet30]. In this form the formula is valid for moderately relativistic particles and needs
some corrections at very low and very high energies.

Nevertheless especially for particles with 0.1 < v < 1000, corresponding to a muon in the energy
range of 10 MeV < E,, $ 1 TeV, it describes the energy loss very well [PDGOS].
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5.1.2 Electrons and Positrons

The energy loss of electrons and positrons cannot be described by the Bethe-Bloch formula be-
cause in contrast to muons, they have the same mass as the collision partners, i.e. the shell
electrons of the atoms of the matter they pass through. Another major difference is, that the
collision partners are indistinguishable quantum mechanical objects, what also has to be consid-
ered.
The modified formula for energy loss of fast electrons and positrons with 5 ~ 1 results in:

dE % Z

~

L ln(:?) + D], 52)
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with the same quantities as in (5.2) and D a term with a slight material and v dependence [Leo87].

5.2 Fluctuations in Energy Loss

While the Bethe-Bloch formula describes the mean energy loss of a particle, it is clear that
particles will suffer major fluctuations from this mean value due to the statistical nature of the
interactions in matter, i.e. the losses by collisions or radiation.
For thick absorbers where the number of collisions is large, the fluctuations in energy loss will
follow a Gaussian distribution and thus will read as:

AT)2
—(AE — AE) > ’ (5.3)

f(z,AFE) x exp < 557

with:

x = thickness of absorber,
AFE = energy loss in absorber,
AE = mean energy loss,

o = standard deviation.

When regarding non-relativistic heavy particles, the spread of this function (09 = o(non-rel.))
can be expressed by [Leo87]:

Z
ngK'me-pr, (5.4)
with the already known constants. For relativistic particles it becomes:
(1-57)

with g = 2.

In many a(i)plications the materials used to detect (charged) particles, i.e. scintillation counters
or gas volumes, cannot be treated as ‘thick’ in the sense mentioned above. In these materials
the number of collisions is too small to describe the energy loss with help of the Central Limit
Theorem in a Gaussian form. In thin absorbers, there is a non-negligible probability of a large
energy transfer in one collision resulting in an asymmetric form of the distribution as shown
in fig. 5.1. The expectation value and the variance of this asymmetric distribution, known as
‘Landau-distribution’, cannot be defined because all moments diverge. The most probable value
is more interesting rather than the mean value. While the energy loss in collisions has always a
maximum value, the mean can be calculated from the Bethe-Bloch formula, the most probable
value is found to be [Leo87]:

ABEy, = ¢ [m <5> +0.198 — 5] : (5.6)
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Figure 5.1: Example of a distribution of energy loss in a thin absorber [Leo87].
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0 = density corrections.

While the distribution developed by Landau uses some (limiting) assumptions in the calculation,
there have been several attempts to improve the theory and make it fit better to experimental
results [Leo87].

5.2.1 Multiple Scattering

Besides the (inelastic) interaction with electrons (in matter), charged particles traversing matter
can experience one or more (elastic) Coulomb scatterings from nuclei (where each of these colli-
sions is a Rutherford scattering).

Assuming that the number of scatterings is 2 20 and that the energy loss is negligible, the pro-
cess can be treated statistically resulting in an approximation for the RMS of the net spatial
deflection angle [PDGOS]:

Z
pBe Xo

where X is the radiation length of the material.
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5.2.2 Radiative Energy Loss

A charged particle traversing matter can be deflected in the electric field of the nuclei of the
atoms. This kind of radial acceleration leads to the emission of bremsstrahlung. For a traversing
particle with mass m the contribution to the energy loss can be written as:
dE Z* o* - n? 183
- S~ p Eln| —x

A m2 71/3

K-me 1 Z? 183
= .p-E]n<Zl/3>, (5.9)

(5.8)
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and again the same notation as above applies [GS08].
This kind of energy loss strongly depends on the mass of the traversing particle. Most affected by
radiation losses are the lightest particles, electrons and positrons, and at energies above several
hundred GeV, muons.
In order to determine whether radiation losses must be taken into account, one can regard the
critical energy. It is defined as the energy of the traversing particle, where bremsstrahlung losses
become as strong as energy losses by ionisation and excitation. This energy depends on the
material (i.e. gas, solid or liquid) and can be averaged to [Kle05]:

o MY 10
Above the critical energy the radiation losses dominate the energy loss of the traversing particle.
Due to the strong mass dependence in most applications the bremsstrahlung losses must only
be considered for electrons (and positrons) because for the next heavier particle, the muon, the

2
critical energy is (%) ~ 40000 times higher [Leo87].

5.3 Scintillators

One of the oldest devices to detect charged particles are scintillators. In these materials the
atomic/molecular states are excited by the energy deposited by the traversing charged particle.
This energy is freed e.g. in form of (optical) photons while the molecules de-excite to their
ground states. In former times these photons where detected by the human eye but in the
1940s the development of (high voltage) photo multiplier tubes (PMT) began that allowed an
automatisation of the readout process of the scintillators.

There are several different substances that have scintillating abilities, i. e. inorganic crystals, gases
and liquids and also organic materials, all of them following a different scintillation principle.

5.3.1 Organic scintillators

Organic scintillators are built of aromatic compounds which are characterised by their carbon
ring structure. One property of this kind of chemicals is the short decay time of excited electronic
states which is an ideal property for a scintillator. Due to the hybridisation of the s and two p

(a) (b)

Figure 5.2: Structure of o-bonds (sp? hybridized orbitals) in the benzene molecule (a); left side of (b):
the six (atomic) p.-orbitals, right side: model of delocalized (molecular) m-orbital sys-
tem [Wik09a)].

orbitals the angles between the three resulting bondings of carbon compounds become 120° and
lie in one plane. Thus it is possible for the C-C bondings to arrange in a hexagonal structure as
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shown in fig. 5.2. In this molecule called benzene, the remaining non-hybridized p orbitals overlap
to form a molecular orbital containing delocalized electrons which contribute to the bonding
of the molecule. There are also molecules with more than one ring, sharing many properties
with benzene, exemplarily shown in fig. 5.3. Within these orbitals the electrons fulfil boundary

Q0 QO

(a) naphthalene (b) anthracene (¢) naphthacene

Figure 5.3: Representations of some aromatic molecules used as scintillators. The circles inside the
hexagonal structure stand for the delocalized (7) electrons of the molecular orbitals.

conditions allowing the solution of the corresponding Schrédinger equation in form of standing
waves with quadratically spaced energy levels. The orbitals described by these wave functions
are called m-orbitals. Electrons in the m-orbitals can be excited by a traversing charged particle.
The de-excitation of higher states of these m-electrons to the ground state are responsible for
the luminescence of this kind of materials. The energy difference between the different states
is typically of the order of a few eV which explains the production of visible light within the
scintillator. A typical energy level diagram for the different molecular states is shown in fig. 5.4.
The figure shows the singlet and triplet states of a molecule and the small substructure for every
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Figure 5.4: Typical energy levels of an organic (scintillator) molecule. The singlet states are denoted
with S,, the triplet states with T,,;. For clarity the singlet and triplet states are separated
spatially. Adapted from [Leo87] and [Bir64].

electron level caused by the excited vibrational modes of the molecule. The energy spacing of the
fine structure is in the order of a few tenths of eV. A traversing particle excites the electrons and
the vibrational levels as suggested by the figure. The decay of the excited singlet states Sof, S3k
etc. to S takes place within picoseconds and proceeds without the emission of radiation which
is known as “internal degradation”. From here the state decays with a high probability within a
few nanoseconds to one of the Sy states, emitting radiation with a wavelength corresponding to
the energy difference of the states. These are in general excited vibrational states which is the
reason for the scintillator being (partially) transparent to its own light.
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While the triplet states cannot decay to Sy due to multipole selection rules, they can decay by
interaction with other excited 71" states in the manner of:

Ty + 11 — S1 + Sy + phonons

The S; state decays in the same way as described above, though some time later. This causes
some scintillators to have a delayed component in the radiation emission spectrum. However,
this delayed component of the scintillation light is negligible in many materials.

Typical densities of scintillators used in high energy physics are in the range of 1.03 to 1.20 g/cm?
and photon yields of O(1) per 100 eV energy deposit can be achieved.

In plastic scintillators, which are solely used in the scope of this thesis, there is a non-linearity
in the light output of the scintillator that was first described by Birks’ semi-empirical for-
mula [Bir64]:

dE

j—L =Lo—% (5.11)

X 1+ kZB qr
Here % is the light output of the scintillating material per distance, %—f the energy loss per dis-
tance of the traversing particle, kg is Birks’ constant that has to be measured for every material
and Lo the luminescence at low specific ionisation density.
A summary of different measurements for specific luminescence vs. specific energy loss is given
in fig. 5.5. For a minimum ionising particle, where % < O(2 MeVem?/g - Z) the linear approxi-
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Figure 5.5: Variation of specific fluorescence with specific energy loss for anthracene crystals. (a) shows
the theoretical curve described by (5.11), (b) shows a more complex approach [Bir64].

mation is correct within a few percent, i.e. kg ~ 0.

In order to decrease the decay time, there are fluorine compounds with a concentration of about
1 % mixed to the scintillating base material. The initial decay time that can be of the order
15 ns or more can be reduced to a few nanoseconds by a (radiationless) dipole-dipole interaction
called Forster-process.

A very common way to increase the attenuation length within the scintillator, i.e. to decrease
self-absorption is to solve a second fluorine compound in a small concentration (0.05 %) that ab-
sorbs the short wavelength photons and emits them at higher wavelengths [PDG08]. A summary
of this concept with the corresponding attenuation lengths is given in fig. 5.6.
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lonization excitation of base plastic
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Figure 5.6: Schematical picture of the working mechanism of a plastic scintillator. The energy transfer
distances and approximate fluorine concentrations (in weight percentage) are shown [PDGOS].

5.4 Wavelength Shifting (WLS)

A common way to ‘extract’ photons from a piece of scintillator is to use wavelength shifting
fibres that are connected to the scintillator. WLS materials absorb photons of a given wavelength
spectrum and emit new photons with higher wavelengths, i.e. lower energies. These are typically
organic materials that must be preferably sensitive to the given scintillation light.

Typical values of the attenuation length in the photon absorption range of the spectrum of a
wavelength shifter are of the order of millimetres [Kle05].

5.5 Photomultiplier

A common device to detect light created by particles traversing matter is the photomultiplier
tube (PMT). A schematic view of a PMT is shown in fig. 5.7. It consists of a photosensitive
cathode that has a typical probability of 20 — 40 % to emit an electron when hit by a photon
(photoelectric effect). Due to the applied high voltage, this electron is accelerated to the first
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Figure 5.7: Schematical view of a PMT [Wik09b].

electrode. These electrodes are called dynodes. When an electron hits a dynode a number of new
(secondary) electrons (typically of the order of 5) are emitted from this dynode. The dynode
array builds a “potential ladder” with help of voltage dividers. Thus the electrons are accelerated
from dynode to dynode by which they get ‘multiplied’.
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The electrons are collected at the last dynode (the anode) creating an electrical signal that can
be amplified electrically and measured. Assuming a linear cathode - dynode - anode system, the
resulting signal is proportional to the number of simultaneously incoming photons.

A big advantage of the PMT is its ability to detect even single photons with moderate efficiency.
One major disadvantage is that a high magnetic field can prevent the photo electron from reaching
the first dynode and thus spoil any measurement. Another disadvantage is the high voltage of
typically several kV that has to be applied to the PMT to reach proper working conditions.
Additionally, only a small fraction of the volume/surface of a PMT is sensitive to photons and
the bigger part of the device is needed for amplification. This has to be considered because
typical PMTs have lengths of some cm and diameters of mm up to few cm.

5.6 Solid State Detectors

The development of fast semi-conducting light detectors in the past years peaks in the production
of so called “silicon photo multipliers” (SiPMs). To elucidate the working principle of this kind
of devices, first of all diodes of semi-conducting materials are explained in more detail.

5.6.1 Semiconductors

A semiconductor is an element with the property of an increasing conductivity with the increase of
temperature. This behaviour can be explained with help of the band structure of these elements.
The energy gap between the valence band and the conduction band is typically in the order of
1 eV or less while the band gap of insulators is much bigger.

E

A

* conduction band

donator levels

energy gap (~1 eV)

————— '— — — acceptor levels

* valence band

Figure 5.8: Schematical energy band structure of semiconductors. To represent the two possibilities in
one image, both the donator and the acceptor levels are shown.

To improve the electrical properties of semiconductors the method of doping has been developed:
Semiconductors can be found mostly in the 4th main group. Doping of a semiconductor means
(controlled) introduction of a small amount of impurities into the crystal lattice of the (more
or less) pure material. Most common types of doping are for example the introduction of a
3rd/5th group element into the lattice of a 4th group element. These dopants have the ability to
accept/donate electrons from/to the surrounding lattice.

This results in a p-type in the first case and an n-type semiconductor in the second case.
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Here one finds additional acceptor or donator levels within the energy band structure as illustrated
in fig. 5.8.

5.6.2 The p-n Junction

When p-doped and n-doped materials are brought into mechanical contact, the electrons of the
n-region diffuse into the p-region where they can be bound by acceptor ions, leaving positively
charged donator ions in the n-region.

The regions close to the p-n interface become charged and because of this charge separation, a
potential difference, called the built-in potential, appears and an electric field is created. See
fig. 5.9.

neutral space charge neutral
region region region
< > < > <>
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Figure 5.9: p-n junction in (thermal) equilibrium with no bias voltage applied. Red and blue regions are
n- and p-doped regions respectively. The grey zone denotes the recombination region where
a charged space region appears.

5.6.3 The pn-Photodiode

A p-n junction can be used as a photo detector. When a photon hits the diode material there
is a probability that an electron-hole pair is produced within the material. The electron receives
the energy of the incoming photon and is raised into the conduction band. The pair can only be
created when the photon energy is bigger than the band gap:

Ephot = hwphot > Eg.

Figure 5.10 shows the two types of semi-conductors (direct and indirect) where optical charge
carrier generation can take place. Photons that hit the space charge region can cause an inner
photoelectric effect as described above. The electrical field attracts the “newly created” charge
carriers and an electric (photo) current flows through the diode.

The efficiency of such a ‘simple’ photodiode is not very high because the penetration depth of
photons depends on their wavelength and they cannot travel arbitrarily long distances within the
diode material. It is possible that electron-hole pairs are not only produced in the space charge
zone but also outside of it. These charge carriers first have to diffuse to the charged region where
they are accelerated by the electrical field and contribute to the photocurrent. This part of the
photocurrent is the diffusion photo current (Ippet).

One possibility to increase the photo sensitivity is to adapt the construction form of the diode
as shown exemplarily in fig. 5.11. The diode is designed to have a transparent casing so the
incoming light is less absorbed before reaching the pn-layer. The doped regions are arranged to
allow a maximal size of the depletion zone when a reverse voltage is applied. Appling a reverse
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Figure 5.10: Schematics of the band structure of direct and indirect semi-conductors.
Adapted from [Wik09a].

voltage to the photodiode increases the space charge region and with it the sensitivity. The width
d of the space charge region (of a normal diode) can be calculated to [Lut07]:

d(U) = \/261" U <i + i) (Up = U), (5.12)

e nA np

with:

np = doping concentration of donators,
na = doping concentration of acceptors,

Up; = built-in potential.
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Figure 5.11: Example of the design of a common photodiode [HamO08b].
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Due to the charge separation, the pn-junction also has a capacitance which is dependent on the
voltage applied. It can be calculated to [GEb06]:

Aer e
Con(U) = 5.13
__Cmo (5.14)
-
Ui

where Cpy, 0 = Cpn(0) and A is the cross section area of the junction, respectively.

