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Abstract

The faint fluorescence light of extensive air showers produced by cosmic rays is traditionally
detected by means of optical telescopes equipped with photomultiplier tubes. Since these de-
vices are fragile, the prototype telescope FAMOUS has been built to investigate the versatility
of silicon photomultipliers whose photon detection efficiency surpasses the quantum efficiency
of photomultiplier tubes. In this thesis, the 61 pixel telescope FAMOUS has been successfully
commissioned and quantitative measurements of star trails have been performed. Further-
more, detailed simulations, especially for the silicon photomultipliers, have been developed
and validated against measurements conducted in the laboratory.

Zusammenfassung

Das schwache Fluoreszenzlicht, emittiert von ausgedehnten Luftschauern, wird traditionell mit
optischen Teleskopen ausgeriistet mit Photomultiplier-Réhren detektiert. Da diese Bauteile
sehr empfindlich sind, wurde das Prototypteleskop FAMOUS entwickelt, um die Einsetzbarkeit
von Silizium-Photomultipliern zu untersuchen, deren Photon-Nachweiswahrscheinlichkeit die
der Rohren iibertrifft. In dieser Arbeit wurde das 61 Pixel Teleskop FAMOUS erfolgreich in
Betrieb genommen und eine quantitative Messung von Sternenspuren durchgefiihrt. Des Weit-
eren wurden detaillierte Simulationen, im speziellen fiir die Silizium Photomultiplier, entwick-
elt und mit Labormessungen verglichen.
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CHAPTER

Introduction

Cosmic rays constantly hitting the atmosphere of the Earth have been of key interest to astropar-
ticle physics research for several decades [1]. By means of carefully conducted measurements,
conclusions on their sources and the genesis of the universe can be drawn. Since at the highest
energies E > 10'8 eV the flux is below several particles per square kilometer and year, indi-
rect measurements of the extensive air showers induced by cosmic rays in the atmosphere are
performed. Traditionally, mirror telescopes equipped with photomultiplier tubes sensitive in
the ultraviolet regime are used to measure the faint, isotropically emitted fluorescence light of
these showers [2, 3, 4, 5, 6, 7].

The prototype telescope FAMOUS has been developed to test the versatility of silicon pho-
tomultipliers for the use in fluorescence telescopes. FAMOUS is an apronym for “First Auger
Multi-pixel photon counter camera for the Observation of Ultra-high-energy air Showers” (cf. fig-
ure 1.1).

Silicon photomultipliers (SiPMs) are arrays of silicon-based Geiger-mode avalanche pho-
todiodes (GAPDs) whose photon detection efficiency can surpass the quantum efficiency of
photomultiplier tubes [8]. Compared to the tubes, SiPMs are mechanically very robust and
virtually indestructible by high intensity light which makes them ideal candidates for exposed
applications such as in atmospheric telescopes. On the downside, SiPMs have a higher thermal
and correlated noise resulting in a dark noise rate of (100 kHz) per square millimeter sensor
area [9]. Nevertheless, due to the small timescale of the fluorescence light signal O(1 us) [6],
the effect is small. Additionally, the signal is increased by coincident optical crosstalk which
can be removed on a statistical basis. For less photon detection efficiency demanding applica-
tions, devices with crosstalk probabilities < 1% are available whereas otherwise typical values

rAMIOUS

Figure 1.1: The logo of the FAMOUS project. The apronym stands for “First Auger Multi-pixel
photon counter camera for the Observation of Ultra-high-energy air Showers”.
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Chapter 1 Introduction

are O(10%) [10]. The properties of SiPMs vary with the over-voltage, i.e. the voltage excess
of the bias voltage (< 100V) over the breakdown voltage which changes with temperature. By
monitoring the ambient temperature, the bias voltage of the SiPMs can be adapted accordingly
which results in a stable gain.

This thesis is structured as follows: firstly, the SiPM simulation package G4SiPM is presented.
G4SiPM is a package for Geant4, a Monte Carlo framework for the simulation of the passage
of particles through matter and widely used in particle physics [11]. G4SiPM implements
a phenomenological model of SiPMs driven by quantities which can be easily obtained from
datasheets of the manufacturers or by measurements in the laboratory [12]. Furthermore, each
GAPD on the SiPM is simulated separately for a correct handling of the thermal and correlated
noise and the dynamic range of these devices which is limited due to the limited amount of
GAPDs on a device. The model is then validated against laboratory measurements.

Secondly, the mechanics and optics of the telescope FAMOUS are discussed. FAMOUS is a
refractor whose main optical element is a 2.5 mm thin plastic Fresnel lens with a diameter of
502.1 mm [13]. The lens focuses the incoming light onto a focal plane of 61 pixels which each
consist of a light funnel made from polished aluminum, a UV pass filter and the SiPM. The
SiPMs are manufactured by Hamamatsu and have a sensitive area of 6mm x 6 mm each [14].
Furthermore, the imaging quality of the Fresnel lens is measured by recording the point spread
function for different light incident angles and for varying lens to focal plane distances. The
telescope is accompanied by several sensors continuously monitoring the ambient conditions
and a CMOS camera which shoots images of the night sky. The visible stars in these images are
identified to derive the viewing direction. For the focal plane, a dedicated power supply unit
with 64 channels has been developed in-house [15]. It monitors the temperature of each SiPM
and adjusts the bias voltage accordingly. Furthermore, the current flow through the SiPMs is
recorded.

Thirdly, all optical components of the telescope are simulated by a Geant4 driven ray-tracing
simulation. The results are compared to the measurements to reveal potential weaknesses
of the simulation model. All components and G4SiPM in conjunction make up the detector
simulation of FAMOUS which enables the simulation of signals of the fluorescence light of
extensive air showers. The simulation process is sped up by the introduction of a telescope
response parameterization which makes quasi instantaneous predictions of the SiPM signals
possible.

Fourthly, the readout software and slow control of the telescope are introduced. The slow
control consists of a web interface which allows the remote control and data display of all
hardware components of the telescope and thus is essential to a successful operation. The
main aspects of the slow control are stability and ease of use while preventing single point of
failures.

Lastly, measurements of star trails performed with the successfully commissioned telescope
operated during night are presented. By means of the current flow monitoring of the power
supply unit of FAMOUS, the current rise of the SiPMs due to the transit of bright stars has
been measured and compared to expected values. The expected photon rates of these stars
are calculated from spectral irradiance measurements and models. Due to intrinsic absorption
and aerosols the star light is attenuated depending on the path length through the atmosphere
determined by the apparent height of the star above the horizon. Finally, the detector simula-
tion of FAMOUS is used to consider the transmission efficiency of the optical system and the
detection efficiency of the SiPMs in dependence on the photon wavelength.
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CHAPTER

Cosmic rays

Cosmic rays have been discovered in 1912 as a result of an increase of radiation levels dur-
ing high ascension balloon flights at an altitude of > 5300m above ground by the Austrian
physicist Victor Hess who believed the increase is caused by gamma radiation originating from
space. Later, in 1926, R. A. Milikan was the first to coin the expression of cosmic rays [16]. Not
until 1939, mesons were correctly identified as possible byproducts of cosmic radiation [17]
which indicated that the primary particles were likely charged hadrons such as protons. Apart
from balloon flights, P Auger and collaborators measured the coincidence rate of cosmic rays
at ground with newly developed instruments allowing a timing resolution of 10 us [18]. Unex-
pectedly, the rate of correlated arrivals of charged particles was much higher than expected for
distances > 300 m, leading to the conclusion that energetic cosmic rays induce widely spread
showers of secondary particles. P Auger estimated that the primary particles of those cosmic
rays were charged particles with an energy of 10'° eV corresponding to a center of mass en-
ergy of /s = \/m = 1.4TeV. This discovery built the basis of modern astroparticle physics
which tries to identify the sources and acceleration mechanisms of the radiation.

More detailed information can be found in the excellent overviews of this field of research
in[1, 19, 20, 21].

2.1 Energy spectrum

Nowadays, the energy spectrum, i.e. the differential particle flux, of cosmic rays has been
measured over 10 magnitudes of energy, by direct measurements such as airborne or satellite
experiments in the lower energy regime < 10'° eV in which the flux is high, and by indirect
measurements of extensive air showers (cf. figure 2.1). Thereby the energy spectrum follows
a so-called broken power law

= w o< ( £ )_Y 2.1)

F(E)= —
(E) dEdQ eV

with a spectral index y. The spectrum is referred to as broken, since distinct features lead
to a change of the spectral index. The stepping at E;, = 10'>°eV is known as the knee of
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Chapter 2 Cosmic rays
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Figure 2.1: Differential all particle flux as a function of energy of cosmic rays. The displayed
data has been obtained by air shower experiments. For better visibility of the fea-
tures, the energy spectrum has been multiplied with E2®. Thus, the knee, the
second knee and the ankle are emphasized. For energies > 10%° eV the flux is sup-
pressed. The origin of the suppression is still unknown. Taken from [22].

the spectrum at which the spectral index changes from y ~ 2.7 to y ~ 3 [23]. Around the
second knee at Eqn; = 10199 eV the spectrum hardens to y = 3.2 up to the occurrence of the
ankle at E, = 1087 eV [24]. After the ankle, the spectrum flattens to y = 2.6 before the flux
suppression sets in. The flux suppression is marked by the energy E;/, = 10'%% eV at which
the flux has fallen to 50 % of its value before the onset of the suppression.

Since cosmic rays are of unknown origin, many different models are discussed in the litera-
ture to explain the existence of the knee as it is believed to mark the transition of galactic to
extragalactic cosmic rays [25]. A popular explanation is that each spectrum of the individual
elements follows an individual power law with a cut off at high energies whereby a common
spectral index and a cutoff energy proportional to the charge Z

E.(Z)=ZEP (2.2)

with EY = E; = 10> eV for protons describes the data best (cf. e.g. poly-gonato model [25]).
Thus, the knee marks the onset of the extinction of galactic sources up to E.(~ 30) = 10'7 eV
which roughly coincides with the second knee under the assumption that ultra heavy elements
are of minor importance. Other models relate the occurrence of the knee to a leakage of
cosmic rays from the galaxy (e.g. Leaky Box model [26]), to interactions of cosmic rays with
background particles (e.g. photo disintegration) or to new, not yet observed, interactions during
the shower development in the atmosphere [25].
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2.2 Acceleration mechanisms of cosmic rays

Due to the magnetic fields of the milky way, the charged particles are bent on circular paths
with a characteristic radius, the Larmor radius

10 . B\ !
=L~ m(p C)(—) : (2.3)
ZeB 3 GeV T

Particles with energies of E = E, = 1087 eV yield a Larmor radius of > 1800 pc which exceeds
the thickness of the galactic disk of ~ 300pc. Therefore, in a simplified view, these particles
are no longer confined in the galaxy. Thus, the ankle is associated with a population of cosmic
rays of extragalactic origin.

Finally, the end of the energy spectrum of cosmic rays is either a natural end to the acceler-
ation capabilities of their sources or due to interactions with photons of the cosmic microwave
background (CMB) which roughly coincides with a predicted cutoff above 6 - 10'? eV. During
propagation protons would suffer energy loss by forming A*(1232) resonances which further
decay to neutrons and pions

p+ram — AT > p+n° (2.4)
P+ros — AT > n+nt (2.5)

which in turn further decay. The neutrinos from the neutron and n* decays are of particular
interest to measurements performed at IceCube and other neutrino experiments [27].

2.2 Acceleration mechanisms of cosmic rays

Since charged cosmic rays are deflected on their way through space, the question on their
sources and production mechanisms is still open. Diffuse shock acceleration is a widely ac-
cepted acceleration model, already proposed by E. Fermi in 1949 [31]. Thus, the mechanism
is also referred to as first-order Fermi acceleration. Shock waves of e.g. supernova remnants
are preceded and followed by turbulent magnetic fields. By chance, low energy cosmic ray
particles can be deflected in downstream direction upon crossing the shock area upstream and
vice versa. Each deflection increases the energy of the cosmic ray whereby the total energy
gain AE is

AE o< f3 (2.6)

and thus proportional to the velocity f, of the shock front. With increasing energy, chances
increase that the particle escapes the shock region. The resulting energy distribution of the
cosmic ray particles escaping the shock region is

bkl -
1E o< E 2.7)
which is a power law. This process can explain cosmic ray production in supernova remnants
with a spectral index of y ~ 2 up to energies of E, ., ~ 1017 eV [1].
Similar to the Larmor radius in equation (2.3), a condition for successful acceleration of
cosmic rays with an energy of E_,., in diffusive shocks and one-shock acceleration of electric
fields generated by rotating magnetic fields has been derived by G. Hillas

(Emax)—z-ms-z-/j-(i)( R ) (2.8)
1Eev) = * \1uG/ \1kpc ’
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Figure 2.2: The Hillas plot signifying the parameter space of radius R and magnetic field

strength B of source candidates of cosmic rays. The solid line signifies the lower
boundary of the Hillas criterion given by equation (2.8) with 3, = 1 for 102°eV
protons. Thus, the shaded area above denotes the parameter region which pre-
sumably is allowed by the Hillas criterion. The dashed line corresponds to 10%° eV
iron nuclei. The boxes mark regions of interests for astronomical objects that are:
x-ray pulsars and magnetars (AXP), neutron stars (NS); super-massive black holes
(BH) and central parsecs (AD) of active galaxies (low-power Seyfert galaxies (Sy),
powerful radio galaxies (RG) and blazars (BL)); relativistic jets, knots (K), hot-spots
(HS), and lobes (L) of powerful active galaxies (RG and BL); non-relativistic jets of
low-power galaxies (Sy); gamma-ray bursts (GRB); galaxy clusters and interclus-
ter voids and supernova remnants (SNR). The dot marks the Large Hadron Collider
(LHC) at CERN with a circumference of 27km and 8.3 T field strength. Adapted
from [28].

with the radius of the source R, its magnetic field strength B, the charge number Z of the
cosmic ray and the shock front velocity f3;. This is often referred to as Hillas criterion. For other
acceleration mechanisms, f3; denotes the acceleration efficiency. Typical values for supernova
remnants are R = 1 pc and B = 100 uG which yields in E,,,, ~ 10'7 eV already cited above.

Thus, supernova remnants are disfavored as candidates for ultra-high-energy cosmic rays
(UHECRs) with E > 10'8eV. G. Hillas was the first to compare source candidates in the pa-
rameter space of source radius R and magnetic field strength B in a graphical view. An exam-
ple for a so-called Hillas plot can be found in figure 2.2. The lines denote the solutions for
E = 10?° eV protons and iron nuclei for shocks with 8, = 1. All candidates above the line are
possible sources as e.g. active galactic nuclei (AGN, cf. BH, AD, etc. in figure 2.2) which are
widely discussed in literature.

18



2.2 Acceleration mechanisms of cosmic rays

Figure 2.3: Map in galactic coordinates of the arrival directions of events, denoted by the black
dots, with E > 58 EeV measured by the Pierre Auger Observatory [29]. The red
circles signify region of interests of 18° radius around active galactic nuclei (taken
from the Swift-BAT catalog [30]) which are brighter than 10**ergs™! and closer
than 130 Mpc. By an auto-correlation analysis from 155 cosmic rays, 62 event pairs
could be successfully matched to the AGNs while 32.5 are expected from isotropy.
The chance probability for this observation given isotropy is p = 1.3 %.

An example for a search for source candidates is presented in [29, 32] which has been con-
ducted by the collaboration of the Pierre Auger Observatory. There, the arrival directions of the
most energetic cosmic rays, which are least likely to be deflected by galactic magnetic fields,
with E > 58 EeV have been associated on a statistical basis to the position of very bright AGNs
(cf. figure 2.3) by means of an auto-correlation analysis. From the selected 155 cosmic rays,
62 event pairs could be successfully matched to regions of interest of 18° in size around the
candidate AGNs while 32.5 are expected from isotropy. The chance probability of this obser-
vation is p = 1.3 % under the assumption of isotropic arrival directions and thus unfortunately
merely a hint for AGNs as sources of UHECRs. Other similar directed searches for anisotropy
have been conducted e.g. by the Telescope Array [33] with similar results.

Most recent results of statistical analyses of the arrival direction of cosmic rays, so-called
undirected searches, revealed a large-scale anisotropy at high energies E > 4EeV by the re-
construction of a dipole component [34]. The dipole has been observed at a right-ascension
and declination of (a, 6) = ((95 £ 13)°,(—39 % 13)°) with an amplitude of 0.073 £0.015 and
a chance probability of p = 6.4 - 10~ for E > 8 EeV under the hypothesis that the data is solely
produced by a dipole. The hypothesis applies to the whole sky although only a fraction of
85 % can be seen by the Pierre Auger Observatory. The dipolar anisotropy could originate from
extra-galactic turbulent magnetic fields or an inhomogeneous matter distribution in our local
extragalactic neighborhood. This interesting result could help to reveal the origin of cosmic
rays.
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To guide the eye, the upper and lower boundaries of the presented data are sketched
as lines. These lines can also be understood as estimates on the experimental sys-
tematics on the logarithmic mass. Figure taken from [35].

2.3 Chemical composition

The chemical composition of cosmic rays can be measured by direct measurements which
have shown that around E = O(1 GeV) cosmic radiation mainly consists of charged nuclei [1]
whereby ~ 79 % are free protons, approximately 15 % are helium nuclei.

Due to the low flux at higher energies E > 10%° eV, only indirect measurements of cosmic
rays by means of extensive air showers are possible and therefore, the determination of the
particle species can only be performed on a statistical basis. Yet, a detailed measurement of the
chemical composition of ultra-high-energy cosmic rays would help to constrain astrophysical
models regarding the sources of cosmic rays and the flux suppression [36]. As presented in
figure 2.4, measurements hint that the chemical composition becomes heavier above the knee
at E, = 10 eV and reaches a maximum at the second knee which can be understood as
heavier particles accelerated to higher energies (cf. equation (2.8)). Above the second knee,
the composition becomes lighter corresponding to the onset of an extragalactic cosmic ray
population. Remarkably, again an increase in mass appears above the ankle at E, = 1087 eV
which could mark the maximum energy of extra-galactic accelerators rather than the GZK
effect. Thus, a detailed measurement of the chemical composition is of great interest and
currently in the focus of a major upgrade of the Pierre Auger Observatory [36, 37].

2.4 Extensive air showers

When entering the atmosphere of the Earth, high energy cosmic rays interact with the air
molecules and produce numerous secondary particles. These secondaries are subject to further
interactions and decays and develop into so-called extensive air showers (EAS) which travel in
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2.4 Extensive air showers

form of a pancake with nearly the speed of light towards ground. The amount of matter of the
atmosphere traversed by the EAS is denoted by the slant depth X

oo
X(h) = J p(h)dK (2.9)
hOO
- f poe Mo dh ~ 1000 g cm 2 e /Mo (2.10)
h

for perpendicular shower incidence with the air density p, = 1.35kgm™ and the reference
height hy = 7.25km. For inclined showers, the amount of traversed matter is increased

1
X(h,0)~X(h)— (2.11)
cos 0
with the zenith angle 0 relative to the surface normal. Thus, the atmosphere corresponds to
roughly 11 hadronic interaction lengths X gadr = 90.1gem™2 and roughly 27 electromagnetic
radiation lengths A, = 36.6gcm ™2 [22], respectively.

2.4.1 Heitler model

A very simple but illustrative model of EAS is the Heitler model [38] which has been originally
proposed for purely electromagnetic cascades but can be extended to the Heitler-Matthews
model for hadronic cascades [39].

2.4.1.1 Electromagnetic showers

In the following, the term particle refers to electrons e™, positrons e* or photons y. EAS initi-
ated by electrons or photons are referred to as electromagnetic showers and are mainly driven
by two processes: ionization loss of electrons and positrons and pair production of electrons
and positrons by photons (cf. figure 2.5). Hence, these two processes are competing resulting

in a particle energy loss of

& E
ax BT
with the ionization loss a(E) described by the Bethe-Bloch formula, which depends logarith-
mically on the energy, and the second term introducing the energy loss due to conversions.
A primary particle with the energy E, converts after one splitting length X., = A, In2 into
two secondaries with the energy E,/2. The height of this first interaction is referred to as X,.
The splitting length is about the same length after the electrons loose half their energy due to
bremsstrahlung

(2.12)

E(X)=EyeX/Pem  with Xy = Aoy In2 (2.13)
E(X 1
_ E&em) _ 1 (2.14)
E, 2

Continuing the splitting and bremsstrahlung processes j = X /X, times, the number of parti-
cles in the shower derives to

N(X) — 2] — 2X/Xem — eX/Aem (215)
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Aem In2

Figure 2.5: Schematic views of extended air showers. Left: electromagnetic cascade of a pri-
mary photon converting into an electron-positron pair. The secondary photons
undergo further pair production processes whereas the secondary electrons and
positrons loose energy by radiation. By convention, the energy of a particle is
equally divided between the two secondary particles. Right: hadron shower ini-
tiated by a proton. The straight lines denote charged pions which interact. Further
charged pions are created until their energy falls below E[ and decay to muons.
The dotted lines are neutral pions which immediately decay into two photons each
initiating electromagnetic sub showers (not shown). Not all pion lines are shown.
Adapted from [39].

and the energy of the particles of the last generation to

Ey,  E

B = NX) e/

(2.16)

Thus, the energy drops rapidly and ionization loss prevails at the energy at which the particles
loose the same amount of energy to ionization and pair production

a(E) = Ai . 2.17)

This energy is referred to as critical energy E;™ ~ 86 MeV. Therefore, with equation (2.16),
the maximum number of particles in a shower is given by

Eq

Nrnax(EO) = Fem (2.18)
Cc
With equation (2.15), the slant depth of the shower maximum is given by
e EO
X (Eo) = Ay In Fem (2.19)
C

which is a very important observable in air shower measurements. Summarizing, the very
simple Heitler model already illustrates that the number of particles in a shower is proportional
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Figure 2.6: Longitudinal profiles for vertical (6 = 0°) y, proton and iron primary cosmic rays
with an energy of E = 10%° eV, simulated with the CONEX program [40, 41, 42]
and the hadronic interaction model EPOS-LHC [43]. The dashed lines denote the
atmospheric depth of the shower maximum X,,. As discussed in section 2.4.1.2,
the X, is smaller for heavier nuclei due to the superposition of sub-showers for
each nuclear constituent. Thus, the variance of the X, .. also decreases for heav-
ier nuclei. The longitudinal profiles satisfy the Gaisser-Hillas formula (cf. equa-
tion (2.20)).

to the energy of the primary particle and the depth of the shower maximum rises logarithmically
with energy.

Considering the energy spectrum of the particles in an EAS, parameterizations for the longi-
tudinal shower profile N(X) have been developed from cascade theory [1]. The most recent is
the famous Gaisser-Hillas formula [44]

X _X (Xmax_X)/A X _X
NX)= Npay * ( ¢ ) €xp (—max ) (2.20)
Xmax _XO A

which is the standard formula to use to fit measured longitudinal profiles. Here, the parameter
A is just a fit parameter but could be understood as a mean interaction length. Simulated
example showers resembling the Gaisser-Hillas formula are presented in figure 2.6 for different
primary particles.

2.4.1.2 Hadronic showers

The main difference of hadronic showers, initiated for instance by protons, is that a consider-
able amount of hadrons is produced. After traversing one interaction length X;,q4 = Apaq In2
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Chapter 2 Cosmic rays

(analogously to equation (2.14)), the primary particle produces ng, charged pions with a total
energy of % E, and %nch neutral pions with a total energy of % E (cf. figure 2.5). Furthermore
kaons (K=, K?) are produced with a fraction of 10 % which either decay to muons (K= to 64 %)
or to multiple pions. The neutral pions directly decay to 2 - %nch = ng, photons which carry
each E,/3 ng, of the total energy. Consequently, the charged pions roughly carry Ey/ng, of the
energy E, of the primary particle and the total energy converted to charged pions is (%)J E,
after j generations. The total number of pions produced up to generation j is given by

N, =(g) . (2.21)

It has been shown that a value of ny, = 10 is accurate within a factor of two for pions with ki-
netic energies between 1 GeV and 10 TeV [39]. Therefore, the energy of the pions in generation

j derives to
Eo
E,= (2.22)

- ‘
3.\
(37eh)
and decreases down to a critical value of E”. Similarly to the critical energy ES™ of elec-
tromagnetic showers, here, the production of further n* ceases and the pions decay. From
equation (2.22), the number of generations to reach E” is

ln(g—cﬁ) _Inng, 1n(§—cg)

= = (2.23)
In (%nch) In (%nch) Inng
——
=p
. Ey .
= j ~ 0.85log;, I and P ~0.85 with ny~10 (2.24)
C

which results into values of j = 3...6 for a value of E" = 20 GeV which only slightly decreases
with increasing E,. Since below E” the pions decay into muons, the muon number of an EAS
is given by

N, =N, = (n4) (2.25)
< InN,=InN,=jlnng . (2.26)
Using equation (2.23) yields
E,

InN, = @mn =p ln(&) (2.27)

" n(3na) . EF '

_(EBY
C

with  ~ 0.85. With the number of muons N, the energy of the hadronic component of the
shower is N, ET. Each photon generated by a n° decay invokes an electromagnetic shower
developing in parallel. Due to conservation of energy, the fraction of energy converted into
electromagnetic cascades is given by

-1
Eem_Eo—_wzl_(Eo)ﬁ

(2.29)

Ey Eqy
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2.4 Extensive air showers

For instance, at E, = 10'7 eV, the fraction is 90 %. The first interaction diverts one third of the
energy E, into the electromagnetic component generating %nch neutral pions from which ng,
photons are produced. Thus, to first order only, the depth of the shower maximum of hadronic
showers is

EO
X9 (Ey) 0< Xpad + X5 (m) (2.30)
C.
EO
< Xpg+ A In| —>—— ] . 2.31
had em (BHChEgm) ( )

As a consequence, hadronic showers develop earlier in the atmosphere.

The calculations above can be extended from protons to nuclei with an atomic number A
considering that the binding energy of the nucleons is much smaller than the primary energy E,
and behave like a superposition of A independent hadronic showers with an energy Eg = Ey/A.
The number of muons is then

B B B
NA=A Eo V' _ (Lo AP Eo AO-15 (2.32)
Z ETA ET ET

C C

and thus slightly increased for heavier elements. The opposite applies to the shower maximum

E

A 0

X2 (Eo) < Xpag + Aep In (—3 -~ EgmA) (2.33)
o< XM (E)) — Ao InA (2.34)

where the depth of the shower maximum is decreased. This is also clearly recognizable in
figure 2.6.

This has important implications for chemical composition measurements. By measuring both
the total energy of the air shower and the depth of the shower maximum, the atomic mass num-
ber of the cosmic ray particle can be determined on a statistical basis (cf. figure 2.4). Due to
the intrinsic fluctuations of X, the uncertainties on this calculation are large but the signifi-
cance can be improved by including the muon number N, into the analysis as well. Therefore,
the muon number is indeed an important observable and demands further investigation in
dedicated measurements.
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CHAPTER

The fluorescence detection technique

The standard method for the measurement of the longitudinal profile of extensive air show-
ers (EAS), as introduced in the previous chapter, is the fluorescence detection technique by
means of optical telescopes which are sensitive in the appropriate wavelength regime. These
telescopes have a large field of view of @(10° x 10°) and use mirrors for the collection of the
faint fluorescence light produced by the showers in the atmosphere. Traditionally, the cam-
eras of fluorescence telescopes are equipped with photomultiplier tubes which are gas-filled
compartments enclosing several dynodes at a high voltage of O(1kV) for the amplification of
photo-electrons created by the incoming photons on a photo-reactive surface [2, 3, 4, 5, 6, 7].
These devices have a high quantum efficiency of typically 30 %.

3.1 Fluorescence yield

As already discussed above in section 2.4.1, the fraction of energy of the primary particle of an
EAS converted into the electromagnetic component is ©(90%). The secondary charged parti-
cles of this component suffer continuous energy loss due to ionization described by the Bethe-
Bloch formula. Therefore, this energy is deposited in excitation states of the air molecules,
mainly molecular nitrogen N, [47]. The main contribution comes from particles with energies
< 1GeV with a maximum between 10 MeV and 50 MeV just below the critical energy of elec-
trons E;™ = 86 MeV at which ionization loss becomes the dominant process [48]. The energy
deposit is a function of the slant depth X

dEgep

o< a(E)N(X) 3.1

and thus can also be described by the Gaisser-Hillas formula in equation (2.20). The ionization
loss @ ~ 2MeV g ! cm? has a small energy dependence which will be ignored at this stage.
However, not the total energy E, of the EAS is deposited, but

dE,
f dXeP dX = Eo— Ejny 3.2)
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Figure 3.1: Left: fluorescence spectrum measured by the Airfly collaboration [45] in dry air at
800hPa and 293K relative to the maximum fluorescence yield value Y33,. Right:
fluorescence yield measured by various experiments with corrections applied for
the 337nm band in dry air at 800 hPa and 293 K. The theoretical value has been
obtained by Monte Carlo simulations and was not used for the calculation of the
mean. The straight line denotes the result of a y? fit of a constant to all values
except the theoretical value. The found value is Y33, = (7.04 £ 0.18) MeV ! with
a y?/ndf = 1.22. Data taken from [46].

since not all particles can be stopped in the atmosphere. The invisible energy E;,, due to e.g.
muons and neutrinos from the hadronic shower component can be determined by air shower
simulations [47].

