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1 INTRODUCTION

1 Introduction

Mankind has been fascinated by the mysteries and the endless vastness of the
universe for thousands of years. Questions about planetary movement, genesis
of stars, cosmic background radiation and numerous other have concerned gen-
erations of physicists.

In August 1912, the field of research was expanded by a discovery of Victor
Hess. Measurements of the electrical conductivity as a function of the altitude
during a balloon ride in heights of up to 5000 meters led him to the assumption
of high energy particles coming from space [I]. These particles, which continu-
ously penetrate the atmosphere, are known today as cosmic rays. As a result of
this discovery considerable efforts were made to learn about the origin of these
particles.

These efforts are still made today. In order to learn about the origin of cosmic
rays at the highest energy levels, scientists at the Pierre Auger Observatory, the
world’s largest detector field for the measurement of cosmic rays, plan to install
a supplementary detector for measuring the muonic component of extensive air
showers. As of today, there are several proposals but the final decision for one of
these concepts has not yet been made. This work is introducing a novel detector,
the Aachen Muon Detector (AMD), which has been developed at the RWTH
Aachen University in order to meet the requirements of muon measurements.

In this context, the focus of this work is on simulation studies to analyse and im-
prove the performance of the detector regarding the detection of single incoming
muons. The first chapters will give a brief overview about cosmic rays and the
resulting extensive air showers with a focus on the muonic component and the
information it contains about the chemical composition of the primary particle.
Afterwards an introduction of the Pierre Auger Observatory and the AMD is
given. The latter one contains both the setup of the AMD and a description of
the particle detection mechanism for this kind of detector.

The simulation studies in chapter 6 include three main goals. The first objective
is to estimate the voltage signal caused by noise phenomena of silcon photomul-
tipliers and a comparison to the signal of traversing muons. Second, simulations
are performed to determine the optimal geometry setup of the AMD for the de-
tection of muons. Finally, the performance of the system of optical fibers used
in the detector for the transport of photons is investigated by studying two
different options of fiber configurations: the singleclad and the multiclad fiber.




2 COSMIC RAYS

2 Cosmic rays

The energy spectrum of cosmic rays declines with higher energy and can be
described as an exponential function of the form F(FE) o E~7. The spectral
index v changes with energy, dividing figure into four parts. The first part,
the lower energy region up to E ~ 5-10'° eV shows a spectral index of v ~ 2.7.
The following region shows a spectral index of v & 3.0 and is confined from the
first part by the knee. At energy levels of E ~ 107 eV their exists a second
knee which introduces a spectral index of v ~ 3.1. Measurements of cosmic rays
with energy levels around E ~ 10'®° eV indicate another change of the spectral
index, which is known as the ankle. Above energies of E ~ 10?° eV there is a
cutoff, at which no particles can be measured anymore (cf. figure .
Numerous explanations for the measured energy spectrum are currently dis-
cussed in literature and multiple different accelerations mechanisms for cosmic
rays are assumed. Suggested origins are supernova shock waves, gamma ray
bursts, active galactic nuclei and black holes [2],[3].
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Figure 2.1: Energy spectrum of cosmic rays, reconstructed from air showers in several
experiments. The spectrum is multiplied with E27 to point out the struc-
ture within the data points. The grey rectangular highlights data from
direct measurements [4].
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The atomic nuclei with energies up to £ ~ 10'° eV can be measured directly by
telescopes in the orbit and their chemical composition are therefore well known.
However, since the flux density of cosmic rays declines with higher energy,the
frequency of ultra high energy cosmic rays (UHECR) penetrating the atmo-
sphere is rather small. UHECRSs are cosmic rays with energies above 10'%eV.
On average, there is a single particle per square kilometer per century and per
steradian for an energy of 102 eV [4]. Even a detector with the dimensions of a
football field covering a hemisphere the solid angle of a hemisphere would detect
only one of these particles every ~ 1.600 years! These conditions combined with
the fact that large statistics are needed for an exact analysis of cosmic rays lead
to the conclusion that any kind of direct measurement is impossible. As a result
the UHECRs have to be detected indirectly by the air showers they cause in the
atmosphere.

As stated above, learning more about the origin of the UHECRs means dealing
with the observation of extensive air showers (EAS). There are three funda-
mental properties of the primary particle, which are of particular interest: the
arrival direction, the energy and the chemical compound. Especially the latter
is very difficult to analyse, since there is no direct access to the primary particle
[5]. In this regard, the next chapter illustrates a possibility to estimate the mass
of the primary particle using the muonic component of extensive air showers.
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3 Extensive air showers

The composition of the primary particle in cosmic rays up to energies of £ =
10 eV is approximately independent from energy. They are composed of ~ 95%
protons, ~ 4.5% helium and ~ 0.5% heavier nuclei [6]. The chemical composi-
tion for the UHECRs is still unknown and an essential part of current research.
If such a particle impacts the upper atmosphere, it interacts with molecules of
the air and creates hundreds to billions of secondary particles, which is referred
to as extensive air shower (EAS).

To examine an EAS more quantitatively, it is necessary to consider that the
density of the atmosphere drops with increasing altitude according to the baro-
metric formula

p(h)=po- e, by =% (3.1)

Pog

where p(h) is the density at the altitude h, py &~ 1.3kgm™> the density on
sea level, po = 1bar the atmospheric pressure, g ~ 9.81 ms~2 the gravitational
acceleration at the Earth and hg a characteristical altitude as defined in equation
(3.1). It is very useful to introduce the atmospheric depth X (h), which is defined
as the integrated density over the altitude from infinity down to h (cf. equation
(3.2)). Thereby, the atmospheric depth is a measure for the passed matter:

X(h) = /h p(R)dh' = pohg - €77 ~ 1020 gem™ e (3.2)

For declined air showers equation (3.2) has to be multiplied by 1/ cos(), recog-
nising the fact that the shower has to pass more air.

The longitudinal development of an air shower can be described with a simple
model, referred to as Heitler model. The cascade is described by a pure electro-
magnetic component. An incoming photon with energy E, produces an electron-
positron-pair while the electrons and positrons can create a bremsstrahlung pho-
ton in turn. The mean free path \ of the particles depends on the density of air
and hence on the altitude due to the changing density, but can be expressed by
a constant step length X, since the atmospheric depth is defined.

In the Heitler model each particle will create exactly two new particles after
passing a distance of Xg,. The number of particles will be N = 2" after n
steps (cf. figure . Another assumption made in this model is that the new
particles equally share half of the energy of the mother particle. Thus, the en-
ergy after n steps is given by £ = Ey/N = FEy/2". This process will continue
until the point where the particles reach the critical energy Ec. At this energy
the ionization effect overcomes the effect of bremsstrahlung, meaning the shower
reaches its maximum and will die out [7]. Solving the equations Eq = Ej/2" ™




3 EXTENSIVE AIR SHOWERS

and X nmax = Mmax * Xstep f0r the shower maximum X .« gives:

E
Xmax = Xstep : 10g2 (E_g) : (33)

In spite of the strong simplifications, the Heitler model results in a rather good
estimation for the shower maximum.

Figure 3.1: Schematic of an electromagnetic cascade in Heitler’s model. A single pho-
ton of the energy FEjy splits up in an electron-proton-pair and starts the
shower. Adapted from [7].