Additionally the frequency response and linearity of the diode can be improved. The application
of a reverse voltage does not affect the signal current but one disadvantage is the increase of dark
current and the possibility of damaging the device when a too high voltage is applied [HamO08b].
The most simple circuit to read out a photodiode is given in fig. 5.12a. The current inside the
diode created by the incoming photons is modelled by a current source connected in parallel. A
possible readout circuit of a diode with applied reverse voltage is given in fig. 5.12b. The photo

equivalent circuit equivalent circuit
diagram diagram
> R '—o —>
3 N/ 3 N/ S
e} e}
& 2
~ ] ~ ] J
O
(a) Photodiode with no voltage applied. (b) Photodiode with reverse voltage applied.

Figure 5.12: Basic circuit diagrams of a diode used as a photo detector. The photodiode is represented
by the given equivalent circuit diagram in the dashed box. One or more incident photons
create a current pulse that is modelled by a current source here.

current (and with it the short circuit current I as shown in fig. 5.13) rises linearly with the
intensity of illumination over a wide range (typically several orders of magnitude). The diode
characteristic curve of an illuminated diode can be written as [HBGO1]:

Up

ID(UD) =1Ip- |:eUT - 1:| - Iphotoa (515)

with Up = voltage at the diode (see also fig. 5.13), and [Sil97]: Iphoto = Iphoto drift + Iphoto dift-
Curves of a diode with different light input intensities are schematically shown in fig. 5.13.

5.6.4 pin-Photodiode

To increase the size of the depletion zone and to increase the frequency response an additional,
lowly doped (intrinsic) layer is brought between the p- and the n-layer. Fig. 5.14a shows the
basic setup and the electrical field inside the pin-diode [TS02; HBGO1].

In this kind of diode the probability for a photon to create an electron-hole pair within the
depletion zone is much higher. Also electron-hole pairs created outside this region can reach it
very fast. Another advantage of pin-diodes is the reduced junction capacitance improving some
timing properties of the diode [HBGO1].



44 CHAPTER 5. PARTICLE DETECTOR BASICS

LIGHT
\/\ Iy
SATURATION J
CURRENT

UOC
LIGHT
F - M +
’ SC TUOC

4

INCREASING
LIGHT LEVEL

Figure 5.13: Characteristic curves of a photodiode with no light @, little light input @, even more
light input @ . The two special cases where the diode is short-circuited and in open circuit,
respectively, are also shown in the drawing [HamO08b).

5.6.5 Avalanche Photodiode (APD)

When going to lower intensities (< 100+) and/or higher frequencies (several 10 GHz), the prop-
erties of the pin-diode does not suffice the requirements and a special type of diode (the avalanche
photodiode) is needed [Sil97]. The APD has either a structure comparable to that of a pin-diode
and is operated close to the breakdown voltage or has a special avalanche structure as is shown
in fig. 5.14. When a photon creates charge carriers (absorption layer), they diffuse in direction

multiplication absorption / drift layer
layer

| | |
| | | |
| | | |
| | |
| | |
| | |
| I |
| |
| |
>
(a) Structure and electrical field of a pin-diode. (b) Structure and electrical field of an APD. The re-
The heavily doped regions are denoted with a gion denoted with a 7 means a nearly completely
plus (n™ / p™), the lightly doped region is de- intrinsic p-material. (The p~ layer is in practice
noted with a minus (p~). An APD can also have much smaller than the 7 layer.)

a pin-like structure.

Figure 5.14: Sketch of a pin (a) and an avalanche (b) photodiode. The depletion region expands over
almost the whole intrinsic/lightly doped region.

of the multiplication layer where they are heavily accelerated by the electrical field. When the
charge carrier, e. g. an electron, gains an energy E, > E, there is a probability that this electron
can produce more charge carriers by collision ionisation within the multiplication layer. Collision
ionisation can be seen as the inverse process of the Auger effect. Those newly produced charge
carriers are also accelerated by the field and can also produce new electron-hole pairs on their
part. Depending on the width of the multiplication layer, this process can repeat several times
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creating an avalanche of charge carriers [HBGO1].
The amplification of the initial current Ipo can be written as [HBGO1]:

1= Iphot M7

where M is the multiplication factor which is dependent on the applied diode voltage and can
be approximated above some tens of volts by:

M= ! (5.16)

Us—IRs\"'
= ()

br

Here Ug is the applied reverse voltage and Uy, stands for the breakdown voltage of the diode.
I Rg is the voltage drop over the series resistor of the diode and m a parameter that has to be
determined empirically and is in the order of 1 to 10 [HBGO1].

One major disadvantage of this type of device is the high noise rate that is highly dependent on
the applied voltage and on the ambient temperature [Sil97].

5.6.6 Geiger Mode APD / SiPM

While the nomenclature for Geiger mode APDs / SiPMs is not unambiguous in the literature,
and while many different terms can be found to describe the same type of device (‘MPPC*3’,
‘SPM/SiPM*’| ‘PPD’*# etc.), the function principle is always the same:

Because pin-diodes have no internal gain and they have a quite large noise, they are not suitable
to detect light flashes of less than several hundred photons. The internal gain of the APDs
admittedly improves the signal to noise ratio, but still there are more than some 20 photons
needed to create a detectable pulse. To improve the photon detection efficiency even more,
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Figure 5.15: Schematics of one SiPM built of Figure 5.16: Very basic readout circuit for an
APDs (adapted from [HamO08a]). SiPM [Ham09].

a special type of APDs has been developed that works in Geiger mode. Geiger mode means the
operation of the APD slightly above the breakdown voltage causing the internal electrical field
to become very large making a very high internal gain in the order of 10% possible. This kind of
device has the possibility to detect single photons as a traditional PMT can do. When operated
in Geiger mode the output pulse of the detector is not proportional to the number of incoming
photons any more but has in contrast (theoretically) always the same height and shape. So the
price for the high detection efficiency is the absence of a dynamic range of the device.

The electrical current caused by the avalanche in the diode has to be quenched by a dedicated
resistor to prevent damage of the device and also to improve the frequency response of the diode.

43Multi-Pixel Photon Counter
44Silicon PhotoMultiplier
45Ppixelated Photon Detectors
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The solution to the problem of the dynamical range is to divide the diode into many sub-devices
(called pixels) that are connected in parallel and which are each equipped with a quenching
resistor, as is schematically shown in fig. 5.15. The final pulse is a sum of the pulses of the single
pixels where each pixel was triggered by one or more incoming photons (and/or noise) [Ren06].
From now on devices subdivided into pixels are referred to as ‘SiPMs’ where each pixel is an APD
in Geiger-mode. A simple readout circuit for an SiPM with reverse voltage applied is shown in
fig. 5.16.

One of the characteristic quantities of an SiPM is the (intrinsic) gain G that can be calculated
to [Sen07]:

Con (U — Upy)

G =2 — b
€

The gain is temperature dependent (decreases with higher 7') as most properties of a diode are.
Another essential quantity of an SiPM is the photon detection efficiency (PDE or epp) that can
be written as:

EPD = Equant * Egeom * Piya. (517)

Equant 18 the quantum efficiency of the pn-junction, i.e. the probability that an incoming photon
creates an electron-hole pair. The value for this quantity given by the manufacturer of the SiPMs
used in the scope of this thesis (Hamamatsu) is equant 2 70 % [HamO8a]. The geometrical fill

~

factor €geom is the ratio of the effective and total pixel areas. Each pixel needs a quenching

resistor and wiring that take some space*®

, so the more pixels an SiPM has (for a constant
SiPM areal), the smaller the fill factor becomes but the dynamical range increases. This is also

shown in fig. 5.17a and 5.17b. Typical values of €geom for a 100 pixel device are found to be:

sensitive area RQ sensitive area

hal

(a) Photograph of a typical silicon photomul- (b) Microscopic view of a Hamamatsu
tiplier. The different components of the SiPM (810362-11-100C) [Mer09].
pixel (quenching resistor, wiring etc.) are
clearly visible [Sen07].

Figure 5.17: Examples of the sensitive area of SiPMs.

€geom = 18.5 % ([HamO8a]). Piy. denotes the probability of an electron-hole pair to trigger an
avalanche inside the SiPM. It is not unproblematic to measure this quantity since it is strongly
dependent on the overvoltage applied. A determination of Py, is described in [OMOO0S8] and the
results are shown in fig. 5.18. P, reaches values between 0.9 and 1.0 for a operation voltage
of 2 79 V (for this particular device). The wavelength dependent epp of a typical SiPM is shown
in fig. 5.19. The number of pixels that were hit by a photon and fired (Ngeq) can be characterised

46There are also approaches to use backilluminated SiPMs allowing a fill factor of basically 100 %. For more
information, see [NHHO7]
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Figure 5.18: Simulation of the voltage dependence of the avalanche probability of electrons and holes in
an SiPM. The breakdown voltage of the analysed device (810362-11-25) lies at 73.5 V, the
operation voltage is 75.0 V. [OMOO08].

(for a large number of incoming photons) by [Ham08a]:

Nphot €PD

Ntired = Niotal - (1 —e  Notal > s (518)

with the number of incident photons N0 and the total number of pixels Nyga1. This relation
clearly shows the dependence of the dynamical range on the total number of pixels.

The creation of electron-hole pairs and the triggering of the avalanche happen quite fast inside
the SiPM. Drift times inside the material of 100 ps are typical [HBGO1].
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Figure 5.19: Photon detection efficiency vs. incident photon’s wavelength for SiPMs with different pixel
sizes [HamO08a].
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Chapter 6
The GEANT4 Framework

GEANT4 stands for Geometry and Tracking and is a toolkit to simulate the passage of particles
through matter with help of Monte-Carlo methods. The classes of the C++-framework are foreseen
to create stand-alone simulations as well as to implement them into other applications.

The package provides methods to specify geometrical structures of the simulated detector, with
all involved materials and their properties and to simulate the creation and tracking of most
fundamental particles. A variety of many, sometimes competing, physical interaction models is
provided to describe particle interaction in matter covering the wide energy range of 250 eV up to
some PeV for electrons, photons, muons, hadrons and ions. It is also possible to access data of all
particles, interactions, volumes and the response of sensitive detector components at most points
of the simulation run. Particles can be tracked through simple applied electric and magnetic
fields. The visualisation of the detector parts and some or all particle trajectories is possible.
Some components of the framework, relevant in the scope of this thesis, are described in the
following sections in more detail. More information on the GEANT4 framework can be found
in [Ago03; All06; G409; G408].

6.1 Overview

To illustrate the working structure of a programme designed with the GEANT4 framework, some
implementation details shall be discussed here.

There are interfaces for eight user classes provided by the framework. Three of them are manda-
tory:

e G4VUserDetectorConstruction: In a derivation of this class the user has to provide infor-
mation about the geometry of the detector (DetectorConstruction) that shall be simulated.
There are no default geometries specified.

e G4VPhysicsList: Here the user defines the physics process classes (PhysicsList) to be used.

e G4VUserPrimaryGeneratorAction: The user also has to provide information about the
kind, number and initial properties of the primary particles (Primaries).

Classes that are not mandatory but necessary to steer the simulation are:

e GAUserRunAction: Here the user can specify actions that shall be executed at every start
and end of every Run.

e G4UserEventAction: The same as above but for every Event. Here information about the
whole event can be gained.

e G4UserStackingAction: Tracks can be suspended or postponed if there are particle tracks
with higher priority. (Mainly used for optimisation.)

e G4UserTrackingAction: Specifies actions at the creation and completion of every Track.
Information about the particle track can be extracted here.
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e G4UserSteppingAction: Customise the behaviour while going from step to step in the
simulation. Detailed information from every StepPoint can be obtained here.

A Run represents one simulation procedure with a specified number of identical or different
events, e.g. one Run can process 100 times one muon passing a piece of scintillator with each
muon at another position. Every starting muon initialises an Event that ends when all primary
and secondary particles have been tracked to the end, i.e. detected or absorbed or removed in
another way.

A Track is always a momentary representation of the state of a particle, while a step carries the
‘Delta’-information between two Track-points. Whole particle trajectories are usually not stored
due to memory consumption.

6.2 Geometry

As mentioned above, in the DetectorConstruction class, the user has to define all components of
the detector, especially every kind of volume, and their alignment that shall be simulated. This
includes details about the chemical composition of the materials so that values for quantities
like absorption length or corrections for the energy loss in matter (Bethe-Bloch formula) can be
computed. Here also properties for optical processes, like refractive indices, attenuation lengths
or reflectivity, can be set, especially optical surfaces and their properties.

6.2.1 Volumes

A volume in GEANT4 has to be defined in three steps:

First of all a Solid must be defined. It contains all the geometrical information, i.e. the dimen-
sions and shape of the volume. Many different shapes (like simple boxes, spheres, twisted tubes
etc.) are provided by the framework.

Then a Logical Volume has to be created where a Solid and physical information, like its material,
are merged.

Finally a PhysicalVolume is created when combining the information of the Logical Volume with
a rotation and position in a mother volume. This can be done by a Placement or a Parameteri-
sation inside a mother volume.

A LogicalVolume can be declared as a SensitiveDetector to create Hits that are collections of the
particle’s properties at the detection point. A short overview is also shown in fig. 6.1.

The geometry information is used by the GEANT4 kernel while tracking particles. Material
information is of course used to determine interaction lengths.

| G4Element | | G4Element | | G4Element |

dimensions N
mass fraction
properties: density, refractive index,
attenuation length,
scintillation properties etc.

G4VSolid
tional _ _
G4LogicalVolume |« — opions

G4Transform3D

position/rotaion in mother volume

Figure 6.1: Shortened overview of the logic of volume building and placing in the GEANT4 DetectorCon-
struction. All volumes must have a mother volume, except of the world volume which is the
(only) basic volume. Particles leaving the world volume are removed immediately.



6.3. PHYSICS 51
6.3 Physics

In the PhysicsList all relevant processes can be activated and also production cuts can be set.
This class is modular so that only the processes needed in particular or only processes of a defined
energy range have to be implemented. All particles that can occur within the simulation have to
be registered here, otherwise they cannot be created.

A production cut is a length, set by the user, that is used to decide whether a secondary particle
(e.g. an d-electron or a bremsstrahlung photon) shall be produced or not. If, within the current
volume, a secondary particle would travel (in the momentary material) less than the length given
by the cut, its production is inhibited. The corresponding energy loss is counted as a continuous
energy loss.

6.3.1 Optical Processes

A special group of physical processes are those that create and invoke optical photons®’.

Creation

Three processes can be implemented that create optical photons: The CerenkovProcess, the
TransitionRadiation and the ScintillationProcess. The number of optical photons created in
transition radiation processes is negligibly small. For the number of optical Cherenkov photons
N, created per length L a particle travelled through a dielectric material one finds [Kle05]:

<dNy> < sin? 6 - 49 (6.1)
dL Cherenkov mm

where 6c = arccos # denotes the Cherenkov angle. For a 1 GeV muon traversing a typical scintil-
lator with refractive index® n = 1.6 this number becomes: dd% ~ 30/mm which is very few com-

pared to the number of scintillation photons that is of the order of (%) ~ 10000 — 20000 /MeV
scinti

H : 49 (dE ~ 0.2 MeV
with typically (E)Scimi A el

can also be neglected in this case.
In GEANT4 the scintillation process is characterised by several parameters:

g% for a minimal ionising particle. So the Cherenkov process

The first important parameter is the scintillation yield. This is the effective mean number of
photons created per energy deposit of the traversing particle. This number follows a Poissionian
distribution. There can be material dependent effects that broaden or narrow this distribution,
this is considered by the resolution scale. This parameter is basically interesting for inorganic
scintillators and is not used here (i.e. set to 1 < no broadening).

Other important parameters are the time constants. The decay time of most scintillating ma-
terials can be described by a superposition of two exponentials. One that is shorter (typically
O(Tehort) = 1 ns) and one that is longer (typically O(Tiong) = 10 ns). The contribution of the two
terms is considered with the yield ratio. For fast organic scintillators, that are regarded here,
only the fast time component is relevant.

Furthermore an emission spectrum of photons must be provided in the form of a list of points
(photon energy, relative emission).

4"In GEANT4 an optical photon is treated in a different way as a high energy photon (G4Gamma). From here on a
photon or ‘gamma’ always means an optical photon when not specified in a different way.