When the molecules de-excite, the deposited energy is released as isotropically emitted ul-
traviolet light between 290 nm and 420 nm. The spectrum of the fluorescence light is presented
in figure 3.1. Due to the fact that the fluorescence light is emitted isotropically, the EAS can be
observed from the side and by multiple telescopes at the same time. The number of emitted
photons is proportional to the energy deposit

d*N, dEgep

axar~ YApTu) gy

with the proportionality factor Y (A, p, T,u), i.e. the fluorescence light yield, which is a function
of the wavelength A, the air pressure p, the air temperature T and the humidity u. Hence, some
of the excited molecules may loose their energy due to collisions with other molecules. This
quenching process introduces a dependence on the gas pressure since the collision rate depends
on the air density [45]. Measurements have shown that the dependence of the fluorescence
yield on the deposited energy portion is negligible [49]. Since the fluorescence yield is highest

(3.3)
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3.2 Night sky brightness
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Figure 3.2: Night sky brightness measured on La Palma. The data was obtained by the analysis
of 427 CCD images recorded with the Isaac Newton Group of telescopes during
moonless nights with the sun < 18° below the horizon (astronomical limit). Data
taken from [51] and converted from micro-Jansky per square arcsecond.

at a wavelength of 337 nm, this emission line is taken as reference and is often discussed in the
literature [46]. A compilation of multiple results of Y33, can be found in figure 3.1. It has an
absolute value of

Y337, = (7.04£0.18) MeV ™ (3.4

implicating that per each deposited 1 MeV approximately 7 fluorescence photons are generated.
A parameterization of Y33, has been developed in [50].

3.2 Night sky brightness

Since the fluorescence light of EAS is faint, the night sky brightness (NSB) is a considerable
source of background noise. Measurements have shown, that the NSB can vary by several
orders of magnitude depending on the environmental conditions [52]. The main contributions
to the NSB are airglow, zodiacal light, diffuse starlight, the moon and, in urban areas, light
pollution [51].

Airglow is emitted by air molecules in the upper atmosphere, which are excited during day by
the ultraviolet sunlight, and mainly contributes a continuum in the 260 nm to 380 nm regime
and several spectral lines from NO, emission in the regime of 500 nm to 650nm [51]. Since
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Chapter 3 The fluorescence detection technique

airglow is induced by the sun, it changes with solar activity leading to an increase of ~ 0.5 mag
during the solar maximum. The surface brightness for the airglow in S; units is

: 130
SO — 145 4 15 8o—08) with S,=08...2.0 (3.5)
~ 145...275 (3.6)

depending on the solar activity. The number S;, equals to the number of 10" magnitude stars
within one square degree, i.e. 27.78 magarcsec 2. Thus in contrast to the magnitude, the
S values are scaled linearly and can be added up; a value of 10 corresponds to a ten times
smaller surface brightness than a value of 100. From these units, the surface brightness can be

calculated ;

magarcsec

2
Zodiacal light is sunlight scattered by interplanetary dust and can contribute up to half to

the NSB. Its wavelength spectrum is roughly similar to the wavelength spectrum of the sun.

The surface brightness decreases with the observation latitude f3

S(zodiacal) _ 140 - Sln (lﬂ |) ﬁ < 600 (3 8)

10 - 60 -

For the city of Aachen at 3 = 50.7°, a value of S%Odiacal) = 139 can be found.

In the vicinity of stars, starlight scattered in the atmosphere significantly brightens the night
sky. Furthermore, there is an extragalactic light contribution of ~ 1% (S;; < 5). Depending
on the atmospheric conditions, the moon can contribute S;; > 400 to the NSB [53].

Light pollution is caused by man-made light, mainly sodium- and mercury-vapor and incan-
descent street lamps, which is scattered in the troposphere of the Earth. Typical mercury street
lamps emit at 436 nm. For rural areas, the light pollution can be as low as S;, = 20.

Summing all contributions up, a conservative estimate for the NSB (excluding urban light
pollution) is S{ESb) = 439 corresponding to a surface brightness of I, ~ 21 magarcsec 2. An
absolute measurement of the spectral night sky brightness on the island of La Palma is presented
in figure 3.2. The integration of this spectrum weighted with the perception of the human eye
yields a night sky photon flux of ~ 0.5ns™! (8 mm pupil diameter, £60° field of view, CIE 1931
color space tristimulus values).

3.3 The Pierre Auger Observatory

The Pierre Auger Observatory is the world’s largest ultra-high-energy cosmic ray detector. It is
located in Argentina in the providence of Mendoza in Malargiie east of the Andes on a large
plateau covering an area of over 3000 km? with 1660 water Cherenkov stations with a spacing
of 1.5km, i.e. the surface detector (SD), and 27 fluorescence telescopes at five sites, i.e. the
fluorescence detector (FD) [6, 54]. A schematic layout of the Pierre Auger Observatory can
be found in figure 3.3. Areal photos taken during night are presented in figures 3.4 and 3.5.
Due to this hybrid design, the complementary information of both detectors can not only im-
prove the accuracy of the measurements but can also be used to calibrate both detectors with
each other. In particular, the precise energy measurement of the FD can be used to calibrate a
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Figure 3.3: Layout of the Pierre Auger Observatory. Each dot represents a water Cherenkov
station placed on a grid with a 1.5 km spacing. The grid is irregular at some places
due to landmarks and owner-rights. The straight lines denote the field of view bor-
ders of the fluorescence telescopes. The three telescopes of the low-energy exten-
sion HEAT (cf. section 3.3.2), located near Coihueco, are not shown here. Original
courtesy of D.Veberic.

shower energy estimator for the SD improving the energy reconstruction for SD only measure-
ments. Furthermore, the Pierre Auger Observatory is an ideal testbed for detector research and
development which e.g. made the development of a cosmic ray radio detector (AERA [55]) or
a subsurface muon detector array (AMIGA [56]) possible.

3.3.1 The surface detector

The individual stations of the surface detector (SD) of the Pierre Auger Observatory consist of
light tight polyethylene tanks of 3.6 m diameter and 1.2 m height containing 12 0001 of purified
water [54]. The interior is lined with Tyvek 1025D, which is a diffusive reflector with roughly
33 % specular reflectivity and 17 % diffusive reflectivity. The Cherenkov light produced by the
secondary particles of the EAS in the water of the tank is recorded with three 9” photomultiplier
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Figure 3.4: Areal photo including a fluorescence telescope building (L.os Morados) of the fluo-
rescence detector of the Pierre Auger Observatory. Each building contains six tele-
scopes and is accompanied by a large communications antenna. Photo courtesy of
S.Saffi.

Figure 3.5: Areal photo including a water Cherenkov station of the surface detector of the Pierre
Auger Observatory. Photo courtesy of S.Saffi.

tubes. Due to the large area of the observatory and the large number of stations, the stations
were designed to be self-sustaining. For this, the tank is complemented by a solar-power-
system, a GPS receiver, readout electronics and a communications antenna for the handling of
trigger requests and the transfer of data. The solar-power system provides a power of 10 W on
average.

In contrast to the fluorescence detection technique, the lateral particle distribution, i.e. the
footprint of the shower on the ground, is measured. The shower detection efficiency of the SD
reaches 100 % for energies above 3 - 10'® eV for zenith angles 8 < 10° [6]. The data from mul-
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Figure 3.6: Schematic view of the Schmidt-telescopes of the fluorescence detector of the Pierre
Auger Observatory. Taken from [6].

tiple triggered stations is used to fit a lateral distribution function to reconstruct the EAS core
position and the particle density S;ggg at a distance of 1000m from the core. This observable
serves as energy estimator for the energy E, of the primary particle. The uncertainty on the
energy is ~ 10 % with an angular resolution better than ~ 1° [57, 58].

3.3.2 The fluorescence detector

The fluorescence detector consists in total of 27 telescopes in four telescope buildings (Loma
Amarilla, Los Leones, Los Morados and Coihueco) with six telescopes each and three HEAT
telescopes near Coihueco. The telescopes of the detector extension HEAT (High Elevation Auger
Telescopes) are tilted 30° degrees upwards to measure lower energy showers which develop
earlier and therefore have the shower maximum higher in the atmosphere.

The telescopes are Schmidt telescopes [6]. A schematic of the optical baseline design and
the mechanics of the telescopes is provided in figure 3.6. The telescopes have an entrance
aperture of 2.2 m diameter with an ultraviolet pass filter made from Schott M-UG6 which blocks
a considerable amount of the night sky brightness. The transmittance of the filter is 83 % at
370nm [59]. Additionally a ring of tiles made from BK?7 corrects the path of far off-axis rays to
improve the imaging quality of the telescope to achieve the design goal spot size of 0.5° [60].
The ring has an inner radius of 0.85 m. Behind the aperture, a segmented anodized aluminum
mirror with 36 rectangular or 60 hexagonal tiles and a total area of 3.8 m x 3.8 m focuses the
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Figure 3.7: Schematic view of the shower detector plane. The plane is an important auxiliary
construct for the geometrical reconstruction of the air shower. Adapted from [6].

light beam onto the camera [6]. The reflectivity has been measured to exceed 90 % at 370 nm.
The radius of curvature of the mirror is 3.4m resulting in a wide field of view of 30.0° x
28.1°. The camera is built up by a matrix of 22 x 20 = 440 Photonis XP3501 photomultiplier
tubes with eight amplification stages and hexagonal windows of 40 mm diameter. The tubes
are mounted on a curved aluminum support frame with a radius of curvature of 1.7m. To
minimize the dead space between the pixels, so-called Mercedes stars made from aluminized
Mylar foil have been installed which implement the shape of Winston cones. Thus, Monte
Carlo simulations testify an increase of the light collection efficiency of the camera from 70 %
to 93% [59]. The photomultiplier tubes have a quantum efficiency of ~ 30% at the peak
wavelength of 420nm [61]. Due to the large dimensions of the camera of 93 cm x 86cm, a
large fraction of ~ 21 % of the aperture is obstructed. The ray-tracing simulations show that
the transmission efficiency of the optical system up to the photomultiplier tubes is 55 %.

In comparison to the surface detector with a duty cycle of nearly 100 %, the fluorescence
detector can only be operated during moonless nights. In total, a duty cycle of 15% could
be achieved [62]. However, the upgrade plans of the Pierre Auger Observatory include an
upgrade of the FD electronics to enable measurements during twilight by reducing the gain
of the photomultiplier tubes [37]. This leads to a theoretical increase of the astronomically
possible duty cycle from 19% to 29 % neglecting bad weather periods, power cuts and other
environmental influences.

3.3.3 Extensive air shower reconstruction

The shower detector plane (SDP) is an important auxiliary construct for the geometrical recon-
struction of an EAS with only one telescope. A schematic of the SDP is presented in figure 3.7.
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Figure 3.8: Peak light signal arrival time of an EAS recorded by the FD of the Pierre Auger
Observatory. Each dot represents a pixel of an FD telescope and its shade the arrival
time (early = light shades, late = dark). A fit of equation (3.9) is used to determine
the geometry of the shower. The hollow dots denote timing information of surface
detector stations which significantly improve the fit result. Event 15346477, taken
from [62].
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Figure 3.9: Schematic of a reconstructed EAS measured with the Pierre Auger Observatory.
Due to the hybrid detector design, the EAS is measured simultaneously by the
surface- and the fluorescence detector. The light incident directions on the tele-
scopes are shown as shaded lines. The signal height of the telescopes and surface
detector stations are denoted by markers of different size in a logarithmic scale.
Event 15346477, taken from [62].
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Figure 3.10: Camera view of an EAS recorded by two telescopes of the Coihueco telescope

station. The peaking time of the pixels is denoted by the shading (early = light
shades, late = dark). The straight line represents the shower detector plane (cf.
figure 3.7). Event 15346477, taken from [62].
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Figure 3.11: Longitudinal profile of an EAS recorded by the FD of the Pierre Auger Observatory.
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The dots represent the number of photons per 100 ns time bin recorded by a pixel
of the camera. Due to the fact that the shower can be seen over the duration of
several time bins in a single pixel, the number of data points exceeds the number
of triggered pixels. The line is a fit of the Gaisser-Hillas formula to the data (cf.
equation (2.20)). Event 15346477, taken from [62].
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Figure 3.12: Moments of the shower maximum X,,,, measured by the Pierre Auger Observa-
tory. The vertical bars denote the statistical and the vertical caps the systematical
uncertainties. The lines represent the moments obtained by Monte Carlo simula-
tions for proton and iron nuclei. Data taken from [63].

The axis of the EAS is extended to a plane to the observing telescope with an angle y, between
the axis and the ground in the SDP. Then, the shower distance R, can be obtained by a fit of
ti(x) = to—l—%RPtan(%) (3.9

to the recorded arrival time t; of the peak signal in the PMT i with an elevation angle y; in the
SDP Obviously, the fit can be improved by including data points from the surface detector into
the fit since they have a large leverage. Figure 3.8 presents the geometric reconstruction of an
event recorded with the Pierre Auger Observatory including information from the FD and from
the SD. A schematic of the geometry of the event is presented in figure 3.9 and a camera view
of the FD telescopes which recorded this event is given in figure 3.10.

With the results of the geometrical reconstruction of the shower, the detected light is back-
traced from the aperture of the telescope to the shower axis. The number of detected photons
n; by the PMT i is given by

eatm(x) etel(x) dzNY
;= dA 3.10
" J 4mr? \dxda ) (3-10)
eatm(k) etel()t) dEdep
= | 22" vY(A,p, T,u) | —— | dA 3.11
f 4mr? (%.p.T.u) ax ), (3.11)

with the distance between the telescope and the point on the shower axis r;, the atmospheric
transmittance €,.,(A), the efficiency of the telescope €.;(A), and the fluorescence yield Y. By
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inversion, the energy deposit in the field of view of the telescope as a function of the atmo-
spheric depth can be determined to which the Gaisser-Hillas formula (cf. equation (2.20)) is
fitted to reconstruct the whole profile including the parts not visible to the telescope. The fit
results yield also the shower maximum X,,,, with a resolution of ~ 20 gcm™2 [62] which is an
important observable (cf. section 2.4.1.2). Figure 3.11 presents the longitudinal profile recon-
structed for the example event. A measurement performed by the Pierre Auger Observatory
of the mean and variance of the X, ., as a function of energy can be found in figure 3.12. By
integration of the energy deposit, the electromagnetic energy E.,, of the EAS can be calcu-
lated. The energy of the primary particle E, can then be estimated by means of Monte Carlo
simulations yielding a parametrization for the compensation of the invisible energy [64]

EE;“ =0.959 —0.082E_%" (3.12)
on average for a mixed composition of protons and iron nuclei. Additionally, the light recorded
by the telescope is contaminated by Cherenkov light, either direct light emitted in forward di-
rection or scattered. This contribution has to be corrected for on an event by event basis
when calculating the primary particle energy [50]. Additional corrections have to be imple-
mented to model Rayleigh and Mie scattering. Rayleigh scattering is scattering of light on
the molecules of the air and thus depends on its density and on the photon wavelength. The
cross section is proportional to A%, At sea level, the cross section for Rayleigh scattering is
o =1.673-1072° cm? [65] at 400 nm which corresponds to a mean free path length of ~ 17km
at 20°C and 1013 hPa. The distribution of the scattering angle 6 is proportional to cos? . Mie
scattering is scattering of photons on aerosols in the air. The wavelength dependence is often
parameterized with the so-called Angstrém formula [66]. The angular distribution of the Mie
scattered light is strongly peaked in forward direction [67]. Therefore, a continuous monitor-
ing of the atmosphere above the array is crucial to successful data analysis.

In summary, the fluorescence detector has full trigger efficiency for energies above E >
10'%eV. The statistical uncertainty on the reconstructed energy is better than 10%. Major
contributions to the systematical uncertainty on the energy measurement of the FD are the
fluorescence yield (3.6 %), the aerosols optical depth of the atmosphere (6.2 %), the absolute
calibration of the telescopes (9.9 %), the longitudinal profile reconstruction (6.5%) and the
invisible energy (3%). In total, a systematic uncertainty of 14 % has been reported [68].

The trigger system of the FD is divided into several levels [69]. The first trigger level is
a simple pixel threshold trigger. A moving average of the last n = 4...16 ADC samples is
compared to a 14 bit threshold value for each pixel. The threshold value is dynamically adjusted
to maintain a trigger rate of 100 Hz to compensate for changing signal background. The second
trigger level searches for tracks in the first level triggers generated during the last 1 us. A track
is identified if 5 adjacent pixels are triggered in one of 108 track-like patterns. At this point,
the trigger rate per telescope is already reduced from 10Hz to 0.1Hz. The final step is the
level three trigger for the rejection of lightning. It has been found, that lightning produces
level one triggers with high multiplicities in 100 ns coincidence intervals. Thus, events with a
multiplicity > 25 are rejected which rejects 99 % of all lightning events. The multiplicity of the
first level trigger can be obtained without a complete readout of the ADCs, thus this decision
process is very fast. In a second step, for the remainder of these events, the whole signal trace
is read out to check the chronological order of signal peaking times. This second step also
removes background events from random pixel triggers and muons. The fraction of rejected
EAS by the third level trigger with an energy of E > 10'8eV is 0.6% [70]. The trigger rate
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Figure 3.13: Computer drawing of a module of the AugerPrime surface detector upgrade of the
Pierre Auger Observatory. A schematic of the inside of the compartment mounted
on top of the water Cherenkov station is provided in figure 3.14. Image courtesy
of the Pierre Auger Collaboration.

per telescope building is now 0.01 Hz on average. Further trigger stages are implemented to
create hybrid events between multiple telescope buildings and the surface detector.

3.3.4 The Upgrade of the Pierre Auger Observatory AugerPrime

The Pierre Auger Observatory began a major upgrade of its detectors with the focus on im-
proved measurements of the chemical composition of cosmic rays with the surface detector
which up to now could only be measured with considerable uncertainties [37]. Referred to
as AugerPrime, the surface detector will be upgraded by installing a 4m? plastic scintillator
detector on top of each water Cherenkov station (cf. figure 3.13). Furthermore, the electronics
of the tank will be improved by increasing the sampling frequency from 40 MHz with 10 bit
ADCs to 120 MHz with 12bit ADCs. The number of readout channels is also increased for the
readout of the scintillator detector and one additional small PMT (< 30 mm diameter) will be
installed in the water Cherenkov tank to enhance the dynamic range.

The scintillator detector itself consists of two 2m? modules with each 12 bars of 1.6m
length, 10 cm width and 1 cm thickness produced by the Fermi National Accelerator Laboratory
(FNAL) [71] (cf. figure 3.14). These bars are extruded including a diffusive coating to prevent
light leakage and four tunnels over the whole length for inserting a 1 mm thick wavelength
shifting fiber. The blue light of the scintillator (& 430nm) is shifted to green (~ 500nm).
The shifting process also helps to trap the scintillator light inside the fiber for the transport
to the photomultiplier. Each fiber is 6.3 m long and routed through two adjacent bars to im-
prove the uniformity of the detector (non-uniformity < 6%) and each fiber end is spliced to
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Figure 3.14: Schematic of one half of the compartment mounted on top of the water Cherenkov
station. It contains 1.6 m long scintillating bars produced with each four tunnels
for the routing of wavelength shifting fibers. Each fiber is laid through two ad-
jacent modules and the two fiber ends are spliced to the photomultiplier. The
bending radius of the fibers is 5cm to keep light loss to a minimum. Adapted
from [37].

the photomultiplier. The fibers are laid without gluing for easier handling in case of a defect
of the fiber. As photomultipliers traditional photomultiplier tubes and silicon photomultipliers
are in discussion. The dynamic range of the detector is claimed to be sufficient to measure 1
to 20000 minimal ionizing particles (MIPs) whereby the position of the peak due to MIPs in
the pulse height spectrum of the recorded photomultiplier data is resolved with an accuracy of
1.5% [37].

The predicted resolution on the number of muons N,, is 18 % for 10 EeV and 8 % for 100 EeV
EAS. The resolution has been achieved by the utilization of the novel concept of shower uni-
versality which predicts that the electromagnetic part of hadronic showers is fully determined
by the shower age s = 3X /(X + 2X,,,;) and the primary energy E, [72, 73].

In summary, the upgrade of the Pierre Auger Observatory will be a big step forward to
answering the remaining questions of cosmic rays, mainly their chemical composition, their
sources and finally their acceleration mechanisms in combination to the explanation of the ob-
served flux suppression. The construction of the upgrade will be started in mid 2016 and put
into service until 2018.
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CHAPTER

Silicon photomultipliers

Silicon photomultipliers (SiPMs) are pixelated photon detectors for the detection of light on a
single photon basis and can be considered the successor of photomultiplier tubes (PMTs) for
many use cases.

PMTs are evacuated compartments with a photo-reactive entrance window emitting single
electrons upon photon incidence due to the photoelectric effect [74]. The initial photon is
accelerated by means of an electric field through a concatenation of dynodes used to form the
field. Due to a high field strength in the kilovolt regime, the electrons gain energy at each
stage and eventually release further electrons when hitting a dynode. The resulting electron
cloud yields a measurable current proportional to the number of incident photons. Thus, these
devices have to be operated with a bias voltage of O(1kV) and require a lot of space due to the
elongated dynode structure. Furthermore, these devices can be harmed when operated with

-
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Figure 4.1: Microscope image of a Hamamatsu S12571-50P silicon photomultiplier. The device
in the SMD package has a pitch of 1 x 1 mm and a cell pitch of 50 um resulting in
a total number of cells of 400.

43



Chapter 4 Silicon photomultipliers

high light intensities such as day light. Nevertheless, PMTs have a large dynamic range, large
sensitive areas up to several square centimeter and a high quantum efficiency of typically 35 %.
Hence, PMTs are a mature technology and are therefore used in many experiments.

Silicon photomultipliers translate this concept to a silicon based device [8]. A photograph of
a SiPM is presented in figure 4.1. SiPMs consist of an array of avalanche photodiodes, referred
to as cells, operated in the Geiger mode. This implies that upon incidence of a photon, each cell
produces a standard signal, i.e. a nominal standard charge. The sum of these standard signals
is again proportional to the number of impinging photons under the assumption each cell is hit
only once. Hence, due to the cellular structure, the dynamic range of the SiPMs is limited by the
number of cells since each cell can only detect one photon at a time. Furthermore, SiPMs have a
higher dark noise of @(100 kHz mm™2) compared to PMTs. It depends on the case of application
whether this is problematic or not. Additionally, the properties of the SiPM depend on the
ambient temperature, thus the bias voltage has to be adjusted continuously to compensate
this effect. In contrast to PMTs, the dimensional requirements of SiPMs are very low since
they are thin and just slightly larger than their sensitive area. Typical sizes are 1 mm X 1 mm,
3mm x 3mm and arrays offering up to O(1cm?) of sensitive area. SiPMs are operated by
relatively low voltages of < 100V and are not harmed by high luminosities which renders
them very robust. At the time of completion of this thesis, the photon detection efficiency
of commercially available SiPMs surpasses the quantum efficiency of PMTs with values of >
50% [75, 76].

In the following, the basic properties of p-n junctions, Geiger-mode avalanche photodiodes
and SiPMs will be discussed.

4.1 P-n junctions

A p-n junction is a two-terminal device with a boundary between an n-type and a p-type semi-
conductor [77]. They are fundamental to modern semiconductor applications and thus to the
understanding of other semiconductor devices. The term n-type corresponds to a doped ma-
terial with a higher electron than hole concentration n; compared to the base material. In
contrast, p-type materials are doped with a higher hole than electron concentration n,. The
electrons and holes are also often referred to as donors and acceptors. Typically, in a semicon-
ductor electrical conductivity is prohibited by a band gap between the so-called valence band
E, below the Fermi level E; and the conduction band E, above the Fermi level. At absolute
zero temperature, in the valence band all possible electron states are filled and contribute to the
chemical bonding. The Fermi-level E; denotes the energy of a state whose chance of being oc-
cupied is 50 % at thermal equilibrium. Here, the conduction band E, is only partially filled, thus
can contribute to the conductivity of the material. In summary, the band gap E, = E. — E,,
which has to be overcome by electrons contributing to conductivity, is in the order of a few
electronvolts for semiconductors at absolute zero (E, = 1.169¢V for silicon). The band gap
decreases with temperature [77]

aT?

T+p

E,(T)=E,(0)— 4.1

44



4.1 P-n junctions

depletion zone

ng
p-region ‘n-region
PODPDDDDD
PPDPDDD
—Wp PPDPDDD
ooo |0 Wdn "X
000
SISIS
SISIS
000
000
SISIS)
,
electric field
—Wap TO Wan
x
area = Vy;
built-in potential
/ Vpi
- X

conduction band #

m\
77777777 R M E
Fermi level ~s ¢

valence band -

Figure 4.2: Schematic of an abrupt p-n junction in thermal equilibrium. From top to bottom: 1)
space charge distribution, 2) electric field distribution, 3) distribution of the built-
in potential v,; and 4) energy bands. Since the Fermi level E; has to be constant,
the conduction and valance bands are shifted at the junction. Adopted from [77].
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with & = 4.9-107*eVK ™" and = 655K for silicon and thus is slightly reduced to E,(300K) =
1.123 €V at room temperature. The number of electrons in the conduction band of a semicon-
ductor is given by [77]

n, = J N(E)F(E)dE (4.2)
E.

with the lowest possible energy state E,, the total number of states N(E) at energy E
N(E) o< (E—E,)"/? (4.3)

and the Fermi-Dirac-distribution F(E) of the occupancy of states

1
o 1+ e(E—Ep)/kg T

F(E) 4.4)
with the Fermi-level E, the Boltzmann constant kg and the temperature T.

Now, if semiconductors are doped with n-type or p-type impurities, new energy states are
introduced within the band gap [77]. For p-type semiconductors, the acceptors are vacant
valence electrons. Thus, the Fermi level is decreased and lies closer to the valence band. For
n-type semiconductors, the Fermi level is increased since electrons are more abundant and it
lies closer to the conduction band.

At the junction of the p-type and the n-type semiconductor, the electrons tend to drift to
the p-doped side and recombine with the holes and vice versa [77]. Since the two Fermi levels
must align, the conduction and valence bands are shifted. The area in which the recombination
takes place is denoted as depletion zone. Due to the charge shift, the n-doped side is positively
and the p-side negatively charged constituting an electric field opposing the diffusion process.
In thermal equilibrium, the potential difference corresponding to the electric field is the built-in

voltage
kg T
Vo = 2 In ( fald ) (4.5)
q n:

4
with the charge of a single charge carrier g, the donor and acceptor concentrations n, and ng
and the intrinsic charge carrier density n; of the non-doped semiconductor. The width of the

depletion zone is given by

2eg;€ 2kgT

wy = Q S0 (vbi e ) (4.6)
qn q

with the charge carrier concentration n ~ n, if n; < n, (and vice versa), the dielectric constant

€, and the dielectric constant of silicon eg; ~ 12. The capacity of the depletion region is then

given by

€Egi€
Cq = _‘i:do . (47)

A schematic of a p-n junction and its properties is presented in figure 4.2.
The application of a reverse bias voltage v,;,,, contributes to the built-in voltage vi,; and thus
increases the width of the depletion zone

2€eg;€ 2kgT
wq = Q — (Vbi + Vhias — —B) (4.8)
qn q

at the cost of the depletion zone capacitance c,4 (cf. equation (4.7)) [77].
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By increasing the reverse bias voltage vy;,, the electric field strength is increased and the p-n
junction becomes susceptible to breakdown phenomena of which the avalanche multiplication
is here of particular interest [77]. If the electric field in the depletion zone is high enough,
charge carriers can multiply by impact ionization leading to a current increase. The ionization
rate, i.e. the number of electron hole pairs generated by a charge carrier per unit distance, is
qualified by a constant

_ Ldn 4.9)
%n = nv, dt (.
with the charge carrier velocity v,, and analogously for holes a,,. It can be found, that the
ionization rate strongly increases with increasing electric fields. In silicon, the threshold energy
for impact ionization is 3.6 €V for electrons and 5.0eV for holes. Thus the electric field must
be high enough to facilitate these carrier energies. During the avalanche, each charge carrier
is multiplied by a factor

Wy X -1
M= {1—J a, exp [—f (a,—a,) dx’] dx} (4.10)
0 0

Wq —1
={1—J adx} for a=a,=a, “4.11)
0

which reaches infinity if the integral yields 1. This can be interpreted as an initial electron
which gets accelerated and creates one additional electron hole pair. The hole gets accelerated
in the opposite direction and in turn creates an electron hole pair of which the electron is
accelerated towards the starting position of the initial electron. Thus, the process repeats itself
indefinitely. The breakdown voltage is proportional to the width of the depletion zone [77]

Vbreak < Wq . (4-12)

Since the depletion zone width is more or less constant as a function of temperature, the electric
field is also constant.

However, with increasing temperature and in high field strengths, the more energetic charge
carriers loose a part of their energy to the lattice due to scattering. Hence, these carriers must
pass a higher potential difference before acquiring enough energy to initiate the avalanche
breakdown which leads to a considerable decrease of the ionization rate. As a consequence,
the breakdown voltage increases with increasing ambient temperature.