3.1 Components of an EAS

The processes which take place in a hadronic air shower are much more complex.
When a primary particle of the cosmic rays penetrates the upper atmosphere
it will hit a molecule’s nucleus. In this collision various nucleus fragments, like
mesons (m,K,...) and other hadrons (p,n,...), are generated (cf. figure [3.2).
These fragments, building the hadronic component of the EAS, collide with
more air molecules or decay.

The produced neutral pions have a rather short life time (7,0 ~ 8- 10717s)
[8]. This means that approximately 30% of the pions decay in two photons in
the process 10 — v + v (I' = 98.8%, indicates the probability of this decay
mode) [§], since the charged and uncharged pions (7%, 7", 7~) are produced in
equal frequencies [9]. This decay is the leading cause for the development of
the electromagnetic component. A smaller portion of the electromagnetic
component comes from a muon decay u~ — e~ + v, + . Particulary the
electrons and positrons of the electromagnetic component excite molecules like
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nitrogen in the atmosphere. The resulting fluorescence light by the following
deexication can be used to obtain a calorimetric measurement of the shower.
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Figure 3.2: A sketch of some possible interactions which lead to the hadronic, electro-
magnetic and muonic component of an air shower.

As shown in figure [3.3] the number of mesons reachs a maximum at an atmo-
spheric depth of X ~ 500 g cm ™2 and drops rapidly from this point on due to the
decays of the kaons and pions. The kaons decay with a lifetime of 7 ~ 107%s
to muons K* — p* +v (I' = 63.5%) and to pions K* — 7% + 7% (' = 20.7%),
where v indicates the corresponding neutrino. The charged pions decay with a
lifetime of 7, & 3-107%s into muons 7* — = +v (I' = 99.99%) []. In short, the
mesons cause the muonic component of the EAS. Except for the small propor-
tion of the muons which decay to electrons and positrons, the muons reach the
ground in large numbers since they are much less influenced by bremsstrahlung
and multiple scattering due to their higher masses.

Since the fraction of highly boosted muons decaying during the time of flight is
small, the number of muons becomes constant when the meson fraction drops
(cf. Fig. At this plateau, the muon fraction reachs a value of approximately
10%. Since the muons are produced in mesonic decays, their total number is an
indicator for the total number of hadronic interactions which, in turn, depends
on the number of hadrons in the primary particle. This fact makes the prop-
erties of the muonic component sensitive to the mass of the primary particle
[10].
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Figure 3.3: The typical longitudinal profile of an EAS with a particle energy of Fy =
10'®eV. Presented is the total number of particles as a function of the
atmospheric depth. Adapted from [I1].

3.2 Atmospheric production depth of muons

As recent surveys show, especially the muon production depth (MPD) contain
information about the nature of the primary particle [5]. The arrival time of
muons on the ground allows inferences to their production height z, assuming
some approximations: the muons are produced along the shower axis and are
travelling straight-lined with the speed of light. The muon reachs the ground
at a position

,\¥
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Figure 3.4: Reconstructed production height z of muons in air showers. The trajectory
of the muon is assumed as a straight line, such that the travelled distance
[ can be calculated geometrically. Taken from [5].
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which is defined by the radius r from the impact point and the azimuth angle ¢
(cf. figure after a travelled distance of

=2+ (z—Ar(0)2=c-t, . (3.4)

A is thereby the distance from the ground impact point to the shower plane
as can be seen in figure [3.4. Unfortunately, the delay of the muons is not
solely determined by the different geometrical distances, but is also caused by a
kinematic delay t. which originates from inelastic collisions with atomic electrons
[5]. Therefore, the measured time is ¢ = ¢, + t.. Furthermore, the production
point of muons is not exactly on the shower axis, caused by the additional length
(zr) which the pion travels before the decay. These effects leads to a modification
of the mapping between the arrival times and the production height:

1 r?

~ = —— —c(t — (t. Alr,(,0) — (zz) . 3.5
25 (s —clt = @) + A0 (2 (3.5)
The corresponding atmospheric depth X* of the muons can be calculated with
equation (3.2). A distribution of the average MPD (X£ ) for different events
with protons and iron nuclei as primary particles can be seen in figure [3.5|
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Figure 3.5: A distribution of the muon production depth (MPD) for protons and iron
nuclei based on air shower simulations with an energy of 30 EeV and
with zenith angles between 55° and 65° including the hadronic interac-
tion model. The mean and the variance of the distributions show a clear
dependence on the mass of the primary particle. Taken from [5].
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It is based on simulated showers with energy £ = 30EeV and incidence an-
gles between © = 55° and © = 65°. The chosen hadronic interaction model
is EPOS-LHC and the MPD is reconstructed according to equation (3.4). The
distribution of the MPD varies as a function of the mass number of the primary
particle. The mean as well as the variance of the distibution declines with heav-
ier elements [5]. Thus, the measurement of muons will be an important element
for ground based detector fields because they are a good indicator towards the
identify of the primary particle.
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4 The Pierre Auger Observatory

The Pierre Auger Observatory is located in the Pampa Amarilla, Argentina,
near the city Malargiie. The observatory, which is the largest of its kind is
studying ultra high energy cosmic rays by the extensive air showers produced
by them in the atmosphere.

The selection of the location is anything but coincidence. Several conditions
make this Pampa an ideal location: the place is situated 1400 m above sea level
according to an atmospheric depth of X, = 875 g cm™~2, whereby the distance to
the shower maximum is reduced. This is necessary in order for the fluorescence
light yield to be as high as possible. A further advantage is the natural pro-
tection against cloudy weather provided by the Andes. The landform is rather
flat, which is necessary to reconstruct the incidence angle of the shower as good
as possible.

The observatory combines two independent methods of detection into one hybrid-
detector. This allows an improvement of the energy and angular resolution and
therefore a more accurate measurement of the shower.

4.1 Surface detector

The surface detector (SD) is the main part of the Pierre Auger Observatory and
is composed of over 1600 tanks, filled with 12m? pure water. They are placed
in a hexagonal array with a distance of 1.5km each, covering a total area of
3000 km?.
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Figure 4.1: (a) Map of the Pierre Auger Observatory. The red dots represent the
1600 SD stations. The opening angles of the 24 fluorescence telescopes
are shown by green lines. [9] (b) Closeup view of a water Cherenkov SD

tank [12].
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The tanks are fully lightproof. Thus, having a light pulse inside the tank means a
traversing charged particle which speed is faster than the speed of light in water.
This Cherenkov light will be detected by three photomultiplier tubes watching
the water from inside the tank. The shower front of an EAS will generate light
in several tanks within a very short period of time. The information is send via
cell phone technology to the main station. Up to 30 stations can be triggered
by an extensive air shower of 10' eV under ideal conditions [13].

To calculate the incidence angle of the shower front, the mean arrival times
of the traversing particles are measured. Assuming a particular shape of the
shower front (the simplest is a plane), one can use the mean arrival times of each
triggered SD tank to derive the incidence angle by a geometrical calculation. In
a real air shower event this leads to an angular resolution of 1.1° or better [13].