“®In general, the value of the refractive index depends on the material condition, e.g. water will have a different
refractive index than ice or water vapour and for vapour the refractive index will vary with density or pressure etc.

495 is the density of the material and gp = 1 kg/dm3
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Invocation

The processes invoking optical photons are bulk absorption, Rayleigh scattering, reflection and
refraction at medium boundaries, wavelength shifting (WLS).

e Absorption:
Once a photon has been created it can be absorbed inside a medium (if an attenuation
length has been specified for this medium). The probability to travel a certain length is
distributed exponentially with the attenuation length as parameter. See also sec. 6.5 for
more details.

e Rayleigh scattering:
Just changes the direction of a photon in the well-known way. It is mainly interesting for
photons travelling though a gas-filled volume.

o Reflection/Refraction:
A photon has several possibilities to interact at a medium boundary. More details can be
found in sec. 6.6.

e WLS:
Wavelength shifting materials can absorb photons of a certain wavelength range and emit
new photons isotropically with a different wavelength. For this kind of materials, an ab-
sorption and an emission spectrum must be provided. In this implementation of the WLS
process, only one new photon per absorbed photon can be emitted.

6.4 Primary Particles

The user has to set the number and the starting properties, i.e. the position, direction and
momentum (eventually polarisation) of the primary particle(s) and of course its type and charge.
All intrinsic properties of the particles used in GEANT4 are taken from the PDG®’-Database.
This information is processed by an instance of the G4ParticleGun.

6.5 Tracking/Stepping

Despite the name (Geometry and Tracking), particles in GEANT4 are not tracked directly but
‘transported’ from StepPoint to StepPoint. The SteppingManager brokers information between
the particle within a step, the geometry, the physical interactions in matter etc. and decides
about the step length depending on the received information. Each physical process proposes
a step length and the SteppingManager selects the process with the shortest step length, with
respect to the geometric extension of the momentary material.

6.5.1 Step Length

A particle travelling through matter is subject to many different processes. It can also pass
different regions consisting of different materials inside the detector. The determination of the
proper interaction length is done in the following way:

The point of an interaction (e. g. the decay of a particle or absorption of a photon) is characterised
by the mean free path A(l). The probability to travel the length [ is:

P(l) = e™, (6.2)

S0Particle DataGroup
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di

with: ny = NOR

o,

Because the probability distribution as a function of n) is a simple exponential, its value for each
process is set to:

ny = —lInn, (6.3)

where 7 is a random number uniformly distributed in (0, 1) that is being diced for every process
independently at the point of production of the particle. Form this value the step length is com-
puted and returned to the SteppingManager.

There are several different processes that can limit the step length like decay, interaction, geo-
metrical boundary or a user-given maximum length. Values for n) are computed independently
for every of these processes. The SteppingManager picks the shortest of the according lengths
and invokes the process’s post step action. If the particle still exists (i.e. no decay or interaction
has happened) the n)’s of the different processes are decremented by the value corresponding to
the travelled path length and new step lengths are computed. See [Ago03] for more details.

6.6 Reflection/Transmission at optical Surfaces/Boundaries

One important topic that has to be considered when dealing with optical photons is their be-
haviour at surface boundaries that is basically characterised by:

e the reflection or refraction angle,

e the probability that the photon is reflected or refracted: this is the quantum mechanical
effect that has to be considered when photons shall be treated as particles rather than
waves.

There are three kinds of boundaries a photon can encounter.

Case: dielectric — black metal

This case is trivial in the sense that the photon is immediately absorbed when reaching the black
metal.

Case: dielectric — dielectric

The reflection/transmission probability is determined with help of the classical description of
electromagnetic waves with E = Egelk 2wt and B = Ve k|7c|E .
The photon properties (incoming wave-vector k, polarisation etc.) are used to determine the
reflection (R) and the transmission (T = 1—R) coefficient and with it the reflective and refractive

angles. This results in the well-known Fresnel equations including the special case of total internal

reflection.
For photons the values for the classical parameters T and R are interpreted as transmission and
reflection probabilities respectively.

Case: dielectric — metal

In this case it is not possible for the photon to be transmitted. It can be reflected with respect
to the local normal of the medium boundary (see also sec. 6.6.1) or absorbed according to the
(user-specific) absorption probability of the material. Any material, independent of its composi-
tion, can be specified to have a ‘metal-like’ surface, it only affects the reflection properties and
not the material properties.
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6.6.1 Surface Boundaries

The reflection processes described above are significantly dependent on the surface roughness
where the reflection takes place. There are different approaches to describe the roughness of a
surface. In GEANT4 there are two different models used named GLISUR and UNIFIED.

In both models a local surface normal is diced once for every reflection of every photon ac-
cording to different parameters. This local surface normal (facet normal) is used for all further
calculations.

GLISUR

In this model the surface roughness is parameterised by only one parameter 0 < p < 1.
To find the facet normal, ny,. is computed as N = Nglob + (1 — P) - Ngmear With:

NMsmear = | 7N (64)

where 1/, 0", n'"" are uniformly distributed random numbers € [0,1]. Some other constraints
ensure a physically reasonable result.

UNIFIED

As described in detail in [NIK89] another approach than that in GLISUR is supposed to be cho-
sen to reach results compatible with measurements. One major point here is to make reflection
properties dependent on the angular distribution of the (local) micro-facets rather than of their
height distribution.

The assumption is that the angle o between a micro-facet and the average surface is normally
distributed with a standard deviation o,. The value of o, has to be determined experimentally
(see also sec. 7). Thus, in the simulation of the surface, the normals are diced according to this
distribution. The micro facets are regarded to be smooth at scales comparable to the considered
photon wavelengths (see also sec. 7.3.3).

In order to account for the various reflection possibilities at medium boundaries a few more con-
siderations have been pursued ([LM96]). Fig. 6.2 shows the distribution of the radiant intensity
in this model. A photon coming in under the angle 6; to the average surface can be subject to
different boundary processes:

e [t can be reflected specularly with the same angle: The probability is given by the specular
spike constant Css.

e It can be reflected at the micro facets resulting in a spread of the distribution dependent
on o, with a probability given by the specular lobe constant Cy.

e The photon can be subject to internal Lambertian reflection, the probability is given by
the diffuse lobe constant Cyq.

e In some materials there is a possibility that a photon is reflected backwards in the same
direction where it came from. This is controlled by the backscatter spike constant Chg.

e The photon can also be transmitted under the refraction angle 6,.
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These constants have to be determined by experiment. The radiant intensity (photon flux per

solid angle) J = % is in good approximation [LM96]:

Ju(0i,0r, ) = R(0;,n1,m2) [Ca g(an; 0,04)

Css 6(0; — 0,)0(¢r) + Crs 6(0; + 0;)5(¢r)
Ca cos(6;)]

T(0;,n1,n2) g(ay; 0,04),

(6.5)

+ + +

with:
¢,: the angle between the projection of the reflected or refracted photon onto the average surface,
0l: angle of reflection with respect to the micro-facet normal,
g(c;0,04): a gaussian with mean 0 and standard deviation o, with the restriction a € [0, 7/2].
As shown in [NIK89], a surface can be considered as highly polished when the distribution of a
incident specular
photon spike
:'4 Css ‘R

backscattere
photon specular
Chs R lobe
Cq-R

LY

reflecting surface n2
avarage
surface

micro-facets
(distributed according to 0 )

Figure 6.2: Polar plot of the radiant intensities in the UNIFIED model. The constants C; are described
in the text. Adapted from [LM96; NIK89].

sample of measured heights of a pieces of scintillator, that is typically Gaussian with mean at
zero and a variance oy, is found to be: /\Z;ot < 0.025. In this case o, can be set to 0 and the
specular lobe part vanishes.

In the case where )‘s}l:ot > 1.5 the specular spike part can be neglected and the specular lobe is

dominant. This material is highly rough.

6.7 Wrapping Materials

Because the UNIFIED model is meant to replace GLISUR and because it provides more flexibility,
it is the only model that will be used in all simulations in the scope of this thesis.

A wrapping can be simulated as a volume where the inner part has been ‘removed’ thus leaving
a shell of the material representing the wrapping material. All reflection properties mentioned
above can be applied here.

Besides this the UNIFIED model provides the possibility to simulate a diffuse reflector with an
(infinitesimally small) air gap in between the material surface and the coating. In UNIFIED this
coating can only be a diffuse reflector (at the moment). All reflections and refractions in the
different boundaries are applied in one step to increase performance.
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Chapter 7
Roughness of the Scintillator

As mentioned in sec. 6.6 there are several parameters in GEANT4 that are used to describe
the properties of an optical surface. The roughness of the surface in the UNIFIED model is
characterised in particular by the value of o, that can be determined by measuring the profile
of the surface, e.g. by using a stylus probe.

In order to find the value of o, for a typical piece of scintillator, a surface scan with help of
an atomic force microscope (see sec. 7.1) has been performed by the 1™ Physics Institute A
(RWTH Aachen University)®!. The scanned scintillator (BC-404) is identical with the one that
shall be used for first test setups/measurements and, of course, in the simulations. It has been
cut into pieces of 5 x 5 x 8 mm?, so it could fit into the specimen holder of the atomic force
microscope, and hand-polished by our mechanics workshop.

7.1 Atomic Force Microscope (AFM)

An AFM is a scanning microscope that measures the interatomic forces, i.e. van der Waals
forces, while scanning the surface of a material and translates these into height information.
A schematic view of an AFM is shown in fig. 7.1a. The AFM consists of a nanoscopic needle
(Tip) that is mounted on a cantilever. With this Tip the surface of a specimen is scanned.
At different positions, the Tip is attracted differently by the surface and the cantilever is bent
accordingly to the attracting force. This can by measured as a spring force. The bending of the
cantilever is typically read out with help of capacitive or optical sensors.

This technique allows a detailed surface analysis with a spatial resolution of better than 20 nm.
The height resolution can reach even smaller values (Ah < 0.4 nm [Anf09]). More details can be
found in [BQS6.

Detector and
Feedback

Electronics

readout PC

specimen holder

=2

Photodiode
Laser

v\r Cantilever & Tip

Sample Surface

L

(a) Ilustration of the working principle (b) The device used to scan the scintillator surface [Anf09]. The piece
of an AFM [Wik09c]. of scintillator is mounted on the specimen holder located under
the bell jar.

Figure 7.1: Working principle and example of an AFM.

5IMany thanks to Dr. Marcus Liebmann at this point.
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7.2 View of the Surface

The visualisation of the scan can be performed with help of the free software WSxM°? [Nan09)].
It is a dedicated scanning probe microscope software with analysis and visualisation methods.
One scanning example is shown in fig. 7.2. The figure shows scans of one area with increasing
spatial resolution and, with it, decreasing size from 40 x 40 pum? down to 10 x 10 um?. Typical

\‘ o
% o A

px/10 um

512 px /40 ym 512 px /20 ym 512

Figure 7.2: Scans of the surface of a piece of scintillator. The scintillator has been hand-polished by the
mechanics workshop of the ITI'? Physics Institute A before performing the scan. The three
scanning steps of one and the same area are shown.

structures appearing in all scanned specimen are small channels and less frequently larger rifts.
At some points there are larger specks that could be residuals from the polishing paste or dust.
The surface view (fig. 7.3), created with help of the analysis framework ROOT, shows the typical
height differences of this sample. Fig. 7.3b shows additionally one section of this surface scan
with an area of 400 x 400 nm? what can be regarded as a typical surface that an incoming photon
with a wavelength in the order of 400 nm will experience.

o
z/ um
z/um

(a) The same surface as in 7.2 right but with height (b) One section of the scan from (a). Here the scal-

information coded by colour. Take note: The ings are all in the same order of magnitude. The
scaling of the z-axis is much smaller than of the surface appears much smoother.
other axes.

Figure 7.3: Surface scans with height information.

*?Windows Scanning x ( = Force, Tunnelling, Near Optical, ...) Microscope
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7.3 Analysis of the Surface

The distance between two points of the scan is ~ 20 nm with the best resolution. The optical
photons appearing in the simulation will have a wavelength range of roughly 300 — 600 nm (see
also sec. 8.1). Thus the distribution of the surface quantities in this resolution range is of interest.
This is the reason why the analysis has been performed at different length scales. In particular
that means that there has been a mask applied to the data so that only data points with a certain
distance are taken into account in the analysis. This fakes a lower resolution which is relevant to
photons with comparable wavelengths.

7.3.1 Height Distributions

The first point in the analysis of the surface is the distribution of the heights of the scanning
points around the mean surface (h). The stylus scans the surface from left to right and from
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(a) Scanned with highest resolution. The Gaussian (b) Same scan as in (a) but with an increasing length
fit matches only approximately. The red and the scale. The fit matches better because the uncer-
blue curve lie on top of each other, i.e. forward tainties are bigger.

and backward scan are nearly identical.

Figure 7.4: Height distributions of one 10 x 10 um? area scanned with a point distance of ~ 20 nm.

right to left, called forward and backward scan respectively. Some examples of the distributions
are shown in fig. 7.4 (the 10 um? scan) and in fig. 7.5 (the 40 um? scan). The heights are only
approximately Gaussian distributed which can be explained by the fact that there are grooves
with basically the same height, forcing the height distributions to values close to zero. Some
larger specks can explain the deviations in the tails of the distributions. Fits become better
(If—;f becomes smaller) with higher length scale but this is just due to the lack of statistics, caus-
ing larger uncertainties, for this sample at this length scale.

The distributions and fits resulting from the forward and the backward scans are always almost
identical. The mean values (uy,) of the fits are close to zero and the widths (oy,) differ in the
range of one per cent or less. For all further analyses the average of these distributions is used.
As mentioned in [LM96] and [NIK89], the width of the height distribution (o},) over the wave-
length of the incoming photon can be used as a measure of the roughness of the surface. If
% < 0.025 the surface can be treated as highly polished and the simulation can be done with
pure specular reflection /transmission. In other cases the distribution of the local micro-facets has
be taken into account to simulate the surface in an according way. The two scanned areas provide
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(a) At this resolution, at the same length scale the fit (b) The height distribution at the length scale of an
matches worse as compared to fig. 7.4b. optical photon. Compare also fig. A.1.

Figure 7.5: Height distributions of 40 x 40 um? area (containing the smaller area from fig. 7.4). Scanned
point distance ~ 80 nm.

very similar distributions as can be seen in a comparison between fig. 7.5b and fig. A.1. The
height distributions of the scans with all resolutions and for two different areas are summarised
in fig. 7.6. There seems to be a correlation between the sample size (and with it the actual resolu-
tion) and the measured height distribution, especially for area 2. The scans performed with high
resolution show only 1—16 of the area of a scans with lower resolution. So it is possible, that the
smaller areas show only “a part of the truth” and in the larger scan a broader variety of height
distributions can be seen. The more relevant quantity is the width over the wavelength. It has
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Figure 7.6: Distribution of the heights vs. the length scale.

been assumed, that the length scale can be identified with the wavelength of an optical photon.
The results are shown in fig. 7.7. The behaviour for all areas and resolutions is very similar. The
dashed line shows the edge mentioned above (0.025) and it is clear that in the relevant wavelength
region (300 — 600 nm) the scintillator cannot be treated as highly (‘perfectly’) polished but the
angular distribution of the facet normals has to be taken into account.
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Figure 7.7: Width of the height distributions over the wavelength of an optical photon. The dashed line
indicates the breaking point: % < 0.025.

7.3.2 Slope Distributions

As shown in the section before, the distribution of surface normals with respect to the average
surface normal has to be taken into account. As for the height distributions, the angle distribu-
tions are extracted from forward and backward scans. As these are almost identical, again the
averaged distributions are used to retrieve the parameters. The angles are retrieved by converting
the slopes by “angle = arctan(slope)”. The slope is defined by the line between two adjacent
scanning points. Another issue comes up when looking at slopes. Adjacent points in x and y
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(a) Distribution of angles for a 10 x 10 um? area.  (b) Distribution of angles of another area
(40 x 40 pm?) and with lower resolution as
in (a).