4.2 Geiger-mode avalanche photodiodes

In general, Geiger-mode avalanche photodiodes (GAPDs) are basically p-n junctions which
can be brought to an avalanche breakdown by the absorption of optical photons within the
electric field region which creates the initial electron hole pair. This enables photon detection
on a single photon level. Furthermore, a so-called quenching resistor R, is connected in series
to the junction for a passive self-quenching of the avalanche breakdown. A schematic of an
example structure of a GAPD is presented in figure 4.3. With rising bias voltage w,;,,, the
size of the depletion zone and the electric field strength increase which is beneficiary to the
probability that the initial carriers successfully initiate an avalanche breakdown. Thus, the
photon detection efficiency of the device increases with the excess over the breakdown voltage

VOV(T) = Vbias — Vbreak(T) (4.13)
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Figure 4.3: Schematic of the architecture of a Geiger-mode avalanche photodiode (GAPD). The
structure is known as “reach-trough” structure which is a popular way to connect
the front with the back side of the diode. Following the path of light, the first layer is
the quenching resistor R, which is either nontransparent and occupies only a small
part of the GAPD or a transparent metal film. The next layer is a SiO, of ~ 15um
thickness which acts as insulator between the metal contacts and the diode. The
heavily doped n+ layer of ~ 1 pum thickness is connected to the quenching resistor
and marks the begin of the avalanche region. Below, there is a heavily doped p+
layer also a few micrometers thick. Thus, the depletion zone forms between the n+
and p+ layer. Incoming photons can either be absorbed directly in the depletion
zone (blue light) or below in the lightly n-doped 7t layer (green to orange light)
which has a thickness of ~ 300 pm. Adapted from [78].

whereby, as mentioned above, the breakdown voltage depends on the ambient temperature T.
When the GAPD breakdown is initiated, a self-sustaining avalanche develops due to satisfac-
tion of the avalanche condition (cf. equation (4.11)) [79]. The leading edge of the avalanche
current signal marks the arrival time of the photon with great precision in the order of several
O(10ps). The current through the diode as a function of time t is given by

vy(t)
Ry

ig(t)= (4.14)
with the voltage drop over the diode v4(t) and the internal diode resistance R, attributed to
the resistance of the bulk silicon material [79]. A typical value for the diode resistance is
R4 = 1kQ. The current falls logarithmically to a steady-state value i with a time constant,
referred to as the quenching time constant

T4 :(Cd+Cs) Rd (415)

with the capacitance of the depletion zone c; and the stray capacitance of the surrounding
material c¢;. Thus, the GAPD can be modeled as capacitor with a resistance R; connected
in parallel [79]. The equivalent circuit is presented in figure 4.4. Under the assumption, that
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Figure 4.4: Equivalent circuit of a GAPD as proposed in [79]. The avalanche is initiated by
closing the switch which drains the capacitance c; over the internal resistance R.
After the avalanche is quenched, the switch is considered opened again and the ca-
pacitance can be recharged over the quenching resistor R,. Parasitic capacitances,
resistances and inductances are not shown. Adapted from [79].

¢, ~ 0 and c¢g ~ 0.1 pF, the quenching time constant is T4 ~ 100 ps. This can also be understood
as the dead time of the diode during which the GAPD can not detect further impinging photons.
The steady-state current iy is the current which flows through the whole GAPD when it is
conducting and corresponds to a steady-state voltage drop v,

. Vov

ir= 4.16
ST Ry+R, (416
Vf = Vbreak + Rd lf (417)

with the quenching resistor R, which is in the order of ®(100kQ) [79]. For the values given
above, the steady-state current and voltage derive to iy ~ 15uA and V¢ —Vyeax &~ 15mV for an
over-voltage of v, = 1.5V. At this stage, the capacitance of the diode is considered depleted.
Since the current is small, only few charge carriers take part. The impact ionization process is
a statistical process, so chances are high that the ionization rate a drops spontaneously and the
avalanche stops. Furthermore, the electric field in the diode is weakened substantially which
also lowers the ionization rate a. At some point, the holes do not multiply anymore since
their energy threshold for impact ionization is higher than for electrons. Thus, the quenching
condition M — oo (cf. equation (4.11)) is not satisfied any more. The avalanche develops in
direction to the current flow and finally stops. Experimentally, the multiplication factor M has
been found to depend on the current flowing during the breakdown [80]

1
—o<i . 4.18
i 1 ( )

In practice, the quenching resistor should be chosen so that iy < 100u.A [79, 81]. Breakdowns
initiated given veq < v < V¢ can be initiated but are not self-sustaining.
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Figure 4.5: Schematic of a SiPM with GAPDs connected in parallel. Depending on the cell
pitch of e.g. 10 um, 25 um, 50 um or 100 um and the total size of the SiPM, models
with 100, 400, 900, 3600, 14400 cells or more are available. Besides the recovery
time constant, the number of cells situated on a SiPM has a great influence on its
dynamic range.

Now that the avalanche stopped, the depletion zone can be replenished. Since, the quench-
ing resistor is connected in series to the diode, the recharge can be modeled analogously to a
capacitor

va(t) = vov(l — e_t/TmC) (4.19)

with the time after the breakdown ¢t and the recovery time constant
Trec = (Cd + Cs) Rq (4.20)

which yields 7,.. &~ 10ns. In good approximation, the diode can be considered fully charged
after 57 . since (Vg(5T ec) — Vov) /Vov < 1% is sufficiently small. If another photon is absorbed
during this time window and after a time t after the breakdown, the GAPD can break down
prematurely with a reduced signal o< v4(t)/v,, which can be understood by calculating the
total charge of the current signal

qa = (cq +¢) Voy (4.21)

= qq(t) = (cqg +¢;) va(t) . (4.22)

The value of q,/e corresponds to the gain g of the GAPD, i.e. the multiplication in electrons
from the one initial charge carrier pair induced by one incident photon. Typical values for the
gain g are in the order of O(1 - 10°) which is comparable to the gain of PMTs. Furthermore,

since the charge is completely drained, the signal gain g is equal for photons regardless of their
energy which qualifies the denomination Geiger mode.

4.2.1 Arrays of Geiger-mode avalanche photodiodes

Eventually, silicon photomultipliers (SiPMs) are arrays of GAPDs connected in parallel. The
single GAPDs on a SiPM are also referred to as cells. A schematic is presented in figure 4.5.
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Following the discharge and recharge of the capacitor equivalent circuit, the current signal i,
of a SiPM rises with
ipe(t) o< (1—e7t/7e) (4.23)

until t,,,, which corresponds the maximum current ip,y = iy & Vo, /Ry, is reached (cf. equa-
tions (4.15) and (4.17)). Then the current falls off with

ipe(t) oC e_(t_tmax)/TreC (4.24)

while the GAPD recharges (cf. equation (4.19)). The integral of the current signal equals to g4
(cf. equation (4.22)).

4.3 Temperature dependence of the breakdown voltage

As discussed above, the breakdown voltage of GAPDs and therefore also of SiPMs changes with
temperature. In small temperature ranges < 50 °C the breakdown voltage dependence of the
temperature is linear in good approximation. Based on a reference breakdown voltage at e.g.
Ty = 25°C, the breakdown voltage as a function of temperature is

Vbreak(T) = Vbreak(TO) + ﬂ (T - TO) (4-25)

with the progression coefficient . Typical values are f = 56mVK™! for Hamamatsu de-
vices [10, 82]. By adjusting the breakdown voltage Vi, With the ambient temperature, the
gain g = q4/e remains constant since g o< vy .. (cf. equation (4.22)).

4.4 Photon detection efficiency

The photon detection efficiency (PDE) of SiPMs is a compound quantity of multiple constituents
and a function of the photon wavelength A and the angle of incidence 6 with respect to the
surface normal

PDE(A,0) = €geom Etrig €rans(0) QE(A) . (4.26)

First, not the complete chip area can be considered sensitive with respect to impinging pho-
tons. The single cells on a SiPM are separated by electrical wiring, electrical separation and
possibly optical barriers and therefore loose a fraction of their sensitive area to the quenching
resistor which is traditionally made from polysilicon and placed on top of the cells. Newer
models feature a metal film quenching resistor which, albeit covering a larger fraction of the
cell area, is considered transparent. Due to these geometrical reasons, the fraction of the SiPM
area sensitive to photons is referred to as geometrical fill factor €geqpm-

Commonly, the silicon surface of SiPMs is coated with a transparent resin or glass in newer
models to protect the sensitive silicon from corrosion and mechanical stress which makes the
devices very durable. Furthermore, the refractive index of silicon is high (n = 4.7+ 0.2i at
450nm [85]) and the additional optical boundary with n ~ 1.5 provides a less harsh opti-
cal transition from air into the SiPM. Nevertheless, multi-layer Fresnel reflections take place
lowering the transmission efficiency €,,,(0) for inclined light with the result that it rapidly
drops to zero for 6 > 70°. The measurements performed in [86, 87] confirm a simple ana-
lytical model generically developed in [88]. A more detailed discussion and derivation of an
analytical formula for €4, is presented below in section 5.3.2.
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Figure 4.6: Left: quantum efficiency (QE) of a Hamamatsu R9420-100 PMT as a function of
wavelength A compared to the PDE of various SiPMs: Hamamatsu S10362-100C
at v,y = 1.3V (released Nov. 2009), Hamamatsu S13360-6050PE at v,, = 3V (re-
leased Oct. 2015) and a SensL MicroFJ-60035-TSV at v,, = 5V (released March
2016) at room temperature. The values are for perpendicular light incidence and
have been taken from the datasheets [83, 84]. It is apparent, that the PDE could
be increased significantly over time in comparison to the earliest models. Right:
photon detection efficiency of the Hamamatsu S10362-100C as a function of the
over-voltage. Data taken from [10].

When the photon finally enters the GAPD, the probability of absorption and creation of the
initial pair of charge carriers necessary to initiate the avalanche is the quantum efficiency
QE(A). It is a function of the photon wavelength since the absorption depth of the photon
depends on its wavelength. Depending on the depth of absorption, the initial charge carrier
pair might be created outside the depletion zone where the electric field is too weak to accel-
erate it to sufficiently high energies before it gets absorbed.

The probability of an avalanche breakdown emerging from this first charge carrier pair is
given by €j,. It is also a function of the over-voltage v,, explaining the increase of the PDE
with increasing over-voltage [89]. The PDE as a function of the wavelength and the over-
voltage for distinct devices is presented in figure 4.6.

4.5 Noise phenomena

SiPMs are subject to several noise phenomena worth of consideration: thermal noise, optical
crosstalk and afterpulsing whereby optical crosstalk and afterpulsing are also referred to as
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Figure 4.7: Left: photograph of a prototype SiPM from MEPhI and Pulsar enterprise over-
layed with a measurement of the intensity of light emitted by optical crosstalk.
Taken from [92]. Right: measured differential light emission spectrum from sili-
con avalanches. The relative uncertainty for any point of this spectrum is < 25 %.
Data taken from [93].

correlated noise due to the fact that these phenomena only appear in the presence of a primary
avalanche breakdown. Analogously to the PDE, the probabilities of occurrence of noise rise
with higher over-voltages. Besides thermal noise, these probabilities are constant if the over-
voltage is kept constant as a function of temperature (cf. equations (4.13) and (4.25)). This is
very important for a stable operation of SiPMs.

4.5.1 Thermal noise

By thermal excitation, charge carriers can be created inside the depletion region and acciden-
tally trigger an avalanche breakdown. Since the SiPM cells are operated in Geiger mode, the
resulting signal is indistinguishable from photon induced breakdowns. A typical rate of newer
devices is fi;, = 100 kHz per square millimeter sensor area [90]. This value is the result of con-
tinuous improvements made to the manufacturing processes and materials over the last years.
Additionally, the amount of thermal noise can be reduced significantly by cooling. With every
10°C temperature drop, the thermal noise rate drops by a factor of two [91].

4.5.2 Optical crosstalk

Optical crosstalk is the phenomenon of correlated coincident avalanche breakdowns in the
neighborhood of the original triggered cell. The coincident breakdowns are induced by pho-
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Figure 4.8: Schematic of possible paths of optical crosstalk photons. Due to the high difference
of the refractive indexes between the silicon and the coating, a transmission of
optical crosstalk photons through the coating to a neighboring cell is discouraged.
In case the optical crosstalk photon creates charge carriers outside the avalanche
region (cf. figure 4.7), the trigger is delayed by the travel time of the newly created
charge carriers.

tons created during the original avalanche [93, 94]. A typical value for the probability of the
occurrence of at least one optical crosstalk is

P =(27.3£0.1)% (4.27)

for a Hamamatsu 3 mm x 3 mm SiPM with 100 pm cell pitch operated at an over-voltage v, =
(1.31£0.01)V at a temperature of T = (1.0 £0.1)°C [95]. Possible mechanisms for the gen-
eration of the light are bremsstrahlung and band transitions [93]. Although for each avalanche
charge carrier only @(107°) photons are created, the high gain of SiPMs of @(10°) leads to a
considerable amount of secondary photons created in the wavelength regime between 500 nm
and 1600nm [93]. A fraction of < 1% of the light of the lower end of this wavelength regime
can also exit the SiPM (cf. figure 4.7) [92].

These secondary photons can either be transmitted directly to a neighboring cell or be re-
flected at the top material border of the silicon or the SiPM coating or at the bottom material
border (cf. figure 4.8). In case of direct transmission, only the four nearest neighbors tend to
be reached [96]. The light bounced off the bottom material border can get absorbed prema-
turely in the bulk of the GAPD creating an charge carrier pair slowly diffusing to the avalanche
region leading to a trigger delayed by several nanoseconds [97]. However, the contribution of
delayed crosstalk to the correlated noise is found to be low in comparison to afterpulsing.

4.5.3 Afterpulsing

Afterpulses are delayed triggers in the original triggered cell created by the release of charge
carriers trapped at material impurities during the avalanche [8]. The time difference between
the initial pulse and the afterpulse follows an exponential distribution. Experimentally, two
types of afterpulsing with the probabilities p,, ¢ and p,, ; have been found with a short time
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Figure 4.9: Measured over-voltage dependency of the thermal noise fy,, the optical crosstalk
probability p, the afterpulsing probabilities p,, s, Paps and the afterpulsing time
constants T,y r, Taps for a Hamamatsu S10362-33-100C SiPM at a temperature of
T = (3.76+0.03)°C. The over-voltage dependence of the thermal noise is sig-
nified by a dotted best fit straight line fy,(v,,) = av,,. In case of the correlated
noise, a quadratic behavior is expected and thus the best fit of pe ,p(Voy) = avgV
is shown. The mean afterpulsing time constants are 7,,¢ = (52.4+3.2)ns and
Taps = (166 = 10) ns. Data taken from [95].

constant T,,¢ = O(10ns) and a long time constant 7,, = O(100ns). For the same device as
mentioned above, the following values have been found

Tap,f = (52.4+3.2)ns (4.28)
Tap,s = (166 +10) ns (4.29)
Paps = (23 £2)% (4.30)
Paps = (28 £2) % (4.31)

(4.32)

whereby the joint probability for afterpulsing can be obtained by

Pap=1—(1—=pap)(1 —paps) =(45£2)% . (4.33)

Although the afterpulsing probabilities depend on the applied over-voltage, the afterpulsing
time constants are stable within the margin of uncertainties [95].

The over-voltage dependency of the properties discussed above is presented for one Hama-
matsu SiPM model in figure 4.9. Due to the fact, that the gain g is proportional to the over-
voltage v,,, the number of charge carriers which possibly induce correlated noise also rises.
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Furthermore, the avalanche probability €, is also proportional to the over-voltage. Resulting,
the probabilities for correlated noise
Petap < Voy (4.34)

increase quadratically with the over-voltage whereas thermal noise is expected to increase
linearly [89, 91].

Since optical crosstalk occurs instantaneously, only thermal noise and afterpulsing contribute
to the dark noise trigger rate of a SiPM. It is often characterized by

faark = (1 +pap)fth . (4.35)

4.5.4 Gain variations

The avalanche breakdown is a stochastic process. Thus, the gain varies from avalanche to
avalanche breakdown by O(1 %) [98]. This phenomenon is referred to as excess noise. Fur-
thermore, not all cells on the SiPM are equal in terms of electrical wiring length and other
parasitic effects such as capacitances. In particular, the gain of cells at the borders of the active
area of the SiPM are known to have a slightly reduced gain. It can be lower by about 10% [10].

4.6 Dynamic range

Due to the cellular substructure of the SiPM, its dynamic rage is intrinsically limited. For a
number of coincident impinging number of photons n, the number of cells triggering is given
by

Nesig(ny) = Mgy (1— € 7P"™/Mel) e, (4.36)

with the probability of detection p ~ PDE (1 + P + pap) as discussed above and the total
number of cells on the SiPM nj;. The number of cell triggers n;, is given in units of photon
equivalents p.e. and corresponds to the total signal charge q divided by the gain g. Therefore,
Nyje in general is a decimal number. At the lower limit of the dynamic range, the limited
statistics and correlated noise intrinsically lead to high fluctuations on the number of triggering
cells. For coincident photons and assuming the triggering over all is a Poisson process, the
relative uncertainty on the number of triggered cells is given by

Nirig(ny) 1
2 trig Y
O tiarel = = (4.37)
WEE T n2 (n)  Muig(ny)
Furthermore, for a small number of photons n;,(n,) can be approximated by
ntrig(ny) A Neep) P ny . (4.38)

If e.g. a relative uncertainty g o) < 1% is required, the lower limit of the dynamic range is
given by
1
n>————~38 (4.39)
Mcen P O-trig,rel
for a SiPM with n.; = 3600 cells and a photon detection efficiency of PDE ~ 35 %.
At the upper limit of the dynamic range, the device saturates at a certain number of effectively
triggering cells which makes higher photon intensities indistinguishable from each other [100].
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Number of effectively triggered cells in an integration window of 250ns as a
function of the number of impinging photons n, on the SiPM sensitive area mea-
sured for a Hamamatsu S10362-33-050C SiPM. The dotted line denotes the rule
of thumb of equation (4.36) with n..; = 3600, PDE = 24% p. = 12% and
Pap = 21%. The photons originate from a 480 nm LED driven by Gaussian pulses
with various pulse widths (12ns, 35ns and 73 ns) and pulse heights. Data taken

from [99].

However in practice, the light pulses to be detected by SiPMs are of finite length. Thus,
cells can start their recovery process and might be fully recharged before the next photon
hits. Figure 4.10 presents a measurement of the dynamic range of a Hamamatsu S10362-33-
050 3mm x 3mm SiPM with 3600 cells operated at an over-voltage of v,, = 1.5V and room
temperature. Apparently, the measured dynamic range differs substantially from the rule of
thumb introduced above (cf. equation (4.36)) and it is not trivial to analytically predict the
exact response of the SiPM when exposed to light [100, 101, 102, 103, 104]. Therefore, a
simulation of the response of SiPMs respecting certain background and photon signal shapes
in spectrum, intensity and time has to be developed. Such a simulation framework is G4SiPM

which will be presented in the following chapter.
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CHAPTER

The silicon photomultiplier simulation G4SiPM

Since silicon photomultipliers (SiPMs) are powerful and versatile photon detectors capable of
single photon resolution and providing a large dynamic range, the interest in these devices
grows rapidly. At the time of this thesis, SiPMs are being discussed to be employed at the CTA
experiment [105, 106, 107], in the upgrade of the MEG dark matter detector [108] and at the
LHC, CERN for the LHCb experiment [109]. At the CERN experiment CMS, SiPMs are already
installed in the gas drift velocity monitoring and the hadron outer calorimeter [110, 111].
Therefore, the necessity for a dedicated, versatile SiPM simulation is given. The simulation
package G4SiPM has been developed for this purpose [12]. Here, the prefix “G4” denotes the
reference of G4SiPM to the open source C++ simulation framework Geant4 which is widely
established in particle physics. G4SiPM implements certain constructs of Geant4 to make it
integrable into existing Geant4 detector simulations. In the following, the main aspects and
the inner workings of Geant4 are introduced before discussing the details of the G4SiPM Monte
Carlo code.

5.1 Introduction to Geant4

Geant4 (for GEometry ANd Tracking) is a C++ framework for simulating the passage of parti-
cles through matter and their interaction with it [11]. The most important features of Geant4
are:

* tracking of fundamental particles through matter

* modular lists of physics processes i.e. lists of particle interactions
* definition of detector geometries and electromagnetic fields

* definition of materials with their chemical and physical properties
* response of sensitive detector elements to the passage of particles
» generation of detector readouts and storage of particle tracks

* visualization of the detector and particle trajectories
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Geant4 application

I

G4RunManager
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— G4VUserPrimaryGeneratorAction

— G4UserStackingAction

— G4UserTrackingAction

H: G4UserSteppingAction
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G4Ulmanager

[ ] Provided by Geant4 framework

— G4VisExecutive Implementation mandatory

' | Implementation optional

Figure 5.1: Schematic overview of a Geant4 application. Mandatory and optional parts are to
be implemented by the application programmer. The components “G4UImanager"
and “G4VisManager" are for the end-user interaction.

Geant4 is the successor of Geant and Geant3 originally developed at CERN written in Fortran
released 1974 and 1982, respectively [112]. Thereafter in 1994, two groups at CERN and KEK,
Japan, joined their efforts in a formal proposal named RD44 to completely rewrite the Geant3
code in the contemporary programming language C++ with an object oriented approach for
improved maintainability and extensibility. Since then, the Geant4 project is maintained by the
international Geant4 collaboration.

Geant4 is a framework. Thus, there are three types of users: the framework provider, i.e. the
Geant4 collaboration, which maintains the code and adds case-specific features to the Geant4
code base, the application programmer and the end user.

The application programmer is essential to every Geant4 detector simulation and requires a
strong background in the C++ programming language. The programmer composes the frame-
work parts of Geant4 to an executable program including a detailed detector description (cf. fig-
ure 5.1).
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A detector in Geant4 consists of so-called solids. Each solid has a distinct geometry, e.g.
sphere, tube, pyramid, etc. From a solid and a material, a logical volume is created. Geant4
is equipped with a large database of predefined materials from the NIST database [113, 114,
115]. Physical properties as e.g. the refractive index have to be supplied by the application
programmer and are stored in so-called material properties tables. Finally, the logical volume
is used to create a physical volume which defines the point in space at which this part of the
detector will be placed. Furthermore, the logical and physical volumes can reference elements
higher (parent) or lower (children) in the hierarchy of volumes. Child volumes are considered
to be enclosed by the parent volume and thus must not protrude. The highest volume in the
hierarchy is the world volume and defines the space in which particles are simulated.

The end user executes the simulation while controlling run time parameters as e.g. the pri-
mary particle energy. Geant4 also provides basic functionality for visualization and a command
line interface. The commands of the command line interface can be comprised to simple scripts
for batch execution.

5.1.1 Geant4 run execution

A run in Geant4 consists of the simulation of one or more events. After each run, the detector
is set back to its initial state. Each event refers to the simulation of one or more primary
particles. Primary particles are fundamental particles created by the primary generator action
with a certain kinetic energy, position, momentum direction, polarization and time.

The execution of a run is initiated by the command

/run/beamOn n

entered either in the command line interface or in a batch processing file with the number of
events n. Before the n new events are created, the run action is invoked which can be used
to prepare data structures for the recording of the simulated data. Subsequently at least one
primary vertex, comprised by a point in space and time and a particle type, must be created by
the “G4VUserPrimaryGeneratorAction”. The tracking of the particles in space is performed step
by step. The step length corresponds to the minimum mean interaction length required by the
physics processes. A new step is added to the track of the particle and the physics processes are
invoked which might change the properties of the particle or even create secondary particles.
Upon completion of each step, a user intervention method of the “G4UserSteppingAction” is
called which could be used to monitor certain properties of the particle for the duration of its
simulation. The tracking of a particle stops, if the particle leaves the world volume, if it is
at rest or if it is destroyed. The latter can be done manually by one of the user intervention
methods. If no more particles have to be tracked, the event is considered completed. In a user
intervention method of the “G4UserEventAction”, the application programmer can invoke the
digitization mechanism of Geant4 which is introduced later in this chapter. Finally, the output
files should be closed properly. If no more runs have to be simulated, the Geant4 application
exits. A sequence diagram of a Geant4 simulation can also be found in figure 5.2.

5.1.2 Geant4 hits and digitization

Logical volumes of the detector construction in Geant4 can be provided with a user imple-
mented sensitive detector, an instance of “G4VSensitiveDetector”. Each time a particle tra-
verses the logical volume, its sensitive detector is invoked and the application programmer can
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Figure 5.2: Simplified sequence diagram of the execution of a Geant4 application. The colored
arrows and labels denote the invocation of the corresponding user action whose
implementation is optional.

record the particle properties of interest. The recorded properties are stored in “G4VHit” ob-
jects and filled into a “G4VHitCollection”, i.e. a list of all “G4VHit” objects created during one
event. Since the response of the sensitive detector may depend on certain properties of the
particle, the application programmer can implement a sensitive detector filter “G4VSDFilter”
which will be queried before. Hits will only be created in case of a positive return value. Upon
completion of the event, the application programmer is responsible for saving the hit collection
to a file.

So far, the hits only contain true Monte Carlo values. To compile a more realistic detector
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Figure 5.3: Screenshots of the G4SiPM simulation with one “G4Sipm” instance embedded in
a “G4SipmHousing”. Left: the default housing simply creates the coating in front
of the silicon chip and a ceramic bulk behind the chip. Middle: SMD variant pro-
duced by Hamamatsu for reflow soldering [14]. Right: Ceramic variant produced
by Hamamatsu with pins for soldering.

response including e.g. uncertainties on the measurement and noise, the hits can be further pro-
cessed during the digitization stage of Geant4 by the implementation of a “G4VDigitizerModule”
which creates “G4VDigi” objects contained in a so-called “G4VDigiCollection”. At the end of the
digitization, the application programmer is again responsible for the persistence of the created
collections to the hard-disk.

5.2 G4SiPM object classes

Similarly to Geant4, G4SiPM is a framework and provides the means to create Geant4 simula-
tions with SiPMs as sensitive parts of the detector geometry. Nevertheless, all classes are highly
interlinked to minimize the application programmer effort.

5.2.1 Object class: G4Sipm

The “G4Sipm” class is responsible for the creation of solids, logical and physical volumes for
the detector construction. Additionally, it registers a sensitive detector and a digitizer module
to Geant4. Since in most simulations more than one SiPM would be placed in the detector
construction, all instances are uniquely identified by an integer id. The same id is used for the
name of the hits and digi collections. The physical representation of the silicon chip of a SiPM
is a cuboid of silicon.

5.2.2 Object class: G4SipmHousing

This class wraps the bare silicon created by the “G4Sipm” class in a housing (cf. figure 5.3).
The most simple housing consists of a cuboid of ceramic behind and an cuboid of epoxy in front
of the silicon chip. Here, the epoxy acts as the coating which is required to correctly resemble
the angular dependency of the detection efficiency of SiPMs. Due to this construction, multiple
reflections between air, the coating and the silicon can occur. Light, which is reflected by the
SiPM by either direct or multiple reflection, can trigger other detector elements or lead to a
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dispersion of the photon signal. The incorporation of these effects is essential to a detailed
detector simulation.

5.2.3 Object class: G4SipmModel

All phenomenological properties of the SiPM are stored in the “G4SipmModel” class. New
models can be implemented by either sub-classing “G4SipmModel” or by the creation of a
configuration file

name = HamamatsuS12573...

number0fCells = 3600

cellPitch = 100 * micrometer

biasVoltage = 65.0 * volt
[...]

which is a simple text file. Since most quantities have a unit, the corresponding unit name of
the CLHEP library, which is used for the handling of units in Geant4, can be stated.

The “G4SipmPropertiesFileModel” class used for the parsing of the text files can also handle
tables which is useful for e.g. for the configuration of the photon detection efficiency as a
function of the photon wavelength. These tables are formatted with tabulators as column
separators which makes the whole file editable with spreadsheet programs.

5.2.4 Object class: G4SipmVoltageTraceModel

The “G4SipmVoltageTraceModel” holds the properties important to the generation of voltage
traces. The actual amplitude of a 1p.e. pulse ap. in volts, the rise and fall time constants
of the signal 7, and 7y, the constant voltage offset of the baseline v, and the electronics
noise are unique to the readout circuit [116]. These properties are also configurable in the
aforementioned properties file.

Each SiPM cell trigger is converted to a voltage trace pulse

0 t<0
Vtrig(t) = { = (51)

ape g (1 — exp_t/Trise) exp_t/Tfall t>0

as a function of the time after the breakdown t and the simulated gain g € [0, 1] of the SiPM
cell.

5.2.5 Object class: G4SipmGainMapModel

Tiny differences in the electrical wiring, border effects or defects in the silicon substrate lead
to fluctuations of the gain of a SiPM cell, which are modeled by the excess noise op.. Two
models are predefined. The first model simply varies the gain by generating random values

from a normal distribution with mean one and variance o

-1
1 202

p(g,0pe) =——F—=e€ b . (5.2)
pe OpeV2M
A typical value is o, = 10%.
Complementary, the second model takes into account that cells at the edge of the SiPM
surface could behave differently compared to the cells in the inner parts. Under the assumption
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the gain is highest in the center and lowest at the edges, the gain is modeled by a 2D Gaussian
distribution as a function of the coordinate on the SiPM surface [117]. A combination of both
models can be implemented by the application programmer.

5.2.6 Object class: G4SipmSensitiveDetector

The “G4SipmSensitiveDetector” is attached to the silicon logical volume of the “G4Sipm”. It is
automatically activated when a photon traverses the silicon volume and records the hit SiPM
cell, time and other particle properties in form of a “G4SipmHit”. Other particles are ignored,
but it has been shown that SiPMs are susceptible to radiation damage [118, 119]. In any case,
optical photons are absorbed at this point by stopping the Geant4 track programmatically.
In contrast to the so-called optical photons, gammas are considered as fundamental particles
in Geant4 and are not treated by geometrical optics. These and other fundamental particles
possibly pass the SiPM.

To identify the photon hit position with a cell on the SiPM, the cells in G4SiPM are enumer-
ated by a unique cell identifier

id=1/Ne+J (5.3)

with the number of cells n. on the SiPM and the integer coordinates of a cell i, j. Technically,
this enumeration only applies to quadratic devices with /T being an integer number. The
coordinates i, j are integer Cartesian coordinates. For a given incident position x, y relative to
the center of the silicon chip, the cell coordinates can be derived to

d d
i:th and j:{y“J (5.4)

cell dcell

with the device pitch d = d ) 4/Ticen @nd the cell pitch d..;. The coordinates are valid if

0>i< v/ Neell and O 2] < VMgl - (5.5)

With future developments, exotic hexagonal or circular sensitive areas might become available.
For these devices, the numbering scheme of the cells has to be adapted by the application
programmer.