4.2 Fluorescence detector

The SD is supplemented by the fluorescence detector (FD). It is comprised of 4
stations, the ’eyes’, which are surrounding the surface detector area and over-
seeing the atmosphere above this area. Each eye consists of six fluorescence
telescopes where a camera built out of photomultiplier tubes detects the fluo-
rescence light generated by the electromagnetic component of the shower. The
incoming light is focused by a spherical mirror with a diameter of 3.6 m onto
the sensitive area of the camera [14]. Except for a shutter, the whole aperture is
built in a housing to minimize interfering light from the surrounding. In addi-
tion, the housing provides a temperature control and a protection against dust.
Each eye covers a wide field of view of 30° in azimuth and 28.1° in elevation
direction [I5]. A schematic view of the FD is given in figure [£.2]

Since a single ionizing particle can produce up to ~ 5 fluorescence photons
per m, the 440 camera pixels in the fluorescence telescopes afford a mapping of
the shower core. The FD therefore allows to track the longitudinal development
of the shower. Through a linear regression of this trace the shower detector
plane (SDP) is fixed (cf. figure [4.3). While the charged particles moves along
the shower core, the fluorescence light is produced at different times. Therefore,
the angle xo and the perpendicular distance R, is fixed by measuring the dif-
ferent arrival times of the incoming fluorescence light as indicated in figure (4.3
The energy can also be estimated with the help of the FD measuring the en-
ergy which is deposited into fluorescence light. This allows an energy resolution
with a systematic uncertainty of 14% [5]. The ability to measure the energy
can be gradually adapted by the surface detector using hybrid events, since the
reconstructed signal in a distance of 1000 m from the shower core shows a de-
pendency on the energy. This adaption significantly improves the uncertainties
of the energy measurement for the SD [16].

11



4 THE PIERRE AUGER OBSERVATORY

A big challenge concerning the FD is the very limited duty cycle: due to the
requirement good weather and absolute darkness in the night for FD measure-
ments, as the fluorescence light is very faint, the overall duty cycle of the FD is
only around 10% compared to the 100% duty cylce of the SD [13].
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Figure 4.2: Schematic of one telescope of the fluorescence detector. The incoming light
is focused by the spherical mirror and is detected by the photomultiplier
tubes (PMT) at the camera. To minimize light from the surrounding, the
whole relescope is encircled by a steel construction. Adapted from [13].

12
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Staton D /}

Figure 4.3: Reconstruction of the showers incidence angle xo. R, is the perpendicular
distance between the detector and the shower core, Reye the distance
between the detector and the ground position of the shower core and gpp
the angle between the shower detector plane and the ground plane. The
red arrow represents early produced fluorescence light and the blue arrow
fluorescence light produced during the shower development after the time

At [17].

4.3 Auger update program 2015

Recently, the Pierre Auger Collabaration decided to update the Pierre Auger
Observatory for several reasons. Two of their objectives for this upcoming
update program are formulated as the followings [18]:

e “clucidate the origin of the flux suppression at the highest energies”

e "measure the composition of UHECRs up to highest energies, with suffi-
cient resolution to detect a 10% proton component”

For this purpose, different proposals of muon detectors compete for the sup-
plement of the SD. Some of them share the electronics of the SD-tank. The
proposals are either placed below or above the tank or below the surface of
the Earth in a distance to the SD-tank [19],]20]. The Aachen Muon Detector
(AMD) is a proposal for a detector which is placed below the SD tank and is
based on silicon photomultiplier (SiPM) detection.

13
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5 Aachen Muon Detector

The Aachen Muon Detector (AMD) is a proposal for the update program of the
Pierre Auger Observatory and is developed at the RWTH Aachen University at
the III. Physikalisches Institut A. The AMD is planned to be installed directly
below the SD tank. This provide some advantages: the water tank is used as
a shielding against the electromagnetic particles of the air shower which are
the main background for the AMD. The power supply for the electronics can
be shared with the SD tank. In addition, the trigger system of AMD can be
improved by the data of the SD and a direct comparison of both responses is
possible. Since the AMD is a silicon photomultiplier (SiPM) based detector, the
next chapter provides a short overview about the basic characteristics of SiPMs.

5.1 Silicon photomultipliers

SiPMs are a relatively young technology and promising devices for the detection
of light. It is a semiconductor component (cf. Fig. [5.1[a)) composed of an array
of avalanche photodiodes (APDs). A single SiPM is very compact and has a
sensitive area of few mm?, featuring the substructure of the APDs (cf. Fig.

5.1((b)).

(a) (P"'"’ anode (b)

electrons
holes

cathode k

Figure 5.1: (a) Schematic structure of a single photodiode with the different layers of
the semiconductor. Adapted from [21I]. (b) Photograph of a SiPM chip
with an area of 1 mm? and 100 APDs. The space between the photodiodes
is not sensitive [22].

They have several advantages over conventional, commonly used photomultiplier
tubes (PMTs) like their small size, their immunity to powerful magnetic fields
and the promising high photon detection efficiency shown by several SiPM pro-
totypes. Furthermore, SiPMs do not need such high voltages as PMTs, SiPMs
are operated with a moderate voltage of 30-150 V compared to ~ kV for PMTs.

14
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The SiPMs are operated as the following: In the p-n-junctions a depletion zone
is formed by applying a reverse bias voltage Vj;.s to the SiPM. If an incoming
photon hits the depletion zone of one cell, it can creates an electron-hole pair.
The charged carriers are accelerated in the pn-junction of the semiconductor
and create new electron-hole pairs. This causes an avalanche of charge carriers
as the APDs in the SiPM are operated in Geiger-mode. Therefore, there is a
maximal amplification and the output signal is equally high, one photon equiv-
alent (p.e.), for each detected photon. As the APDs of the SiPM are operated
in Geiger-mode, the avalanche would be self-sustaining and the APD would
be damaged thermally. Thus, one quenching resistor has to be connected in
serial to each APD of the SiPM. This additional resistor stops the process as
the increasing current during the avalanche causes an increasing voltage at the
resistor. Thereby, the voltage at the APD decreases until the APD reaches its
initial state.

A disadvantage of an SiPM is the strong dependency of the operating tem-
perature, which is very well studied in the meantime.

However, there are some false signals due to noise phenomena. The ther-
mal noise is omnipresent with a mean noise rate of f;, ~ 100kHzmm™2. It
results from the thermal production of electron-hole pairs, which can lead to
an avalanche. Another noise effect is the optical cross-talk, whereby the photon
also recombines with a neighbouring cell so that an additional electron-hole pair
is created. The third important phenomenon is the after pulse, where electrons
of the previous avalanche, captured by imperfections in the silicon lattice, can
cause a new avalanche while they are released again.

These correlated noise effects can be studied in detail by dark count measure-
ments. Therefore, the SiPM has to be operated in total darkness. The resulting
number of cell breakdowns refers then to the dark noise of the SiPM [15].

5.2 Baseline design

A construction of 12 steel I-beams and two 5mm thick steel plates compose
the housing of AMD. The total dimensions of this support structure is approx-
imately 4m x 3.6m x 10cm. The space between the steel I-Beams provides
shelves for eight trays with a length of 3.6 m each. The trays in turn, provide
8 shelves for the scintillating tiles, so that there are 64 tiles in total (cf. figure
5.2). The whole setup is highly modular and rarely needs maintenance, since
the components are very robust and there are no consumables. In contrast to
the fluorescence detector, the AMD is able to work permanently at all times
and all weather conditions leading to a 100% duty cycle.

Each tile is readout through an SiPM sitting on one side of the tray, so that
there are in total 64 SiPMs. A traversing particle produces light in the scintil-
lating tiles which is led to the SiPMs through a system of two optical fibers per

15
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tile.

Figure 5.2: Setup of the AMD. The SD tank is placed on a steel support structure,
containing 8 trays with 8 scintillating tiles each.