Figure 7.8: Distributions of the slopes converted to angles with respect to the average surface normal.
The distributions in z and in y direction are shown.

direction respectively are used to compute the slopes, examples are shown in fig. 7.8. Again the
Gaussian fits match only approximately. The distributions in  and in y are very similar. Once
again the most important quantity is the width of this distributions o, which is obtained from
the Gaussian fits. A summary plot with widths resulting for the different length scales is shown in
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Figure 7.9: Summary of the widths of the distributions of angles, i.e. slopes.

fig. 7.9. In this case the deviations between results from areas scanned with different resolutions
are very small (cf. sec. 7.3.1). Area 1 appears to be smoother when looking in y-direction while in
area 2 the widths are approximately equal. Systematic errors resulting from the scan cannot be
excluded. The AFM takes data line by line in z-direction and moves after each line one step in
y-direction. So that a information in x direction is received in a different way than in y direction.
All in all area 2 seems to be rougher than area 1. The differences in o, are of the order of 20 %.
As expected, the surface becomes smoother with increasing wavelength.

In the relevant region (330 — 600 nm) o, turns out to be 2.0° — 4.5°, however depending on the
area, the resolution and the direction.

7.3.3 Further Considerations

The assumption made in the preceding sections is that the distribution of the slopes is the crucial
parameter to define the reflection properties of an incoming photon. This means, between two
measured (or rescaled) points the surface is treated as perfectly plain. In order to justify this
assumption, a cross check has been made.
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(a) Height profile in z-direction. Take note of the (b) Same height profile as in (a) but with other axis
different scaling of the axes (compare fig. 7.3a). scaling (compare fig. 7.3b).

Figure 7.10: Typical height profile of the scintillator surface.
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A typical height profile of the scintillator surface is shown in fig. 7.10. An incoming photon
of a typical wavelength of 400 nm is assumed to interact with a piece of the surface that is
exemplarily shown in fig. 7.10b. A linear fit is performed and the distance of each point to the
line is extracted. This is performed point by point for all profiles retrieved from the scan. The
fitting range is adapted to the relevant wavelength, i.e. 200 — 800 nm. An illustration of the
method is shown in fig. 7.11a. A typical distribution of the distances to the line is shown in
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(a) Height profile with fitted curves. Fitting range: (b) Typical distribution of the point differences to
400 nm. the linear fit. The quality of the Gaussian fit is
poor but provides information about the width

of the distribution.

Figure 7.11: Height profiles of the scintillator and their analysis.
fig. 7.11b. The distribution shows long tails and is narrow in the inner region. Nevertheless

a Gaussian fit in the inner region is performed to quantify the distribution and especially to
estimate the width. The fit quality is very low, but sufficient for this simplified analysis.
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Figure 7.12: Width of the distance distributions over the wavelength for different wavelengths.

The same quantity as in sec. 7.3.1 (3) is used to gain information about the quality of this newly
obtained surface. The summary of the fitted widths over the wavelength is shown in fig. 7.12.
It is clearly visible that all values for all scans and surfaces are way below the critical number
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% = 0.025 and can be treated as very smooth at this length scales. These means that geometrical
optics can be applied to the photons at these length scales as it happens in the GEANT4 model

reflection model UNIFIED.
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Chapter 8
Simulated Setups

The setups simulated in the scope of this thesis have already been mentioned in sec. 4.1.2 and
shall be discussed in more detail now.

The concept of using a piece of scintillator as an MTT unit provides several difficulties. The
fact that the magnetic field directly outside the calorimeters is one of the strongest inside CMS,
forbids the use of conventional PMTs. Therefore another kind of light sensitive detector has to
be found. In this approach SiPMs are used as readout devices. As described in sec. 5.6.6 those
are light sensitive semiconductor detectors that typically have a sensitive area in the order of
few mm?. Since the number of photons per SiPM is expected to be low, a detailed simulation
of the different considered detector setups and geometries is needed. Using more SiPMs would
result in a higher number of readout channels and corresponding electronics which is disfavoured
due to the highly limited available space.

Another aspect is the timing of the detector element. The MTT must be able to distinguish
unambiguously between two bunch crossings. Despite the fact that organic scintillators are very
fast, i.e. have a very short decay time, the photons must propagate through the material to
reach the photo detector. When using direct readout, the photons have to hit the relatively
small sensitive area, eventually making them travel a long path inside the scintillator before
getting detected. When using a WLS fibre, the photon collection area (i.e. the fibre surface) is
larger but the decay time of the WLS material has to be taken into account in addition.

In the following sections the geometric setup and all used material properties are described in
detail.

8.1 Material Properties

To make accurate predictions of the detector behaviour by simulation, one has to consider the
properties of the different materials that are used to model the prototypes.

8.1.1 Scintillator

In all simulations the scintillator properties of the BC-404 from “Bicron/Saint-Gobain” are used.
This scintillator has an emission spectrum located in the visible range reaching from =~ 380 nm
to &~ 500 nm with a peak at 408 nm (see fig. 8.1a). This fits very well to the absorption spectrum
of the used SiPMs (see sec. 5.6.6) and the used WLS fibre (see sec. 5.4). The attenuation
length of the scintillator is 1600 mm and the refractive index is 1.58. It has a very short decay
time of 1.8 ns [BIC98; SGO5b]. Another important quantity of the scintillator is its light output
that is 8000 photons per MeV energy deposit according to [SGO5b]. A comparison between
the manufacturer’s specified spectrum and the digitised one is shown in fig. 8.1. In GEANT4
photon wavelengths are expressed in terms of energies. So fig. 8.1c¢ shows the read-in distribution
converted to energies, while fig. 8.1d shows the output distribution as computed by the simulation
according to the given spectrum. The distributions match very well.
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Figure 8.1: The light emission spectrum of scintillator BC-404.

8.1.2 SiPMs

Due to the fast development in the semi-conductor manufacturing in the last few years, a vast
variety of silicon photomultipliers became available. The most important quantity of a light
sensitive detector is its photon detection efficiency (epp). In many applications Hamamatsu
SiPMs became a kind of standard device because they reach a epp of up to 75 %. In the scope of
this thesis the $10362-11-100C type (1 x 1 mm? sensitive area, 100 x 100 pm? pixel size) is used
as a benchmark unit. The wavelength dependent detection efficiency of this device (fig. 8.2a)
has been read in point-by-point and is shown in fig. 8.2b. As mentioned above, all quantities of
photons are expressed as a function of their energy, so in fig. 8.2c the detection efficiency is shown
as a function of the photon energy. Finally in fig. 8.2d the spectrum is shown as computed by
the simulation. To perform a more realistic behaviour, a linear interpolation between the read-
in points is performed. When reaching the edges of the given spectrum, additionally a linear
extrapolation to the left and right has been implemented with the attempt to make the spectrum
more realistic. It is very unlikely that a detection spectrum will fall off abruptly to zero, thus
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the extrapolation happens in the range between the first/last sampled energy F10 %. This is
an arbitrary value and so, to further improve the simulation conditions, the spectrum should be
modelled of values achieved from measurement.
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Figure 8.2: Photon detection efficiency of the S10362-11-100C SiPM.

8.1.3 Wavelength Shifting Fibre

In all WLS simulation setups, the properties of the BCF-92 fibre are used. This kind of fibre has a
core of polystyrene with a refractive index neore = 1.60, an acrylic inner cladding (typically made

of PMMA®? with refractive index nipner = 1.49 and an outer cladding made of a fluor-acrylic
material (fPMMA) called EMA®? with a refractive index noyter = 1.42 [SG05c].

33Poly(Methyl MethAcrylate)
S Extra Mural Absorber
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This fibre has a short decay time 7gpe = 2.7 ns and a large attenuation length for its own light
of Xy > 3.5 m. The emission spectrum peaks at 492 nm and is shown in fig. 8.3a. In GEANT4
the emission spectrum can be handled basically independent of the absorption spectrum. The
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Figure 8.3: Absorption and emission spectra of BCF-92.

handling of the absorption spectrum turns out to be more complicated. In GEANT4 the absorp-
tion spectrum can only be implemented by providing the attenuation lengths for the different
wavelengths. Only relative absorption efficiencies are available and provide details on attenu-
ation lengths only in the emission region. So the only conclusion that can be drawn from the
absorption spectrum (fig. 8.3a left) is that the fibre absorption has its maximum in the emission
range of the scintillator (BC-404) (compare fig. 8.1a and fig. 8.3a).

Nevertheless, to simulate the behaviour of the fibre, an absolute “attenuation length spectrum”
has to be provided. Due to the lack of information, two assumptions have been made:

e In the relevant region the absorption is uniform, i.e. happens with the same probability for
every wavelength. This is an optimization in the sense, that more photons will be absorbed
in the fibre compared to a more realistic case.

e The attenuation length in the absorption region is smaller than the fibre diameter. This
is a heuristic assumption but can be motivated by the following reasons: In [KKP81] the
measurement of WLS bars results in an attenuation length of (5.2 + 0.2) mm. The measured
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material is not directly comparable to the fibre used here but the results are a first hint.
Aside from this the fibres are available with diameters from 0.25 mm to 5.00 mm [SGO05c].
In a fibre with a higher attenuation length than its diameter the overall probability for
photons to be absorbed in the fibre would be very small and they would have to cross the
fibre several times or with high angles, with respect to the fibre surface, to be absorbed
making the use of a fibre pointless.

These reasons suggest to use an attenuation length that is in the order of 1 mm. The benchmark
point in this study will be 0.5 mm which corresponds to the fibre radius.

8.1.4 Optical Cement

To maximise the number of photons arriving at the fibre it is advisable to have an optical
coupling between the fibre and the scintillator. Typically this is done with help of optical cement.
Commercial products for this application are BC-600 and EJ-500. These are equivalent ([E1j09])
but the latter will be used in simulations because more information about its properties (e.g. the
transmission spectrum) is provided by the manufacturer. The transmission spectrum is shown
in fig. 8.4a.

In the simulations the absorption probability of photons is computed according to the attenuation
length that must be provided. The transmission spectrum (7)(x)) in fig. 8.4a can be converted
to attenuation lengths by:

Ty(z) = Y (8.1)
Ty(d) = ¢ % (82)
& Xy = _deA (8.3)

X is the attenuation length for light of wavelength A and d = 0.125 mm is the sample thick-
ness where the transmission has been measured; the refractive index is noc = 1.57 [EljO7] (see
also [SG05al). This has been done in fig. 8.4c¢ for wavelengths and in fig. 8.4d for energies of the
photons. The relevant optical spectrum is also denoted in the plot.

8.2 Simulated Geometry

The geometry of the particular components used in the simulations shall be described.

The coordinate system in all simulations is as follows:

The origin lies in the middle of the simulated world volume and will be in all cases in the middle
of the scintillator. The y-axis always points upwards. The x-axis is the ‘width-axis’ and the
z-axis is the ‘length-axis’. Absolute coordinates are always given relative to the origin of this
coordinate system.

8.2.1 Scintillator

The piece of scintillator used in the simulations is a simple cuboid with quadratic footprint.
Footprint size and height will be in the order of 100 x 100 mm? and 10 mm respectively. A sketch
created with help of the GEANT4 simulation is shown in fig. 8.5.

8.2.2 SiPMs

The SiPMs used in the simulations are always quadratic with a pixel density of 100/mm?. The
top view of an SiPM in the simulation is shown in fig. 8.6a. The fill factor for this kind of SiPM
is £geom = 0.785 ([Ham09]) resulting in a sensitive pixel area of 0.886 x 0.886 mm?. In fig. 8.6b
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Figure 8.4: Transmission spectrum of optical cement EJ-500.

the side view of an SiPM is shown. A height of 50 pum has been chosen which is of no real
importance because arriving photons are absorbed immediately in the SiPM, but it has to be
set to a particular value due to GEANT4 volume logics. The small gap between the SiPM and
the scintillator or fibre is due to the fact that there will never be a perfect mechanical coupling
between the two. It has to be filled with a material (optical gel or cement) with an appropriate
refractive index and good transmission to maximise the light yield at the SIPM. In the simulations
the SiPMs will be coupled with the EJ-500 cement.
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Figure 8.5: Example of a piece of scintillator visualised by GEANT4.
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(a) Top view: Silicon Photomultiplier modelled ac- (b) Side view: The height of the SiPM is arbitrary

cording to [Ham09]. The red lines denote the pixel but necessary due to GEANT4 volume logics. The
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sitive parts of the pixels. Fill factor according sen to be 25 um.

to [Ham09].

Figure 8.6: Visualisation of an SiPM modelled according to [Ham09].

SiPM Setup

The direct readout setup considered in the scope of this thesis, i.e. SiPMs mounted on the
‘top’ (one of the sides with the larger area) of the scintillator, is easily feasible and prevents
large amount of dead space between the scintillator tiles in a possible MTT setup where the
segments (consisting of these scintillator tiles) will be close-packed, surrounding the Solenoid
(see also [MABO07]). The saved space at the sides of the scintillator has the advantage that
several scintillator tiles can be placed abreast in a final detector design. Read-out electronics and
power supply can be directly attached to the SiPMs and also mounted on the top of the device.
One reasonable arrangement is to place four SiPMs at (zsipm, zsipm) = (:I:% - Wecintis :l:% ~lscinti)
as shown in fig. 8.7.

8.2.3 WLS Fibre

There are basically two different types of fibres that are regarded here: fibres with quadratic and
with round cross sections. Both kinds of fibres are multi-cladding fibres with one inner and one
outer cladding. For the quadratic/round fibre the inner cladding has a width of 4 %/3 % and the
outer cladding 2 %/1 % of the fibre width/diameter [SGO05c¢].

To obtain a most realistic situation, the fibre is embedded into a groove that is filled with optical
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Figure 8.7: Example of the positioning of four SiPMs on a quadratic scintillator with a footprint of
100 x 100 mm? and arbitrary height.

cement. The fibre has a width/diameter of 1 mm and the groove has a width of 1.1 mm. The
fibre is centred inside the groove. So on every side there are lcoment = 50 pm cement between
fibre and scintillator and there is also cement on the top of the fibre so that the groove is always
completely filled. This setup is shown in fig. 8.8.

1 mm

contour of SiPM

inner cladding

fibre core

(a) Cross section of the quadratic fibre in embed-  (b) Cross section of the round fibre in embedment.
ment. Cleary visible the different fibre layers.

Figure 8.8: Different fibre cross sections in embedment. The embedment groove is ‘milled’ directly into
the scintillator. For comprehension the contour of an SiPM, mounted directly on the fibre’s
end, is shown.

Fibre Setups

To find the optimal light yield, the fibres (quadratic and round) will be positioned at different
places within the scintillator. Additionally the effectivity of bent fibres will be analysed. These
setups are shown in fig. 8.9. To be able to describe the fibre position with respect to the scintillator



8.2. SIMULATED GEOMETRY 73

size, it will be always given in relative coordinates. For the straight fibre the coordinate vector x

. SiPM
fibre
(a) ‘Default’ position of the fibre in the scintillator: (b) The fibre in top position, Trel = 0, yre1 = 1.
Zrel = 0, yret = 0. This is called the middle posi-
tion.
Y
% xT

(c) The fibre shown exemplarily in an intermediate (d) The fibre shown in another intermediate position,

position, ;o1 = 0.5, yret = 0. The origin of the Trel = 0.5, Yre1 = 1.
coordinate system lies in the centre of the scintil-
lator.
(e) The fibre in one most outer position (zrer = 1, (f) The fibre in one of the ‘corners’: zye1 = 1, yre1 = 1.

yret = 0). The groove is milled from the side
rather than from the top. This setup is called
edge position.