5.2.7 Object class: G4SipmSensitiveDetectorFilter

The sensitive detector filter is responsible for the activation of the “G4SipmSensitiveDetector”.
A positive decision is made if two criteria are met.

Initially, when a photon hits the SiPM silicon in G4SiPV, it is checked whether the photon hits
the sensitive area of a cell. Commonly, the borders of the cells of SiPMs are insensitive due to
electrical wiring, electrical separation and possibly optical barriers between the single cells [8]
which has a diminishing effect on the photon detection efficiency. To respect the fill factor
€geom Of the device, the outer parts of the cell is considered blind. With the cell coordinates
stated in equation (5.4), the center of the cell is given by

1 d o1 d
X, = (l + 5) deen — 5 and y.= (] + E) deen — 5 (5.6)
and thus the borders of the active area of each cell can be derived to
deen deen
x1,2 = X + % vV egeom and yl,Z =Y + CTE vV egeom . (57)
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Figure 5.4: Left: measured voltage trace of dark noise of a Hamamatsu 1 mm x 1 mm SiPM
with 100 cells. The measurement has been obtained with a CAEN FADC [120] and
a custom-made amplifier [121] at room temperature. Right: simulated dark noise
trace of the same SiPM model obtained by G4SiPM. The labels denote the origin of
the voltage pulse: thermal noise (th), optical crosstalk (ct) and afterpulsing (ap).

Finally, for acceptance of the photon due to geometrical reasons, the conditions
x1<x<x9 and y; <y <Yy, (5.8)

have to be met.

Secondly, the photon detection efficiency is taken into account. Besides the fill factor, the
reflectivity of the material boundaries between the air, the coating and the silicon have already
been simulated by Geant4 during the tracing of the photons. Thus, the photon detection ef-
ficiency as given by the manufacturer is revised upwards. The details of this algorithm are
discussed below in section 5.3.2.

5.2.8 Object class: G4SipmDigitizer

The “G4SipmDigitizer” is one of the most central parts of G4SiPM. It implements the simulation
of thermal and correlated noise as well as the triggering mechanism on a single cell basis as
described below in section 5.3.2. Triggers are represented by “G4SipmDigi” objects which are
filled into the “G4SipmDigiCollection” for further processing.

5.2.9 Object class: G4SipmVoltageTraceDigitizer

After the completion of the digitization of the SiPM signal, the voltage trace can be derived
from the list of triggers. For this, all SiPM triggers are converted to pulses using the voltage
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pulse parameterization of the “G4SipmVoltageTraceModel” and added up to a complete voltage
trace

v(t) = > vi(£)+ v (5.9)

1

plus the constant voltage offset vy. The time t is given in discrete steps of e.g. 1ns. To incorpo-
rate white noise, the resulting voltages v(t) are smeared separately for each t by multiplying
a random factor picked from a Gaussian distribution with mean one and variance . A simu-
lated trace in comparison to a measured SiPM signal is presented in figure 5.4.

5.2.10 Object class: G4SipmUiMessenger

The UI messenger provides control commands which influence the execution of G4SiPM. For
instance, parts of the simulation as e.g. the simulation of thermal noise or the whole digitization
can be switched off. These commands are available via the Geant4 command line interface.

5.2.11 Testing

Automated testing is very important when developing libraries or frameworks [ 122]. Unit tests
in particular are small programs which run small pieces of code and compare the result to a
certain expectation. These tests can also easily be used to exploit the implementation regarding
special cases. At a higher level, integration tests are used to test the source code at larger scope.
The purpose of testing is not only to ensure the correctness of the implementation during the
development phase but also that it is not broken later by minor changes.

G4SiPM uses the Google Test library [ 123] and has 135 unit and integration tests in total with
a total code coverage of 85%. A good practice is to ensure a code coverage of > 80% [124].

5.3 SiPM model

The SiPMs in G4SiPM are represented by a phenomenological model with phenomenological
input quantities which can either be determined in the laboratory or be taken from existing
publications [10, 82, 95, 125]. Thus, G4SiPM is explicitly not an electrical simulation at semi-
conductor level as for instance the code presented in [92]. Instead, the triggering of the SiPM
is simulated on a single cell level for correct modeling of the recovery behavior and also the
creation of correlated noise. Besides many predefined SiPM model implementations for widely
used devices from Hamamatsu [83] and SensL [84], the user can define new SiPM models
by means of simple text configuration files. A list of the properties can be found in table 5.1.
Furthermore, the performance properties of the SiPM can be interpolated for a setting of v,
and T which has not been supplied by the user.

5.3.1 Operating points

Since many properties of the SiPM depend on the over-voltage v,, which in turn depends on the
bias voltage v;,s and the ambient temperature T the performance properties, i.e. e.g. the pho-
ton detection efficiency and correlated noise probabilities, are defined for an operating point
D = (Toy, Vov)- Here, the ambient temperature T and the bias voltage vy, are referred to as op-
erational parameters. The more operating points and corresponding performance parameters
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Property Symbol  Unit
Geometrical and package properties

Number of cells Neell

Cell pitch deen pm

Fill factor €geom %

Coating thickness deoat mm

Coating refractive index Neoat

Operational parameters

Ambient temperature T °C
Bias voltage Vpias \Y
Relative fluctuation of the gain O pe %
Dead time T dead ns

Operating point

@)

Temperature Toy °
Vov A%

Performance properties for operating points

Over-voltage

Breakdown voltage Vireak \Y%
Spectral photon detection efficiency PDE(A) %

Thermal noise rate fn kHz
Probability of fast afterpulsing Pap,f %
Probability of slow afterpulsing Pap,s %
Time constant of fast afterpulsing Tap,f ns
Time constant of slow afterpulsing Tap,s ns
Probability of optical crosstalk Det %
Recovery time constant Trec ns

Table 5.1: List of properties which comprise an SiPM model in G4SiPM. The geometrical and
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package parameters are fixed during run time. Each operating point is defined by
its ambient temperature T,, and v,,. Upon change of the operational parameters,
the two best fitting operating points are selected as basis for a linear interpolation
of the performance parameters. More sophisticated interpolation mechanisms can
be implemented. The PDE(A) is given for perpendicular light incidence in air. All
listed properties can be configured in one single SiPM properties file.
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are supplied for a SiPM model, the more freely T and w,;,; can be chosen and the better is the in-
terpolation of the performance parameters between operating points. For this, the geometrical
distance between the operating points p; and the operational parameters p = (T, Viias — vbreak’i)
is calculated

Ai = |15>1 _13| = \/(Tov,i - T)Z + (Vov,i - (Vbias - Vbreak,i))z (510)

with the breakdown voltage v},;,5; of operating point i. Thus, the two best matching operating
points p; and p; have the two smallest distances A,. The performance properties are then
interpolated linearly as a function of T if T, # T,y or as a function of v;,5 otherwise. Here,
the linear interpolation is a conservative choice but the application programmer can easily
implement the preferred behavior or extend the mechanism to a two-dimensional interpolation.

5.3.2 Phenomenological model

The photon detection efficiency is defined by
PDE(A,0) = €geom Etrig Etrans(0) QE(A) (5.11)

with the geometrical fill factor €., the trigger probability €, which is the probability for the
primary electron hole pair to create an avalanche, the transmission efficiency from air into the
silicon €.,,5(0) as a function of the angle of incidence and the quantum efficiency QE(A) [126].
The geometrical fill factor is respected as described above in section 5.2.7.

Furthermore, the PDE is reduced for photons impinging at non normal angles due to mul-
tilayer Fresnel reflections at the coating and the silicon chip [86, 87]. Since more than two
optical media are involved (air, coating and silicon), higher order combinations of transmis-
sion and reflection occur. The reflectivity r(0,n;,n,) and the transmittance t(6,n,,n,) of
optical boundaries under an incidence of 6 with the angle of refraction sinn = n;/n,sin 6 can
be calculated by the Fresnel equations [127]

1
r(e’ ni, nZ) = 5 (rp(ea ny, n2) + rs(es ny, HZ)) (512)
t(0,ny,ny)=1—r(0,n,,n,) (5.13)

with the reflectivity r; for perpendicularly polarized light and r,, for parallel polarized light

2

N

nycos@ —ny 1—(2—;sin9)
rs(es ny, n2) = 3 (514)
n,cos 6 +ny 1—(2—;sin9)

nycos 0 —ny 1—(2—;sin9)
rp(0,n,n5) = > . (5.15)
nycos 6 + ng 1—(2—;sin9)

The first order of transmission into the silicon is a product of the transmission of light from air to
the coating t(60, n,ip, Neoar) = t12(0) and from the coating to the silicon (1, negar, Ngi) = ta3(N):

et(rlasl?s(e) =1t12(0) ts(n) . (5.16)
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Figure 5.5: Simulated photon detection efficiency of the Hamamatsu S12573-100C with an
epoxy coating with n.y,, = 1.55 and of the Hamamatsu S12573-100X with an sili-
cone coating with n .y, = 1.41 [14, 90]. The solid line has been acquired by the
analytical formula of the multi-layer Fresnel transmission €ge,,(0) stated in equa-
tion (5.19). The indexes of refraction of air and silicon are n,;, = 1+172- 1070 [22]
and ng = 4.6784 + 0.1485i at A = 450nm [85].

The next order of transmission to the silicon involves a reflection at the coating silicon bound-
ary r(1n, Neoar, Nsi) = T23(n) back to the coating air boundary. If it is again reflected there
(N, Neoar> Mair) = 21(N), the photon has another chance to penetrate the silicon. The complete

term of the second order process is given by

eZD(0) = t15(0) r93(n) ro1 (M) tas(m) . (5.17)

trans

From here, higher orders are easily constructed by adding additional multiplicands of r45(n) 57 (1).
This can be continued to an infinite series

€trans(0) = t12(6) [Z (ra3(m) rzl(n))i] tas(n) (5.18)
i=0
t12(0) ty3(n) (5.19)

N 1—ry3(n)ra1(m)

with the substitution 1 = sin™! (n;/n,sin@). Here, n; is the index of refraction of air ng;,
n, the index of refraction of the coating n.,, and n; the index of refraction of silicon ng;,
respectively. A G4SiPM simulation example for the angular dependence of the PDE and the
calculation of the corresponding €,.,,,(6) are presented in figure 5.5.
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Figure 5.6: Simulated photon detection efficiency of the Hamamatsu S12573-100C with epoxy
coating and of the Hamamatsu S12573-100X with silicone coating for improved
UV detection efficiency at an over-voltage of v, = 1.4V. The solid lines represent
the seed PDE taken from the datasheets [14, 90].

Since the fill factor €g4e4r, and the reflections at the boundary surfaces are already taken into
account, the photon is accepted as detected with an upward revised probability of
PDE())

p=——-2 (5.20)
egeom etrans(e)

with the PDE supplied by the user PDE(A) which traditionally is measured as a function of the
photon wavelength for perpendicular light incidence. An example reproducing the input PDE
in G4SiPM is shown in figure 5.6. All successfully detected photons are written as hits to a
separate hit collections for each simulated SiPM. At this stage, the ray-tracing of the photons is
considered completed and the photon tracks are stopped. All further simulation steps regarding
the electrical model and the correlated noise are performed during the digitization stage of
Geant4.

Even if operated in the dark, SiPM cells can break down accidentally due to thermal- and
secondary correlated noise [8]. To simulate the SiPM with dark noise on a single cell basis,
a chronologically sorted trigger queue is created (cf. figure 5.7). Each cell trigger from the
photon tracking gets sorted into the queue along with the creation process (photon, thermal,
crosstalk or afterpulse) the cell identifier and the exact point in time.

Subsequently, triggers from thermal noise are added to the queue. For this, the time differ-
ence between two consecutive thermal noise triggers is picked from an exponential distribution

pa(6t) = fi, exp fndt (5.21)
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Figure 5.7: Top: sketch of two possible trigger histories sorted into the chronologically sorted
trigger queue implemented in G4SiPM. The label “th” denotes thermal noise trig-
gers, “ph” photon, “ct” optical crosstalk and “ap” after-pulsing. Bottom: sketch of
the trigger queue. The recharge status of each cell determined by the time passed
after the preceding trigger in the same cell. While traversing the queue, all triggers
are handled in an equal manner and correlated noise triggers are added subse-
quently. This implies that correlated noise can in turn create further correlated
noise triggers.

which yields uniformly distributed points in time. This approach prevents floating point accu-
racy problems for very large time windows in contrast to generating the times from a uniform
distribution directly. The cell identifier is diced uniformly.

Thermal noise is added to the trigger queue in a time window considerably larger than the
time window in which the photons have been simulated to allow the Monte Carlo model to
reach a steady state. The time window is increased by

Neell

fth

to both sides with an arbitrary, configurable multiplicand ng, . allowing each cell to have ny, +
thermal noise induced breakdowns on average before and after the arrival of the photons. A
value of ny, 4 &~ 10 has been found to be sufficient. Later, the output saved to the hard-disk
can be clipped to the photon time window.

From now on, the G4SiPM trigger queue is traversed. For each trigger, regardless of its origin,
correlated noise, as described in the following, is computed.

The number of crosstalk triggers succeeding a single cell trigger is picked from a binomial
distribution

t:l: = nth’:t (5.22)

n

P =

)q" (1—q)"* (5.23)

with n trials and the probability
g=1—(1—pe)*" (5.24)

given P,(0) =1 —pg;.-
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Figure 5.8: Possible scenarios for the considered neighbors (shaded) for optical crosstalk from
a seed cell (center). Left: the preferred model with four nearest neighbors [96].
Here, the number of shells is n;, = 0 by convention. Middle: one complete shell
n, = 1 with eight nearest neighbors. Right: two shells n; = 2 including the second
nearest neighbors.
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For the optical crosstalk by default the n = 4 nearest neighboring cells are considered in
G4SiPM since it has been shown to fit experimental data best [96]. The number of nearest
neighbors can be increased to include all nearest neighbors n = 8, the second nearest n =
24, and so on. Depending on the number of shells ng, to include, the number of possible
neighbors derives to

n=4ngen (ghen +1) - (5.25)

By convention, the number of neighbors is n = 4 for ng,.; = 0. An example is given in figure 5.8.
For each afterpulsing component p,, ¢ and p,, ; separately, the number of afterpulsing trig-
gers is picked from a Poisson distribution

Ak
Paplk) = 77e (5.26)

with the mean
A=—In(1-p,,) (5.27)

given P,,(0) =1 —pgp,.

In principle, the GAPDs can be modeled as a capacitor with a capacitance of C; (cf. figure 4.4
in section 4.2) [79]. The breakdown is a spontaneous discharge of the capacitance with the
intrinsic GAPD resistance R; connected in parallel. Now, in the equivalent circuit, the capaci-
tance C; is fully drained and the voltage over the diode recharges with the quenching resistance
R, in series according to

va(t) =vyy (1 - e_t/ff“) (5.28)

with the characteristic recharge time constant 7, = C4R; = O(10ns). Since the gain g is
proportional to the diode voltage, it recharges accordingly. In G4SiPM, the gain of a cell is
set to zero after a breakdown and the cell is considered dead in the time window Tg4e,q. If
t > Tgead, NEW triggers are accepted with a reduced gain g(t) o< v4(t). In G4SiPM the gain
g is a relative quantity, thus the maximum value is g(t — oo0) = 1. Since the probabilities p
for correlated noise are proportional to the square of the diode voltage, successive correlated
noise is generated with a reduced probability p g(t)? under the assumption p = 0 at v,, = 0.

In summary, the following parameters are required by G4SiPM for a successful ray tracing:
PDE(A) and €g4e,m. However, for the noise simulation, fi,, Pet, Pap,f> Pap,s> Tap,fs Tap,s a0d Trec
are required. If desired, all parameters can be supplied as a function of v, and T.

73



Chapter 5 The silicon photomultiplier simulation G4SiPM

In terms of computing costs, 1 ms of dark noise of a 3600 cell SiPM can be generated in less
than 1 second (< 5 seconds including voltage trace, cf. figure 5.4) with a memory usage of less
than 350 MB (single 3 GHz CPU) [12].

5.4 Validation of the G4SiPM model

To ensure the validity of the predictions being made by the G4SiPM Monte Carlo code, the simu-
lation results have been compared to several measurements. The results of these measurements
yield the phenomenological parameters needed for G4SiPM and have been obtained with anal-
ysis procedures similarly to those described in the following [95]. The analysis makes use of
a peak detection algorithm to determine the point in time and peak height of the avalanche
breakdowns of SiPMs [82, 128]. From the peak heights, the number of photon equivalents
can be computed. After successful analysis, the obtained parameters are fed into the G4SiPM
simulation. Since here, the trigger times and peak heights are known from the simulation, the
trigger finding algorithm can be bypassed. Finally, the results of the analysis of the Monte Carlo
simulation are compared to the input parameters.

5.4.1 Trigger analysis procedure of dark noise

A standard method is the evaluation of the dark noise of SiPMs operated in the dark. Thus,
dark noise arises solely from thermal noise. Correlated noise contributes to the dark noise
whereas optical crosstalk, since it occurs instantly, increases only the height of the pulses.
Since afterpulses are delayed triggers, new triggers are created which increases the dark noise
rate. Thus, in first order, the dark noise rate is given by

fdark = (1 +pap) fth . (5-29)

A common approach for the determination of the thermal noise rate and the properties of
afterpulsing is the measurement of the distribution of time delays &6t between thermal noise
triggers and the subsequent trigger.

For a correct determination of afterpulsing from dark noise, it is mandatory to investigate
the combinatorics of these processes because the probability of occurrence of triggers due to
thermal noise and correlated noise depends on their development history. Since the primary
triggers of dark noise are generated by thermal noise, thermal noise has to be selected with
a good purity from the data. As already mentioned above, the probability distribution of the
time difference between thermal noise triggers is given by

Pn(6t) = fpe0t/m | (5.30)

Thus, the characteristic time constant is 7, = ftgl. A similar distribution applies for the fast
and slow afterpulsing component. Thus in general the following applies

1
p(6t)=—¢e70/7 | (5.31)
T
If the time offset between a trigger and its predecessor is large enough, the probability is high

that the trigger is a thermal noise trigger. Given the afterpulsing time constants T, ¢ and T,
are smaller than the thermal noise time constant 7, a reasonable value for the required time
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Figure 5.9: Decision tree of dark noise triggers after an initial thermal noise trigger without
coincident optical crosstalk since it changes the probabilities of the subsequent trig-
gers. The paths denote the probability of occurrence of a succeeding thermal noise
trigger, fast afterpulsing, slow afterpulsing and, in higher order, fast and slow af-
terpulsing at the same time.

of noiselessness is ~ 7,,. Furthermore, the pulse height is required to be between 0.5 p.e. and
1.5p.e. to discard crosstalk in the initial trigger which would deteriorate the analysis. From
here, different scenarios can arise: the initial thermal noise trigger is succeeded after 6t by
a second thermal noise trigger, a fast afterpulse or a slow afterpulse while the other two are
absent in the time frame &6t. Figure 5.9 presents possible histories of thermal noise triggers
and other subsequent triggers and their probabilities. The probability for a subsequent trigger
occurring after a time &t or later is then given by the integral of equation (5.31)

o
P(6¢t) :J p(6t)dt (5.32)
6;0 .
= J Zetltdr =70t (5.33)
ot T

Now, in case of two possible outcomes i and j for a subsequent trigger, the probability distri-
bution for outcome i to occur under the absence of j and vice versa is given by

oo oo
P ;j(6t) = p;i(6t) L p;j(6t)dt +p;(St) L p;(6t)dt (5.34)
t t
= (l + l) e 0t/Tigm0tT; (5.35)
Ti Tj

which can be extended to three cases i, j, k analogously

1 1 1
P, (6t) = (; +—+ T—k) e 0t/Tig=0t/Tj o0t/ Tk (5.36)
i j
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Figure 5.10: Analysis of dark noise simulated with G4SiPM by means of the time difference 6t
between a thermal noise trigger and the subsequent trigger. The simulated SiPM is
a Hamamatsu S10362-33-050C at v,, = 1V and T = 3.8 °C. The input parameters
have been taken from [95]: fy, = (1.55+0.01)MHz, p,,¢ = (14.3+1.3)%, ,
Pap,s = (16.3+£1.5)%, T,p¢ = (52.4+3.2)ns and 7,,, = (166 +10)ns. The line
denotes a fit of equation (5.37) to the simulated data.

By plugging in the probabilities of the scenarios presented in figure 5.9, the following proba-
bility distribution for &t after a pure thermal noise trigger can be obtained

Pdn(5t) =a (1 _pap,f) (1 _pap,s) e_gtfth

1
+ pap,f (1 _pap,s) — fth e_at/Tap’f e_atfth
Tap,f

1 — —
+pap,s (1 _pap,f) (T_ +fth) e 5t/ Tap,s e 5t fin

ap,s
1 1
T Pap,s Pap,f ( + + fth) e 0t/ Tapst g0/ Taps =0 fn (5.37)
Tap,s Tap,f

with an artificial amplitude a. Although this probability distribution is correctly normalized to
one, the artificial amplitude a can be used to account for the dead and recovery time of SiPMs
and inefficiencies of peak finding algorithms for small 6t < 10ns.

Areconstructed 6t distribution is presented in figure 5.10 for a Hamamatsu S10362-33-050C
at v,, = 1.01V over-voltage and T = 3.8°C ambient temperature. The fit has been obtained
by first fitting only the thermal noise component (p,, = pap s = 0) in the regime 5¢ > 600 ns,
then secondly the slow afterpulsing component (p,,¢ = 0) for 6t > 300ns and feeding the
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partial results as start parameters to the final fit of the full probability distribution as stated in
equation (5.37). The input quantities could be successfully reconstructed within the margins
of their uncertainties.

With upcoming new generations of SiPMs the dark noise is reduced dramatically (almost no
afterpulsing, <10 % optical crosstalk, <50 kHzmm™2, see e.g. [129]). This implicates that the
measurement time has to be increased substantially for sufficient statistics.

5.4.2 Analysis procedure of optical crosstalk

Since optical crosstalk is quasi coincident to its seed trigger, the pulse height distribution in
photon equivalents of the initial thermal noise triggers including crosstalk is measured. Anal-
ogously to the procedure described above, only pulses with a time of noiselessness of ~ T,
is required to minimize the effects of preceding correlated noise in the analysis. Here, no
restriction regarding the pulse height of the initial triggers is made.

As discussed above, the number of first order optical crosstalk triggers k for a single cell
trigger follows a binomial distribution (cf. equation (5.23)). Hence, the probability of a cascade
of n crosstalk triggers can be obtained by applying the binomial distribution repeatedly [96].
For higher order generations of optical crosstalk triggers, an empirical approximation using a
modified Erlang distribution has been found in [130] to describe the data best. The probability
distribution for the number of crosstalk triggers n including higher orders is proportional to

(qr)"!
Py(n) o< CEE (5.38)
with
g=pe? (5.39)

containing the Poisson probability p and a shape parameter v which increases the probability
of higher multiplicities for v > 1 or decreases it for v < 1. Since fractional photon equivalents
x can be measured, the pulse height distribution for each multiplicity n is Gaussian distributed
due to excess noise o, and electronics noise o with mean u,.(n) and variance o,.(n)
Upe(n) =ng + g (5.40)
Ulz)e(n) = nalz)e + 031 (5.41)

with the gain g and an arbitrary offset u,. The complete pulse height distribution function is
then given by

o
P.(n) _(,._ 2, 2
Pre(3) = a0e(1) ) 7 & (0 V30 (5.42)
n=1 ~P¢€

with an arbitrary amplitude a to account for the proportionality factors of P,(n) [130]. In
practice, the sum can be broken off early depending on the highest multiplicity measured in
the data.

From a fit of the data to Pp.(x) the crosstalk probability p., can be calculated

1 Zzz Pct(n)
Pa= T "So - <

= - S (5.43)
KCt Zn:]_ Pct(n)
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Figure 5.11: Left: schematic cell grid of a SiPM with denoted number of possible neighbors
1, cen for optical crosstalk based on four nearest neighbors. See also figure 5.8.
Right: the edge correction factor k. as a function of the number of cells n . on
the SiPM for multiple number of shells.

which is the probability of at least one crosstalk trigger. The factor k., accounts for the reduced
number of possible neighbors for cells near the edge of the device by summing up the number
of possible neighbors of each cell n,,(i) for the whole device

Neel 7
nneig(l)
Kg= Y, —— (5.44)
i=1 Neenn

divided by the number of total neighbors neglecting border effects (cf. equation (5.25)). An
example for this calculation is presented in figure 5.11.

Figure 5.12 presents a simulated pulse height spectrum, often referred to as finger spec-
trum, for a Hamamatsu S10362-33-050C at v,, = 1.01V over-voltage and T = 3.8 °C ambient
temperature. The fit successfully reproduces the input quantities.

Similar to afterpulsing, optical crosstalk is reduced in newer generations. The reduction
has been achieved by introducing optical trenches between the cells at the expense of the
geometrical fill factor. Thus, the PDE of these devices is significantly lower. Furthermore, the
absence of optical crosstalk makes the calibration of the gain with dark noise more challenging
due to a significant loss of statistics of in the multiple photon equivalent regime in the pulse
height spectrum.

5.4.3 Summary of validation results

The 6t and pulse height distributions have been simulated for a series of over-voltages v,
for the Hamamatsu S10362-33-050C SiPM. The results are presented in figure 5.13 whereby
the dots represent the analysis results and the dotted lines the expectation. In summary, the
thermal noise and the crosstalk probability match the expectation with a relative difference
of better than 2%. The residual of the reconstructed afterpulsing probabilities to the input is
better than 5%. The afterpulsing time constants degrade systematically with increasing over-
voltages down to a residual of 15 % whereby the fast time constant is reconstructed better than
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Figure 5.12: Analysis of dark noise simulated with G4SiPM by means of the pulse height in
photon equivalents of a thermal noise trigger. The simulated SiPM is a Hamamatsu
S$10362-33-050C at v,, = 1V and T = 3.8°C. The input parameter has been
taken from [95]: p. = (18.2+0.1) %. The expectation for the gain is g = 1 and
for the excess noise o, = 10% with o = py = 0. The line denotes a fit of
equation (5.42) to the simulated data.

the slow time constant. Possible reasons are the lack of robustness of the fit, since it has six
free parameters, and the correlation between the long afterpulsing time constant 7, s and the
thermal noise constant 7g,; a smaller value of 7,,¢ can be easily compensated by a slightly
smaller value of 7. Although the influence of the time constants on the y2 has been found to
be very low, the global minimum y?2 is systematically offset to smaller time constants.

5.4.4 Dynamic range

To demonstrate the ability of the G4SiPM package to predict the response of the SiPM for a
wide incoming photon flux range and for different photon arrival time distributions, simula-
tion results of the dynamic range have been compared to a dedicated measurement of the same
model (cf. figure 4.10 in section 4.6). Details on the measurement can be found in [99]. The
properties of the used Hamamatsu-S10362-33-050C for G4SiPM have been taken from [10, 82,
95, 116]. The light source was an LED with A = 485 nm driven by a custom-made pulser devel-
oped in the electronics workshop of the III. Physikalisches Institut A, RWTH Aachen University
by E P Zantis. Primarily, the irradiation of the LED has been characterized using a calibrated
PIN diode from Hamamatsu. Secondly, the pulsed LED is used to illuminate the SiPMs with
light pulses of varying intensity and length. The SiPM is operated in a cooling box for temper-
ature controlled measurements. The readout electronics consists of a readout circuit proposed
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Figure 5.13: Reconstructed SiPM parameters as a function of over-voltage. The input param-
eters have been taken from [95] (Hamamatsu S10362-33-050C at T = 3.8°C,
cf. figure 4.9 in section 4.5). The dotted lines denote the input values. In case of
the thermal noise and the optical crosstalk probability, the residual between the
reconstructed and the input parameters is better than 2 %, in case of the afterpuls-
ing probabilities better than 5%. The reconstructed afterpulsing time constants
decrease systematically with over-voltage down to a residual of —15 %.

by the manufacturer Hamamatsu and a charge-to-digital converter. Finally, the number of ef-
fectively triggered SiPM cells within a certain integration window was measured as a function
of the number of photons per pulse. As presented in figure 5.14, G4SiPM can successfully
reproduce the dynamic range measurement of a Hamamatsu device for a certain LED pulse
width and over-voltage within 5%. The systematic offset is attributed to the uncertainties in
the calculation of the emitted number of photons as a function of the LED voltage applied by
the custom-made pulser. Since the PIN diode current is only a measure for the mean number
of photons, the exact shape of the LED light pulse can only be approximated by measuring the
voltage pulse fed into the LED.

Given the SiPM parameters as obtained in the laboratory or from the datasheets, G4SiPM
can be used to simulate SiPMs over large range of over-voltages, temperatures and light inten-
sities. The phenomenological model of G4SiPM has been verified by analyzing the simulated
data in the same manner as the corresponding measurements in the laboratory. Furthermore,
the model has been successfully exploited over the entire dynamic range of one specific SiPM
model. With the exception of the afterpulsing time constants, which tend to be reconstructed
systematically too small, all SiPM parameters could be reproduced at a 5% level or better with
small systematic offsets. Thus, G4SiPM is the ideal toolkit to test the feasibility of SiPMs when
developing new detectors and optimizing their design with Geant4 Monte Carlo simulations.
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Figure 5.14: Simulated dynamic range of a Hamamatsu S10362-33-050C SiPM at v, = 1.5V
and T ~ 0°C. The measurement (line) of the dynamic range and the reference
input parameter have been taken from [99]. Besides some fluctuations due to
statistics, the residual between the measurement and simulation is below 5 %.
The largest uncertainty is given by the shape of the LED light pulse as a function
of time since it can not be resoled by the measurement of the average PIN diode
current.