5.2.1 Scintillating tiles

The purpose of the scintillating tile shall be the production of photons, if a
charged particle is crossing its BC-408 scintillator material. The produced pho-
tons are emitted isotropic and have a mean wavelength of A = 430nm in the
case of BC-408 scintillator [23]. The selection of the pitch size d for the scintil-
lating tile is still not decided for the AMD. First of all, the size is limited by the
demand of the steel support, since they have to fit into the shelves between the
I-beams. For the case of 8 shelves between the I-beams, the maximum tile-size
is limited to 360 mm. In principle, there is no lower limit for the tile-size, but
there improves when increasing the tile-size d:

d
Oy = — 5.1
i (5.1)
For the subsequent simulations tile-sizes between 260 mm and 360 mm will be
analysed, to find the size with the best performance for the triggering of muons.

16
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5.2.2 Optical fibers

To transport the produced light in the scintillating tile to the SiPM readout
there is a system of two optical fibers.

In the scintillating material of the tiles a groove is milled to house a curved
wavelength shifting fiber (WLS) of 1 mm diameter, the 'sigma fiber’, which has
its name due to its shape (cf. figure . The WLS is glued into the groove
with a glue whose refractive index should be similar to the refractive index of
the scintillating tile to minimize surface effects. The side of the fiber ending
in the scintillating tile is mirrored to minimize photon losses. There are two
parameters which characterise the course of the sigma fiber within the tile. The
padding p describes the distance of the sigma fiber to the edge of the tile and the
radius 7 describes the curved radius of the fiber (cf. figure . The sigma fiber
and the tile together are surrounded by a thin aluminium foil, which makes the
tiles extra tight against light in addition to the surrounding steel construction.
Also, the aluminium foil reflects the produced light in the tile back into the
scintillating material to increase the chance that the light enters the WLS fiber.

tile-
size

Figure 5.3: The sigma fiber lays inside a groove, which is milled in the scintillating
tile. The tile-size d refers to the pitch size of the tile, the fiber padding
p to the the distance between the straight pieces of the sigma fiber and
the edge of the tile and the fiber-radius r to the curved radius of the
sigma-fiber. Adapted from [24].
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The sigma fiber is connected with a straight optical fiber (waveguide), which
transports the light to the end of the tray in a distance of 0.3 m - 2.9 m accord-
ing to the tile position on the tray. At the end, each waveguide ends on the
sensitive area of a 1 x 1 mm? SiPM. 32 Hamamatsu SiPMs on four trays share
one EASTROC (Extended Analogue SI-pm ReadOut Chip) electronic board for
the readout.

At present, there are two discussed options regarding the optical fibers: The
BCF-92 (sigma fiber) and BCF-98 (waveguide) singleclad fiber, which are made
of an cylindric polystyrene-based core with a refractive index of n.,.. = 1.60 and
an acrylic cladding with a refractive index of ngeq1 = 1.49. The alternative is a
BCF-92 and BCF-98 multiclad fiber with an additional cladding of fluor-acryl
with a refractive index of nyaq2 = 1.42 [25].

5.2.3 EASIROC

The signal of the SiPMs is analysed by the EASIROC, standing for Extended
Analogue SI-pm ReadOut Chip. The EASIROC is a low power front end chip
which is dedicated to readout SiPM detectors.

The EASIROC board as used in the AMD is shown in figure The field-
programmable gate array (FPGA) is a programmable logic chip that is used for
the steering of the EASIROC. It contains the trigger logic for air shower events
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Figure 5.4: The EASIROC board as it will be used for the AMD. The FPGA is an
integrated circuit and contains the trigger logic for the EASIROC. The
EASIROC transforms the voltage trace of the SiPMs in an extended signal
to decide if a trigger occured.
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and buffers and relay data digitized by the EASIROC to the measurement com-
puter.The EASTROC itself receives the voltage trace of the SiPMs. This volt-
age trace consists of very short pulses which have to be streched for evaluation,
which is done by the slowshaper and the fastshaper. The discriminator in the
EASTROC receives the shaped sigal (15ns reaching time) of the fastshaper and
the threshold which is set by an integrated 10-bit DAC and thus decides if a
voltage signal is interpreted as trigger.

2 Jj‘ Suﬁr n“ I lef

Voltage Trace Shaped Voltage Trace EASIROC

Figure 5.5: Schematic of the data processing. The voltage trace of the SiPM is
streched by the slowshaper in the EASTROC and afterward analysed from
the trigger system in the EASTROC.

Therefore, the fastshaper is of particular interest for this thesis, because it gen-
erates the pulse form for the trigger system and will be used in the following
analysis to calculate the trigger efficiency and the dark noise rejection. Unfortu-
nately, there is no possibility to measure this signal directly for the EASIROC,
which is why the subsequent analysis is based on the time compressed pulseform
of the slowshaper (cf. figure . The pulse form of both shapers are hopefully
similar except for the pulse length.
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5.3 Detection of charged particles

The plastic scintillator of the tiles is of the type BC-408 with a refractive index of
n = 1.58. If an incoming charged particle, like a muon, traverses the scintillator
it will excite the atoms of the scintillator. When the atoms move back to their
ground state, they emit light. The total deposition of energy in the scintillator
is subjected to statistical fluctuations. The distribution is very well described
by a landau distribution [26]. In a first approximation the number of photons
which reach the SiPM is also described by a landau function as can be seen in
figure [6.12]

Y M

/ N

~ \
Optical fiber Scintillating tile

-

Figure 5.6: Sketch of the functional principle of a scintillating tile (blue) combined
with the ’sigma fiber’ (red). A single incoming muon (green) produces
scintillating light (yellow) in the tile. The photons are reflected by the
inner boundary of the scintillating tile as long as the incidence angle is
high enough. The more reflections the higher the possibility for the photon
to leave.

When a photon hits the inner boundary, it depends on the incidence angle
wether the photon will be reflected or leave the tile. If the incidence angle (in
relation to perpendicular) is less than ©¢ = arcsin(1/1.58) ~ 39°, the photon
will leave the tile. To get transported to the SiPM, the photons have to enter
the sigma fiber first (cf. figure . This means that they have to hit the WLS
fiber at an incidence angle bigger than ©¢ = arcsin(ngqq/1.58). A comparison
between the refractive indices of the claddings points out that the probability of
entering the fiber is smaller for the multiclad fiber. However, if the photons are
inside the fiber it is more difficult for them to leave again. The fiber which show
the best overall performance should be examined in the following simulations.
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5.4 Implementation in Geant4

The simulations in this work are conducted using the Software 'GEANT 4’ [27],
a toolkit for the simulation of silicon photomultipliers [28] and mean values from
simulations with '"CORSIKA’ [29]. The transfer of the setup, as described above
in the Geant4 system can be seen in figure

The simulations are conducted for the SiPM-model "Hamamatsu S12651-050’
with a total area of 1 x 1 mm? consisting of an array of 400 photodiodes.
This new SiPM-model has a reduced cross-talk probability in comparison to
the model which had been installed in the AMD protoptype when the new
model was not available yet [30]. The powerful toolkit already contains all noise
phenomena as described above and transforms them together with the signal
into a voltage trace. This voltage trace is shaped according to the EASIROC
'fastshaper’ to read out the data. In this simulations the shaper is based on
measurements [31] from the EASIROC output signal.