Figure 8.9: Illustration of the coordinate system and the fibre positioning. The cyan-coloured volume
always denotes the embedment of the WLS fibre (typically filled with optical cement or air);

Zrel 15 always zero. Shown is an example of a scintillator with 100 x 10 x 100 mm?® and a
quadratic fibre.

points to the middle of the fibre volume and considers the different components to compute the
right position:

1
xr Trel * 5 (wscinti — Whibre — lcement) Wscinti — Whbre — lcement
_ _ 1 _
T = ) - Yrel b) (hscinti - hﬁbre - lcement) = Trel * 5 hscinti - hﬁbre - lcement . (84)
z Zrel - 0 0
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Here wgcinti and hgeinti are the width and height of the scintillator, respectively. wgpre and hgpre
are the width and height of the fibre, respectively, and in case of a round fibre both become the
fibre diameter. The orientation in this setup is such that the fibre is always parallel to the z-axis.
All variations in the position of the fibre are handled with help of the relative position vector & .
The z-position is always zero what means that the fibre is always positioned in the middle of the
scintillator and extends by the same ratio in both directions of the scintillator’s length and will
typically have the same length as the scintillator. The range of z,¢ and ye is [—1,+1] where
|zrel] = 1 (see fig. 8.9¢, 8.9f) and |yrel| = 1 (see fig. 8.9b, 8.9d, 8.9f) is equivalent to the fibre being
positioned adjacent to the left(right) and upper(lower) scintillator surface, respectively. xy = 0
(see fig. 8.9a, 8.9b) and y,e = 0 (see fig. 8.9a, 8.9¢, 8.9¢) stand for the fibre placed in the middle
of the scintillator.

Lo L

(a) Bent fibre in middle position at o1 = 0.5. After (b) Bent fibre in top position. rre1 = 0.5, Zre1 = 0.5,
conversion: Tyel = 0.5; Yre1 =0 Yrel = 1.

(c) Bent fibre in middle position. 7. = 0.75, (d) Bent fibre in top position. rel = 0.75,
ZTrel = 0.75, yre1 = 0. Trel = 0.75, Yre1 = 1.

< oL

(e) Bent fibre in middle position. 71 = 1, zvet =1, (f) Bent fibre in top position. 7w = 1, Zre = 1,
Yrel = 0. Yrel = 1.

Figure 8.10: Different examples of a bent fibre in a groove. Here for a 100 x 10 x 100 mm? scintillator
and a round fibre cross section.
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When looking at bent fibres, the more relevant variable is the bending radius in the middle of
the fibre ryiqaie. It is calculated depending on the relative bending radius rer:

1
Tmiddle = Trel (wscinti - wﬁbre/2 - lcement/Q) + 5 : (wﬁbre + lcement) (85)

The arc taken by the semicircle is always 90°. The origin (z- and z-coordinate) of this semicircle
is fixed and lies in one of the scintillator corners. The y-coordinate is determined in the same
way as in eq. (8.4).

Trel lies in [0, 1] where rpiq410(0) = % (Whibre + leement) > 0 is the smallest possible bending radius.
To be able to compare the results of different fibres and positions, the relative bending radius
can be converted into a relative x-coordinate. This can be done by:

~ 1
Trel = x}r):lnt =2 (Trel - 5) (86)
Different bent fibre setups are shown exemplarily in fig. 8.10.

As mentioned above the SiPMs have to be coupled to the fibre. To simulate a most realistic
situation, a small gap between fibre and SiPM is simulated. The gap can be filled with an
appropriate material, i.e. air or optical cement in this case. An example is shown in fig. 8.11.

8.2.4 External Reflector

The wrappings provided by the implemented UNIFIED model (see also sec. 6.7) are only able to
handle diffuse reflectors. To investigate the behaviour of a specular reflector, there will be an
additional volume modelled to represent the reflecting foil with variable reflectivity. This foil
will always be made of aluminium with a thickness of 1 mm and a distance to the scintillator
of 100 um. The material of the foil is only relevant to the energy loss of the traversing charged
particle (i.e. the muon) and has no influence on the propagation of the photons. The visualisation
of the setup is shown in fig. 8.12.

(aluminium) foil

fibre

SiPM—; gap

scintillator

Figure 8.11: Example of an SiPM
coupled to a bent fi-
bre. The gap is vari- scintillator

able in size and will
be typically filled with Figure 8.12: Visualisation of the scintillator wrapped by an

optical cement or air. aluminium foil.
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Chapter 9
Results

For the different setups, described in detail in sec. 8, the photon yield under different parameter
settings has been studied.

Unless explicitly denoted, in the following sections, there will be positively and negatively charged
muons with a momentum of 2 GeV passing the scintillator. These muons simulate cosmic muons
and will pass the scintillator perpendicularly and uniformly distributed over the whole scintillator
area. Fig. 9.1 shows several muons passing the scintillator at random positions. Red colour
denotes muons with negative charge and blue colour those with positive charge.
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Figure 9.1: 20 muons passing a scintillator at random positions. Blue lines denote positively charged
muons, red lines stand for negatively charged muons.

0.1 First Overview

To clarify the quantities of interest, some initial considerations shall be presented.

9.1.1 Energy Loss

The energy loss of incoming muons should follow a Landau distribution (as described in sec. 5.2)
especially for a material like a piece of organic scintillator with a thickness in the order of a few
millimetres and a muon with a momentum in the order of GeV (minimum ionising particle). The
simulation meets these demands with high accuracy as is shown in sec. B.1.
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9.1.2 Optical Photons

There are several constraints on the creation of optical photons within the scintillator to reproduce
realistic conditions. These are described in the following paragraphs.

Number of Photons

Highly correlated to the energy loss is the number of created photons inside the scintillator. One
has to distinguish between the photons created by the ‘direct’ energy deposit of the travers-
ing muon and the ‘indirect’ energy deposit caused by secondary particles (e.g. J-electrons or
bremsstrahlung photons) inside the scintillator. While the total number of photons created is
proportional to the energy deposit of the muon (fig. 9.2a), the direct number of photons per energy
loss follows a Poissonian distribution with mean at 8000/MeV and is approximately Gaussian
distributed for this mean value, as can be seen in fig. 9.2b for different scintillator thicknesses.
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(a) Distributions of the total number of photons
produced by a muon traversing a scintillator
with different thicknesses. The red line shows
a Landau fit to one of the distributions.

(b) Distributions of the number of photons per en-
ergy loss of traversing muon in a scintillator with
different thicknesses. The red line shows a Gaus-
sian fit to one of the distributions.

Figure 9.2: Total photon number, and number of photons per energy loss of the muon.

The evaluation of Landau distributed quantities turns out to be complicated because all moments
of the distribution diverge (see also sec. 5.2) and thus expectation value and variance cannot be
defined. In addition, the more interesting parameter of a Landau distribution is the MPV®?
rather than the mean value. Anyhow, a program package to handle Landau distributed variables
has been developed as described in [KS83]. This method is designed to truncate the integration
range, thus allowing to determine parameters that are used to find an approximate mean and
variance of a Landau distributed quantity by a y2-fit. The truncation and with it the fitting
parameters, are dependent on the analysed data set. It turns out that the fitting routine used
in the analysis framework ROOT is very capable of finding the MPV. The other fitting parameter
provided by this routine (confusingly enough called o) is not the variance but the stretching
parameter of the original Landau distribution (called a, in [KS83]). This parameter does not
give an obvious description of the distribution as the variance would. So additionally the RMS
(Y27 — p?, p = mean value) and a simply determined HWHM5® value are provided (see also
fig. 9.2a). The extraction of the HWHM happens by finding the two histogram entries on each

55Most Probable Value
S6Half Width at Half Maximum
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side of the peak that are next to the half maximum and to interpolate linearly between them.
From this interpolation the two values on the abscissa with height = half height are determined.
The half of the difference of these two ‘z-values’ is used as HWHM.
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(a) Mean number of photons per energy loss of a muon versus increasing scintillator thickness.
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(b) The relative width of the distributions for different scintillator thicknesses. The decrease
of the width with increasing thickness can be explained with the increase of the total
energy loss and with it the total number of photons created in a thicker scintillator.

Figure 9.3: Number of photons per energy loss in scintillator.

Fig. 9.3 shows the mean number of photons per energy loss and the width of the fitted distribu-
tion for different scintillator thicknesses. They all meet the expected distributions for this kind
of material. With increasing scintillator thickness the Gaussian distributions become narrower
because of the higher total number of photons produced in an event with larger thickness and
thus more statistics.

Starting Conditions of the Photons

To follow realistic conditions, the photons created in the scintillating material must fulfil some
constraints concerning their creation position and direction. This means, they have to be created
uniformly along the track of the charged particle (y-axis) and their initial directions must be
distributed uniformly within the solid angle. The latter implies, they are uniformly distributed
in azimuth angle ¢ and uniformly distributed in the cosine of the polar angle . All distributions
are as expected and are shown in the appendix (fig. B.6).

9.2 Direct readout

The first setup considered here is the one with direct readout where the SiPMs are mounted
directly onto the scintillator surface, as has been shown in fig. 8.7 (see also sec. 8.2.2). An
example event for this kind of setup is shown in fig. 9.4. Each muon creates about 10* photons
that propagate inside the scintillator. One of these photons has been picked to illustrate a typical
propagation behaviour in a perfectly polished piece of scintillator. The photon is reflected many
times until it hits one of the SiPMs and is absorbed.
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SiPM

(1 mm x 1 mm)

perfectly polished
surface

Figure 9.4: Muon traversing a piece of scintillator with one example photon propagating inside the
scintillator and hitting one of the SiPMs. (SiPMs not to scale.)

0.2.1 Photons on the Scintillator Surface

When considering a direct readout of the scintillator, the first interesting property of the setup is
the expected number of photons per SiPM area. To get an overview of this number, the photons
‘touching’ the scintillator surface, i.e. photons getting reflected or transmitted on the surface,
are counted. Fig. 9.5 shows the distribution for a perfectly polished scintillator surface. The
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(a) Photon distribution on the z — z-, i.e. ‘upper’, (b) The same event as in (a) but
plane of the scintillator. Clearly visible is the showing the y — z-plane. For
muon incoming point. clarity the same scaling as in (a)

has been chosen.

Figure 9.5: Photon distributions on the different scintillator planes for a perfectly polished scin-
tillator with 100 x 10 x 100 mm?.  The binning has been chosen to fit a “default”
SiPM area, i.e. 1 x 1 mm?. The distribution on the z — y-plane looks very similar to that
on the y — z-plane.

‘upper’ and one side plane are shown, the distributions for the other planes look very similar. On
the upper plane the muon traversing point is clearly visible. Since photons are created uniformly
along the muon track in the scintillator, many of them have an initial momentum pointing parallel
to the muon track and thus the track’s footprint on the surface is clearly visible.

To study the influence of the scintillator’s surface roughness on the photon propagation, the
parameter o,, is varied over a wide range. Some results for a scintillator with 100 x 10 x 100 mm?®
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Figure 9.6: Photons at scintillator surface for different surface roughness parameters for a muon with
constant incoming point. The number of contacts decreases visibly with increasing roughness.
The same colour coding applies in all figures.
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are shown in fig. 9.6. It is clear that an increase in roughness has a major impact on the number
of surface contacts. This can be explained by the fact that photons do not get ‘trapped’ in special
modes inside the volume, allowing them to get reflected many times before getting absorbed in
the scintillator (this is also visible in fig. 9.4). Besides this the probability to leave the scintillator
becomes much higher at every reflection point with increasing roughness.

9.2.2 Photons at SiPM

The number of photons arriving at one particular SiPM should be rather independent of its
distance to a traversing muon to ensure the homogeneity of the detector. The correlation plots
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(a) Number of photons at SiPM for a scintillator (b) Number of photons at SiPM for a scintillator
with oo = 0°. with oo = 4.3°.

Figure 9.7: Number of photons arriving at SiPM vs. distance of the muon to the SiPM (summarised for
all SiPMs).

in fig. 9.7 show that the number of photons at an SiPM is basically independent of the muon
distance. One exception is made by muons traversing the scintillator very close to one SiPM. As
suggested by the distributions in fig. 9.6 the number of photons increases for these muons which
is even more obvious for a scintillator with higher roughness, as shown in fig. 9.7b.

Since the number of muons traversing the scintillator at the SiPM position is very small (for four
SiPMs with 1 x 1 mm? and a scintillator with 100 x 100 mm? only 0.4 %0) these events have only
a very small influence on the distributions.

The number of photons arriving at one SiPM does not exactly follow a Landau distribution as
can be seen in fig. 9.8a. Neither does the mean number of photons averaged over the number of
SiPMs (see fig. 9.8b). This can be explained by the fact, that it is possible that one SiPM is not
hit at all in an event. The geometry of the scintillator is also convoluted into these distributions
in a non-trivial way.

To be able to quantify these distributions, the peak value is extracted and the half width at half
maximum (HWHM) (as described in sec. 9.1.1) is used. The determination of the peak value, i. e.
the MPV, is done by fitting a Landau distribution in a gradually decreasing fitting range that
is located symmetrically around the maximum value of the distribution. The fit is considered as
successful when r’f—jf < 3. The MPYV of this fit is regarded as the peak value. One example of the
result of this method is shown in fig. 9.9 along with the determined peak value and the HWHM
of the distribution.

From the distributions shown in fig. 9.6 it is already clear that the typical number of photons
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Figure 9.8: Number of photons arriving at SiPM. Examples for a 100 x 10 x 100 mm?® scintillator and
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Figure 9.9: Fit to find the peak of the distribution (mean number of photons at SiPM). Same setup
as in 9.8b.

per square millimetre is limited to the order of 20. This number stands for all photons that
had contact with the surface. Most of them did not leave the scintillator at this point but were
reflected back into it.

When considering realistic conditions there will always be a small air gap in between scintillator
surface and SiPM. Thus there is always the possibility for the photon to get reflected back due
to total internal reflection if the SiPM is not optically coupled to the surface. To illustrate this
behaviour, fig. 9.10 shows the comparison between the number of photons arriving at the SiPMs
with only an air gap between the scintillator and the SiPM, and for SiPMs coupled with optical
cement to the scintillator. As the number of photons at SiPM is very small in the case of no
optical coupling, and the MPYV is always zero in this case, the mean value of these distributions is
shown in the plot instead. The simulations have been performed for two different gap thicknesses:
50 um and 100 pm.
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Figure 9.10: Photon numbers for setups with an air gap between the scintillator and the SiPM and
those with optical cement. The thickness of the gap has only a minor impact on the photon
numbers.

This demonstrates, that the optical coupling of the SiPMs is very important and so the following
simulations are always performed with a volume between the SiPMs and the scintillator surface
that represents the optical cement (EJ-500).

When looking at photons arriving at the SiPM several aspects have to be considered. The first
question is if the number of photons arriving at one SiPM is comparable to that at another one.
It turns out that this number is the same within statistical fluctuations as shown exemplarily in
fig. 9.11 for two different roughness parameters of the scintillator surface. The result justifies the
usage of the mean values of photons in SiPM for the further analysis.
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(a) Comparison between the number of photons (b) Comparison between the number of photons
arriving at four SiPMs in the same setup arriving at four SiPMs in the same setup
with o, = 0° (direct readout). with oo = 8.9° (direct readout).

Figure 9.11: Comparison between four SiPMs in the same setup. The distributions are identical within
statistical fluctuations. The SiPM positions are as shown in fig. 8.7.

Another issue is the detection efficiency of the SiPM. As mentioned in sec. 5.6.6 the detection
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efficiency is a product of different efficiencies and probabilities. It is possible to simply extract
the geometrical efficiency egeom from the total efficiency by dividing by the value given by the
manufacturer and to reduce the sensitive area of one pixel of the SiPM accordingly (as described
in sec. 8.2.2). The remaining part of eq. 5.17 is the overall detection probability. So the number
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Figure 9.12: Mean number of photons at SiPM for the different detection stages.

of photons at the SiPM can be split into those arriving at the SiPM, those hitting the sensitive
area and those that really get detected. Example distributions are shown in fig. 9.12. The last
part of the “detection path” is the fact that SiPMs work in Geiger mode and thus the output is
independent of the number of photons that hit one pixel (as long as it is > 0). To consider this
issue only the first detected photon per pixel is counted. In fig. 9.12 this number is denoted as
the “photons detected in Pixel”.