Ultimately, G4SiPM can help to make crucial decisions regarding the required PDE, number of
cells and sensor size of the SiPMs.

5.5 Applications

The G4SiPM package already has been used in other simulation studies [131, 132, 133] and is
also included in the GODDeSS software package (Geant4 Objects for Detailed Detectors with
Scintillators and SiPMs) [134, 135]. Very recently, efforts are being made to use the G4SiPM
package in the software framework Offline of the Pierre Auger Collaboration [136].

In the following, the usage of the G4SiPM package for the simulation of a muon detector
with scintillating tiles is presented.

5.5.1 Simulation of a scintillating tile with silicon photomultiplier readout

The AMD (Aachen Muon Detector) has been developed in the context of the upgrade of the
Pierre Auger Observatory [137]. Scintillating tiles of 30 cm x 30 cm x 0.5 cm in size are placed
into a steel housing of 3.64m x 3.64m total area which is built to carry one water Cherenkov
tank. Since the inner of the housing has struts made from steel I-beams necessary for the
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Figure 5.15: Schematic view of the AMD detector and, placed on top of it, a water Cherenkov
tank of the surface detector of the Pierre Auger Observatory. The mechanics are
made of large sheets of steel and steel I-beams for support. Between the inner
I-beams is enough space to slide in eight trays which take eight scintillator tiles
each. The space between the two uttermost I-beams is left empty. The tiles are not
shown here. In total, one AMD stations has 64 scintillator tiles with wavelength
shifting fibers and SiPM readout. The side faces of the detector are then closed
off by steel covers which seal the interior from ambient light, water and dust.
Technical drawings courtesy of B. Philipps (RWTH Aachen University).

support, eight tiles make up one tray, eight trays one complete station. Therefore, each station
is equipped with 64 tiles in total with a total instrumented area of 44 %. For practicality reasons,
the housing is split into two parts. A wavelength shifting fiber of 1 mm diameter (Saint-Gobain
BCF-92 [138]) with a mirrored end is embedded in a loop shape into each scintillator tile. When
it exits the tile, a special connector splices the wavelength shifting fiber to a clear waveguide
of the same refractive index (Saint-Gobain BCF-98 [138]). The eight clear waveguides of each
tray are routed to one side of the steel housing where each is optically connected to each
one 1 mm x 1 mm SiPM, a Hamamatsu $12651-050P with p., = 5% crosstalk and p,,<1%
afterpulsing [9]. A schematic of the mechanics with an illustration of a water Cherenkov tank
can be found in figure 5.15.
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Figure 5.16: Screenshots of the Geant4 simulation of the scintillating tiles of the AMD. Left:
front view showing the sigma shaped fiber. Right: view from the side. As shown
here, the fiber is installed close to the surface of the tile rather than in the mid-
dle. This has the advantage that the trenches for the fiber can be milled into the
scintillator tile and the fiber can be glued easily. Furthermore, it has been found
that the collection efficiency of the fiber is largest when placed near the surface.

5.5.1.1 Readout electronics

Due to the tiled design, the detector has a good spatial resolution which is important for the
exact determination of the material overburden of the water Cherenkov tank traversed by a
muon. Also, the number of particles passing each tile can be reconstructed measuring the
signal height of the SiPMs. The SiPMs are read out with two EASIROC ASICs which 32 channels
each [139]. It has a fast and a slow shaping signal lane for each channel. The fast shaper is
used for the threshold trigger. In case of a successful trigger, the slow shaper is used to integrate
the signal over a long period of time which is in the order of the expected event length. Due to
the specific signal height of one photon equivalent, the number of photons and therefore the
number of particles can be reconstructed.

5.5.1.2 Results of the AMD detector simulation

The task of the simulation is now to determine the number of photons to be expected from
muons and other charged particles which reach the ground. For this, a dedicated Geant4
simulation on the basis of G4SiPM has been developed and is currently in the stage of the tran-
sition to the GODDeSS package for the detector construction. A sample of 100000 muons with
kinetic energies of E,;, = 107> MeV to E,;, = 10>7> MeV, distributed logarithmically, and in-
cidence angles of ¢ = 0° to % = 90° have been simulated isotropically over the whole surface
of the AMD without the overburden of the water Cherenkov tank. For each simulation, the
number of detected photons is available for each SiPM as a number of photon equivalents. To
safe computing time, the correlated noise simulation of the 64 SiPMs has not been performed
since the effects of the low optical crosstalk of p., = 5% and quasi non-existing afterpulsing
of pap<1% are negligible for this basic analysis. The number of photon equivalents for muons
which actually hit scintillator tiles is compared to possible threshold values n, s A setting
of ny thresh = 7.5 p-€. yields a detection efficiency of > 90% - 44 % a 40 % for minimal ionizing
particles for the complete detector (the total instrumented area is 44 %) and is expected to
almost completely reject the dark noise of the SiPMs (cf. figure 5.17). The efficiency of de-
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Figure 5.17: Left: simulated trigger efficiency of a simple threshold trigger as a function of the
threshold in number of coincident photons for muons with E > 3m,, = 317 MeV
(minimum ionizing particles) and 6 < 50°. The detector has a very high trigger
efficiency up to the point at which the MIP signal distribution falls off. The vertical
line denotes the trigger threshold which has been chosen and is sufficient to cut
off > 99.9% of the dark noise of the SiPMs. For inclined muon incidence, tracks
through the lateral faces of the tile can fulfill the trigger criterion. Right: simulated
dark noise of the Hamamatsu S12651-050P 1 mm x 1 mm SiPM. Due to the fact
that this device has very low correlated noise, the dark count spectrum falls very
steeply.

tection as a function of the particle incidence position and as a function of the kinetic energy
and incidence angle can be found in figure 5.18. It is expected, that the number of photon
equivalents x follows a Landau distribution [22]

1 (% 1
p(x)= ~ J e tlo8t=xtgin(mt)dt ~ exp {_E(X + e_x)} . (5.45)
0

1
V2T
since the energy deposit of the muons also follows a Landau distribution due to the fact that
the scintillator tiles are too thin to stop the particles. Furthermore, the Landau distribution is
folded with a Gaussian distribution due to the production and transportation processes of the
photons and the photon detection of the SiPMs. This has very important implications for the
analysis of the simulations and later of the data of the detector because the moments of the
Landau distribution (mean, variance, etc.) are not defined [140, 141]. As auxiliary quantities,
the most probable value yy,y, i.e. the maximum of the distribution, and a scale parameter o

X — .umpv

x — B (5.46)

84



5.5 Applications

2 90
80 S go 50
70 & = 2
s df) 70 45 Z_
60 & 60 40 g
50 5 £ s 35 .2
40 £ 2 40 30 &
3] Q
30 5 g 30 25 5
watoa an | BEEERS 20 &
. 00000 entries | BSE=IE=R 15 =
AMD simulation =1
0 g2 0 10
—1.5 0.0 1.5 -1 0 1 2 3 4 5
x/m muon energy log;,(Ex;, / MeV)

Figure 5.18: Left: simulated trigger efficiency of the AMD detector as a function of the point
of incidence of a muon. For these simulations, muons with a kinetic energy of
Ein = 107> MeV to E,,, = 10°7° MeV and incidence angles of = 0° to ¥ = 90°
have been simulated. The trigger threshold has been set to n, gesn = 7.5p-€..
Right: simulated trigger efficiency as a function of the kinetic energy Ey;, and the
angle of incidence 1 of the particles.
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Figure 5.19: The number of photons detected by the SiPM for the shortest and longest clear
waveguide length [. The distributions can be approximated by the convolution of
a Landau and a Gaussian distribution since the energy deposit follows a Landau
distribution. Processes, such as photon production, the photon transportation and
the photon detection efficiency of the SiPMs are Gaussian distributed. The fitted
distribution is denoted as (red) curve, the reconstructed MPV Umpy S vertical line.
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are introduced. The distributions of the measured photons for muons with Ey;, > 3m, and
0 < 50° is presented in figure 5.19.

As discussed above, the detector simulations yield very promising results. In combination
with the overburden of the water Cherenkov tank used as shielding against electrons, the AMD
would effectively measure the muon content of extensive air showers. First studies with simu-
lated showers are presented in [ 132]. Furthermore, a dissertation on this topic is to be released
in the near future [142].
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CHAPTER

Baseline design and commissioning of FAMOUS

FAMOUS is a refracting telescope. Many mirror telescope designs, that offer a wide field of
> 10° opening angle, require the focal plane to be placed in the path of light leading to an
obstruction which in turn significantly reduces the total aperture area of the telescope [143].
Since FAMOUS is a prototype platform for the test of SiPMs in fluorescence telescopes and re-
quires a lot of new developments regarding the electronics and the mechanics, the dimensional
constraints can be lifted significantly if the focal plane is kept outside the light path. With the
commercial availability of large, thin plastic lenses made from UV transparent Acrylic, a simple
refracting optical system instead of a multi-mirror approach has been chosen [144].

The most important part of the optical system of FAMOUS is the Fresnel lens which refracts
the incoming light onto a focal plane composed of 61 circular pixels arranged in a hexagonal
layout. Each pixel is a special light funnel, a so-called Winston cone, which concentrates the
light onto the SiPM, and has a circular field of view of ~ 1.5° of the sky resulting in a total
field of view of ~ 12° opening angle. Optionally, an ultraviolet light pass filter can be placed
between the Winston cone and the SiPM to reduce light from the night sky brightness. The
whole system is enclosed by a telescope tube mounted on an altitude-azimuth mount, i.e. a
two-axis mount allowing the rotation about the horizontal axis and the angle of elevation of
the pointing direction [ 143]. Mechanical drawings of the telescope are presented in figure 6.1.

In the following, the optical elements and sensors which build up the telescope will be dis-
cussed in detail including first characterization measurements.

6.1 Fresnel lens

The concept of Fresnel lenses has already been proposed in 1748 by G. de Buffon [147] and
later built by the French physicist J. Fresnel for light houses along the French coast [148]. To
minimize weight and light loss due to bulk absorption, a Fresnel lens is divided into concentric,
annular sections, so-called grooves, while the bulk material of each section is reduced to the
minimum possible. To further simplify the construction, the light-facing shape of the grooves
is planar instead of curved. Thus, the original lens surface is only resembled closely for a large
number of grooves. A schematic of the construction principle is provided in figure 6.2.
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Figure 6.1: Mechanical design of the fluorescence telescope FAMOUS. The main element is a
large aluminum tube with 570 mm diameter. The focal plane is held by a special
inset which can be exchanged easily for a better focus. The Winston cones are glued
into a common base plate. On the back side, the whole focal plane is enclosed by
an aluminum box. A part of the power supply of the telescope is situated in the
lower compartment to reduce the weight and dimensions of the box behind the
tube. Thus the construction does not interfere with the altitude-azimuth mount.
Technical drawings courtesy of B. Philipps (RWTH Aachen University).

The Fresnel lens of FAMOUS is a commercial Fresnel lens from ORAFOL Fresnel Optics
GmbH [13], the SC-943 model, with an aperture of d = 502.1 mm diameter and a nominal
focal length of f = 502.1 mm at A = (546 = 27)nm. Thus, the lens has an f-number of

np==>=1 (6.1)
crucial for a wide field of view and closely meets the design goal of f = 510 mm [149]. Fur-

thermore, 10 grooves per millimeter are situated on the 2.5mm thin lens. The large number
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Figure 6.2: The basic construction principle of a Fresnel lens. The surface of the lens is divided
into concentric sections (grooves) of equal width. For each section, the bulk mate-
rial is removed which leads to an overall reduced thickness and weight of the lens.
The effect on the image quality due to the cutting of bulk material is small since
it is of minor importance to the optics of the lens. Nevertheless, light might be
refracted into the wrong direction at the perpendicular faces of the grooves. This
can be partly compensated by bending each groove individually either by adjusting
the slope angle a or the draft angle 1) which otherwise is always 1) = 90°. Adapted
from [145].

of grooves is beneficial to the imaging quality. The surface of the lens follows the shape of a
parabolic lens to compensate spherical aberration [144]. The lens is made from UV transparent
Acrylic which is important for the detection of fluorescence light [144]. A plot of the internal
transmittance of the material can be found in figure 6.3. A conventional plano-convex lens
of the same diameter and f-number would have a thickness of roughly 250 mm and therefore
would be too heavy to be manageable.

A major disadvantage of Fresnel lenses is the deteriorated image quality due to the fragmen-
tation into planar grooves and false refractions. This can be partly overcome by adjusting the
angles of the front facing and perpendicular planes of each groove separately. A detailed ray-
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Figure 6.3: Left: internal transmittance of the Acrylic PMMA-8N [144] used for the Fresnel lens
of FAMOUS measured for a thickness of 3mm. The material becomes transparent
for wavelengths A > 300 mm which is ideal for the measurement of fluorescence
light. Right: transmittance of UG11 [146] and the predecessor M-UG6 as used in
the fluorescence telescopes of the Pierre Auger Observatory [6]. The UG11 has a
maximum transmittance of 93 % at A = 330nm compared to M-UG6 with 87 % at
A =361 nm since it is with 1 mm versus 3.25 mm much thinner.

tracing study on this topic has been performed in [150]. For the Fresnel lens of FAMOUS, the
so-called draft angle, i.e. the tilt angle of the perpendicular face of the grooves (cf. figure 6.2),
is given by

P(p)=3°+0.0473°mm ! p (6.2)

as a function of the radial distance p from the optical axis whereby the lower limit 1, = 3° is
given by the manufacturing process [144, 150].

The image of an infinitely distant point source yields the so-called point spread function
whose size can be measured by the aberration radius roq and has to be small enough for the
application in FAMOUS. A measurement of the aberration radius ryq is described in the follow-
ing.

6.1.1 Measurement of the point spread function

Besides the simplification which is performed when constructing a Fresnel lens, the loss in
image quality must be acceptable. For FAMOUS, the limiting factor is the size of the Winston
cones with an entrance radius of r; = 6.71 mm. Due to the fact, that the faint fluorescence light
of the extensive showers will behave like a moving point source, the imaging quality of a point
source object is investigated by the evaluation of the produced point spread function (PSF),
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Figure 6.4: Photographs of the main parts of the setup for the measurement of the PSF of the
Fresnel lens. Adapted from [150]. Left: the green LED used for the measurements
in placed inside a light-tight tube behind a pinhole adjustable iris. Middle: the
Fresnel lens is fixed in a frame and mounted onto a rotary table. The camera is
situated behind the lens on its optical axis on the same rotary table. Right: the
position of the camera can be finely tuned by means of translational stages.

i.e. the distribution of the light on the image plane. A measurement of the size of the PSF is
achieved by means of the aberration radius rqy which encircles 90 % of the energy contained
in the PSE The measurements have been taken in the scope of the thesis in [150] and will be
re-evaluated due to an improved compatibility of the used libraries.

6.1.1.1 Measurement setup

The PSF of the lens has been measured using a commercial camera from Sony, the NEX-5[151].
It is a system camera with a large CMOS sensor with 4592 x 3056 pixels in the APS-C format
with a dimension of 22.8 mm x 14.8 mm. The term system camera means that the lens of the
camera is interchangeable. For this measurement, no lens is needed and it is made advantage
of the very small obstruction due to the enclosure of the camera.

Aslight source, a green LED with A = 550 nm behind a pinhole aperture in ~ 20 m distance to
the lens has been used [150]. The whole setup has been placed in a windowless dark service
corridor. The camera was mounted behind the lens on translational stages for micrometer
adjustments of the lens to camera distance and the shift with respect to the optical axis for
measurements with inclined light incidence. The measurements with inclined light incidence
have been performed by mounting the lens camera compound on a rotary table. Measurements
for incidence angles 6;, = 0°, 2°, 4°, 6°, 8°, 10° and 12° with up to 100 individual photographs
have been performed. An overview over the measurement setup is given in figure 6.4.

The photographs are recorded in the proprietary raw format ARW of the manufacturer to
have maximum precision. With the newest version of the open source library LibRaw version
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Figure 6.5: Brightness values of the pixels of image by; versus the brightness value of image
by, of the same image pixel. The factor of exposure of the two images is ty;/t;, =
12.5. The linear fit has been used to determine the maximum usable brightness of
~ 15000.

0.17, 14bit read out of raw files is supported (previous version only 8 bit) whereby only the
information of the green pixels is processed further since the LED emits green light [152]. The
read out brightness is given in units of ADC counts in a range of 0 to 2'4. To eliminate the
originally red and blue pixels containing no information, the size of the image is reduced by a
factor of four so that sixteen adjacent pixels are combined to one. In that way no interpolation
of the Bayer pattern is necessary, i.e. the sensor color filter array used to produce color images.
The black point, i.e. the ADC count of the darkest pixel, is subtracted automatically on import.
Additionally, a dark frame has been recorded right before the measurement with the LED turned
off. This dark frame is also subtracted from the image prior further processing.

6.1.1.2 Image stacking

Since the dynamic range of the camera is not large enough to record the PSF with a good
resolution of both the peak and the tails, all images have been recorded twice at ISO 200, the
first with an integration time of t; = 1/100s, the second with t;, = 1/1250s. Thus, the second
image is a factor of

F=thi_q95 6.3)

lo

darker than the first. Exemplary in figure 6.5, the brightness values b;y; of all pixels of the
brighter image are plotted against the corresponding brightness b;;, of the same pixel in the
dark image. At a certain point, the values of the brighter image saturate whereby the values of
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Figure 6.6: Left: the upper and the lower photograph of the PSF for a light incidence of 6;, = 6°.
The peak of the PSF should be visible in both images. All color scales are scaled
logarithmically for better readability. Middle: The computed normalized cross-
correlation. The relative shift between the two images is marked by the global
maximum of the cross-correlation. Due to the structure of the images, many high
cross-correlation values can be found, but the maximum is reliably at the correct
position (marked by a white circle in the lower left corner). Right: The stitched
image of the two images using the point of maximum cross-correlation. In the
overlap region, the mean between the two images ensures a smooth transition.

the darker image are still rising. This breakpoint can be identified with a linear fit at by sy, =
15000. Thus, a so-called high dynamic range (HDR) image can be obtained by setting the
brightness to

bii bii<b T =15000
bi — { ,h Lh thresh (64)

thi .
bi,lo;"o‘ otherwise

with a total dynamic range of roughly 17.5 bit.

6.1.1.3 Background noise subtraction

A small patch either in the upper left or lower left corner of 500 x 400 pixels is considered signal
free. To the background noise contribute residual ambient brightness, stray light of the LED
light of walls and mechanical structures and any residual intrinsic noise of the image sensor
which could not be removed neither by black point nor the dark frame subtraction. Thus,
the mean background b, is given by the mean brightness of the 500 x 400 pixel patch and
subtracted from all brightness values b;. Values b; < 0 are kept to ensure an overall mean
background of zero. Furthermore, the standard deviation of the brightness values o, ice is
calculated and stored for the uncertainty calculation. A typical value is b,y ;. = (2 +4) counts.

6.1.1.4 Image stitching

For incidence angles 6;, > 6°, the height of the PSF exceeds the sensor area. Thus, one image
of the upper and one image of the lower part of the PSF is recorded (cf. figure 6.6 left) and
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Figure 6.7: Left: exemplary measurement for perpendicular light incidence at z = 513 mm.
The circle denotes the measured roy = (3.24 + 0.03(5tat)ﬁ8:2§(sy3)) mm. Also visi-
ble are star-like structures in the PSE Their origin is discussed below in chapter 7.
Right: the encircled energy of the photograph on the left as a function of the size

of the circle.

combined using the phase correlation between the two images [ 153, 154]. Given the two input
images b, by, the discrete 2D Fourier transform of both images is calculated

Ba:g{ba}, Bb:g{bb} . (65)

From these, the so-called cross-power spectrum by taking the complex conjugate of By, is cal-
culated for each pixel

¢ = JiaBin (6.6)
T 1BoB},| ‘
and transformed back
c=7C} (6.7)
to obtain the normalized cross-correlation (cf. figure 6.6 center). The peak point
Inax = argmlax{c} (6.8)

determines the point of maximum correlation between the two images and denotes the relative
shift Ax, Ay in number of pixels of the second image to the first. This method has been found
far more reliable than a simpler approach by stitching the images at the position of the peak of
the PSE An example for this process is given in figure 6.6.

6.1.1.5 Measurement of the size of the point spread function

A quantity measuring the size of the PSF is the so-called aberration radius ry, i.e. the radius
of a circle which encloses 90 % of the energy in the image. The energy in the image plane is
obtained by the integral of the brightness values b; of the image

N
I=>"b; . (6.9)
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distinct incidence angles 6;,. The statistical uncertainties are signified by the line
width, for the systematical uncertainty cf. figure 6.9.

The center of gravity of the PSF

1 N
xo=7 > bix; (6.10)
i
1 N
J’czfzbi)’i (6.11)
1
(6.12)

with the position x;, y; of the pixel i along the x- and y-axis is also referred to as centroid.
The centroid is used as center of the circle. Now, with respect to the centroid position, the
brightnesses b; are ordered into a set

R={by(r1),...,bi(ry), ..., by(ry)lrizy < 1y} (6.13)

by their radius

rp= \/(xi —x P+ i—y)? . (6.14)

The aberration radius rqoy (here, the number does not denote the index) can be found by inte-
grating the set R until 90 % is reached

> b;=091 . (6.15)
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Figure 6.9: Measured aberration radius roy as a function of the lens camera distance z and
angle of incidence 6;, = 0° with the systematical error shown as shaded area. The
error-bars of the statistical uncertainties are not visible here.
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Figure 6.10: The lens-camera-distance z as a function of the distance of the centroid on the
image plane x. The data are fitted to a parabola to reveal the curvature of field.
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Due to the high number of pixels on the sensor and the usage of the full dynamic range,
the statistical error due to spontaneous fluctuations of the pixel readout is very small, in the
order of O(1%). The highest uncertainty in the determination is therefore the noise subtrac-
tion described above. To estimate the systematic uncertainty on rqq, the calculation of rq is
performed with b; — 0}, poise and b; + O, poise- The deviation from the original result of rg
is taken as standard deviation and is in the order of ®(10%). An exemplary measurement is
presented in figure 6.7.

The results of the measurements of the PSF as a function of the lens camera distance z and
the angle of incidence 6 are presented in figures 6.8 and 6.9. The overall best value has been
determined to

roo = (3.24 +0.03(stat) *0.53(sys)) mm . (6.16)

Additionally, with the radial distance of the centroid of the PSF from the optical axis, denoted
as p, the curvature of field can be determined (cf. figure 6.10). The fit of a parabola to the
positions of the minima of rq, for each measured incidence angle 6;, yields

2(p)=(3.45+0.11)-10 2 mm ' p%2 +(513.2+£0.4)mm . (6.17)

This formula describes a rotationally symmetric image plane perpendicular to the optical axis
at which the PSF is smallest for every incidence angle. The optimal lens focal plane distance
for perpendicular light incidence can be calculated to

2(0)=(513.2+0.49)mm . (6.18)

This result has also been found by the Geant4 ray-tracing simulations discussed below in chap-
ter 7. The ryg obtained by the ray-tracing simulation is roughly 1 mm smaller compared to the
measurement. Here, a possible explanation is that each groove of the Fresnel lens contributes
an airy function to the PSF as discussed in [150]. Lastly, the origin of the star-like structures
which can be seen in the example images given in figures 6.6 and 6.7 are caused by the optical
aberrations as also discussed below in chapter 7.

6.2 Focal plane

The focal plane of FAMOUS is an array of 61 pixels on a symmetric hexagonal grid around
a central pixel. Each pixel of FAMOUS consists of a light concentrator made from polished
aluminum in the mechanical workshop of the III. Physikalisches Institut A, RWTH Aachen Uni-
versity, an optional UV pass filter and an SiPM. A photograph of the front and back side of the
focal plane is provided in figure 6.11. Though the mechanics of the focal plane allow to focus
the lens, this distance is currently fixed to 507.89 mm which is a compromise setting for large
incidence angles. More details can be found in section 7.1.1.

6.2.1 Winston cones

The light concentrator is a rotationally symmetric Winston cone, also referred to as compound
parabolic concentrator [158]. Its walls are of parabolic shape with the focal point of the
parabola lying in the exit plane. A schematic of the Winston cones of FAMOUS is presented
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Figure 6.11:

Figure 6.12:
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Left: front view of the 61 pixel focal plane of FAMOUS. The single Winston cones
have a wall thickness of approximately 0.69 mm and are glued on a common base
plate. Right: back side of the focal plane. The rectangular indentations provide
enough space for the UV filter and the SiPM. Additionally, four indentations for
the placement of unlit SiPMs are provided, which would be used for noise moni-
toring. The small holes are threads for mounting purposes. Photos courtesy of L.
Middendorf (RWTH Aachen University).

Iy

parabola

r, focal
© point

Left: the construction principle of Winston cones. The walls of the Winston cone
are parabolas tilted with respect to the optical axis so that the focal points lie in the
exit plane. Thus, light with an incidence angle of 6,,,, is reflected to the opposite
side towards the focal point and can leave the cone whereas light with larger
incidence angles will be reflected back towards the entrance. Middle: technical
drawing of the Winston cones of FAMOUS. The entrance and exit radii are r; =
6.71 mm and r, = 3 mm corresponding to ., = 26.56°. The wall thickness of the
cones is approximately 0.69 mm. Right: back view. The inset at the back is deep
enough to fully incorporate the UG11 filter and the SiPM. Due to the asymmetry
of the SiPM package, the inset is also shifted with respect to the optical axis to
position the sensitive area of the SiPM in the center of the cone exit.
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Figure 6.13: Left: reflectivity of bare aluminum as a function of the wavelength [155]. It has
been shown that oxidation, which builds a protective layer of ~ 30 um over time,
reduces the reflectivity by ~ 1.5% at 220 nm and less than 0.3% at 550 nm [156,
157]. Right: photon detection efficiency of the Hamamatsu S12573-100C SiPM
as a function of the photon wavelength [14].

in figure 6.12. The concentrator is the mathematical optimal concentrator since it transmits
100 % of the incoming light up to a sharp cut-off angle 0,,.,
sin 6, = -2 (6.19)
r
whereas r; and r, are the radii of the entrance and the exit aperture, respectively. The Winston
cone of FAMOUS has an entrance radius of r; = 6.71mm and an exit radius of r, = 3mm
resulting in a cut-off angle of 8,,,, = 26.56° [159]. The length of the Winston cone is given by
=*2 _1943mm . (6.20)
tan 0,4
Ray-tracing simulations of the Winston cone including the reflectivity of aluminum and surface
roughness (cf. figure 6.13 left) yield a transmission efficiency of ~ 90% up to 6., (cf. sec-
tion 7.1.2).

The mechanics of the light concentrator feature a rectangular inset at the exit which can
retain the optional UV pass filter and the SiPM (cf. figure 6.12, right). The UV pass filter
is a Schott UG11 filter of 1 mm thickness [146]. It has a refractive index of n = 1.585 at
A = 365nm and a high transmittance of 93% at A = 330nm. It is the successor of the M-
UG®6 filter which is installed in the fluorescence telescopes of the Pierre Auger Observatory [6].
A plot of the internal transmittance can be found in figure 6.3. The filter is transparent for
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Figure 6.14: Photograph of the Hamamatsu S12573-100X SiPM. Photo courtesy of L. Midden-
dorf (RWTH Aachen University).

wavelengths from 250 nm to 400 nm and again from 680 nm. The transmittance in the red to
infrared regime unfortunately is intrinsic to these glasses due to the colorants. Nevertheless,
the successor product UG11 has been improved significantly compared to M-UG6 benefiting
the night sky background suppression.

6.2.2 Silicon photomultipliers

The SiPM is a Hamamatsu S12573-100X 6 mm x 6 mm SiPM with 2 x 2 channels which are read
out separately [14]. The SiPM is a special issue with a silicone coating, which has a better UV
transmission efficiency compared to the epoxy coating usually applied for the ceramic package.
The SiPM has a high photon detection efficiency of 35% at 450 nm, almost no afterpulsing and
a low dark count rate of f4,4 ~ 2MHz compared to its predecessors (cf. figure 6.13 and ta-
ble 6.1). The optical crosstalk at the recommended over-voltage v,, = 1.4V is p., = 35 %.

The SiPMs are already calibrated by the manufacturer. The manufacturer supplies the recom-
mended bias voltage vy;,,, the dark noise rate f4,,4 and the gain g for each of the four channels
of one SiPM. The recommended bias voltage is given for T = 25°C and for an over-voltage
of v,, = 1.4V. It ranges between 1,;,; = 65.45V and v;,; = 66.08V with an average sample
standard deviation of the four channels of o;,; = 26 mV which corresponds to an average
gain deviation of 05 = Typias/Voy & 2% and is negligible. The same applies to the dark noise
rate with a mean of u 4, = 722kHz and an average sample deviation of ¢ g4,y = 27 kHz.

Figures 6.15 and 6.16 present the recommended bias voltages and dark noise rates averaged
per device and their sample standard deviation. Of the purchased batch of 68 SiPMs the two
worst devices regarding the on-device bias voltage deviation and two representative samples,
which have been used for other measurements, have been sorted out before equipping the focal
plane of FAMOUS.
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Parameter

Value

Size of active area

6mm X 6 mm

Number of channels 2x2
Number of cells n, 3600
Cell pitch 100 pm
Fill factor €g4eom 78.5%
Operating voltage Vi, ~ 65V
Recommended over-voltage v,, 1.4V
Operating temperature 0°C-40°C
Bias voltage progression factor f3 60mVK™!
Package Ceramic
Window Silicone
Window refractive index 1.41

Spectral response range

Photon detection efficiency PDE

270nm - 900 nm
35% at 450 nm

Dark count rate fy,x 2MHz
Gain g 2.8-10°
Crosstalk probability p; 35%
Afterpulsing probability p,, <1%
Recovery time T e A 23ns

Table 6.1: Table of important specifications of the Hamamatsu S12573-100X [14]. A photo-
graph of the device is presented in figure 6.14.