Figure 5.7: Screenshot of the AMD setup in Geant4. The water tank (yellow) shown
is for illustration only and has no influence on the simulations. Shown
are the 64 scintillating tiles (red), the sigma fiber (green), the waveguides
(blue) and the steel support (grey). The SiPMs are sitting on the front
ends of the waveguides.
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6 Performance simulations for AMD

The results presented in this chapter are based on simulations with Geant4
as described above and single incoming particles, which are adapted to the
properties of particles in a real air shower. The denoted energy intervals £ =
[1071,1072] MeV in the simulations refer to an uniform distribution of the expo-
nents in the interval [y, v2]. The angle intervals refers to a uniform distribution
over the solid angle. For the optical fiber the multiclad fiber is used, which will
be compared with the results of the singleclad fiber in section 6.8.

The main aim of theses simulations is to optimise the AMD to an optimal
measurement of muons. A simple trigger is suggested which should maximise
the efficiency for the triggering of muons on the one hand and minimise the
noise level on the other hand. In a next step, this thesis figures out an opti-
mised configuration of the geometry regarding the size of the scintillating tiles
and the shape of the ’sigma fiber’ (cf. figure . This optimised configuration
is also characterised by the best possible efficiency for triggering an incoming
muon. To estimate the influence of the dark noise of SiPMs on the signal by
incoming muons, the next section presents the dark noise rejection of SiPMs.

6.1 Dark noise rejection

The relatively high noise rate is still a reason for critics to refuse the applica-
tion of silicon photomultipliers. Therefore, this chapter estimates the number of
events which are triggered by dark noise of the SiPM, using a toolkit for SiPM
noise [28]. These results will be compared to the number of events triggered by
muons later on in section 6.4. Therefore, a very simple criterion for the trigger
is assumed: if the voltage trace after the EASIROC fastshaper exceeds a fixed
voltage Utynres, an event is interpreted as triggered. In this context, the trigger
threshold Uyy.es should be high enough that the dark noise is not able to exceed
it. Otherwise, a trigger by a dark noise event would be interpreted as a travers-
ing particle. To find this minimal threshold value, the dark noise rejection will
be evaluated:

Since the front of air showers traverses a single station of AMD in the time inter-
val of At ~ 10 us, the noise is simulated for this time window as well, as it can
be seen in figure [6.1 This exemplary figure plots two 'normal’ cell breakdowns
by thermal noise and one event of two simultaneous breakdowns caused by the
effect of cross-talk (cf. chapter 5.1). In this thesis the dark noise rejection will
be defined as following;:

€ noise = NAt(UAt < Uthres) ‘ (61)
Ntot
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Nat(Uat < Utnres) is the part of noise simulations where the voltage of the
shaped signal is smaller than the threshold voltage Ujyes Over the whole time
windows At and Ny is the total number of noise events. The simulations pro-
vide the voltage trace of the SiPM which has a very short temporal extension.
It is possible to use only the maximal value of this voltage trace instead of the
shaped voltage trace. However, this would disregard the overlap of two noise
events which occure in a very short period of time, as it is the case for ’after
pulsing’ (cf. chapter 5.1). In this case, the amplitudes of the shaped signal by
the EASTIROC would add up to a higher value and could reach the next thresh-
old voltage.
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Figure 6.1: Simulated dark noise events of a Hamamatsu silicon photomultiplier of
model S12651-050. The digis show chronologically the signals of cell break-
downs by thermal noise, optical cross-talk and after pulsing. The middle
figure is the simulated resulting voltage trace of the SIPM and the figure
on the bottom the signal from the EASIROC fastshaper.

The pulse form after the EASIROC fast shaper is calculated by a convolution
of the SiPM voltage trace with the measured slow shaper response for a short
input signal (cf. figure in consideration of the shorter extension of the fast
shaper signal. This calculation is only a first approximation, since the pulse
form of the slow shaper and the fast shaper may differ.
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Figure 6.2: Measurements of the voltage signal of the EASIROC slow shaper for dif-
ferent peaking times. Taken from [31].

Since the shaper models the incoming signal according to its pulse form, the
information about the voltage is only known up to a constant factor. To make
use of this shaped signal, a calibration with the photon equivalents of the input
signal has to be done. For this purpose, only isolated digis with a time difference
to their neighbour peaks larger than 500 ns are considered. A linear relationship
between these quantities is assumed:

Ushaped =M Npe. +b ) (62)

where 1y, is the number of photo equivalents and Ugpapea the corresponding
maximum voltage of the shaped signal. The linear regression for the mapping
between photo equivalents and the amplitude of the shaped signal in arbitrary
units is shown in figure[6.3] The uncertainties result are the result of the sample
variance.
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Figure 6.3: Calibration curve for the mapping between photo equivalents and the
corresponding voltage from the shaped signal. As expected, the linear
mapping fit to the data points as can be seen from the x?/ndf.

24



6 PERFORMANCE SIMULATIONS FOR AMD

With the parameters of the linear regression m = (132.9 & 0.4) a.u. p.e.”* and
b= (1.0+0.6) a.u. the axis of the shaped voltage trace can be transformed into
photo equivalents.

The sample contains 640000 noise simulations each over a 10 us time interval
corresponding to a total simulated time of 6.4s. A histogram of the maximal
voltage values of the shaped signal from the EASIROC fast shaper within a time
interval of 10 s can be seen in figure[6.4, The peaks correspond to the maximal
voltages for the different photon equivalents. The bin value was increased by
one entry for representation in the logarithm plot.

The number of noise simulation which exceed a voltage of 3 photon equivalents
is rather small. In these simulations there were only 862 of 640000 events with
4p.e. or higher (cf. figure . A histogram with a bin-width of 1p.e. can
be seen in figure [6.5] To estimate the maximal voltage value which can be
exceeded by pure dark noise, a linear fit to the datapoints in figure[6.5{were done.
The intersection of the line with the x-axis is interpreted as the maximal dark
noise amplitude which occures for this sample size. This estimation provides a
maximal threshold value of (5.93 & 0.03) p.e. for these simulations (cf. figure

63).
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Figure 6.4: Decadic logarithm display of the histogram about the maximal voltage
values of the EASTROC fast shaper signal within the time interval of 10 us.
The peaks correspond to the voltages for the different photon equivalents.
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Since the statistic is limited to a samplesize of Nggmpe = 640000, the probability
for a dark noise event which lead to more than 5.93 p.e. in a time interval of
10 ps is approximately

— ~15-107 6.3
P = 640000 (6.3)

Thus, the probability to get a trigger by a dark noise event in the 10 us time
interval is negligibly small, assuming a simple trigger logic with a threshold
value of 10 p.e.
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Figure 6.5: Decadic logarithm display of the histogram in 1 photon euivalent binning
about the maximal voltage values of the EASIROC fast shaper signal with
a time interval of 10 us. A linear regression on the maxima provides an
estimate for the maximal reached photon equivalents.

The dark noise rejection can be now determined as a function of the threshold
value in photon equivalents. Thereby, threshold values of

Nihres = k + 0.5 ke No (64)

are investigated. The achieved dark noise rejection can be seen in figure [6.6
Already at a threshold of nu..s = 3.5 p.e. the dark noise rejection has increased
almost to 100%. This means that there is almost not a single noise event, which
leads to a false trigger. The number of photons, which hit the SiPM due to
a traversing muon, is much higher (around N, = 30 simultaneously arriving
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photons) as will be shown in the further analysis. Therefore the high noise rate
of SiPMs will not cause any problem in the case of AMD considering a time
period of 10 us.
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Figure 6.6: Dark noise rejection as a function of the threshold in photon equivalents.
The rejection has already increased to over 99.9% at a threshold of 3.5 p.e..