9.2.3 Reflections

With increasing roughness, i.e. larger value of o,, the number of contacts with the scintilla-
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Figure 9.13: Example of the number of reflections  Figure 9.14: Mean number of reflections per pho-
per photon for three values of 0. ton before hitting SiPM.
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tor surface decreases, and with it, especially the number of reflections, as shown in fig. 9.13 for
different roughness parameters. The number of reflections is approximately exponentially dis-
tributed with a significant deviation close to zero. This means, it is very likely for a photon to
be reflected only few times or even not at all before leaving the scintillator (or getting absorbed).
The number of reflections decreases dramatically with increasing roughness of the scintillator. It
becomes more and more difficult for the photons to be reflected back into the scintillator several
times because the effective reflection angle is always different and does not allow the photon to
be trapped inside the scintillator. This is clearly correlated to the number of reflections a photon
experiences before hitting an SiPM as illustrated in fig. 9.14. The number of photons hitting the
SiPM is also reduced as already shown in fig. 9.10.

0.2.4 External Reflectors

As described in sec. 8.2.4 in GEANT4 there are different ways to simulate a wrapping of the
scintillator. In the scope of this thesis the following types of wrappings have been chosen:

e For comparison, the first setup uses no reflector at all.

e There are two setups using the ‘intrinsic’ reflectors of the UNIFIED model. Denoted as
“G4 diffuse reflector” with and without air gap. These are always diffuse reflectors. In the
former the reflection behaviour of an incoming photon at the air gap and afterwards at the
wrapping is simulated in one step.

e Another possibility to simulate a diffuse reflector is to place an air filled volume between
the scintillator and the reflector. It is possible to adjust the reflection properties of this
wrapping. The first of two settings with this kind of reflector is a pure diffuse reflector
(“diffuse reflector with air gap”) and the second one is:

e a pure specular reflector (“specular reflector with air gap”). These are the extreme adjust-
ments in the simulation model.

The simulations have been performed with two reflectivities that are typical for reflective foils,
i.e. 80 % and 95 %. An additional simulation with a specular reflector at 98 % reflectivity has
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Figure 9.15: Summary of the number of photons arriving at the SiPM and the width of the distributions
for different types of reflectors.
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also been performed. A summary of the results is shown in fig. 9.15.

It turns out that the reflector without air gap comparably gives the worst results. With low
reflectivity (80 %) the yield is partially even worse than for a scintillator with no reflector. This
shows the importance of the total reflection between the scintillator and the air gap.
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Figure 9.16: Number of photons arriving at the SiPM and the width of the distributions for different
types of reflectors normalised to the setup with no reflector. N$ denotes the number of
photons in a setup with no reflector.

The results for diffuse and specular reflectors with the same reflectivity are very similar and it
is clear that the GEANT4 modelling of an air gap leads to a slightly smaller amount of photons
at the SiPMs. Reflectors with higher reflectivity make the distributions become broader because
it is more probable that a higher number of photons arrive at the SiPM. As expected, the setup
with the reflector with the highest reflectivity leads to a photon yield of about five to 20 times
better than with no reflector, with only a small increase in width. These results normalised to
the setup with no reflector are shown in fig. 9.16.

The figure shows clearly the increase in photon yield with basically every kind of reflector. Also
the width increases but with a much smaller factor. The results have to be compared to the
number of photons that is really detected in the SiIPM. The summary plots are shown in fig. 9.17.
Only photons detected in the pixel are shown here and only one photon per pixel can be detected
per event. Also here it becomes clear that a wrapping with high reflectivity leads to photon yields
several times bigger than without a reflector or one with smaller reflectivity. It also becomes clear
that a good reflector can allow photons yields that are comparable with those for a highly polished
scintillator (o, — 0°) and even higher.

9.2.5 Timing

Another important issue is the timing, i.e. the arrival time of photons at the SiPM and with it
correlated the time resolution of the whole detector system. The first overview of the timing of
the detector with direct readout is shown in fig. 9.18. The figures show clearly that the timing is
basically independent of the muon distance to the SiPM. As shown above (fig. 9.7) the number
of photons arriving at the SiPMs is basically independent of the distance of the muon traversing
point, and so the shape of these distributions is basically given by the probability of a muon to
pass the scintillator in a particular distance to the SiPMs. One exception is made by muons that
traverse very close to the SiPMs (R, < 5 mm). In these cases the number of photons arriving
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Figure 9.17: Number of photons detected in a pixel and the width of the distributions for different types
of reflectors.

at the SiPMs increases heavily which is the explanation of the accumulation of entries close to
zero in these distributions. The distributions become narrower with increasing roughness. This
means, it becomes more and more unlikely for the photons to arrive later at the SiPMs because
less reflections are possible.
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Figure 9.18: Arrival time of photons vs. muon distance to the SiPM for two different roughness param-
eters.

Fig. 9.19 shows that the distribution of arrival times of the photons at different SiPMs is basically
identical. So again only the mean distribution is used to quantify the timing behaviour.

As mentioned in sec. 9.2.2 there are different detection stages of the photons. Most important
is the moment when the photons hit the SiPM and when they are detected inside a particular
pixel. Two examples are shown in fig. 9.20. It is clear that the shape of the distributions does
not change at the different detection stages. The peak and the HWHM stay basically the same.
From fig. 9.20 it is already clear that the peak value and the HWHM will change with increasing
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Figure 9.19: Timing distributions for four SiPMs in the same setup shown for two different surface
roughness parameters.

roughness of the scintillator (for a setup without reflector). To be able to quantify the distribu-
tions a similar method as described in sec. 9.2.2 is used. A Gaussian fit with gradually decreasing
fitting range around the maximum value of the distribution is performed until 5 < 3. In some
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Figure 9.20: Distribution of the arrival time of photons in the SiPM for different detection stages exem-
plarily shown for two different scintillator roughness parameters and without reflector.

cases the fit fails with this method because there is not enough statistics or the photon number
is too small. It turns out that this fitting method works fine as long as the mean value of the
photon distribution is bigger than ~ 12. If the mean is below this value simply the abscissa value
of the bin with the biggest content is treated as the MPV. Additionally the HWHM is extracted
from this distribution. One example of the result of this method is shown in fig. 9.21.

When applying different reflectors the interest lies also on the behaviour of the timing of the
scintillator. The method described before is used to extract peak and HWHM value from the



90 CHAPTER 9. RESULTS

201" - N AR AR RN RRANRRRNRRRN
pr e \ v2 [ ndf 109.12 / 46.00 |
- - C, (0.177 +0.000) ns |
| [ R W
g & A | Mean_ (3681 0.021)ns |]
22014 Yo (3.925+0.061) ns |-
Z =Y | 'h R
z - H HWHM, 4.750 ns |
0.127I \\
0.1’I \,
o.ca:{ 1\\
o.osk \-\L
0.04}; 1
0.02f m\,
%2346 B 10 12 14 16 18 20
t I'ns

arrive

Figure 9.21: Example of the peak finding method described in the text.

distributions. The summary of the results against the scintillator roughness is shown is fig. 9.22
for different reflectors. Additionally the HWHM values are shown. It turns out that the timing
properties of the setup are only weakly affected by the different reflector types. Peak value and
HWHM are approximately constant and close to the values of a scintillator with no reflector and
with small roughness (o, < 1°) for wrappings with high reflectivity. Setups with lower reflectivity
are more affected by the roughness.

8 10
2 ——=—— no reflector 2 ol no reflector
— ——o—— G4 diffuse reflector (80 %) — O G4 diffuse reflector (80 %)
P 71 — o — G4diffuse reflector (95 %) Py (] G4 diffuse reflector (95 %)
ﬁ 2 diffuse reflector with air gap (80 %) °>’ diffuse reflector with air gap (80 %)
g E diffuse reflector with air gap (95 %) £ 8 diffuse reflector with air gap (95 %)
s’ B = specular reflector with air gap (80 %) - O specular reflector with air gap (80 %)
——&—— specular reflector with air gap (95 %) g u specular reflector with air gap (95 %)
5 —&—— specular reflector with air gap (98 %) E * specular reflector with air gap (98 %)
—24—— G4 diffuse reflector, no air gap (80 %) = 6 A G4 diffuse reflector, no air gap (80 %)
——aA—— G4 diffuse reflector, no air gap (95 %) ; A G4 diffuse reflector, no air gap (95 %)
4 I
4
3 —k— %
2 A———A A
J 2 S ]
0 0
0 1 2 3 4 5 . 0 1 2 3 4 5 .
o,/ o,/
(a) Peak values of arriving time distribution of the (b) HWHM of arriving time distribution of the pho-
photons. tons.

Figure 9.22: Peak and HWHM of photon distributions of arriving photons vs. scintillator roughness for
different reflectors/reflectivities.

Other interesting quantities are the time of the first photon hit and the rise time of the distribu-
tion, i.e. the time difference between 10 % and 90 % of the maximum value of the distribution.
These are shown in fig. 9.23. The arrival time of the first photons is constant for all setups and
is at (0.35 £ 0.03) ns while the rise time varies slightly with increasing roughness and is typically
between ~ 1 ns and = 1.5 ns.

Subsequently another issue of the photon timing is studied. Beside the rise time and the peak
value of the photon arrival time the point in time when 90 % (or more) photons have been de-
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Figure 9.23: Further timing properties of setups with different reflectors.

tected in the SiPM (i.e. the integrated number of photons) has been studied. This is shown for

four favoured setups (fig. 9.24 and fig. 9.25) again with different values of o,. As it turned out
that the type of the reflector (diffuse/specular) has only a minor influence on the behaviour of
the setup, only the specular one has been chosen for this consideration.
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Figure 9.24: Integrated number of photons normalised to the total number of photons arriving at SiPM
for the setup with the smallest value of o, vs. arrival time for a scintillator with different
wrappings.

The curves are normalised to the total number of photons arriving at the SiPM for the smallest
shown value of o, (i.e. 0, = 0°) which is denoted by N2,.

The horizontal lines denote the height of the curve at 90 % of its maximum height. The vertical
lines show the corresponding time values.

The figures show clearly that for different scintillator and reflector properties the 90 %-point
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varies roughly between 5 ns and 20 ns. The spread becomes smaller with increasing reflectivity
of the external reflector. Especially for a wrapping with 98 % reflectivity the 90 %-point lies
within 1 ns for all considered o, > 0°. This is one more point that suggests the usage of a
reflector with high reflectivity.

When looking at SLHC conditions, there is one disadvantage that could appear in this approach.
The higher the reflectivity, the longer the photons survive inside the scintillator, leading to long
tails in the distributions, i.e. photons arriving very late at the SiPMs. This can cause the pho-
tons to hit the SiPM within the next bunch crossing period and thus obscuring a possible signal
from the subsequent BX. This has to be considered in a final setup.
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Figure 9.25: Integrated number of photons normalised to the total number of photons arriving at SiPM
for the setup with the smallest value of o, vs. arrival time for a scintillator with different
wrappings.

0.2.6 Other Geometries

There are also approaches considering a different scintillator geometry to realise the MTT. Two
favoured setups are a 100 x 6 x 100 mm? and a 250 x 8 x 250 mm? piece of scintillator, respec-
tively. The first one has the advantage that it needs less space and thus provides more room for
the readout electronics. The second setup uses bigger scintillator tiles that allow reducing the
number of readout channels but have a reduced spatial resolution.

For these two setups the simulation has been performed once without any reflector and once with
a reflector with 95 % reflectivity that can be realised with typical reflective foils. The summary
plots are shown in fig. 9.26.

It becomes clear that for the big scintillator (250 x 8 x 250 mm?) the number of photons de-
creases dramatically while the small one (100 x 6 x 100 mm?) suffers smaller losses compared to
the default setup (100 x 10 x 100 mm?). In the small scintillator there are less photons created
because the height is 40 % smaller than in the basic setup but the photon yield at the SiPM
is reduced only by about 20 %. In the big scintillator there is a reduction of the initial photon
number by only 20 % but the surface is about six times larger and so the photon density at the
scintillator surface drops significantly. There are almost always zero photons hitting the SiPMs
in this scenario.

The timing properties have also been studied and are summaries in fig. 9.27. They are almost
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Figure 9.26: Summary of the MPV and HWHM of the photon distributions for different scintillator sizes.
The reflector is always simulated with an air gap between scintillator and wrapping.

the same for the different scintillator sizes. The values have large spread because, especially for
the big scintillator, there are only few photons arriving at all and thus there is only few statistics.
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Figure 9.27: Timing properties of the different scintillators. The wrapping is always a specular reflector
with an air gap.

9.3 WLS Readout

The WLS readout has been studied in detail. One example of a WLS event is shown in fig. 9.28
with one scintillator photon and one WLS photon. A traversing muon creates optical photons
that propagate inside the scintillator. They can hit the fibre and get absorbed resulting in a
newly created photon inside the fibre with a different wavelength.
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Figure 9.28: Example event with WLS fibre. One scintillator and one WLS photon are shown exemplar-
ily.

9.3.1 Photons at Fibre

To get a first overview of the number of photons arriving at the fibre, the correlation plot 9.29
shows the number of photons absorbed in the WLS fibre against the distance of the traversing
muon. There is basically no correlation visible, except where the muon distance is close to zero.
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fibre in the middle position, as shown in fig. 8.9a. with 7. = 1, as shown in fig. 8.10e.

Figure 9.29: Examples of the correlation between the distance of the traversing muon to the WLS fibre
vs. the number of photons in the fibre for a scintillator with o, = 0°.

Here the muon went through the fibre and so there was less scintillating material in its way.
Negative distances mean that the muon went through the scintillator at the “inner side” of the
fibre (only relevant for bent fibres).

Number of Photons

The number of photons arriving at and absorbed in the wavelength-shifting fibre also approx-
imately follows a Landau distribution as can be seen in fig. 9.30a. The distribution is more
Landau-like but still not ideally Landau distributed. To determine the peak value and the width
the same methods as described in sec. 9.2.2 are applied. The results for the photons absorbed in
the fibre are shown in fig. 9.30a. Also, anticipating, the number of photons arriving at the SiPMs
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Figure 9.30: Photon distributions in the WLS fibre and the coupled SiPMs.

is exemplarily shown in fig. 9.30b. A value of If—; < 2 can be demanded in this case.

The small bumps in the distributions at lower values (N;’v LS < 1000 and NWSiPM < 50) are
explained by the fact, that some of the muons (about 1 %) go through the fibre or the fibre
embedment. Since both are non-scintillating materials, the muons will create less photons inside
the scintillator.

Starting Conditions

The scintillator photons hitting the fibre are absorbed in the fibre according to the attenuation
length for the given wavelength. As mentioned in sec. 8.1.3 this attenuation length cannot be
determined without big effort and has been set to a reasonable and constant but uncertain
value. The absorption point of the photon inside the fibre is dependent on this value but also
on the angle under which the photon hits the fibre. Example distributions are shown in fig. 9.31
and 9.32.  Fig. 9.31a/9.32a shows the projection of the creation points of the WLS-photons
on the z — y-plane for a fibre with round/quadratic cross section. To be able to compare the
fibres in the other planes, in spite of their different shapes, the distributions in fig. 9.31b and
fig. 9.32b show the absorption points in the region —25 pm < y < 425 pm, i.e. every bin shows
absorptions in a cube with 50 x 50 x 50 pm?® where the fibres have a comparable thickness.

The creation points are identical with the absorption points of the scintillator photons inside the
fibre. In fig. 9.31a it is visible that it is most probable for the photon to get absorbed in the
outer region of the fibre. The same applies to the quadratic fibre. This can be explained by the
fact that a photon will typically arrive with an angle > 0 with respect to the fibre normal and
thus the projection of the travelled distance on this plane will be short.

Fig. 9.31b and 9.32b show that the probability to hit the fibre is almost uniformly distributed
along the whole fibre. There is a slightly increased probability to get absorbed in the outer rims
of the fibres, comparable to the x — y-plane. The drop of entries in the very outer cells is a pure
binning effect because the fibre diameter is a non-integer multiple of the fibre core or cladding.
Note: The relative cladding thickness is different for round and quadratic fibre.