6.3 Power supply unit

The 64 channel power supply unit of FAMOUS has been developed in the electronics workshop
of the III. Physikalisches Institut A, RWTH Aachen University by E P Zantis and D. Louis and is
made especially for applications which possibly expose the SiPMs to high continuous luminous
intensities and thus is ideal for the application in fluorescence and Cherenkov telescopes [15].
It has been designed for autonomous operation which means it automatically adjusts the bias
voltage vy;,, for changes in ambient temperature T with a progression factor f3

V(T) = Vpins(T =25°C) + B T (6.21)

This behavior is implemented in a microcontroller which communicates via Ethernet with the
user. The user can set the bias voltage ;. at a reference temperature of T = 25°C and the
bias voltage progression factor 8 individually for each channel. A photograph of the first partly
assembled power supply can be found in figure 6.17.

A very important feature of the power supply is the integrated current monitor with a 12 bit
ADC. With every readout cycle of the microcontroller, the current flow of each channel is mea-
sured. Should it exceed a value of &~ 1 mA, the bias voltage of the SiPM is set to zero to protect
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Figure 6.15: Left: mean recommended bias voltage per device of the Hamamatsu S12573-100X
batch delivered for FAMOUS. Right: sample standard deviation of the bias volt-
ages of the four channels for each device. The parts of the distribution which are
marked black, have not been installed; here, these are the two worst devices and
two which have been used for test measurements. Taken from the measurement
reports delivered by the manufacturer.

the SiPM and the readout electronics. Furthermore, the current values are available for read-
out. To compute the current flow from the ADC counts c of the current monitors, which range
from 0 to 4095, those values have to be converted by a calibration

i(c)=i.c+i (6.22)

with the slope i. and the offset iy. The calibration constants are presented in figure 6.18. In
contrast to the approximately equal calibration slopes i., the calibration offsets have a large
spread due to component tolerances. The measured current flow has been used to track the
trails of stars through the field of view of FAMOUS as discussed in chapter 9.

6.4 Readout electronics

The readout electronics is in the process of development at the point of completion of this
thesis. It will be built based on the TARGET7 chip developed for the Cherenkov Telescope
Array (CTA) collaboration [107, 161]. The TARGET is an application specific integrated circuit
(ASIC) which has been specifically designed to read out signals recorded by SiPMs in cameras of
Cherenkov telescopes. The current generation TARGET7 has been proposed for the small-sized
and medium-sized dual-mirror telescopes of CTA.
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Figure 6.16: Left: mean dark noise rates per device of the Hamamatsu S12573-100C batch
delivered for FAMOUS. Right: sample standard deviation of the dark noise rates of
the four channels for each device. Taken from the measurement reports delivered
by the manufacturer.

One chip has 16 readout channels which are digitized with a high rate of 0.5 Gsps to 1 Gsps
(Giga-samples per second). Furthermore, logic has been built in to achieve a self-triggering of
the readout on the sum of four adjacent camera pixels. The data is continuously digitized in
a 32 cell switched capacitor array which then is buffered to a storage array of 512 blocks with
16 384 switched capacitor cells in total. This results in a total signal trace length of 16.384 p.s
to 32.758 us depending on the sampling rate. Due to this design, the maximum trigger latency
is in the order of the trace length which makes the ASIC also an ideal candidate for the use in
fluorescence telescopes. Here, the duration of the light signal in one pixel is in the order of
O(1 ps) and much longer compared to the Cherenkov telescopes with O(1 ns).

6.5 Night sky camera

The night sky camera is a QHY5L-II-C CMOS camera from QHYCCD with 1280 x 960 pix-
els and USB readout originally intended for taking photographs of planets and stars with op-
tical telescopes [162]. A photograph of the camera can be found in figure 6.19. It has a
4.8mm x 3.6mm large APTINA MT9MO034 CMOS sensor with a high quantum efficiency of
74%. Color information is recorded by means of a so-called Bayer filter mounted in front of
the chip. A Bayer filter is a mosaic of red, green and blue colored glasses with a ratio of 50 %
green, 25 % red and 25 % blue to resemble the perception of the human eye. The gains g,, g,
gp of the red, green and blue pixels can be controlled individually. Additionally, the exposure
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Figure 6.17

: Left: photograph of the partially equipped 64 channel power supply of FAMOUS
(May 2015). The patches of components on the left side are 32 SiPM bias voltage
regulators. The other 32 regulators are situated on the top side of the PCB (printed
circuit board). The 2 - 64 joints on the left border of the PCB are used for the
connection of the focal plane PCB with 64 SiPMs (top joints) and 64 temperature
sensors (bottom joints). The Ethernet RJ45 jack has been placed near the right
border. The total dimensions of the PCB are 220 mm x 200 mm. Right: front view
of the focal plane PCB with the base plate in which the Winston cones are to be
glued and one SiPM (not soldered yet). The PCB provides mounting holds for
fixation to the focal plane base plate which in turn is fixated to the telescope tube.
Photos courtesy of L. Middendorf (RWTH Aachen University). For further details
see also [15].

Parameter Value

Sensor APTINA MT9MO034 CMOS
Number of pixels 1280 x 960

Sensor size 1/3” (4.8 mm x 3.6 mm)
Color filter Bayer filter

Quantum efficiency 52 % blue, 62% green, 58 % red
Readout USB 2.0

Integration time 20us - 99s

Image depth 8bit or 12bit

Lens mount C-mount

Table 6.2: Table of important specifications of the QHY5L-II-C CMOS camera from QHY-
CCD [162]. Due to the Bayer filter, the quantum efficiency is lower compared to
the monochrome variant with 74 %.

106



6.5 Night sky camera

25 T T T 10 T T T
. 20F - 8| _
|
=i
3
< 15} . EaY .
5 S
8 -
2 g
~ 10+ n E 4 —
a 3]
E
5
50 . 21 ]
0 ! L | [ 0 H ’_I‘ | H
0.46 0.50 0.54 0.58 0.62 —1000 —900 —800 —700 —600
calibration slope i, / pA count™* calibration offset iy / HA

Figure 6.18: Left: measured slope for the ADC count to current conversion of the PSU [160]
Right: measured offset for the ADC count to current conversion. The ADC count
c of a channel is converted with i(c) = i, ¢ + iy to a current. The slopes are more
or less equal with only a few outliers. In contrast, the variations of the offset are
large.

Parameter Value

Focal length 8 mm

Maximum sensor format 2/3” (8.8m x 6.6m)

Aperture size f/1.4-f/16
Working distance 100 mm - oo
Lens mount C-mount

Table 6.3: Table of important specifications of the fixed focal length lens MegaPixel #56-786
of Edmund Optics [163].

time of the photos can be finely adjusted. The camera also has a C-mount type lens mount
widely used for small movie and microscope cameras. A fixed focal length lens with f =8 mm
from Edmund Optics, the MegaPixel #56-786, has been attached to the camera. The aperture
of the lens can be adjusted in discrete steps from f /1.4 to f /16 and is kept constant at f /2.8
at which the sharpness of the lens is highest. In total, the field of view of this camera lens
system is 33° x 25° and roughly two-fold of the field of view of FAMOUS. The system is then
mounted on the tube parallel to the optical axis of the telescope with an angular uncertainty of
approximately 1°. During measurements with FAMOUS, the night sky camera autonomously
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Figure 6.19: Photograph of the night sky camera of FAMOUS mounted on the telescope tube.
Attached to the QHY5L-II-C CMOS camera is a fixed-focal-length lens from Ed-
mund Optics. The sensor is read out continuously via USB and the photographs
of the night sky are stored for further analysis of the visible stars in the field of
view. The field of view is roughly two-fold of the field of view of FAMOUS.

takes photographs of the night sky, automatically adjusting the gain of the individual pixels and
the integration time ensuring a good exposure of the photographs. These images are analyzed
to detect the visible stars in the field of view of FAMOUS. Further specifications of the night sky
camera can be found in tables 6.2 and 6.3. Details of the automatic exposure algorithm and
the image analysis are discussed in chapter 8.

6.5.1 Measurement of the image distortion

Due to the small focal length, the image produced by the lens is subject to distortion, especially
in the image corners. By photographing a known pattern, in this case a chessboard pattern with
white and black tiles printed on a large sheet of paper in approximately 60 cm distance, promi-
nent features can be recognized and used for distortion analysis as e.g. the corners between the
chessboard tiles. Example photographs before and after the distortion correction can be found
in figure 6.20. The image coordinates (in arbitrary units) used for the following calculations
are x and y and can be transformed to pixel coordinates u and v with the so-called camera
matrix

u fr 0 ¢ x
vI=|0 f, ¢ y (6.23)
1 0O 0 1 1

with the computed effective focal length f, in x-direction, f, in y-direction and the center
of the photograph at ¢, = 639.5 and ¢, = 479.5. The relation between the apparent and
expected position of these patterns can be divided into radial distortion and tangential distor-
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Figure 6.20: Left: photograph of a black and white chessboard pattern with found corners as
colored circles for f /2.8. The position of the found corners is used to obtain the
distortion parameters. Right: undistorted photograph before cutting the black

borders.
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Figure 6.21: Left: average re-projection error of the distortion correction as a function of the
aperture size ranging from f /1.4 to f/16. Six measurements with ten images
each were performed for each data point. An aperture of f /2.8 will be used for
the measurements with FAMOUS since the re-projection error is small and the
sharpness of the lens high. Right: maximum distortion corrected by the radial
distortion coefficients kq, k,, k3 in pixels as a function of aperture size. The re-
lation between the coefficients changes as whereby the total distortion slightly
improves for smaller apertures.
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tion [164, 165]. The corrected position (x’, y”) of a pixel (x, y) shifted by radial distortion can
be calculated by

x'=x (1 + k2 + kyrt + k3r6) (6.24)
Y =y (1+kr? +kyr* + ksr®) (6.25)

with the radial distortion parameters ky, k,, k3 and r? = x2 + y? [166]. The tangential distor-
tion, which occurs when lens and sensor axes are not perfectly parallel aligned to each other,
can be compensated by

X" =xr+[2p1xy +py (r* +2x?)] (6.26)
y' =yr+[p(r*+2y*)+2p,xy] (6.27)

with the the tangential distortion parameters p;,p,. This image correction algorithm is im-
plemented in the OpenCV library [167]. The library also has ready-to-use scripts for the de-
termination of the distortion coefficients by analyzing multiple images or even a live feed of a
camera.

The quality of the fit of the distortion coefficients is given by the average re-projection error
which is the residual error between the corrected and expected positions when applying the
correction to the analyzed images. Furthermore, the distortion pattern of the lens changes
with the aperture. Figure 6.21 presents the measured re-projection error as a function of the
aperture size. A good compromise between re-projection error, sharpness and exposure is the
aperture f /2.8 which is used for the capturing of the night sky photographs. The determined
distortion coefficients are

k; = —1.045 +0.005 (6.28)
ky, =2.262+0.164 (6.29)
ks =—5.260 + 2.129 (6.30)
fe=f, =3589%5 (6.31)

with a re-projection error of (0.454 & 0.004) px. For this lens, the distortion coefficient k; has
the highest influence and the tangential coefficients p; and p, are zero in all cases indicating
that no misalignment between lens and sensor exists. The maximum shift in pixels is approx-
imately 60 pixels or 5% of the width of the photograph. This corresponds to an angular shift

of
60px - 3.75 -1
a:tan—l( PX - 3.75mpX )m.e(l (6.32)
8mm

which is in the order of the field of view of one pixel of the FAMOUS telescope. In summary,
the image quality of the night sky camera is sufficiently good for the use in FAMOUS and might
be acceptable without the application of the image correction.

6.6 Environmental sensors unit
The environmental sensors unit of the FAMOUS telescope is used to monitor several ambient

conditions which have an influence on the measurement. These include the ambient tempera-
ture, air pressure, relative humidity, luminosity and the absolute position. The sensors are read
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Figure 6.22: Photograph of the Arduino Ethernet micro-controller board. On the upper left
is the RJ45 jack for the communication via Ethernet, in the lower left corner
the power jack. The Ethernet functionality is implemented by a WIZnet W5100
chip [169]. The pins used for programming are situated on the upper right side
of the PCB. On the lower right side, there is a slot for a flash memory card in the
microSd format. Taken from [170].

out with an Arduino Uno microcontroller board and are made available to the user via Ether-
net using the HTTP protocol. A first version of this unit with USB readout has been developed
in [168].

6.6.1 Arduino Uno microcontroller board

The Arduino Uno is a microcontroller board based on the Atmel ATmega328P chip with a clock
speed of 16 MHz and 32kB of flash memory [171]. It has 14 digital input and output pins
and 6 analogue input pins which can be digitized with a 10 bit ADC. This special version, the
Arduino Ethernet, is equipped with an RJ45 jack instead of an USB jack. Power has to be sup-
plied separately via a power connector. The Ethernet functionality is provided by the WIZnet
W5100 chip which implements the TCP protocol which is the standard for Ethernet connec-
tions [169]. All these components are placed on a small 68.6 mm x 53.4 mm, nearly credit card
sized, PCB (printed circuit board) (cf. figure 6.22). The programming of these devices is very
convenient. The manufacturer supplies an IDE (integrated development environment), which
is programmed in C-code, provides all necessary compilers and can flash the memory of the
Arduino through the USB port or an FDTI converter which can be connected via the pins on
the PCB.

The software for the Arduino Ethernet, the basis of the environmental sensor unit, reads out
all sensors and derives the quantities of interest in SI units applying sensor specific conversion
and calibration factors. The information is provided via the HTTP protocol which means, the
user can use a normal web browser to get a reading from the device. The data are formatted
in the human and machine readable JSON format which is a way of formatting data as plain
text. More details on the readout software and the data format can be found in chapter 8.

6.6.2 Temperature and pressure sensor

The Adafruit BMPO85 breakout board is equipped with the digital Bosch BMP085 pressure and
temperature sensor [ 173]. The low power and low voltage sensor has been designed for the use
in mobile devices such as smartphones and GPS outdoor equipment. The combined information
of the pressure and the temperature can also be used to detect changes in the altitude with a
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Figure 6.23: Photograph of the PCB with the Bosch BMPO085 pressure and temperature sen-
sor. The temperature sensor is used to improve the measurement of the pressure.
Taken from [172].

Parameter Condition Value

Pressure range

300hPa - 1100 hPa

Communication 12C
Operating voltage 3.3V
Operating temperature  full precision 0°C-65°C
operational —40°C - 85°C
Systematical uncertainty pressure +1hPa
temperature +1°C
Statistical uncertainty pressure +0.5hPa
temperature +0.1°C

Table 6.4: Table of important specifications of the Bosch BMP085 pressure and temperature
sensor [173].

claimed precision of 0.25m. The communication is performed via the I2C standard. A photo
and further specifications can be found in figure 6.23 and table 6.4.

6.6.3 Humidity sensor

The SparkFun HIH-4030 breakout is equipped with the Honeywell HIH-4030 humidity sen-
sor [175]. It consists of a laser trimmed, polymer capacitive sensing element with hydrophobic
filter layers which makes it suitable for use in harsh environments. Due to these filters, the
drift of the humidity measurement is quoted as approximately 0.5% per year at an ambient
relative humidity of 50 % if operated between 0°C and 50 °C. The sensor can also be operated
outside this temperature range with a lifetime of < 50h. The analogue voltage output of the
sensor is nearly linear over the full relative humidity range. Given the input voltage w;,s =5V,
the measured output voltage yields

Vour(h) = (0.0062 R + 0.16) Vpiys (6.33)
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Figure 6.24: Photograph of the PCB with the HIH-4030 humidity sensor breakout board from
SparkFun Electronics. Taken from [174].

Parameter Condition Value
Humidity range 0% - 100%
Communication analog
Operating voltage S5V
Operating temperature normal operation 0°C-50°C
lifetime < 50h  —40°C-0°C, 50°C - 85°C

Systematic uncertainty  humidity< 60 % +5%

humidity > 60% +8%
Statistical uncertainty +0.5%

Table 6.5: Table of important specifications of the Honeywell HIH-4030 humidity sensor [175].

for a given ambient relative humidity h. The voltage is read out by the Arduino analogue
input with a precision of 10bit. A photo and further specifications can be found in figure 6.24
and table 6.5.

6.6.4 Luminosity sensor

The Adafruit TSL2561 luminosity sensor has been developed for general light sensing appli-
ances, such as automatic illumination dimming, with a near-photopic response (human eye).
For this it is equipped with two light diodes, the first for the detection of light in a broad
wavelength regime of 300nm to 1100 nm, the second for the red to infrared regime from
500 nm to 1100 nm [176]. Furthermore, the gain and integration time of the photo diodes are
configurable to detect a wide range of light fluxes between 0.11x and 400001x. Real world
conditions range from starlit night with @(11x) to > 100 0001x during daytime. The precision
is good enough to distinguish between moonless and moonlit nights with 2 41x. Addition-
ally, it automatically removes 50 Hz and 60 Hz ripples from artificial lightning. The PCB is also
equipped with a 16bit ADC with the I12C digital interface for communications. A photo and
further specifications can be found in figure 6.25 and table 6.6. In FAMOUS, this sensor can be
used to implement a failsafe which prevents switching on the telescope in daylight.
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Figure 6.25: Photograph of the PCB of the TSL2561T luminosity sensor from Adafruit Electron-
ics. Taken from [176].

Parameter Channel Value
Pressure range 0.11x - 100001x
Communication 12C
Operating voltage 3.3V
Operating temperature —30°C-70°C
Dark count < 4counts
Responsivity t;, = 402ms broadband 144 countslx ™!
(incandescent light) infrared 72 countslx !
Responsivity t;, = 402ms broadband 9countslx ™!
(incandescent light, low gain mode)  infrared 4.5countslx!

Table 6.6: Table of important specifications of the TAOS TSL2561T luminosity sensor [177].

6.6.5 GPS receiver

The GPS shield from SparkFun can be used to connect GPS receivers to the Arduino [178].
Several types of receivers are supported by means of different connectors and a switch between
DLINE and UART communication protocols. Furthermore, all wires of the Arduino are looped
through which is useful here since the same shield can also be used to connect and mount the
other sensors of the sensor unit of FAMOUS to the Arduino.

As GPS receiver, the GlobalSat EM406A GPS receiver has been used [180]. It has a SiRF Star
III chipset with 20 channels and relatively fast signal acquisition times from cold start. Besides
that, the package is with 30 mm x 30 mm X% 10.5 mm very compact. The GPS module can also
be used to get the current time of the day with a claimed precision of 1us. A photo and further
specifications can be found in figure 6.26 and table 6.7.

6.6.6 Commissioning of the fully assembled environmental sensors unit

A photograph of the fully assembled environmental sensors unit can be found in figure 6.27.
Long-running measurements in a temperature controlled laboratory have been performed to
test the uncertainties of the measurements. In total, roughly 250000 data points have been
taken over several hours with a rate of 0.1 Hz. The deviations from the mean of 100 s intervals
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Figure 6.26: Photographs of the GPS shield from SparkFun (left) and the GlobalSat EM406A
GPS receiver (right). The GPS shield is used to connect the GPS receiver to the
Arduino. Furthermore, it can also host the other sensors since all wires of the
Arduino are looped through. Taken from [178, 179].

Parameter Value

Chipset SiRF Star III, 20 channels
Communication UART

Operating voltage 5V

Operating temperature —40°C - 85°C
Sensitivity —159dBm

Startup time 8s-42s (warm / cold start)
Reacquisition time 0.1s

Absolute position accuracy +10m

Relative position accuracy +5m

Table 6.7: Table of important specifications of the GlobalSat EM406A GPS receiver [180].

(100 data points) are presented in figures 6.28 and 6.29. Overall, the statistical uncertainties
quoted by the manufacturers could be confirmed.

In case of the GPS position, the difference in longitude A and latitude ¢ has been converted
into a distance x in meters using the so-called Haversine formulae [181]

a =sin?(A¢/2) + cos ¢ - cos ¢, - sin>(AL/2) (6.34)
c =2atan2(+va, va—1) (6.35)
x =R, -c-sign(A¢p) (6.36)

with the latitudes ¢, ¢9, AP = ¢; — ¢,; longitudes A;, A,, AL = A; — A, and the earth
radius R, = 6371km. Thus, the angular uncertainty of 0 ~ o4 ~ 0.7 arcsec corresponds to a
maximum position uncertainty of ~ 25 m.

Summarizing, the environmental sensors unit will provide valuable information during data-
taking. Albeit very cost efficient with a total cost of ~ 150<, the precision of the used sensors
is good. Furthermore, the unit is very compact and thus can be fixed anywhere at the telescope
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Chapter 6 Baseline design and commissioning of FAMOUS

Figure 6.27: Photograph of the fully assembled environmental sensors unit placed on top of an
Ardunino Uno with USB connector positioned on upper left side of the PCB.
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Figure 6.28: Measured uncertainties of environmental sensors.
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Figure 6.29: Measured uncertainties of the GPS location of the environmental-sensors unit.

tube and is operated self-dependently without any user interaction. The data can be obtained
with very short delay of roughly 100ms over the Ethernet connection in a human readable
format. A full description of the firmware and the used data format can be found in chapter 8.

6.7 The seven pixel prototype FAMOUS-7

For first tests of the mechanics of the tube and especially the focal plane, a seven pixel version
of the focal plane has been constructed since the SiPM power supply and the readout electron-
ics could be constructed from existing components. Due to the fact that each SiPM has four
channels, in total 28 signal cables had to be routed to the electronics placed in a NIM / VME
combi crate from CAEN. The four signals of each SiPM have been summed up with fan-in-fan-
out NIM modules. Since the fan-in-fan-out modules also provided several outputs of the same
signal, two SiPM readouts could be tested at the same time. A photograph of the seven pixel
focal plane can be found in figure 6.30. Several measurements with this prototype have been
performed [182, 183].

6.7.1 Power supply unit

The power supply FTPC (Fiber Tracker Power Controller) is a NIM module that has been devel-
oped at the III. Physikalisches Institut B, RWTH Aachen University for the use in a time-of-flight
spectrometer with scintillating fibers and SiPMs [121]. The power supply has eight channels
and can provide up to 80V for each SiPM separately. Additionally, four PT100 temperature
sensors are available and are read out continuously for an automatic adjustment of the bias
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Figure 6.30: Photographs of the seven-pixel-focal-plane of FAMOUS-7 during the assembly.
Here, the Winston cones have thicker walls and are hold in place by plastic screws
instead of glue. Behind the focal plane are the amplifiers and the bias voltage,
temperature sensor and signal cables.

voltage. These temperature sensors are located on amplifier boards also developed by the same
institute. Each amplifier board can amplify the signal of two SiPMs. The data are read out via a
serial connection established by a FTDI serial converter connected via USB. FTDI is the name of
the company producing these converters and nowadays a synonym for USB to serial interfaces.

6.7.2 Readout electronics

The amplified SiPM signal is read out with two different electronics. The first variant uses the
16 channel QDC (charge-to-digital converter) V965 from CAEN with a 12 bit resolution [184].
A charge readout is triggered randomly with a frequency of 50 kHz and 200 ns integration time.
This can be used to obtain finger spectra of dark noise which are important for calibration
purposes.

The second variant uses two DRS4 evaluation boards, i.e. an ASIC with four channels using
switched capacitor arrays which sample the SiPM with up to 5 Gsps [185, 186]. The evaluation
boards can even be connected to each other which has been useful for the implementation of
a camera wide trigger on two adjacent pixels. Additionally, the central pixel has been fed in
both boards enabling the calibration of timing offsets between the two boards.

6.7.3 The IceAct Cherenkov telescope

The seven pixel prototype with the DRS electronics has been adopted for the use at the South
Pole at the IceCube neutrino observatory to study its feasibility for the detection of cosmic rays
using Cherenkov light beamed in forward direction of the extensive air shower (EAS) [187].
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Figure 6.31: Left: photograph of the IceCube laboratory near the Scott-Amundsen South Pole
station. Here, all data cables of the IceCube detector converge to the central data
acquisition. The IceAct Cherenkov telescope prototype has been installed on the
roof of this station in November 2015. Data taking is scheduled for the polar
night beginning in May 2016. The trigger of the telescope is fed to IceCube to
seek for coincidences with cosmic rays measured by the observatory [187] (image
by Felipe Pedreros, IceCube/NSF). Right: photograph taken after the successful
commissioning of the IceAct prototype telescope. By detecting the Cherenkov
light of extensive air showers, it could provide a veto for the IceCube detector
to select events from astrophysical neutrinos (image courtesy of J. Auffenberg,
RWTH Aachen University).

The prototype with the name IceAct (IceCube Air Cherenkov telescope) has been successfully
installed in November 2015 on the roof of the IceCube central data taking facility (cf. fig-
ure 6.31). After the commissioning, data of the dark noise of the focal plane have been taken
to set a trigger threshold and to test the data link to the IceCube detector readout system. The
link is provided by a data acquisition module of the IceCube observatory which provides Ice-
Cube trigger timestamps for comparison to self-triggered EAS events recorded by IceAct. After
nightfall at the South Pole in May 2016, telescope lid has been opened and data taking has
been started.

The aim of the prototype is to study the feasibility of such a telescope at the South Pole. If
successful, the telescope can provide a veto for the IceCube detector to distinguish between
atmospherical neutrinos created during the development of EASs and astrophysical neutrinos.
Furthermore, fully equipped telescopes with 61 pixels could provide a cost-efficient extension
of the field of view of the existing IceCube veto for inclined showers of which the number of
recorded astrophysical neutrinos would greatly benefit. The estimated cost of each telescope
is 10000€ [187].
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CHAPTER

Detector simulation of FAMOUS

Detector simulations are substantial to the understanding and improvement of experiments
since they predict the response of the experiment given certain signals and can uncover short-
comings of the detector design.

In case of the telescope FAMOUS, the central part of the detector simulation is a detailed
Geant4 model used for the ray-tracing of light through the optical system. By the simulation
of parallel light beams, the efficiency of all optical components can be obtained separately.

Finally, simulations of extensive air showers (EASs) have been performed involving a chain
of several simulation programs. Beginning with the simulations of EASs, the energy deposit
in the atmosphere is simulated by the CONEX software [41]. This information is used by the
Auger Offline software framework to simulate the emittance of fluorescence light along the axis
of the shower and to track the light through the atmosphere to the telescope [188]. Then, this
light can be traced through FAMOUS with the Geant4 simulation code developed in this thesis.
As a result, the SiPM signals of EASs can be simulated and used to study trigger algorithms for
an efficient self-triggering of the readout electronics which is currently under construction. A
first approach of a trigger simulation and event reconstruction has been made in [133].

As discussed below in this chapter, especially the last simulation step is computationally
intensive. Thus, a parameterization of the telescope FAMOUS has been derived which allows a
quasi instantaneous prediction of the number of photons detected by the SiPMs of the camera
of FAMOUS and the application of the aforementioned trigger simulation.

7.1 Ray-tracing simulations of FAMOUS

The ray-tracing simulation of the FAMOUS telescope implements all optical components of
the telescope as well as mechanical features such as the telescope tube. Due to the modular
software development approach, each component of the telescope can be simulated separately.
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Figure 7.1: Left: refractive index of PMMA as a function of the photon wavelength A. The data
has been taken from [189] and matches the data used by the manufacturer of the
lens [144]. Right: the absorption length for PMMA as a function of the photon
wavelength. The values have been calculated from the internal transmittance mea-
sured by the supplier for a material thickness of 3mm [144]. These values do not
include losses due to reflections at optical boundaries.

7.1.1 Fresnel lens

The Fresnel lens is a compound object made from many concentric hollow cones, also referred
to as grooves, placed on a common base plate (cf. section 6.1). The number of grooves per
millimeter is given by n,. The height of a conventional thick plano-convex lens at a certain
radial distance p from the center of the lens relative to p = 0 is given by the so-called sagitta
function [190]

2
, cp E: 2i
s(e) 1+4/1—(1+k)c2p2 - “ 7D

with the curvature c, the conic constant k and the aspheric parameters a;. In principle, the
aspheric parameters can be used to accurately optimize the lens which is beyond the scope of
this thesis. The curvature c of the lens can be calculated by the lensmaker’s equation with small
corrections for the lens thickness d

— . . _1
c= |:nlens Najr (f + Ed)] (7'2)

Mair Myens

with the nominal focal length f of the lens and the refractive index of the lens nj.,; and the
refractive index of air n,;, calculated for the reference wavelength of 546nm [191]. The conic
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constant k, also referred to as Schwarzschild constant, is a quantity used to describe conic sec-
tions whereby k = 0 refers to a sphere, k = —1 to a parabola and k < —1 to a hyperbola [190].
For lenses, a value of k = —1 is preferred since parabolic lens surfaces cancel spherical aberra-
tion. Using equation (7.1), the height of the i-th groove is given by

hi=s((i+1) wg)—s(iwg) with wg=ng1 . (7.3)

The height of the grooves increases with increasing i and thus with increasing p to resemble
the original convex lens surface as close as possible.