6.2 Energy of muons in EAS from CORSIKA simulations

An essential part of this thesis is the determination of an optimised configuration
regarding the geometry of the sigma fiber and the tile-size. This configuration
is identified with single incoming particles which should have similar properties
like the particles in a real EAS at the ground.

Therefore, this chapter provides an analysis of simulated showers from COR-
SIKA in order to adapt the simulated particles to the particles in a real extensive
air shower (EAS). For this, 100 simulated EAS for a primary particle energy of
108 eV, 101%%eV, 10 eV, 1099 eV, 10?°eV and 10%°? eV each with incidence
angles of © = 0°,20°,40° and 60° respectively, were evaluated. Since many,
especially low energy, particles get absorbed in the SD water tank before they
can hit the AMD, these simulations already include the water tank.

Figure [6.7| shows an exemplary distribution of the energy for muons leaving the
water tank. Due to the shielding of the tank, ~ 99.3% of the muons show energy
levels of more than 10 MeV, since particles beyond an energy of the MIP energy
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strongly loose energy. The simulations include the hadronic interaction model.
For all combinations of shower energy and incidence angle, the percentage of
muons with an energy above 10 MeV is between 98% and 100%. For this pur-
pose, the energy range between 10 MeV and 10° MeV for the simulated muons
has been chosen.

35001 Energy distrubution of muons in cosmic air-showers 1
Energy of primary particle: 102V
Incidence angle: 0°

Fraction: 99.3/100 |

Data from 100 simulated showers

3000

400 600 1000
muonenergy / MeV

Figure 6.7: Energy distribution of muons of vertical EASs below the SD tank for a pri-
mary particle energy of 102 eV. The red line marks an energy of 10 MeV.
Approximately 99.3% of the muons have an energy above 10 MeV. 100
simulated air showers including the hadronic interaction model were used.

6.3 Photon yield

To optimise the efficiency for the trigger of muons, the trigger threshold Uy,
has to be fixed first. This threshold should be as small, that the signal of
nearly all traversing particles will be triggered. However, the threshold has to
be at least Nnes = 3.5 p.€. to reject the signal caused by dark noise. Therefore,
in this section the expected number of photons by traversing particles is studied.

The photon yield N, is the number of simultaneous detected photons on the
SiPM caused by a single traversing particle. As seen in figure the distri-
bution of the photon yield follows a Landau distribution, since the energy loss
of charged particles while crossing matter following to the Bethe-Bloch formula.
The most probable value (MPV) of this distribution can be considered as an
indicator for the efficiency, since the efficiency includes the proportion of the
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photon yield with values over the threshold value. However, the efficiency is
also influenced by the width of the distribution.

The following results are based on several simulations. There is a set of 20000
muons and antimuons with energies between 1071% MeV - 10> MeV and in-
cidence angles between 0° - 90° (cf. figure . A second set of 20000 muons
and antimuons are simulated with energies between 10 MeV - 10° MeV and
incidence angles between 0° - 10° (cf. figure [6.9). Moreover, there are sets of
20000 electrons and positrons with energies between 107! MeV - 10° MeV (cf.
figure [6.10) and 10000 protons with energies between 10~ MeV - 10° MeV (cf.
figure |6.11)), both with incidence angles between 0° - 90°. The simulations of
the electrons and protons are done to estimate the signal which is caused by
this undesired components of an EAS.

For nearly vertical muons, there are sets for each tile-size and each fiber config-
uration.

Figure shows the distribution of the photon yield averaged over all incidence
angles. Conspicuous is the significant deviation from the landau distribution
for small numbers of produced photons. This effect results from very inclined
muons, which interact with the steel support. In this case not the muon tra-
verses a scintillating tile but several secondary particles. This can cause up to
10 simultaneous photon hits on the SiPM per secondary particle. This effect is
significantly reduced as shown in figure as the incoming muons have smaller
incidence angles. Furthermore, the most probable value (MPV) decreases with
lower incidence angle, due to the shorter path length which the muons travel
in the scintillating tile. Since figure contains an average over all incidence
angles, the width of the distribution in is also smaller.

As the incoming electrons, positrons and protons of the air shower are unde-
sired, the triggered signals for these components should be as small as possible.
Figure [6.10| shows the distribution of the photon yield for incoming electrons
and positrons and in figure for protons. Since the interactions with the
steel support is more often for electrons, the peak at N, < 10 is much higher
and should be cutted by the trigger. However, there remains an essential part
of ~ 3900/19702 ~ 20% of the electrons which cause a number of photons
larger than 10p.e. (cf. [6.10). For the protons there is no visible Landau dis-
tribution any more, due to the strong absorbtion in the steel plate, leading to
less protons reaching the scintillating tile. However, there is a small proportion
of secondary particles which cause the peak at N, < 10. Using a threshold
of Nipres = 10.5p.e., the proportion of triggered protons is fortunately small
~ 270/9938 ~ 2.7%.

In order to prevent a trigger caused by a secondary particle it is necessary to
ensure that the threshold is at least Nyy.es = 10.5p.e.. This affects the trigger
efficiency of a real traversing muon only rarely, since the Landau distribution of

muons is negligibly small in this region (cf. figures [6.9]6.15).
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Figure 6.8: Histogram of photons detected by the SiPMs for a tile-size of d = 300 mm
and incoming muons and antimuons for all incidence angles.
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Figure 6.9: Histogram of photons detected by the SiPMs for a tile-size of d = 300 mm
and incoming muons and antimuons for incidence angles smaller than 10°.
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Figure 6.10: Histogram of photons detected by the SiPMs for a tile-size of d = 300 mm
and incoming electrons and positrons for all incidence angles.
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Figure 6.11: Histogram of photons detected by the SiPMs for a tile-size of d = 300 mm
and incoming protons for all incidence angles.
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6.3.1 Landau fit

To calculate the MPV as an indicator for the trigger efficiency for a traversing
particle a Landau distribution have to be fit to the photon yield (cf. Fig[6.12).
Therefor, the sample of almost vertical (cf. figure incoming muons, will be
considered. For this case, the uncertainties of the MPV will decrease for the
reason of a more distinct maximum. This is due to equal traveled distances in
the scintillating tile as pointed out above.

1400 Landau-fit of SiPM-Photons at incoming muon 1
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Figure 6.12: Landau fit to the distribution of photons detected by the SiPM after
a muon crossed a scintillating tile. This distribution is shown in figure
except for the bins smaller than 10 p.e.. The relatively high x?/ndf
represents the fact that the distribution is not described by a pure Landau
distribution, since there are Gaussian processes regarding the production
of photons and the transmission into the WLS fiber.

Since the peak for N, < 10 contains mostly events of secondary particles and
not the number of emitted photons, while the crossing of a muon, the fit does
not consider values for N, < 10. As can be seen in figure [6.12] the model of
a pure Landau distribution does not optimally fit the data points. This is also
represented by a high x?/ndf. The landau distribution describes the energy de-
position in the scintillating tile, which is not identical with the photons reaching
the SiPM, since the transformation of the energy into photons, the transmis-
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sion of the photons into the sigma fiber and the photon losses in the waveguide
also play an important role. However, the fit of a landau distribution convolved
with a Gaussian distribution would not improve the situation, since there are
too many unknown components.

Another reason for the systematically too high x?/ndf is that the distribution

in figure is an average over many different tile positions. The next chapter
shows the Landau fit seperated by different length of waveguides.