Fig. 9.31a and 9.32a have slightly less entries at bigger y-values. This can be explained by the
fact that the fibre is embedded from above and glued with the optical cement (as described in
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Figure 9.31: Projections of the creation points of WLS-photons on two of the three planes for a round
fibre. The y— z-plane looks very similar to the x — z-plane. Note: the y-axis points upwards,
the z-axis follows the width and the z-axis follows the length of the fibre (fibre at ao = 0,
yrel = 0). The histograms are normalised to the total number of photons absorbed.
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Figure 9.32: Projections of the creation points of WLS-photons on two of the three planes for a quadratic
fibre. The y— z-plane looks very similar to the x — z-plane. Note: the y-axis points upwards,
the z-axis follows the width and the z-axis follows the length of the fibre (fibre at z,q = 0,
Yrel = 0). The histograms are normalised to the total number of photons absorbed.
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sec. 8.1.4) and so the probability is higher that photons coming from above are absorbed in the
cement and do not reach the fibre.

The momenta of the newly created WLS-photons have to be isotropically distributed. The
distributions of the momentum coordinates are shown in the appendix (fig. B.7). They match
almost perfectly a uniform distribution in all coordinates.

Coupling of the Fibre

One interesting point is the number of photons that are absorbed if the fibre is not optically
coupled to the scintillator. The results are shown in fig. 9.33.
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(a) MPV of the number of photons absorbed in the (b) MPV of the number of photons arriving at
WLS fibre. the SiPMs.

Figure 9.33: Number of photons at fibre and SiPM for a fibre with and without optical cement.

It is evident that a fibre with no surrounding optical cement has a light yield of only about 15 %
of a glued fibre. Nevertheless the number of photons hitting the SiPM does not scale with the
same factor. The photons that are created inside the fibre without optical cement are trapped
easier inside the fibre because the ratio of the refractive indices of air and the outer fibre cladding
is smaller than that of optical cement and the cladding, allowing a smaller critical angle at total
internal reflection.

Besides this a setup with an uncoupled optical fibre is difficult in handling because the fibre has
to be fixed in some way, e.g. to attach the SiPM to it. Furthermore already small impurities
on the fibre surface lead to loss of light and so the number of photons at the SiPMs would be
reduced.

Absorption in the Optical Cement

As described in sec. 8.1.4 the optical cement has an attenuation length in the order of a few cm.
The attenuation in the cement has an impact on the number of photons arriving at the WLS fibre.
This is exemplarily shown in fig. 9.34 for a fibre with round cross section at middle and top
position for different values of x,¢. It is clear that, depending on the fibre position, the losses are
in the order of up to 30 %. The increase of the photon number for the fibre in middle position
at z.o = 1 can be explained by the fact that the fibre is positioned on the side of the scintillator
as has been illustrated in fig. 8.9e. Here it is obvious that there is less optical cement where the
photon could be absorbed. The decrease of the photon number for the fibre in top position at
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Figure 9.34: MPV and HWHM vs. x,¢ of the number of photons absorbed in a round WLS fibre with
and without absorption.

Zrel = 1 is explained by the fact that the fibre is embedded in one of the corner edges of the
scintillator and thus has a smaller area heading towards the scintillator.

9.3.2 Photons at SiPM

There are always two SiPMs in a WLS setup, each at one end of the fibre. A first overview of
the number of photons arriving at the SiPMs is given in fig. 9.35. Again there is no correlation
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Figure 9.35: Number of photons arriving at the SiPMs vs. the muon distance R,, for two different fibre
setups for o, = 0.

visible. Only the small dip close to zero where the muons went through the fibre.
To show that it is permitted to use the mean of the distribution of photons in the SiPMs, one
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example of the photon distributions is shown in fig. 9.36a. The distributions are identical within
statistical fluctuations.

From this example it is already clear that much more photons are expected at the SiPM in
comparison with the direct readout scenario. As the occupancy of the SiPMs increases, it becomes
more likely that one and the same pixel is hit multiple times within one event. Fig. 9.36b shows
the number of photons in the different detection stages for two fibre positions. It is clearly visible
that the number of photons is reduced after the application of the different efficiencies. All in all
it is remarkable that the peak number of photons that are detected in the pixels is only about
one half of the initial number that hit the whole SIPM. Another property is also visible: As there
are 100 pixels in each SiPM there cannot be more than 100 photons detected per event. This is
the reason why the overall detection distribution (red curve) stops at exactly 100.

% I RN DERE AR RRRRRRREN 1
" 005 | I Bozs|- hotons detected in Pixel
H - photons detected in Pixe
SiPM 1 !
B photons detected in SiPM
0.04 —SiPM2 | 0.2 e sensitive areal
| photons hitting sensitive area ||
B i photons hitting SiPM
0.03 0.15
0.02 * 0.1 l P’\

A 1A
| ) e JHESANN

Ll . i L
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140 160 180 2"?0
v
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WLS setup. zye1 = 0.0. detection stages (zre1 = 0).

Figure 9.36: Photon distributions for the two SiPMs in the WLS setup.

SiPM occupancy

As already mentioned in the sections before, the number of photons expected at the SiPMs is in
the order of 100. As the number of pixels is in the same magnitude the occupancy of one SiPMs
is of interest. Example distributions are shown in fig. 9.37 and 9.38.

The SiPM’s occupancy for a fibre with quadratic cross section shows an approximately uniform
distribution along the whole SiPM area. In a quadratic fibre there is no possibility for the pho-
tons to get trapped in special modes. In contrast to this is the distribution for a round fibre. A
circular structure shows up when looking at the photons arriving at the SiPMs. Especially in
the averaged plot it is clearly visible that in the central bin there are almost no entries. This is
explained by the fact that photons are trapped in circular modes inside the fibre as is predicted
theoretically in [SL00] and has been measured in [POF08]. Fig. 9.39 tries to illustrate the photon
behaviour inside a round fibre.

The slightly reduced number of photons in the very outer rims of the distributions can be ex-
plained by the, i.e. photons travel preferred in the core of the fibre.

SiPMs and WLS

The coupling of the SiPM to the WLS fibre is another issue that has to be considered. In several
applications that use WLS fibres the SiPMs are simply impressed onto the end of the fibre [RY09).



100 CHAPTER 9. RESULTS

€ T
8 E 8 £
s s
T s g . T 8 g
E|Z s|Z
E. 6 82 E 6 62°
S 4 S 4
=2 4 222 4
= 4
0.6" 0.6°
404 o o
4o B2 4o B2
« s
0.6 .06 0 0.6 06 0

(a) Distribution of the optical photons at the SiPM  (b) Distribution of the optical photons at the SiPM
for a quadratic fibre in one event. for a quadratic fibre in many events averaged
over the number of events.

Figure 9.37: Distribution of optical photons on the SiPM for a quadratic fibre.
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Figure 9.38: Distribution of optical photons on the SiPM for a round fibre.

It is clear that with this method it cannot be excluded that there will be a small air gap left
between the fibre and the SiPM. Thus two possibilities are investigated in the scope of this thesis:
The first one assumes that the SiPMs are stuck directly to the end of the fibre leaving an air gap
of 100 um, in the other one this gap is filled with optical cement (EJ-500), see also fig. 8.11. The
results for the photon yield at the SiPMs are shown in fig. 9.40.

The results show that the photon yield is only slightly affected by the coupling of the SiPM to
the fibre. About 15 % of the photons are lost in case of a round and only ~ 10 % in case of a
quadratic fibre. Nevertheless, the setup without the optical cement is easier to handle especially
for prototype setups. Therefore in the following simulations the SiPMs will be always simulated
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WLS fibre

: optical photon

Figure 9.39: Sketch of an optical photon trajectory in a circular mode inside a WLS fibre.
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Figure 9.40: Photon yield for SiPMs glued and not glued to the WLS fibre exemplarily shown for a fibre
in the middle position.

with an air gap of 100 wm between them and the fibre. A final setup however, should take these
effects into account and consider a coupling with optical cement or gel.

Surface Roughness

In the previous sections the surface of the scintillator has been treated as perfectly polished, but
the surface roughness of the scintillator must be taken into account as has been shown in sec. 9.2.
So the variation of x.q for different values of o, has been studied. As the middle position of
the fibre is disfavoured by the results shown in fig. 9.34, the focus is put on the fibre in the top
position. A summary for three important values is shown in fig. 9.41.

The figure shows clearly that the x,e-dependence of the photon numbers does not change with
increasing roughness. Nevertheless the number of photons arriving at the fibre and at the SiPMs
drops dramatically by 50 — 70 % for values of o, as obtained from measurement. This shows again
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Figure 9.41: Number of photons arriving at the WLS fibre and SiPM, respectively, for different values
of oq.

the importance of a well polished surface and the need of an additional reflector to maximise the
photon yield (see sec. 9.3.4).

90.3.3 Bent Fibres

In many applications a bent fibre can be used to maximise the photon yield and increase homo-
geneity of the readout (one example can be found in [Kor04]). These setups have been studied
in more detail for fibres with round and quadratic cross sections. The relative bending radius of
the fibre is varied in the range of 0.5 < r < 1. These values are converted to x,¢ as mentioned
in sec. 8.2.3. The summary of the results for quadratic and round fibres is shown in fig. 9.42.
The red vertical line shows the point where the bent and straight fibres have the same length.
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(a) MPV of number of photons arriving at the (b) MPV of number of photons arriving at the
WLS fibre for different quadratic fibres. WLS fibre for different round fibres.

Figure 9.42: Photons at fibre for bent and straight fibres. The red line shows the break-even point.



9.3. WLS READOUT 103

The figure shows clearly the increase of photons arriving at the fibre with increasing bending
radius. This is obvious because the fibre length and with it the total volume increases with
increasing bending radius.

The number of SiPM photons is also regarded. The results are shown in fig. 9.43.
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Figure 9.43: Number of photons at the SiPMs for different fibres .The red line shows the break-even
point.

Remarkable at this point that despite the fact that less photons arrive at the WLS fibre, the
number of photons at the SiPMs is higher for a round fibre. The photons are trapped in a round
fibre with higher efficiency than in a quadratic one, with geometries as described in sec. 8.2.3.
The photon yield at the fibre is about 10 % smaller than in the quadratic fibre but the number
of photons arriving at the SiPM is the same or even higher.
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(a) Number of photons arriving at the SiPMs per (b) Number of photons arriving at the SiPMs per
length of the WLS fibre for quadratic fibres. length of the WLS fibre for round fibres.

Figure 9.44: Number of photons per fibre length for different setups. The red line denotes the point of
same fibre length for bent and straight fibres.

The fact that the number of photons in the fibre and at the SIPMs becomes larger with increasing
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bending radius does not qualify a bent fibre exclusively. There are several reasons why a bent
fibre has disadvantages. First of all: the fibre has to be bent. This is a mechanical effort that
is not trivial. When going to smaller bending radii the fibre has to be heated in order not to
be damaged by the bending process. The groove in the scintillator has to be milled with high
precision in a curved way.

Additionally, fig. 9.44 shows that the number of photons per fibre length arriving at the SiPMs
is basically always smaller for a bent fibre.

These results disfavour a readout with help of a bent fibre, so the focus is put further on the
properties of round straight fibres.

9.3.4 External Reflectors

As could be shown in the last sections, a setup with a bent fibre is disfavoured due to the limited
increase in the photon yield and due to additional mechanical effort. The comparison between
round and quadratic fibres shows that indeed the number of photons absorbed in the fibre is
bigger for quadratic ones but the light yield at the SiPMs is nevertheless higher with a round
fibre. It has also been shown that the fibre in the top position suffers significantly less from
the absorption in the optical cement. The photon numbers are basically independent from x|
except for the extreme value . = 1 where the fibre is embedded in the side of the scintillator.
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Figure 9.45: MPV and HWHM of the distribution of photons arriving at the WLS fibre vs. o, for two
different fibre setups.

So the favoured setup is that with a straight round fibre in the top position with values of x,¢ = 0
(top) or x = 1 (edge). For these setups the behaviour under the application of an external
reflector has been studied. The results are shown in fig. 9.45.

The plots demonstrate again that a reflector has a major impact on the photon yield. That is also
clearly visible when looking on the number of photons at the SiPMs that is shown in fig. 9.46.
There is an increase in the photon yields up to about a factor of three, depending on the reflec-
tivity, but also the widths scale with a comparable factor. Additionally it is clear that the fibre
in the top position allows a better yield than that in the edge position, although this effect is
only in the order of 10 %.
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Figure 9.46: MPV and HWHM of the distribution of photons hitting the SiPMs vs. o, for two different
fibre setups (there is a small air gap between the SiPMs and the fibre).

Timing
Again one very interesting property of the setup is the dependence of the timing on the distance of
the traversing muon. The results for two example setups are shown in fig. 9.47. Again (compare

fig. 9.35) the timing of the setup is not correlated with the muon incoming point, what is especially
very clearly visible for the straight fibre setup (fig. 9.47a).
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Figure 9.47: Photon arriving time vs. the muon distance for two different fibre setups.

While the fibre itself has an additional decay time, the timing properties have been studied in
detail for this preferred setup. Results are shown in fig. 9.48.

The figure shows clearly that the peak time for photon arrival is & 6 ns in the worst case while the
HWHM increases by a factor of two. It is clear that the WLS readout is considerably slower than
the direct readout (by approx. a factor of two) but still provides enough time for the processing
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Figure 9.48: Peak and HWHM of the time distribution of photon arriving at the SiPMs for different
fibres and reflectors.

of the created signal. Fig. 9.49 shows additionally the time of the first photon arrival and the rise
time, i.e. the difference between the point in time when 10 % and 90 % of the photons arrived.
Here it also shows up that the WLS setup is slower in comparison to the direct redout. tg9g_1¢ is
in the order of 3 ns in comparison to 1.5 ns as it was in the direct readout setups.
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Figure 9.49: Time of the first incoming photons and the rise time for different fibres and reflectors.

One final timing consideration, regarding the fibre readout, is the point in time when 90 % of
the total number of photons have reached the SiPMs, denoted as 7. The results are shown in
fig. 9.50.

In most of the setups this time is between 11 ns and 15 ns after the muon passed the scintillator.
Only for setups with high reflectivity this value increases up to = 17 ns. This is by trend higher
than for the setup with direct readout but is still in the same order of magnitude.
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Figure 9.50: The point in time, when 90 % of the photons have arrived at the SiPMs (590) vs. o, for
different reflectors.

9.3.5 Other Geometries

As mentioned in sec. 9.2.6 there are also approaches with different geometries to realise the
MTT. For the same setups as described in sec. 9.2.6 the simulations have been performed with
a WLS fibre at two positions. Fig. 9.51 shows the number of photons absorbed in the WLS for
Zyel = 0, Yrel = 1 (top position) and zye) = 1, yres = 0 (edge position). It is clearly visible that
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Figure 9.51: MPV of the number of photons absorbed in the WLS fibre vs. g, for different fibre setups.
There is always an air gap of 100 um between scintillator and reflector. The widths of these
distributions are shown in the appendix, see fig. B.3.

again (compare sec. 9.2.6) the setup with the big scintillator (250 x 8 x 250 mm?) is disfavoured
for basically all parameter settings.

This also reflects in the number of photons arriving at the SiPMs. It strictly follows the number
of photons that hit the fibre and the results can be seen in fig. 9.52.

It becomes clear that the number of photons hitting the SiPMs is up to five times smaller for
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Figure 9.52: MPV of the number of photons arriving at the SiPMs vs. o, for different fibre setups.
There is always an air gap of 100 um between scintillator and reflector. The widths of these
distributions are shown in the appendix, see fig. B.4.

the big scintillator. Nevertheless, this number could suffice to reach a reasonable signal to noise
ratio in the a final setup, especially with a wrapping with high reflectivity. The results for the
scintillator with 100 x 6 x 100 mm? lie in between the other two setups.

The timing properties are comparable for the different setups as can be seen in fig. 9.53.
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Figure 9.53: Peak value of the arrival time of the photons at the SiPMs vs. o, for different scintillator
and fibre setups. There is always an air gap of 100 um between scintillator and reflector.
The widths of these distributions are shown in the appendix, see fig. B.5.