For a detailed simulation, the refractive index as well as the absorption length of the lens
material as a function of the photon wavelength have been implemented (cf. figure 7.1) using
a Sellmeier equation [192]

0.99654).2 0.18964)2 0.0041172

n(A) =1+ 5+ 5+ 5
A2—0.00787pum?  A2—0.02191um? = A2—3.85727um

(7.4)

whereas the empirical constants for PMMA have been obtained from [189, 193]. This correctly
models the dispersion of the light inside the material leading to chromatic aberrations.

To improve the light collection of rays far off the optical axis of the Fresnel lens, the perpen-
dicular faces of the Fresnel lens can be tilted (cf. section 6.1). This so-called draft angle of the
Fresnel lens of FAMOUS is

Y(p)=3°+0.0473°mm ! p (7.5)

whereby the lower limit v, = 3° is given by the manufacturing process [144, 150].

7.1.1.1 Simulation of the size of the point spread function

A crucial property of lenses is the size of the point spread function, i.e. the distribution function
of the energy of an indefinitely distant point light source in the image plane. For a perfect lens
with circular aperture and no aberrations, this distribution function is a special diffraction
pattern referred to as Airy pattern or Airy disk [194, 195]

. 2
M) 7.6

kasinf

ue)zzo(

with the wavenumber k = 2 7t/A, the aperture radius a, the angle 6 between the optical axis
and the point in the image plane and the first kind and first order Bessel function J;. The pa-
rameter [, is the maximum intensity for 8 = 0. This equation can be simplified by introducing

the abbreviation
. 2 r T
x=kasinb~ —a—-—=—r
f A Tlf
with the radial distance r from the optical axis and the f-number n; of the lens. The f-number
is the quotient of focal length f and aperture diameter d

(7.7)

np== . (7.8)

An important observable for the image quality is the aberration radius rq, i.e. the radius of
a circle containing 90 % of the energy in the image plane (cf. section 6.1.1). The total energy
contained in a fraction of the diffraction pattern can be obtained by integration

P(x) = Py[1—J2(x) —J2(x)] (7.9)
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Figure 7.2: The calculated intensity distribution of a point light source at infinite distance in the
image plane of a perfect lens with circular aperture, also referred to as Airy pattern.
The independent variable x is a measure for the distance to the optical axis (cf.
text). Marked by the dotted lines is the aberration radius roq which corresponds to
a circle containing 90 % of the energy in the image plane.

with the Bessel functions J, and J;. A plot of the Airy pattern and its integral can be found in
figure 7.2. It can be found that P(0) = 0.9P, for x ~ 5.96. By plugging in the values for the
Fresnel lens of FAMOUS (nf =1, A = 546nm) it can be derived that the perfect lens would
produce a small aberration radius of roy = 1.04 um. Consequently, the optimal lens focal plane
distance is the distance at which rqq is minimal.

The aberration radius roy can also be easily obtained by ray-tracing simulations. A large
number of parallel, monochromatic rays has to be traced through the lens to the image plane.
As a result, the directions m; and intersection points p; of each ray i = 1,...,N with the image
plane are known. In analogy to the measurement, the mean position of all rays on the image
plane yield the so-called centroid, i.e. the position of the image in the image plane

1 N
‘= — D . 7.10
N;pl (7.10)

The radial distance of the ray intersection points and the centroid is r; = |¢ — p;|. By sorting all
rays by their radial distance in ascending order into a list of length N

R={r1,...,ri,...,rN|ri_1Sri} (711)
the aberration radius is given by the element rqy = R([0.9N). A best value of

roo = (1.98 £ 0.03)mm (7.12)
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Figure 7.3: The simulated aberration radius rgy as a function of the lens to focal plane distance.
For each line, one simulation with 10000 rays has been performed. The informa-
tion on point of incidence and ray direction has been used to calculate the value of
roo for different lens to focal plane distances z.

is found for the Fresnel lens of FAMOUS with n, = 10 mm™! which is in agreement with
previous studies [131, 149, 150]. This value is larger by three orders of magnitude compared
to the value calculated by the Airy pattern which is to be expected due to the fragmented
lens surface as each groove on the lens contributes its own Airy pattern to the point spread
function (cf. [150]). The measurement of the aberration radius yields a slightly larger value of
(3.24 £0.03) mm (statistical uncertainty only) due to imperfections of the lens and diffraction
at the grooves of the lens. The latter has been investigated in depth in [150]. Nevertheless,
the aberration radius is small enough for the application in FAMOUS.

Since the directions m; of the rays are known, the intersection points of the rays with an
image plane at a different distance to the lens z can be calculated directly. Thus, the aberration
radius rqy can be derived as a function of z without performing further simulations (cf. fig-
ure 7.3). Therefore, the optimal lens focal plane distance can be found by minimizing rq, as
a function of z to obtain rgq ;. Figure 7.4 presents the aberration radius rgg p,;, and its cor-
responding z as a function of the incidence angle as well as the transmission efficiency. Both
quantities get deteriorated as the angle of incidence gets larger.

Lastly, with the distance p of the centroid from the optical axis, the curvature of field can be
determined (cf. figure 7.5). A fit of a parabola to the minimum rq, for each simulated incidence
angle yields

2(p)=(2.75+£0.06)-10 > mm™" p2 +(513.0£0.1)mm . (7.13)

Thus, the point of optimal focus for perpendicular light incidence is found for a lens focal plane
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Figure 7.4: Left: minimum possible aberration radius rgg i, lens to focal plane distance z
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of rgp min and the transmittance as a function of the number of grooves per mil-
limeter simulated for the Fresnel lens of the FAMOUS telescope for perpendicular
light incidence. The more grooves are situated on the lens, the closer the shape
of the thick lens is reproduced. Thus, the aberration radius rgg i, asymptotically
decreases to a value of ~ 1.98 mm. The same applies to the lens to focal plane dis-
tance g which decreases to a value of ~ 512.8 mm. However, the increased number
of fringes reduces the transmittance. Right: the same quantities as a function of
the angle of incidence 6 of a parallel light beam on the Fresnel lens of FAMOUS for
ng, =10 mm™!. With increasing angles of incidence, the aberration radii increase
and the transmission decreases signifying a degraded image quality.
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Figure 7.5: The simulated lens focal plane distance z as a function of the radial distance p of
the centroid on the image plane with respect to the optical axis. A parabola is fitted
to the data to reveal the curvature of field of the lens.

distance z(0) = (513.0 £ 0.1)mm. To closely match the measurement (cf. section 6.1.1), the
nominal focal length of the Fresnel lens in the simulation has been optimized by reducing the
f-number from 1 to

np =0.9925 . (7.14)

If the value of roq would not be sufficient for larger angles of incidence, the focal plane could
be constructed to follow this parabola to ensure that each pixel is illuminated by the smallest
point spread function possible. However, the curvature of field obtained by the simulations is
smaller than the measured curvature of field. A possible explanation can be found either in
the remaining, large systematical uncertainties of the measurement or the missing simulation
of diffraction in Geant4.

7.1.1.2 Simulation of the optical aberrations of the Fresnel lens

To understand the structures apparent in the measured point spread functions (cf. section 6.1.1),
the wavefront errors of the Fresnel lens can be determined. In optical theory, there is a func-
tional relation between the wavefront error and the measurable point spread function [196].
For ray-tracing, the wavefront is a plane of equal optical path length of all simulated rays. The
optical path length [ is the geometrical path length s weighted with the refractive index n as a
function of the position [197]

= f n(s)ds . (7.15)
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j n m aberration j n m aberration

0 O O piston 11 4 -2 2nd oblique astigmatism
1 1 -1 verticaltilt 12 4 primary spherical

2 1 1 horizontal tilt 13 4 2 2nd vertical astigmatism
3 2 -2 oblique astigmatism 14 4 vertical quadrafoil

4 2 0 defocus 15 5 -5 wvertical pentafoil

5 2 2 vertical astigmatism 16 5 -3 2nd vertical trefoil

6 3 -3 vertical trefoil 17 5 -1 2nd vertical coma

7 3 -1 vertical coma 18 5 2nd horizontal coma

8 3 horizontal coma 19 5 2nd oblique trefoil

9 3 3 oblique trefoil 20 5 oblique pentafoil

10 4 -4 oblique quadrafoil 21 6 -6

Table 7.1: Aberrations associated with the moments n and m of the Zernike polynomials [196,
198]. The index j is calculated according to the ANSI single indexing scheme
(cf. equation (7.19)).

When the rays pass the lens, an initially planar wavefront gets bend to a spherical wavefront.
Due to the groove structure of the lens, the rays have slightly different optical path lengths,
which leads to a deviation from the perfect spherical wavefront. This deviation is referred to
as wavefront aberration or wavefront error [196].

7.1.1.3 Description of wavefront aberrations with the Zernike polynomials

Wavefront aberrations can be expressed mathematically by means of the so-called Zernike poly-
nomials [196] . These polynomials are a sequence of orthogonal polynomials as a function of
the polar coordinates p € [0,1] and ¢ € [0, 27t] which denote a point in the entrance aperture,
i.e. the aperture of the Fresnel lens, with the radius of the aperture normalized to one. Thus,
these coordinates are also referred to as pupil coordinates. The polynomials are

Z'(p,$) = RI(p) cos(m $) (7.16)
Z,™(p,¢) = RI'(p) sin(m ) (7.17)

with n > m. The radial polynomials R are given by

—_ —1D*(n—
(n—m)/2 (=D)*(n—=k)! P2 n—meven

Rzl(p) — { k=0 k!'((n+m)/2—k)!((n—m)/2—k)!

i (7.18)
0 otherwise

For an easier and unambiguous abbreviation of the indices m and n, an ANSI standard notation
(American National Standards Institute) has been introduced which reduces the two indices m
and n to a single indexing scheme with index j [198]

- n(n—2)+m

5 (7.19)
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Figure 7.6: Zernike polynomials Z for the moments n, m given n —m is even for the polar
coordinates p € [0,1], ¢ €[0,27]. The number stated in the lower left corner of
the plots is the ANSI index j (cf. table 7.1).

A table of indices and their associated optical aberration can be found in table 7.1. Figure 7.6
presents the Zernike polynomials of up to j = 20. Finally, any wavefront can be expressed as a
weighted sum of Zernike polynomials [127]

N
W(p, )= w;Zi(p,$) - (7.20)
j=0
Traditionally, the wavefront error is expressed in number of photon wavelengths A whereby
the absolute value of the error is scaled by the corresponding weight w;.

The wavefront error of the Fresnel lens of FAMOUS has been simulated using the commercial
program ZEMAX OpticStudio [199] which also has been used successfully to simulate and
optimize the optics of the Fresnel lens [159]. Here, the wavefront is computed in discrete bins
with Cartesian coordinates x = p cos ¢ and y = p sin ¢p. Thus, the wavefront can be expressed
as a matrix

N
W=>wZj=Zw (7.21)
j=0

with the Zernike polynomials Z; calculated for the given grid of x and y. An ordinary least
squares regression yields the weights w;

o=Z"2)y'z2"W . (7.22)

The results of these simulations for perpendicular and inclined light incidence are presented
in figure 7.7. Two important results can be obtained from the wavefront simulations. Firstly,
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Figure 7.7: Wavefront error of the parabolic Fresnel lens of FAMOUS simulated with the com-
mercial program ZEMAX OpticStudio [199] and decomposed into Zernike polyno-
mials. Top: results for perpendicular light incidence. Here, the Fresnel lens only
suffers from defocus which means, that the calculated focal length of the Fresnel
lens differs from the effective focal length. Bottom: results for 6 = 12° inclined
light incidence. Additionally to the defocus, the lens suffers from coma which is
expected. The contribution to the tilt is an artifact of the inclined light incidence
and can be ignored. Furthermore, minor contributions can be seen for higher j,
which would contribute to the star like structures seen in the measurements (cf. sec-
tion 6.1.1). It is likely, that for the real pendant of the lens, the contributions of
higher order aberrations is larger than simulated.

a large contribution for the component j = 4 corresponds to a defocus of the lens. This means
that the optimal lens to focal plane distance is not equal to the focal length of the lens and
has to be determined by means of measurements or simulations as discussed previously. Sec-
ondly, for inclined light incidence, the components corresponding to astigmatism and coma
gain importance and contribute to the aberration radius roq. For inclined light incidence, the
circular image of a point source appears distorted into a wedge shaped structure due to coma.
This effect increases with inclination which potentially spreads the light over several pixels. All
these effects are correctly reproduced in the Geant4 simulation of the Fresnel lens.
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39}
~

Figure 7.8: Zernike polynomials Z; transformed into point spread functions for the moments n,
m given n—m is even for the polar coordinates p € [0,1], ¢ €[0,2n]. The number
stated in the lower left corner of the plots is the ANSI index j (cf. table 7.1).

7.1.1.4 Calculation of the point spread function

Now, the wavefront can be used to calculate the pupil function

P(p,¢)=alp,¢)exp(ikW(p,¢)) (7.23)

with the wavenumber k and a pupil mask a(p, ¢) which is in our case @ = 1 but could be
used to introduce an obstruction of the aperture as for example in some mirror telescope de-
signs [127]. The Fourier transform of the pupil function yields the point spread function

PSF(p,¢)=1|Z (P(p,p)I* . (7.24)

The point spread functions of the single Zernike polynomials are presented in figure 7.8. The
star like structures for j > 11 already have been seen in the measurement (cf. section 6.1.1).
Thus, although all mechanical features of the Fresnel lens of FAMOUS are of circular nature,
small mechanical deformations can contribute to the higher order wavefront aberrations which
are expressed by the apparent star like structures. These high order aberrations possibly orig-
inate from surface imperfections, which are not rotationally symmetric, or scratches.

7.1.2 Winston cones

The circular Winston cones of the telescope FAMOUS have the purpose of increasing the sensi-
tive area of the SiPMs to increase the signal, i.e. the fluorescence light of EASs, over the SiPM
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Figure 7.9: Left: simulated exit angle distribution for perpendicular light incidence. Light en-
tering in the central area of the entrance of the cone can pass the cone directly, light
entering trough the outer areas has to be reflected at least once leading to a large
exit angle which could be a challenge if paired with a SiPM. Right: the transmis-
sion efficiency as a function of the angle of incidence simulated for a Winston cone
of FAMOUS (r; = 6.71mm, r, = 3.00mm) at a wavelength of A = 550nm. Near
the corresponding maximum acceptance angle of 6, = 26.56°, the transmission
efficiency of the cone rapidly drops to zero. The lower points denote a simula-
tion performed in conjunction with the FAMOUS SiPM Hamamatsu S12573-100X
placed at the exit. The PDE of the SiPM at this wavelength is PDE(550 nm) = 29 %.

noise ratio. At the same time, the amount of background light is reduced by blocking stray
light. The latter is achieved by construction, due to a maximum acceptance angle

O nax = arcsin (2) (7.25)
n
with the radius of the entrance r; and the radius of the exit , [158]. The length of the Winston

cone is given by
r+r
= 1tr

= — 7.26
tan 0., ( )

More information on the construction principle of Winston cones can be found in section 6.2
and in [131, 149, 158].

Light with incidence angles larger than 6,,,, can not pass the cone and is reflected back
through the entrance. Yet, a small portion of this light might be transmitted due to naturally
occurring surface imperfections of the polished aluminum. Additionally, it is expected that
the aluminum develops a thin layer of aluminum oxide which might introduce a small loss
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Figure 7.10: Left: exit positions of light rays for a parallel beam of 100000 rays with an angle
of incidence of 6 = 0° with respect to the optical axis of the cone. Right: exit
positions of the rays for a parallel beam of 100 000 rays with an angle of incidence
of 0 = 0,,.x = 26.56° originating from the lower border of the Winston cone
entrance.

of reflectivity &~ 15% [157] which is not included in the simulations. To model surface im-
perfections, the Geant4 framework simulates micro-facets by adding randomized tilts to the
surface normal when calculating the angle of reflection [200]. The tilt angle is picked from a
Gaussian distribution with mean zero and the standard deviation equal to a user chosen value
0, In this case, the standard deviation of the angle has been set to o, = 0.45° to match the
measurements performed in [157].

The Winston cones of FAMOUS have an entrance radius of r; = 6.71 mm and an exit radius of
o = 3.00 mm which corresponds to | = 19.43mm and 6,,,, = 26.56°. Figure 7.9 presents the
transmission efficiency as a function of the angle of incidence and the exit angle distribution for
perpendicular light incidence. As expected, the transmission efficiency drops to zero for angles
around O,,.,. The portion of the light, which enters the Winston cone in the central region of the
entrance area, passes the cone without reflection, whereas the other portion gets reflected at
least once and reaches the exit under larger angles of up to 60°. This can present a challenge
for the SiPM due to the intrinsic reflectivity of its surface for inclined light (cf. figure 5.5 in
section 5.3.2) but the effect has been found to be almost negligible. Thus, the Winston cone
is a good option for increasing the light collection area of the SiPM. The exit locations of the
rays are presented in figure 7.10. For inclined light incidence, the exit light is focused to a
small region of the exit area which can pose a problem for high incoming light fluxes. This
effect is automatically included in the simulation of the full telescope by using G4SiPM for the
simulation of the SiPMs (cf. chapter 5).

7.1.3 FAMOUS telescope

The simulation of the Fresnel lens and the Winston cones have been discussed in detail. In
combination with the detailed SiPM simulation G4SiPM discussed in chapter 5, all necessary
components for a complete detector simulation of the FAMOUS telescope are available. Fig-
ure 7.11 presents images of the Geant4 visualization of the telescope simulation.
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Figure 7.11: Visualizations from the Geant4 simulation of FAMOUS created with the “Ray-
Tracer” driver. Left: view of the complete telescope. The tube holds the Fresnel
lens, i.e. the translucent element in the front. Behind it, the focal plane is visible.
Right: close-up view of the focal plane. The bluish elements at the exits of the
single Winston cones are the UG11 filters.

7.1.3.1 Simulation of the lens to focal plane distance dependence

The distance between the lens and the focal plane is critical to the total detection efficiency
of the optical system. As discussed in section 7.1.1, the best focus is defined by the distance
at which the aberration radius rqq is minimal. The behavior of the Fresnel lens in conjunction
with the Winston cones, of which the focal plane of FAMOUS is built up, is investigated in the
following. For this, the lens to focal plane distance z and the photon wavelength A have been
varied both over a large parameter range

ze€{f —64mm, f +64mm} , A€ {270,1020}nm (7.27)

to cover the full photon detection efficiency range of the SiPM and the dispersion of the lens
material. The simulations have been carried out for a configuration of the focal plane firstly
without UG11 UV band pass filters and secondly with filters (cf. figure 7.12). The results of
the simulations without UG11 filter will be used in chapter 9 since these measurements also
have been performed without the UG11 filters. The global maximum simulated transmission
efficiency obtained in these simulations marks the optimal lens to focal plane distance for
FAMOUS. The values obtained without UG11 filter are

€=(189+0.8)% at A=454nm, z=502.3mm (7.28)
and with UG11 filter
€e=(11.4+£06)% at A=350nm, z=485.7mm . (7.29)

Hence, the lens to focal plane distance currently applied in the mechanics of FAMOUS is accept-
able for the usage without the UG11 filters but should be revised downwards when inserting
the filters for the measurement of EASs.
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Figure 7.12: Left: simulated detection efficiency of the central pixel of FAMOUS as a function
of the lens focal plane distance z and photon wavelength A. In total, 2'3 simu-
lations with 3000 rays each without UG11 filter have been performed. The lens
to focal plane distance z = 507.89 mm of FAMOUS is indicated as white vertical
line. Right: simulated detection efficiency of the central pixel of FAMOUS with
UG11 filter. Thus, wavelengths > 400 nm are suppressed. The points in the two-
dimensional parameter space z, A have been chosen by the Hammersley point
picking algorithm which provides a uniformly distributed sampling pattern with
large coverage [201]. More details can be found in appendix 4.

7.2 Telescope simulation parameterization

Detailed ray-tracing simulations are very consuming regarding computational resources and
computation time. Especially for the simulation of a large set of EASs, likely the same calcula-
tions are made over and over again. Therefore, a parameterization of the telescope response
can be derived using the Geant4 telescope simulation. The telescope response is given by the
detection probability €;(A, 6, ¢) of an incoming photon of wavelength A and momentum di-
rection 6, ¢ for SiPM j. Here, 0 is the polar angle with respect to the optical axis and ¢ is
the azimuth angle on the entrance aperture of the telescope. The exact hit position on the
aperture of the telescope is insignificant since the large distance between the EAS and the tele-
scope justifies the application of 10-times law. It can be shown that if the distance between a
light source and a detector is greater than 10 times the largest dimension of the source, the
error made by assuming the source is a point source is less than 1% [203]. Thus, the shower
can be approximated as a point source and the incident position of the shower photons on the
entrance aperture of the telescope are purely random. In this case, the EAS is approximated
by a set of equidistant point sources along the shower axis. More details can be found in the
next section.

As presented above in figure 7.12, the detectable wavelength regime from 270 nm to 400 nm
is narrow. Therefore, the dispersion in this regime is negligible and the wavelength dependence
of the detection can be simulated separately for perpendicular incidence on the telescope. This
permits the decomposition

A,0,0
ej(k:9:¢): €040, )) ej(kref)e,qb) (7.30)

eo(lref, O, 0
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Figure 7.13: Left: simulated detection efficiency of all SiPMs in FAMOUS as a function of the
viewing direction 6, ¢ for a reference wavelength of A, = 360 nm. Here, 6 is the
polar angle with respect to the optical axis and ¢ is the azimuth angle in the plane
of the Fresnel lens. The white circles denote the Winston cone entrance apertures
of the pixels of FAMOUS. The field of view of the telescope has been divided into
bins of equal area by means of the program package HEALpix [202]. More details
on HEALPix can be found in appendix 2. The large white circle denotes the field
of view border of FAMOUS derived from the simulated data. Right: simulated
detection efficiency for a single pixel (pixel 4). Since the point spread function of
the Fresnel lens has a diameter of several millimeters, light from near the pixel
field of view borders is distributed over several pixels.

with respect to the efficiency of the central pixel j = 0 at a reference wavelength A .; = 360 nm
which dramatically reduces the computation time. For this wavelength, the detection efficiency
of the central pixel is maximal for the applied lens to focal plane distance z = 507.89 nm and
with UV filters (cf. figure 7.12).

Then, the sky in front of the telescope is divided into solid angle bins of equal area by means
of the HEALPix software [202]. The HEALPix software provides algorithms to divide a spheri-
cal surface into bins of equal area and is widely used in astroparticle physics. For a description
of the HEALPix code please refer to appendix 2. For each HEALPix bin 6;, ¢; in total 10000
photons with a wavelength of A . are uniformly distributed over the entrance aperture of the
telescope and traced through the optics. Furthermore, the direction of the photons is randomly
distributed over the whole area of the corresponding HEALPix bin. For a good resolution the
number of sides of the HEALPix map has been chosen to ng4. = 256 which corresponds to an
angular bin size of ~ 0.05(°)2. A maximum zenith angle of 6, ,, = 10° is sufficient, to com-
pletely cover the field of view of FAMOUS. In total, 5940 HEALPix bins have been simulated.
The fraction of detected photons €;(A.f, 0;, ¢;) is recorded separately for each HEALPix bin i
and SiPM j.

The detection efficiency €(A,ef, 6;, ¢;) summed up for all SiPMs j is presented in figure 7.13,
left. Here, the maximum recorded efficiency is €;(Aref, 0, @ )lmax = (8.68 +0.29) %. Further-
more, the field of view of the telescope can be determined by the extent of the HEALPix bins
with €(Aef, 0;, ;) > 1%. Thus, the field of view of FAMOUS in its current hardware configura-
tion is 17.2° x 15.4°. The enlargement of the field of view in comparison to the design value of
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Figure 7.14: Left: simulated pulse height histogram of a SiPM of FAMOUS, Hamamatsu
S$12573-100X at v,, = 1.4V over-voltage, obtained with G4SiPM. The SiPM has
been illuminated with photons of A = 360nm wavelength at a rate of f,g, ,x =
(1.47£0.26) - 107 s ! for the duration of 1s. The cell triggers have been grouped
in time bins of 1us width which corresponds to a conservative estimate of the
duration of an extensive air shower signal in one pixel. The mean number of
thermal noise triggers in a time bin is 2.89. Right: fit of a Poisson distribution to
the simulated data to obtain a probability distribution from which the number of
photons originating from the night sky background in one pixel can be generated.

13.5°x 12.7° is caused by the wall thickness of the Winston cones (cf. section 6.2). Figure 7.13,
right, presents the detection efficiency €;(A,.f, 0;, ¢;) for a single SiPM of FAMOUS.

7.2.1 Simulation of the night sky background

Regarding photons originating from the night sky brightness, which is considered as the back-
ground in FAMOUS, an absolute diffuse flux of

Fog,=(87%15)-10°m 2sr st (7.31)

has been measured in Aachen during dark, moonless nights with a Newton telescope equipped
with a Winston cone, an UG11 filter and an SiPM [52]. This value is already corrected for the
mean transmission efficiency of the optical system, i.e. the telescope, the Winston cone and the
UG11 filter, and is corrected for the mean photon detection efficiency of the used SiPM. The
SiPM was a Hamamatsu $10362-33-100C with a sensitive area of 3mm? x 3 mm? and 900 cells
which can be considered as a predecessor of the SiPM model mounted in FAMOUS. Since this
measurement has been performed with the UG11 filter, the transmitted wavelength spectrum is
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very narrow. The wavelength dependence of the Fresnel lens in this regime is negligible. Thus,
although the wavelength dependence of this measured value is unknown, it can be applied
directly here. With the aperture area A of the Fresnel lens and the solid angle 2 of the field of
view of the telescope

A=m(d/2)* =0.198m? (7.32)
Q=271 (1—cos(Opax/2)) =0.0706sr (7.33)

the number of night sky photons per second impinging on FAMOUS derives to

fop = (1.21£0.21)- 107571 . (7.34)
Folding this value with the telescope parameterization yields a rate of

fusbpx = (1.47 £0.26) - 107 s (7.35)

for the central pixel. This rate can be used to simulate the number of telescope triggers gener-
ated by the night sky background. For this, a G4SiPM simulation with one SiPM of FAMOUS has
been performed to illuminate the SiPM with the night sky background rate f;, ,x at A = 360 nm
for the duration of 1s. The detailed trigger simulation of G4SiPM including thermal and cor-
related noise yields SiPM cell triggers with the number of photon equivalents and time. These
triggers have been grouped in time to obtain the number of photon equivalents in 1us wide
time bins. The chosen time bin width is a conservative estimate for the duration of the shower
signal in one pixel of FAMOUS.

The resulting pulse height diagram is presented in figure 7.14. A fit of a scaled Poisson
distribution to the simulated data has been performed

A
I'(x/k+1)

with the number of photon equivalents x, Poisson mean A, a scale parameter k and the Gamma
function which is the generalization of the factorial function to real numbers. The fit yields

Pnsb(x) =a (7.36)

A =(10.06 +0.02) p.e. (7.37)
k=(2.15£0.01)p.e. . (7.38)

The probability distribution p,g, of the night sky background can be used to dice a number of
detected night sky photons for the SiPMs in FAMOUS when predicting the signal of EASs as
discussed in the next section.

7.2.2 Prediction of signals of extensive air showers

The determination of the telescope parameterization €;(A, 8, ¢) permits a quasi instantaneous
prediction of the number of photons detected for a simulated shower. An example for this is
presented in figure 7.15 for a proton shower with E = 10'85eV in 5km distance. The fluo-
rescence light simulation yields the wavelength A;, the arrival time t; and the arrival direction
0;, ¢; of a photon bunch i containing n; photons. As discussed below, the tracking of the fluo-
rescence light through the atmosphere is carried out for bunches of photons to safe computing
time. Thus, the number of detected photons of photon bunch i by pixel j is given by

wij=n;€;(A;,60;,¢;) . (7.39)
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Figure 7.15: Left: simulated arrival directions of fluorescence photons in the field of view of
FAMOUS emitted by a proton shower with E = 10'8° eV and 50° zenith angle in
5km distance. The white circles denote the Winston cone entrance apertures of
the pixels of FAMOUS. More details on the shower simulations can be found below
in section 7.3. Right: simulated arrival time of fluorescence photons weighted
with the telescope response €;(4,60,¢) (cf. equation (7.30) and figure 7.13).
Here, no night sky background is shown.
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Figure 7.16: Left: simulated number of detected fluorescence photons in FAMOUS emitted by
a proton shower with E = 1085 eV and 50° zenith angle in 5km distance. Each
circle represents one pixel of FAMOUS. This result has been achieved by folding
the telescope response parameterization with the arrival direction and wavelength
of the shower photons (cf. figure 7.15). Right: simulated number of detected
fluorescence photons including night sky background. The night sky background
has been picked from the probability distribution in equation (7.36). More details
on the shower simulations can be found in section 7.3.
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Figure 7.17: Left: simulated peaking time of triggered pixels due to the night sky brightness
accidentally on a straight line. This event would be discarded since the triggering
times are not geometrically ordered and a fit of the shower detector plane fails
(cf. equation (7.42) below). Right: simulated peak arrival time of the shower
photons by a proton shower with E = 10'8°eV and 50° zenith angle in 5km
distance. The peaking time is the result of the average arrival time of the photon
bunches in one pixel weighted with the number of photons in the bunch. White
pixels have not been triggered. More details on the shower simulations can be
found in section 7.3.

For n;, photon bunches in total, the total number of photons detected by pixel j is given by
np np
n; :nnsb+ZWi,j :nnsb+zni €;(4i, 6;, ¢4) (7.40)
i=0 i=0

with the number of photons from the night sky background n,y, picked from the probability
distribution p,q,. This simple model also allows to derive the peaking time of the pixel signal
by computing the weighted average of the arrival times t;

L Dito Wit
TR

(7.41)

The result of these calculations is presented in figures 7.16 and 7.17.