6.3.2 Dependence on the length of the waveguide
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Figure 6.13: Landau fit for different tile positions and therefore different waveguide
length for muons with incidence angles below 20°. The MPV shows a
clear dependence on the waveguide length [ due to the higher photon loss
rate, during the transport.
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The scintillating tiles have different distances to the SiPMs depending on their
positions. A higher distance means a longer waveguide and therefore a higher
probability for photon losses in the waveguide. This will influence the MPV of
the Landau distribution as can be seen in figure [6.13]

Whereas the MPV for a waveguide length of [ = 0.3m is still 40.7p.e., the
MPYV drops to 30p.e. at a length of [ = 2.6 m. This effect could affect the
trigger efficiency of a tile on the far side of the SiPM in comparison to a tile
next to the SiPM, for the case of a small mean MPV.

On average the MPV of the Landau fit to the combined distribution (cf. figure
represents the performance of the different configurations very well, since
this thesis should figure out an optimised configuration for the whole AMD.
Therefore, the subsequent definition of the MPV refers to the fit of the combined
distributions. This value is very close to the mean of all MPVs of the different
wavelength in figure |6.13

6.4 Optimal threshold for the triggering of muons

To calculate the efficiency for detecting single incoming muons, an optimal
threshold value has to be determined. Analogously to the approach to cal-
culate the dark noise rejection, this section will show the trigger efficiency as
a function of the threshold value in photon equivalents. Therefor, the set of
vertical incoming muons with an incidence angle below 10° is used.

Figure |6.14] shows the chronological signal by photon hits and noise phenom-
ena with a binning of 100ns. The peak at ¢ &~ 0Ons results from the photons,
which are produced through the traversing muon and correlated noise. There
are two additional signals which are comparatively small and caused by thermal
noise. To calculate the efficiency as a function of the threshold, the efficiency is
scanned in the same threshold steps like the dark noise rejection:

Nipwes =k +05  keN; . (6.5)

The trigger efficiency as shown in figure [6.15] is the share of events, where the
shaped voltage trace is higher than the threshold value in all events. An optimal
threshold value would be characterised by an exeeding from all voltage traces of
muon signals but at once the threshold value should not be gained by any dark
noise event.
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Figure 6.14: Simulated muon events including noise of the Hamamatsu silicon pho-
tomultiplier. The digis show the chronological signal of cell breakdowns
by hits and noise phenomena. The middle figure is the resulting volt-
age trace and the figure on the bottom the signal from the EASIROC
fastshaper.

To determine the optimal threshold value, one could imagine to take the inter-
section of this curve and the dark noise rejection. For this case, both the trigger
efficiency and the dark noise rejection are fortunately high, about 99.5%. How-
ever, this would lead to a threshold from 2.5 p.e. and in turn lead to many trigger
events, caused by secondary particles. For this reason, the threshold should be
at least Nyes = 10.5p.e. as discussed in chapter 6.3. The trigger efficiency
would be still sufficient high, 98.7% for the tile-size of 300 mm.
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Figure 6.15: Trigger efficiency (blue) and dark noise rejection (red) as a function of

the trigger threshold for a tile-size of d = 300 mm. The optimal threshold

should have a dark noise rejection about 99.99%, but at least 10.5p.e..

At the same time the trigger efficiency should not have dropped below
95%.

6.5 Trigger efficiency

This section accurately define how the efficiency will be calculated for the fol-
lowing optimisation studies. This work distinguishes between two effiencies, the
efficiency of a single tile on the one hand and the efficiency of the complete
AMD on the other hand. The particles are simulated uniformally distributed in
the x-y plane on the upper side of the steel support plate.

The selection of the simulated muons, which are taken for the determination
of the efficiency of a single tile ¢, is presented in figure [6.16] Only the
muons which can hit a scintillating tile for geometrical reasons are considered,
leading to the number of muons N.. The muons are generated at a distance
d = 72.6 mm above the scintillating tiles according to the position of the steel
support plate (cf. . Therefore, a muon with incidence angle 6 can travel
a distance r = d - tan(f) in the x-y-plane. If the x- or y-coordinate of the
start point of a muon differs more than d /2 — r from the closest center of a
scintillating tile, the muon is not accepted (cf. figure[6.16]). The efficiency of a
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single tile is therefore defined as:

N(N~ > Ninres
tile

N(N, > Nines) represents the part of events, where at least Nypes = 10.5
photons are registered on any SiPM.

Ul

steel plate

perpendicular

accepted
area

scintillating tile

Figure 6.16: Sketch of the geometrical selection of the muons for calculating the effi-
ciency of a single tile. Only muons, which can hit the scintillating tile for
geometrical reasons, will be considered for the calculation. The muons
can travel the distance r = d - tan(#) on the tile plane according to the
incidence angle . d is the vertical distance between the tile and the steel
plate.

In contrast, for the efficiency of complete AMD e yp all muons which
"start” within the profile of the whole steel support construction in the height
d above the scintillating tiles are considered. This total number N syp also
includes muons, which cannot hit the AMD for geometrical reasons. The nu-
merater in the efficiency eayp (cf. equation (6.7)) is calculated through the

fraction of events in N anp, Where at least Nines = 10.5 photons are registered
on any SiPM:

N(Ny > Ninres
€EAMD — ( 'y> th )<1 . (67)

Niite -
In the following a threshold value N;,... = 10.5 will be used according to the
determined optimal threshold value for the trigger efficiency of AMD for single
muons.
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6.6 Finding an optimised tile-size

To find an ideal size for the scintillating tile, simulations with tile-sizes of
260 mm, 280 mm, 300 mm, 320 mm, 340 mm and 360 mm will be analysed.

Since the efficiency for the trigger of a muon is only influenced by the simultane-
ous number of photons which reach the SiPM in this simple model of a trigger,
the MPV as a benchmark for the photon yield for different tile-sizes will be
considered first. The fit of Landau distributions to the distribution of incoming
photons on the SiPM for these simulations show a clear correlation between the
MPV and the tile-size (cf. figure [6.17).
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Figure 6.17: MPVs from Landau fits for simulations with incoming muons with in-
cidence angles below 10° and different tile-sizes between 260 mm and
360 mm. The MPV shows a clear dependence on the tile-sizes, since the
photon loss in the tiles increase with a higher distance to the sigma fiber.

The MPV and therefore the photon hits on the SiPM decreas with increasing
tile-size. This is due to a higher photon loss probability in the scintillating tile.
This is caused by an increasing number of reflections on the boundaries, since
the mean distance between the photon production point and the sigma fiber
increases (cf. figure as the fiber-padding and the fiber-radius are kept fixed.
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To get a higher photon yield in the single tiles, the tile-size has to be as small
as possible. However, this will reduce the fill factor a4 of the sensitive area

64 - d?.
g = tile

Toun (6.8)
and therefore the efficiency of the complete AMD e anp (cf. figures
with the total cross-section area A pyp of the whole AMD. Hence, one has to
find a compromise between these effects.

Considering the efficiency of a single tile €. in figure and one can see
that the decreasing MPV has a first effect on the efficiency above a tile-size of
d = 320 mm.

100 1 T T 1 1
Efficiency for different tile-sizes at incoming muons
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90} T e |
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Figure 6.18: The efficiency €. for a single tile and the efficiency eap;p for the com-
plete AMD for different tile-sizes. The simulated muons have incidence
angles below 10° and an energy range between 10 MeV and 10°75 MeV.