The peak values are between ~ 3 ns and = 4.5 ns for all setups.
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9.4 Summary of the results

As could be shown in the foregoing sections, the photon yield at the SiPMs in setups with
and without a WLS fibre is strongly dependent on the surface roughness, characterised by the
parameter o,. It has also been shown that the negative effects of an increased roughness can be
compensated by a wrapping with preferably very high reflectivity. Reflectors directly attached
to the scintillator (without an air gap) are completely disfavoured by the simulations.

The timing properties are very encouraging when regarding the proposed bunch crossing rates at
the SLHC as the peak values of the photon arrival time are typically at less than 6 ns and most
of the photons arrive within 15 — 17 ns at the SiPMs.

A summary of the photon numbers and peak arrival times at the SiPMs is given in tab. 9.1.

Table 9.1: Summary of the photon number and arrival times for setups with direct readout. The sum-
mary distinguishes between a perfectly polished (o, = 0°) and a ‘realistic’ scintillator surface

(00 =1° = 5°).
direct readout
size / mm3 reflector (reflectivity) oo =0° 0o = 1°—5°

N, gPeak /ns N, gPeak /ns

100 x 10 x 100 - 16.2 3.7 5.7—-12 23-12
G4 diffuse, no air gap (80 %) 2.6 1.4 26—-25 13-14

G4 diffuse, no air gap (95 %) 11.0 2.3 11.0 - 10.0 2.3-—2.2

G4 diffuse, air gap (80 %) 17.6 3.1 98—49 24-19

G4 diffuse, air gap (95 %) 21.7 2.9 159-13 2.7-26

diffuse, air gap (80 %) 17.7 2.9 9.8—-54 23-17

diffuse, air gap (95 %) 22.6 2.6 181 —-14.6 2.5—-25

specular, air gap (80 %) 17.8 2.9 101 -54 23-1.8

specular, air gap (95 %) 22.6 2.7 174—-146 2.6 -—2.5

specular, air gap (98 %) 28.4 3.0 25.9—-22.9 3.0-29

100 x 6 x 100 - 15.7 3.3 4.5—1.5 1.7—-0.9
specular, air gap (95 %) 20.5 2.7 14—-115 23-23

250 x 8 x 250 - 2.5 4.3 1.5-0.5 1.9-1.1
specular, air gap (95 %) 3.5 2.7 25—-25 27-23

It could be shown that setups with a WLS readout provide significantly more photons than those
with direct readout. An increase of up to a factor 10 is possible. It became clear that bent fibres
only slightly increase the photon yield in comparison to straight fibres. The preferred position of
the fibre inside the scintillator is at e = 1, i.e. in the top position. This minimises the amount
of optical cement and with it the non-scintillating volume. There seems to be no preferred
positioning in . as long as the fibre is not at one of the outer edges (xy, = 1). Nevertheless,
Zrel = 1 is one of the preferred scenarios because it is comparably easy to assemble. A round
fibre is slightly favoured by the simulation as its photon trapping efficiency is higher than of a
quadratic fibre.
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Table 9.2: Summary of the photon number and arrival times for setups with WLS readout. The sum-
mary distinguishes between a perfectly polished (o, = 0°) and a ‘realistic’ scintillator surface

(00 =1° = 5°).
WLS readout
size / mm3 fibre reflector (reflectivity) 0o =0° Oq =1°—-5°
~  qpeak ~ —peak
N v tgfive N Y tgfgve
100 x 10 x 100 edge - 130 6.0 7H—28 5.0-3.7

specular, air gap (80 %) | 175 5.7 136 —90 5.1 —4.7
specular, air gap (95 %) | 234 5.8 |214—-181 56—5.3
specular, air gap (98 %) | 276 6.0 | 267 —243 5.8 —5.7
top - 129 6.0 80—-36 5.0-—3.7
specular, air gap (80 %) | 180 54 | 147 —115 52 —4.7
specular, air gap (95 %) | 242 5.8 |225—214 56-55
specular, air gap (98 %) | 283 6.0 | 273 —279 5.8 —5.7

100 x 6 x 100  edge - 99 5.5 59 —-23 52-5.1
specular, air gap (95 %) | 177 5.5 | 160 — 136 4.6 — 3.7

top - 99 6.8 62 — 29 4.4 — 3.6

specular, air gap (95 %) | 181 6.7 | 169 — 160 5.2 —5.1

250 x 8 x 250  edge - 1) 5.2 17—-6 6.4 — 6.0
specular, air gap (95 %) | 56 5.3 45—-37 55—44

top - 34 6.4 19-9 5.2 —4.2

specular, air gap (95 %) | 61 6.7 65—63 6.8—6.6

The simulation results show that a scintillator with both, direct and WLS readout, has the
capability to handle the requirements of the MTT. Nevertheless, detailed measurements are
needed to confirm or falsify the simulation results.
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Chapter 10
Preparation of the Test Stand

As there are some uncertainties in the adjustment of the parameters used in the simulations (e. g.
absorption in the fibre, surface parameters) the results should be confirmed or falsified with help
of measurements with comparable test setups. Furthermore the simulation results can only give a
guideline for a detector development and measurements are essential to understand the detector
parts.

For these reasons a test stand for cosmic muons is in preparation so that systematical measure-
ments at various scintillator/WLS setups can be performed. This test stand is presented in the
following sections.

10.1 Readout Electronics

The readout of the setups happens with SiPMs (see fig. 10.1) as described in sec. 8.2.2, i. e. Hama-
matsu $10362-11-100C. The SiPM’s power supply, signal readout and amplification are provided
by a front end board developed in the electronics workshops of the IIT'! Physics Insitute A and B,
it is shown in fig. 10.2. The basic readout principle of this board is similar to that shown in
fig. 5.16. Additionally, it has a sophisticated bias voltage stabilisation that also allows an indi-
vidual fine tuning of the voltage applied to the SiPM.

voltage power
fine tuning connectors

(3mm x3 mm) LEMO

Figure 10.1: Picture of one of the Figure 10.2: Front end board developed
used SiPMs (Hamamatsu in  Aachen  shown  with a
$10362-11-100C) [Heb10]. 3 x 3 mm? SiPM (S10362-33-100C).

The characteristics of the noise pulses of an SiPM read out with help of this front end board are
exemplarily shown in fig. 10.3. This oscilloscope sketch illustrates that the one photon equivalent
pulse (p.e.) has an amplitude of roughly 30 mV and that higher pulses have amplitudes that are
basically a multiple of that.
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Figure 10.3: Typical noise characteristics for one SiPM. The pulses are accumulated and displayed ac-
cording to their entrance time, i.e. red colour denotes recent events and blue colour denotes
older events. The different between two p.e. is ~ 30 mV.

10.2 Hodoscope

To be able to trigger on cosmic muons independently from the setup to be investigated, a simple
hodoscope has been built of four fishtail scintillator tiles with a size of 300 x 100 x 5 mm?® that
are read out by conventional PMTs. Fig. 10.4 shows this setup. The scintillator tiles are mounted

PMT

7

scintillator setup
(with fibre)

(a) Hodoscope setup built of four fishtail scintillator tiles and (b) Schematic view of the hodoscope setup.
PMTs with a dark box in between the trigger scintillators. The scintillator setup, as described in

sec. 10.3, is positioned in between the ho-
doscope scintillators (inside the dark box).

Figure 10.4: Hodoscope setup used in the test stand.

at the top and the bottom of the hodoscope frame and are aligned perpendicularly with respect
to each other. This allows to define two areas of 100 x 100 mm? above and below the dark box
with a distance of ~ 1 m (adjustable). The scintillator setup of interest is positioned inside the
dark box parallel to the areas (fig. 10.4b). If a coincidence of all four PMTs is claimed, muons
travelling through the small corridor, defined by the two areas of the crossed scintillators, can
be triggered. These muons are almost perpendicular and it is almost sure that they have also
passed the scintillator setup in the dark box.
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10.3 Scintillator setups

A very first test with a direct readout, has been performed with a 1 x 1 mm? SiPM. One SiPM
has been mounted directly onto the scintillator without optical coupling and with optical gel
between it and the scintillator. In both cases no signal could have been measured from cosmic
muons. An additional wrapping realised by simple aluminium foil could not improve this setup.

(a) Scintillator setup with readout possibilities from  (b) The same setup as (a) but with one PCB box dis-
four sides (PCB boxes) [Heb10]. assembled to make the WLS fibre visible.

Figure 10.5: Flexible scintillator setup with readout possibilities from different points. For example able
to handle a scintillator with a bent fibre or with two straight fibres.

This result does not refuse the simulation results because it has been shown (fig. 9.15) that
less than three photons are expected to hit an SiPM (in the relevant o,-region) in the direct
readout setup with no reflector (without optical coupling this number is basically zero). Even
with a reflector of low quality (80 % reflectivity or less) a vanishing photon yield is not surprising
because also in this case the results predict only very small photon numbers. As these numbers
are small and additional absorption processes inside the scintillator cannot be excluded, e.g.
caused by impurities inside the scintillator or of the surface, more detailed measurements have
to be performed, especially with larger SiPMs.
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Figure 10.6: Two examples of SiPM pulses triggered by the hodoscope. It is clearly visible that the two
pulses (orange and cyan) in each picture created at the same time. Typical pulse heights
are in the order of several hundred mV.

Another test setup is shown in fig. 10.5. This setup is built-up accordingly to the simulated setup
with a straight, round fibre in the top position (i.e. v = 0, yrel = 1) and is glued with optical
cement BC-600 that is equivalent to the one used in the simulations (EJ-500).
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For the WLS readout a very first estimate of the photon number can be done with a simple
measurement. As described above, a trigger for the oscilloscope is generated with help of the
hodoscope setup and the SiPM pulses are recorded. Two examples are shown in figure 10.6.

It is clearly visible that the pulses from the two SiPMs are created at the same time and have
a comparable height, i.e. the photons arrive simultaneously and at both SiPMs a comparable
number of photons are detected.

Assuming that the pulse height scales linearly with the number of photons detected, and that one
p.e. creates a pulse height difference of 30 mV, the number of photons detected per SiPM can
be estimated to roughly 30 for this setup. Comparing this number with the simulation results
shown in fig. 9.46 (red stars) it becomes clear that these number are very compatible, especially
when considering the fact that the detection efficiency of the SiPMs has not been applied in the
results shown.

10.4 Summary

The very first measurements show that a direct readout setup with 1 x 1 mm? SiPMs has a
vanishing light yield. Nevertheless, a suitable detector could result from the usage of larger
SiPM (e.g. 3 x 3 mm? active surface). Additionally a wrapping with a very high reflectivity
(> 90 %) could make this kind of setup very attractive.

The first results with the WLS readout are much more promising. Muon passages are clearly
measurable and distinguishable from noise pulses. The first estimates show that the number of
photons at the SiPMs is compatible with simulation results.
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Chapter 11
Conclusion and Outlook

In this thesis detailed simulations on the photon yield and the timing of scintillator based de-
tectors have been presented. The scintillation light is read out with help of SiPMs that are also
simulated in detail. The aim of these studies it to identify a most feasible detector that can take
the role of a potentially new detector component in the CMS detector, the MTT.

The planned upgrade of the LHC to SLHC will make it necessary to improve the resolution of the
muon momentum measurement to keep the amounts of date manageable without a significant
increase in threshold.

The tools provided by the C++-framework GEANT4 have been used to create a stand-alone pro-
gramme capable to simulate the light creation and propagation inside a plastic scintillator. Two
fundamental setups were studied. One uses a direct readout, where the SiPMs are mounted
directly onto the scintillator surface, the other setup uses SiPMs attached to a multi-cladding
wavelength shifting fibre, where every layer of the fibre has been simulated.

One important input parameter for the simulations is the roughness of the surface expressed by
the width of the distribution of the local surface normals denoted by o, according to the the-
oretical background of the UNIFIED model used in GEANT4 to describe the reflections of optical
photons. To obtain the value of the parameter, a typical piece of scintillator has been scanned
in an AFM by the I1"? Physics Institute A (RWTH Aachen University).

It could be shown that basically all results strongly depend on the surface roughness and domi-
nate the behaviour of the light propagation, e.g. the number of reflection or the reflection angle.
It has been shown that many of the investigated setups provide enough photons to be qualified
for the MTT. The results also show that the WLS readout allows a photon yield that is more
that one order of magnitude larger than for the direct readout. Nevertheless, also the direct
readout setup can provide enough photons to realise a reliable detector if there is a wrapping
with high reflectivity surrounding the scintillator. Additionally, SiPMs with an active area larger
than 1 x 1 mm? should be used for the direct readout to provide a signal that is large enough to
be distinguishable from noise.

A test stand for cosmic muons has been prepared that allows studying a variety of different
scintillator setups, especially with straight or bent fibres. Very first measurements have been
performed that show results that are compatible with the simulations. To further investigate the
predictive abilities of the GEANT4 simulations, systematic measurements with different setups
have to be performed.

Also additional simulations should be performed to take different setups into account, e.g. with
SiPMs distributed in a different way on the scintillator. Another approach that has not been
considered in this thesis, is to put the SiPMs on the side faces of the scintillator.
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Appendix A
Additional AFM Results

A.1 Height distributions

Additionally to the results shown in sec. 7.3.1 a distribution of the heights of another area is
shown in fig. A.1. The different areas show very similar distributions.
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Figure A.1: The height distribution of another area (40 x 40 um?). The results are compatible with
those shown in fig. 7.5b.
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Appendix B

Additional Simulation Results

B.1 Energy loss in the scintillator

To ensure, the simulation meets the demand, that the energy loss of the muons traversing the
scintillator follows a Landau distribution, the energy loss of muons in a piece of scintillator with
a thickness of 1 mm to 20 mm has been studied.

Two example distributions with fitting results are shown in fig. B.1a and fig. B.1b. The Landau
distribution is reproduced for every scintillator thickness and the fits match very well. The results
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(a) Example of the energy loss distribution of muons (b) Example of the energy loss distribution of muons
in a piece of scintillator with a thickness of 5 mm. in a piece of scintillator with a thickness of
Results of a Landau fit are also shown. 20 mm. Results of a Landau fit are also shown.

Figure B.1: Energy loss in scintillators with different thickness (example plots).

of the variation of the scintillator thickness are shown in fig. B.2. The plot shows clearly that
the increase of the thickness of the scintillator leads to a linear increase in energy loss. Thus, the
focus is put onto a setup with a particular thickness, see also sec. 9.1.2.

B.2 WLS setups

B.2.1 Different geometries

In sec. 9.3.5 different approches for the MTT with WLS readout have been shown. To complete
the analysis the widths of the distributions are shown. Fig. B.3 shows the width for the number
of photons arriving at the WLS fibre and fig. B.4 the number of photons hitting the SiPM.

The width of the photon arrival time at the SiPMs are shown in fig. B.5.
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APPENDIX B.

ADDITIONAL SIMULATION RESULTS
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Figure B.2: Summary plot of energy loss in scintillators with different thickness. The upper plot shows
the MPV, the middle plot the fitting parameter called o, the RMS and the HWHM. In the
lower part the corresponding fit’s x?/ndf are shown. hgeini is the height of the scintillator,
i.e. its thickness.
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Figure B.3: HWHM of the number of photons absorbed in the WLS fibre vs. o, for different setups

with the fibre.

B.2.2 Photons in the scintillator

Photons created by scintillation in a material should have momenta isotropically distributed in
the solid angle, this means uniformly distributed in the azimuth angle ¢ and in cos? (¥ = polar
angle). Fig. B.6 shows the distributions as obtained from the simulation.
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Figure B.4: HWHM of the number of photons arriving at the SiPMs vs. o, for different fibre setups.
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Figure B.5: HWHM of the photon arrival time distribution vs. o, for different scintillator and fibre
setups.

B.2.3 Photons in the fibre

Photons created in the fibre have momenta isotropically distributed in the solid angle. Fig. B.7
show the distributions as obtained from the simulation.
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