39



6 PERFORMANCE SIMULATIONS FOR AMD
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Figure 6.19: The efficiency €y for a single tile and the efficiency € omp for the com-
plete AMD for different tile-sizes. The simulated muons have incidence
angles below 10° and an energy range between 102 MeV and 10%7 MeV.

For this reason, a tile-size of d = 320mm would be an ideal size to find a
compromise between the photon yield and therefore the efficiency for a single tile
€tile ON the one hand and the geometrical fill factor and therefore the efficiency
of the complete AMD e anp on the other hand. This tile-size is therefore also
used for all further simulations.

The efficiency for triggering a vertical single muon with an energy between
10MeV and 10° MeV is approx 92% for a tile-size of d = 320mm (cf. figure
. Considering the same muons with energies about 100 MeV leads to an
efficiency of almost 100% (cf. figure [6.19)), since the muon does not interact in
the steel support any more.
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6.7 Finding an optimised fiber configuration

To find an optimised configuration for the two parameters fiber-padding and
fiber-radius (cf. figure [5.3)), a sample of 10000 muons for a tile-size of 320 mm
is used. The muons have incidence angles smaller than 10° and an energy be-
tween 10 MeV and 10° MeV for each configuration. As previous simulations have
shown, the fiber-padding should be very small in the dimension of 10 mm, due
to a higher possibility for the photons to enter the sigma fiber. For the padding
the values p = 2.5mm, p = bmm, p = 7.5mm, p = 10mm, p = 12.5mm
and p = 15mm were simulated and for the radius » = 50 mm, » = 55 mm,
r=60mm, r = 6bmm, r = 70mm and r = 75mm. Therefore, there are 36
different configurations and a sample of 360000 simulated muons.

Due to the high sample size, the uncertainties of the MPV is rather small.
Thus, the deviation between the highest and the lowest MPV is larger than
eight standard deviations. This allows a discrimination between different con-
figurations regarding the shape of the sigma fiber.

The simulations show a preference for small paddings regarding the MPV. How-
ever, the padding should be at least p = 5mm, since the MPV is significantly
smaller for a padding below p = 5mm. The region with a configuration between
p=>5mm - p=10mm and r = 55 mm - r = 75 mm shows a good performance,
whereby the evident maximum within this area is at the configuration with a
padding of p = 5mm and a radius of » = 55 mm.

The previous analysis figured out an optimised geometrical configuration

regarding the tile-size d, the fiber-padding p and the fiber-radius r with the
values:

d = 320 mm p=5mm r = 55 mm
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Figure 6.20: MPVs from landau fits for simulations with incoming muons with inci-
dence angles below 10° and different fiber configurations with paddings
between p = 2,5mm — 15 mm and radii between r = 50 mm — 75 mm.

6.8 Comparison between multiclad and singleclad fiber

This chapter contains a comparison of the multiclad fiber and the singleclad
fiber for the use as sigma fiber and waveguide in the setup of AMD. The sim-
ulation sample includes 100000 muons with incidence angles smaller than 10°
and energies between 10 MeV and 10° MeV both for the multiclad fiber and the

singleclad fiber.

Figure [6.21| shows the MPV seperated for different fiberlength of the multiclad
and the singleclad fiber. For all tile-position the MPV of the multiclad fiber is
between 5 and 8 photon equivalents higher than the MPV of the singleclad fiber.
This means that there are more photons which reach the SiPM for the multiclad
fiber and in turn an improved efficiency. The results of these simulations do not
correspond with the expectation that the transmission of the photons into the
fiber is worse in case of the multiclad fiber, due to the smaller refractive index
of the outer cladding. However, the more efficient photon confinement while the
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transport within the curved sigma fiber could be an explanation for this effect.
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Figure 6.21: MPVs from Landau fits for the singleclad and the multiclad fiber seper-
ated for different fiberlength (cf. figure[6.13)). The optimised geometrical
configuration of AMD (tile-size d = 320 mm, fiber-padding p and fiber-
radius ) is used.

In a second step the uniformity of the photon hits on the SiPM is studied. A
more uniform illumination of the SiPM surface also means a more equal demand
of each photodiode and therefore a higher dynamic range.

The performance of the multiclad fiber regarding the uniformity of photon hits
on the SiPM surface is better as well. This distribution is much more uniform
for the multiclad fiber than the distribution of the singleclad fiber (cf. figures
and . As can clearly be seen in figures and , most photon hits
are within a circle with diameter 1 mm. In the corner regions there are consid-
erably less photon hits anymore. This is due to the circular cross-section area
of the waveguides which ends onto the surface of the SiPMs. The uniform the
distribution on the SiPM surface, the more equal the stress for each photodiode.
This also means a higher dynamic range for the SiPM.

For this reasons, the multiclad fiber is more adequate for the use as sigma fiber
and waveguide in the setup of AMD.
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Figure 6.22: Photon hit distribution on the 1 mm? surface of the SiPM for incoming
muons. The optimised configuration and the multiclad model for the
optical fibers have been used.
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Figure 6.23: Photon hit distribution on the 1 mm? surface of the SiPM for incoming
muons. The optimised configuration and the singleclad model for the
optical fibers have been used.
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7 Conclusion

The Aachen Muon Detector (AMD) is a proposal for the Pierre Auger update
program 2015 for the measurement of the muonic component of extensive air
showers. A prototype is designed and built by our working group at the III.
Physikalisches Institut A, RWTH Aachen. The basic concept is the detection
of muons by a combination of scintillating tiles, in which light is produced by
traversing charged particles, and optical fibers for the transport of the produced
photons to the light sensor, an SiPM. This thesis outlined several performance
studies to determine the optimal geometry and setup for the detector.

The distribution of detected photons on the SiPM follows a Landau distribu-
tion. The most probable value (MPV) of this distribution for traversing muons
is a good benchmark for the efficiency of the detector. Simulations with differ-
ent values for the parameters tile-size d, fiber-radius r and fiber-padding p in
the setup of AMD were analysed. The optimised configuration regarding this
parameters for the trigger efficiency of single muons is:

d = 320 mm p = 5mm r = 55 mm

The influence of the dark noise of the SiPMs on the signal caused by a travers-
ing muon has been investigated and is negligible. The possibility for a noise
event with more than 3 photon equivalents in a time interval of 10 us, which is a
typical time period of an incoming extensive air shower is approximately 0.2%.
In contrast, the signal of a muon crossing is approximate 40 photon equivalents.
Therefore, the noise phenomena have practically no influence on the trigger of
muons for an adequate threshold value of 10.5 photon equivalents. This thresh-
old has to be chosen to prevent triggers which are caused by the production of
secondary particles, as found out during the simulation studies.

For the BCF-92 WLS sigma fiber and the BCF-98 waveguide in the setup of
AMD, simulations were done both for the singleclad fiber and the multiclad
fiber. The photon yield of the SiPM for the multiclad fiber is about 5 photon
equivalents higher than the photon yield for the singleclad fiber. In addition,
the distribution of SiPM photon hits is more uniform for the multiclad fiber,
raising the dynamic range for the AMD in comparison to the singleclad fiber.
For this reason, the multiclad fiber should be used as optical fibers to improve
the performance of AMD.

This simulation study optimised the geometry for the AMD regarding the per-
formance for the trigger of muons. The promising prototype is suited for a
successful measurement of the muonic component of cosmic rays air showers.
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