In summary, the telescope response parameterization €;(A, 0, ¢) permits a fast and simple
prediction of the number of detected photons and peaking time of the pixels of FAMOUS.
Neglecting the time needed to simulate the telescope parameterization €;, which can take
several hours, the time needed to derive the results for one shower is below 1s which equates
to a speed improvement by a factor 100. This telescope response parameterization will be
applied to a large set of EASs in the next section and aid in the derivation of the measured
fluxes of stars in chapter 9.
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7.3 Extensive air shower simulation

Parameter

Primary particle energy log,,(E/eV) €[15,18) €[18,19.5)

Spectral index y —1.1 —2.2
Zenith angle ¢ €[0,80)°
Azimuth angle ¢ €[0,360)°
Hadronic interaction model EPOS-LHC
Particles proton, iron
Number of simulations per particle 10000 10000

Table 7.2: Parameters used for the simulation of extensive air showers with CONEX v4r37 [40,
41, 42]. The zenith angle is picked from an isotropic flux on a flat surface with
dN /dcos? ~ cos?. The energy bins and spectral indexes have been chosen similarly
as described in [204] and match the energy distribution of the preliminary data
measured by the fluorescence detector of the Pierre Auger Observatory without any

corrections.
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Figure 7.18: Mean and root mean square of the slant depth of the shower maximum of the
simulations. The simulated data have been obtained using the CONEX simulation
package with EPOS-LHC as hadronic interaction model [40, 41, 42]. The lines
represent the moments obtained by a parameterization for proton and iron nu-
clei [63]. The numbers denote the number of showers contained in each bin. The
simulation parameters are enlisted in table 7.2.
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7.3 Extensive air shower simulation

The simulation package CONEX is a hybrid Monte Carlo code which can be used for fast simu-
lations of EASs [40, 41, 42]. Its development is related to the CORSIKA Monte Carlo program
which simulates the development of EASs in three dimensions. Here, this level of detail is not
needed since typically air showers and fluorescence telescopes are far away from each other.
Due to the 10-times law, the regions of fluorescence light creation can be approximated as
point sources. The CONEX code simulates only the high energy hadronic interactions of the
primary cosmic ray particle up to a certain energy threshold. Then, cascade equations are used
to predict the number of charged particles, number of muons and their energy deposit in the
atmosphere along the shower axis. The shower simulation parameters and results are written
to a ROOT file [205]. Several hadronic interaction models are available of which here only the
EPOS-LHC model is used [43].

The energies of the protons and iron nuclei are picked from an exponential distribution with
a spectral index of y = —1.1 and y = —2.2 below and above 10'® eV, respectively. The zenith
angle 1 is picked from an isotropic flux on a flat surface with dN/dcos®# ~ cos® between
0° and 80°. The azimuth angle ¢ is kept unbound. These parameters match the parameters
chosen by the Pierre Auger Collaboration in a recent publication for the determination of the
atmospheric depth of the shower maximum [204]. A complete list of the parameters used for
the simulation can be found in table 7.2. In total 10000 showers have been simulated for
each energy bin and particle type. The mean and root mean square of the X ., from these
simulations are presented in figure 7.18. It should be noted that each simulated shower can
roughly be used 10 times as input for the further simulation chain since its exact position in
the field of view of the telescope is random. Thus, a total number of 400000 EASs has been
simulated.

7.3.1 Fluorescence light simulation

The fluorescence light can be calculated from the energy deposit of the EAS along the shower
axis. For this task the Auger Offline software framework of the Pierre Auger Collaboration
has been used [188]. The simulation chain is controlled by the means of so-called steering
cards which are XML text files for the configuration of the modules of the simulation chain. As
starting point, the standard set of steering cards for the simulation of the fluorescence detector
of the Pierre Auger Observatory has been used. Originally at the end of this simulation chain,
modules for the ray-tracing of the fluorescence light through the telescopes of the Pierre Auger
Observatory and the simulation of the electronics are placed. Those modules are replaced
by a customary module which exports the information on the wavelength, position, arrival
time and arrival direction of the photons hitting the aperture of the telescope to a file. The
telescope model of the Offline framework has been modified to resemble the smaller aperture
size and the smaller field of view of the telescope FAMOUS which reduces the computation
time substantially. A short overview over the used modules is given in the following.

7.3.1.1 EventGeneratorOG

The core positions of the EASs, i.e. the impact position of the shower on the ground, are ran-
domized in front of the FAMOUS telescope [206]. To allow showers to have the core position
outside the field of view, the opening angle of the field of view cone of the telescope is with
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6¢ = 20° slightly larger than the value of 18.3° derived above. The maximum allowed tele-
scope to shower distance is 1, = 10 km.

7.3.1.2 ShowerLightSimulatorKG

The longitudinal profile of the energy deposit of an EAS simulated by CONEX is given in bins
of equal atmospheric depth. These bins are reused by the Offline framework. For each at-
mospheric depth bin, the number of fluorescence photons is calculated using the fluorescence
yield [206]. The energy of the photon is chosen randomly from measured fluorescence light
spectra [50] (cf. figure 3.1 in section 3.1).

7.3.1.3 LightAtDiaphragmSimulatorKG

For near showers, the telescope might resolve the intrinsic width of the EAS since the 10-times
law is not satisfied anymore. Instead of requiring full three-dimensional CORSIKA simulations
at this point, a lateral shower profile parameterization is used to smear the point of origin of
the photons [206].

7.3.1.4 ShowerPhotonGeneratorKG

To save computing time, photons of one atmospheric depth bin are grouped in up to n;, = 100
bunches [206]. The number of photons per bunch is the total number of fluorescence pho-
tons divided by the number of bunches n;. These bunches are traced through the atmosphere
respecting the intrinsic absorption length of the atmosphere as well as Rayleigh and Mie scat-
tering which eventually reduce the number of photons contained in a bunch.

7.3.1.5 FdLightInfoWriter

The last module of the simulation chain has been reached. This customary module has been
developed to export the wavelength, position, arrival time and arrival position of the photons
on the aperture of the telescope to a ROOT file which can be further processed by the Geant4
ray-tracing simulation of FAMOUS. Due to the settings applied in the steering cards, the photon
sample is already truncated to the aperture and the field of view of the telescope FAMOUS. This
module has already been introduced in [95, 159].

7.3.2 Trigger simulation

The 400 000 simulated EASs with energies between 10'° eV and 10'°-> eV have been processed
using the FAMOUS telescope and night sky background parameterization. Thus, for each of the
400000 EASs, information on the number of photons n; and peak arrival time ¢; is available.
To identify showers which potentially trigger the telescope FAMOUS, a triggering scheme is
implemented analogous to the trigger of the fluorescence telescopes of the Pierre Auger Ob-
servatory [6].

7.3.2.1 First level trigger

The first level trigger applies a threshold n;y to the mean number of photon equivalents de-
tected by the SiPMs in a time window of 1us which corresponds to a conservative estimate
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Figure 7.19: Left: simulated efficiency of the first level trigger as a function of the photon
threshold value n; for the library of 400000 simulated EAS (cf. table 7.2). If
the number of photon equivalents of a pixel surpasses the threshold, the pixel is
considered as triggered. Right: simulated efficiency of the second level trigger as
a function of the path length threshold value n,,4 for the simulated EAS library.
Pixel with level one triggers are connected to gapless paths. If the path length
exceeds the threshold value n,, 4, the event is considered as successfully triggered.

of the transition time of air showers in a pixel. The pixels exceeding the threshold are identi-
fied as triggered. Due to statistical fluctuations of the night sky background and the thermal
noise of the SiPM, accidental triggers occur at a high rate. The purpose of this trigger level
is to reduce the trigger rate to a level which can be processed by the data acquisition. There-
fore, a trigger threshold of n;, > 20 is chosen. The number of coincident accidental triggers
due to the night sky background and of signal triggers due to air showers is presented in fig-
ure 7.19, left. The percentage of triggers due to the night sky background decreases as soon as
the threshold exceeds the maximum of the night sky background probability distribution p,g,
(cf. figure 7.14).

7.3.2.2 Second level trigger

The second level trigger connects adjacent pixels, which passed the first level trigger, to straight,
gapless paths (cf. figure 7.17). Since EASs appear as a long string of triggered pixels in the
camera of fluorescence telescopes, the paths length n,,4 > 5 yields a strong trigger criterion.
The percentage of triggers as a function of the paths length n,.4 is presented in figure 7.19,
right. As a consequence of this strong criterion, the number of accidental triggers from the
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Figure 7.20: Left: simulated efficiency of detection of EAS events including night sky back-
ground and SiPM noise as a function of the shower to telescope distance r and
primary particle energy E for the first level trigger. The bin size in r is propor-
tional to 4/ to account for the increased area on the ground covered by the field
of view solid angle. Due to the background (cf. equation (7.36)), many events are
accidentally triggered resulting in a trigger rate of ~ 730kHz. Right: simulated
efficiency of detection of EAS events for the second level trigger. The third and
fourth trigger level further slightly reduce the overall detection efficiency. Since
the binning is logarithmic, the number of events decreases with increasing energy
since the energy distribution of the simulated data follows a broken power-law
(cf. table 7.2). Therefore, bins with a higher efficiency than the computed mean
efficiencies in table 7.3 can occur.

night sky background is low. A value of (1.591+0.013)Hz has been derived for a 10000s
long sample of night sky background.

7.3.2.3 Third level trigger

The third level trigger orders all pixels with a second level trigger in geometrically descending
order. For down going showers, the geometrical order equals the chronological order of the
pixel peaking times. Thus, the time difference between a triggered pixel and the geometrically
subsequent triggered pixel is greater than zero. In contrast, accidental events from the night
sky background possibly not satisfy this criterion. While EAS events are selected with nearly
100 % efficiency in the simulated sample, the night sky background rate can be suppressed by
a factor of approximately 40 to (0.042 £+ 0.002) Hz.

7.3.2.4 Fourth level trigger

The fourth level trigger performs a y? fit of the shower detector plane to the peaking time of
the triggered pixels. The peaking time t; of pixel i is given by

Xo—){i)
2

1
ti(x) =to+ ERP tan( (7.42)
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Ec[10%eV,10'8eV)

Trigger Showers Efficiency Total efficiency
200000 - -

Field of view 124887  (62.44+0.18)% 100.0%

1% level 92649  (74.19+0.32)% (74.43 £0.32) %

2" Jevel 95  (0.102+0.011)%  (0.076+0.008)%

3" level 93 (98*1) % (0.075 £ 0.008) %

4 Jevel 73 (7978 % (0.059 +0.007) %

EAS trigger rate (0.020 £+ 0.002) Hz

E €[10'%eV,10'9°eV)

Trigger Showers Efficiency Total efficiency
200000 - —

Field of view 125430 (62.71+£0.18)% 100.0%

1t level 109657  (87.43+0.36)% (87.43 £ 0.36) %

21 Jevel 20252  (18.47+0.14)% (16.15+0.12) %

3 level 20013  (98.82+0.99)% (15.96 £0.12)%

4™ Jevel 14038  (70.14+0.33)% (11.19+0.10)%

EAS trigger rate (5.08+0.04)- 10 °Hz

Night sky background

Trigger Trigger rate

15t level (732+1)-103Hz

27 Jevel (1.591 +0.013)Hz

3™ Jevel (0.042 + 0.002) Hz

4™ level < 0.0001Hz

Table 7.3: Selection efficiency of the trigger levels for EASs for the whole field of view of
FAMOUS up to a shower core to telescope distance of 10km after application of the
field of view cut. The EAS trigger rate has been determined from an integration of
the cosmic ray energy spectrum (cf. figure 2.1 in section 2.1). Night sky background
triggers could be suppressed by the fourth trigger level in the 10*s long sample.

with the viewing angle y; of pixel i with respect to ground, the shower distance R, perpen-
dicular to the shower axis, the speed of light ¢ and the angle of the shower axis with respect
to ground in the shower detector plane y,. See also figures 3.7 and 3.8 in section 3.3.3. A
high y?2 per degrees of freedom of y2/ndof = 25 is allowed to permit the triggering of as many
EASs as possible. In contrast, the y2 threshold is sufficient to completely suppress the night
sky background in the 10*s long sample. This results in a night sky background rate limit of
< 0.0001 Hz which is well below the expected EAS trigger rate.
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7.3.2.5 Field of view cut

For the analysis of the efficiency of the trigger it is crucial to identify EASs which pass the
field of view of the telescope since this condition is not satisfied for all combinations of core
position, azimuth and zenith angle. Thus, a geometrical intersection between the shower axis
and the solid angle cone of the circular field of view of FAMOUS is required which can be
easily calculated from the viewing direction of the telescope and the position and direction of
the shower axes.

7.3.2.6 Results

After applying the field of view cut, the percentage of triggered EASs by the first and the second
level trigger n;y > 20 and ny,q = 5 can be derived. The result is presented in figure 7.20. As
expected, the percentage of the first level trigger is very high regardless the shower distance
and energy due to the statistical nature of the night sky background which creates an acci-
dental trigger rate of ~ 730kHz. Subsequently, the second level trigger is required to suppress
those events and select air showers with high efficiency. Out of 10'° night sky background sam-
ples, which corresponds to a total time of 10'° - 1 ps = 10%*s, only few night sky background
only events passed resulting in a rate of (1.591 £ 0.013) Hz. However, the rate can be further
suppressed by the third level trigger by roughly a factor of 40 to (0.042 £+ 0.002) Hz . The ef-
ficiency of the EAS selection can be improved by implementing a fourth level trigger using a
shower detector plane fit as described in section 3.3.3. This trigger suppresses the night sky
background to a rate of < 0.0001 Hz which yields a purity of > 99.5%. Hence, this trigger is
not easily implemented in electronics and thus has to be performed in the later analysis of the
recorded data.

In summary, a promising result could be obtained from the EAS simulations. Potentially sev-
eral showers per hour can be recorded by the SiPM telescope prototype FAMOUS. Nevertheless,
also requirements to the yet to be built readout electronics of FAMOUS can be found. First, the
first level trigger threshold must be determined in real-time to accommodate for changes in the
night sky brightness and stars passing through the field of view of FAMOUS. Furthermore, the
trigger rate suppression must be large enough to make the processing of second level triggers
in the electronics feasible without sacrificing too many air showers. Since the second and third
level triggers exploit only geometrical and chronological criteria, they can be implemented in
an FPGA (field programmable array) of the readout electronics. In the end, a final total trigger
rate of ~ 0.06 Hz can be easily written to conventional hard disks for later further analysis by
a fourth trigger level to completely filter out all night sky background events.
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CHAPTER

The slow control of FAMOUS

The number of different hardware components and a non-trivial data and control flow require a
slow control for the FAMOUS telescope. As the name suggests, the purpose of the slow control
is to supervise the operation of the hardware by means of slowly changing parameters with
a maximal refresh rate in the millisecond range. Additionally, the data have to be presented
in real-time to the experimenter in a way that allows the fast recognition of hardware states
which impair the quality of the measurement or even lead to failure or damage of the complete
system.

The slow control of FAMOUS is installed on a barebone computer with a Linux operating
system (Debian 8.0 [207, 208]). The computational requirements of the slow control are low,
so a computer with low power consuming components can be used which is important to
maintain the portability of the telescope. At the same time, enough computational resources
are left to perform the data acquisition once the readout electronics of the FAMOUS telescope
has been completed (cf. section 6.4). As for the peripheral connectors, the computer needs
to have at least one Ethernet port for remote control capabilities as well as USB ports for
additional hardware. Here, an additional Ethernet port (via USB adapter) is used to create a
private network to which hardware components with Ethernet capabilities are connected. In
this manner, these components are not exposed to the same network the slow control computer
is connected to which could impose security issues.

8.1 Requirements

The most important requirement of the slow control is stability since it has to be operational
at any time. It has to power up before the beginning of the data taking and power down last.
Furthermore, the integrity of the data stored by the slow control and the data acquisition has
to be ensured.

Secondly, the user interface must be comprehensible and allow a fast adaption by new users.
Furthermore, it should be remotely accessible. The most extreme case is IceAct, which is situ-
ated at the South Pole and successfully operated form Europe (cf. section 6.7.3) [187].

Lastly, the slow control must be easily extensible for the adoption of new hardware com-
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Figure 8.1: The stack of the slow control of the FAMOUS telescope. All processes are con-
trolled by means of “systemd” services whereas all services with web functionality
are spawned by a Phusion Passenger application server. The Phusion Passenger ap-
plication server includes load balancing features to ensure responsiveness in case
of multiple users. The central data storage is the MySQL database of the Ruby-on-
Rails web application. The controllers of the web application can send commands
to the sockets of the C++ backend which controls the often exclusive, synchronous
access to the hardware. In the end, the user can access all information via the
rendered web frontend in his web browser remotely via the network.

ponents. By using modern code development techniques and languages, the source code of
the slow control can maintain a small footprint and does not require complicated constructs to
establish the operation. The concepts used are discussed in the next section.

8.2 Software

One of the mantras of modern software development is convention over configuration which
allows for radical simplifications of the programming. For example, variable names in a model
definition and the corresponding database layout are equal and automatically pluralized; the
programmer only has to specify deviations from the convention. This mantra has been imple-
mented in the development of the slow control. The slow control consists of two main parts:
the web frontend and the backend controlling the hardware components. Additionally, there
are two web services for the generation of plots and for the calculation of the altitude of the sun
and the moon above ground by using the current GPS position and time. The former queries
data from the database and produces publication ready plots on the fly which are embedded in
the web frontend. The backbone of the whole slow control is a MySQL database. A schematic
overview of the software components of the slow control and the used libraries can be found
in figure 8.1.
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8.2.1 The Unix init system systemd

Systemd is an initialization system of Unix operating systems. It is the first process started
after booting the kernel [209]. From there, it bootstraps and supervises all system processes.
Particularly, systemd allows the definition of dependencies between processes. Thus, the web
frontend is started after the MySQL database server which in turn is started after the networking
components. If a system process fails, it is automatically restarted and optionally its dependent
services. Should the system process fail repeatedly due to a configuration or hardware error,
the process is terminated. This behavior can be finely configured and ensures the stability of
the slow control computer.

8.2.2 Phusion Passenger middleware

The Phusion Passenger is used as middleware and application server [210, 211]. It is the pre-
ferred deployment setup of Ruby-on-Rails applications [212] on which the web frontend of
the slow control is based on. Furthermore, Passenger also supports other programming lan-
guages such as Python [213], which is used for the plots and moon web services, by means
of implementing the WSGI interface, i.e. an interface specification for web applications [214].
Various settings, specifically the network port over which the application is made available,
can be configured with configuration files. Since this configuration is persisted in the project
repository, the other web services can rely on this information for e.g. interprocess communi-
cation. Lastly, the Phusion Passenger features load balancing which means new instances of
the managed applications are created to handle incoming requests in parallel. After a specific
time, the number of instances is reduced to save system resources. Thus, the load balancing
guarantees the responsiveness of the slow control.

8.2.3 Ruby-on-Rails web frontend

Ruby-on-Rails is a full stack web application framework. Full stack means, that it comes with
all components required to operate a web server. It implements the so-called model-view-
controller concept (MVC).

The start page of the web frontend, i.e. the dashboard, condenses all information and displays
the most important quantities and offers actions where and when applicable. An example of
the dashboard is given in the screenshots in figure 8.2.

8.2.3.1 Model-view-controller concept

The model is a description of data structures. Regardless of the selected database backend,
Rails encapsulates all database specific calls in a common application programming interface
(API). The convention over configuration concept is realized here by choosing the table and
column names correspondingly to the variable names in the model. The model is also the
place to built-in minor calculation functionality e.g. the calculation of the over-voltage from the
bias voltage, the breakdown voltage, the ambient temperature and the progression coefficient
(cf. equation (4.25) in section 4.3).

The controller is the glue between the model and the rendered web site. It selects the ap-
plicable data from the model, handles creation, updating and deletion of model instances and
passes the results to the view. The view is an HTML document with special placeholder markups
which are filled with the data provided by the controller.
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Figure 8.2: Screenshot of the dashboard page of the slow control. Here, all necessary infor-
mation on the current measurement run and on the hardware components are dis-
played and dynamically updated without the necessity of a page reload. For clarity,
only the 12 pixels with the highest currents are displayed. Due to the responsive-
ness of the stylesheets, the layout automatically adjusts to the screen size. The
displayed data was taken during a measurement of star trails (cf. chapter 9).
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8.2.3.2 Stylesheets

The framework Bootstrap is an HTML, CSS and Javascript framework for the development
of responsive websites [215]. It offers predefined stylesheets for HTML elements resulting in
clear user interfaces. Responsiveness implies that the user interface is automatically adapted
to the screen size of the device on which the web frontend is opened. Therefore, the interface
is perfectly usable on mobile devices.

8.2.3.3 Client side Javascript

On the client side in the browser, the Javascript framework AngularJS [216] is used for asyn-
chronous updates of content after the page has loaded. Thus, changing quantities displayed in
the web frontend are updated without user intervention. At the same time, the amount of data
and therefore the network bandwidth usage is reduced dramatically since only small pieces
of information have to be transferred. Due to this approach, the telescope could be operated
remotely at the South Pole via a low bandwidth, high latency satellite connection [187].

8.2.3.4 Security

A basic HTTP authentication [217] has been implemented requiring the experimenter to pro-
vide a username and password before changing settings or the state of the data taking.

8.2.4 Database

The MySQL database is a widely used relational SQL database for fast and scalable stor-
age [218]. Since the database tables and column names are automatically the same as defined
in the Ruby-on-Rails models by convention, the database layout is very intuitive. Furthermore,
the database is managed by so-called migrations which execute changes of the Rails models.
Unless a model property is to be deleted, the migrations are executed without harming the
existing data and can even be rolled back if necessary. Hence, the database can evolve with
the requirements and the hardware of the experiment.

8.2.5 Plots web service

The plots web service is written in Python [213] and implements WSGI as interface to Phusion
passenger. The plots are generated by means of the widely used Matplotlib library [219] from
the data persisted in the database whereby the database schema of the Rails application is
replicated with Sqlalchemy [220]. Thus, database access is kept in a similar way. The images
are generated as pixel graphics in the PNG data format and conducted as stream to the browser
of the user. Since all the libraries are kept in the memory of the PC between requests, the
time consumption for the creation of one plot is very low (< 100ms). This is a 10x speed
improvement compared to if the same would be executed as a script with persistence to the
disk. Furthermore, the data periods can be selected easily in the web frontend.

8.2.6 Moon web service

The moon web service calculates the altitudes of the Sun and the Moon as well as other proper-
ties based on the current position, date and time of the day. The implementation follows [221,
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Figure 8.3: Class diagram of the backend C++ services of the slow control of FAMOUS and
their purpose. The interfaces act as finite state machines to provide a common API

to the hardware components.

222, 223]. From the altitude of the Sun, the type of twilight is calculated: civil twilight corre-
sponds to a sun altitude of 0° to 6° below the horizon, nautical to 12° and astronomical to 18°.
Furthermore, the time of the onset of the twilight states and the phase of the moon are pre-
dicted. Both contributes to the understanding of the current night sky brightness. The current
observation position and observation time can be set via a request parameter. The obtained
result is formatted in the text format JSON (JavaScript Object Notation) [224] which can be

directly used in Javascript.

8.2.7 Backend

The hardware control backend of the slow control is programmed in C++ [225]. Each hard-
ware component is controlled by its own process running as a systemd service. The standard
output log messages, which can yield important information, are automatically accumulated by
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systemd. They are made accessible through the web interface for inspection. A class diagram
of the implemented backend services and their purpose can be found in figure 8.3.

8.2.7.1 Interprocess communication

Due to the modularization of the slow control, which is mandatory to avoid a single point
of failure, the services have to be able to communicate with each other. The interprocess
communication is achieved by means of sockets which are either Unix Domain Sockets or TCP
sockets (Transmission Control Protocol) [226]. The latter is also accessible via the network. A
socket is a communication endpoint represented by a filesystem object or a port and can be used
for bidirectional communication by means of a standardized API. Here, the communication is
encoded in the human readable JSON format. Albeit JSON is encoded in plain text and not
binary, which increases the memory footprint, it is an ideal choice since it is perfectly supported
in many programming languages. It is supported by Ruby, Python and Javascript, thus no
conversion between data formats is necessary which makes this approach also very robust. On
a modern PC, roughly @(10°) individual JSON packets per second can be transmitted, received
and processed which is the limit of what network connections can achieve with latencies of
0(0.1 ms) at best.

The following listing presents a JSON packet which has been send by the environmental
sensors unit (cf. section 6.6):

"temperature" :22.91,

"pressure" :98637.0,

"humidity":28.64,

"light":{
"integration_time":100,
"broadband":13.0,
"luminosity":1.0,
"infrared":6.0,
"gain":16},

gps":{
"checksum" :1289,
"chars" :264556,
"longitude" :6.0496,
"num_satellites":8,
"sentences" :259,
"latitude" :50.7825,
"height":219.1}

The packet presented above has been formatted for improved readability. The packets ex-
changed via the sockets are compressed thus no redundant white spaces are used. A line break
marks the termination of each packet.

The memory footprint of the JSON format could be improved by switching to the compatible
BSON format, which a binary pendant [227]. Nevertheless, this would require a compatibility
layer for the browser appliances written in Javascript. Furthermore, BSON is not acknowledged
as standard to the same extend as JSON.
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Figure 8.4: Sequence diagram of the execution of measurements with the slow control. When
a new run object is created, the selected calibration is injected into the services as
configuration and the services begin to log data to the database (PSU and Arduino).
The data loop services (QDC and DRS) wait for user input to begin the data loop.
Usually, the experimenter would adjust the viewing direction of the telescope or
adjust the bias voltage of the SiPMs for the current environmental conditions or
the measurement task before starting the loops.

8.2.7.2 Finite state machines

Each backend service implements one or more finite state machines (FSM), i.e. a computational
model with a finite number of well defined states of which only one is applicable at a time. This
concept can be extended to a behavioral pattern by the introduction of commands. Each state
and command is made available via a socket.

Figure 8.3 lists the state machines of the backend services.

The data loop FSM has been implemented for the readout electronics of FAMOUS7. Once
a data loop is started, the device is read out continuously and the results are persisted to the
disk to binary files in the ROOT format [205]. To improve readout speed, e.g. for the DRS4
evaluation boards, the recorded data are kept in the memory and flushed in large packages to
the hard disk to be independent from the disk write latency of @(10 ms).

8.2.8 Measurement sequence

In general, periods of data taking are affiliated to so-called runs in the web frontend. Up to
this point, all control services remain in a suspended mode. First, a run is created, stating the
names of the experimenters as well as some comments on the execution and weather condi-
tions. This approach is inspired by the slow control of the fluorescence detector of the Pierre
Auger observatory [228]. Furthermore, the experimenter can choose from a list of calibrations.
Calibrations store mechanical and physical calibration constants of the telescope. For example
for the power supply unit (cf. section 6.3), the channels are associated to the pixels and the
breakdown voltages of the SiPMs. Furthermore, the calibration constants for the calculation
of voltages and currents from the corresponding ADC counts are persisted. This enables the
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experimenter to easily switch between hardware configurations to account e.g. for a changed
SiPM breakdown voltage.

After the creation of the run, the environmental sensors unit, the night sky camera and the
power supply are read out continuously. The ambient conditions are logged minutely, the bias
voltages, temperatures and currents of the SiPMs every five seconds, which corresponds to the
maximum readout speed of the PSU for 64 channels.

For FAMOUS7, the experimenter can start data taking loops. Snapshots of the taken data
are persisted to the MySQL database in 1s intervals and are accessible via the web frontend.
The complete data is persisted to an external harddrive and organized in a chronological folder
structure.

After the completion of a run, all data taking loops and services are put on suspend again. A
schema of this sequence is presented in figure 8.4.

8.3 Night sky camera

Since autonomous operation is required, the exposure of the night sky camera must be con-
trolled automatically by the readout software. For this specific camera model, the gain of the
red, green and blue pixels must be adjusted separately from each other. Thus, a white balance
algorithm has to be implemented to achieve well balanced photos without under or overex-
posed color channels potentially increasing noise.

8.3.1 Automatic white balance

The white balance can be understood as the subjective perception of gray or white surfaces.
The human brain automatically mixes the colors red, green and blue in a way that grayish
surfaces always appear gray regardless the color temperature of the ambient light. The color
temperature is the temperature of a black body [229]. Light from candles has a low color
temperature of 1000 K to 2000 K resulting in orange hues, light from fluorescent lamps 5000 K
to 5500 K resulting in bluish hues [230]. When shooting photographs, the mechanism of the
brain has to be emulated to obtain a well exposed photograph without color cast. Let r;, g;, b;
be the color values red, green and blue of a pixel i in the photograph. The color values have
been obtained after the application of the Bayer filter demosaicking technique [231] and are
integer values scaled from O to 255. A good white balance is achieved for r; = g; = b; for gray
surfaces. Furthermore it can be found that a well balanced photo is a mixture of equal color
fractions [232]. Therefore, the mean color values of all pixels N

1 1 1
.u'r:ﬁzi:ri g Mgzﬁzi:gi ’ .ub:]vzbi (8.1

have to be equal. By keeping the gain g, of the green pixels fixed to a certain value which
ensures image recording with acceptable amplification noise, the adjusted gains of the red and
blue pixels g; and g, can be derived to

g, = B, (8.2)
Mg

g="rg, . (8.3)
Mg
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Parameter Vega Deneb
Capture time (CET) 2015-11-01 21:06h  2015-11-01 22:12h
Right ascension a 18"52™31.446° 20"33M41.069°
Declination & +36°13'11.998” +45°5'0.743"
Field of view 32.1° x 24.1° 31.5° x 24.0°
Pixel size 92" 91”
Background o 0.48 0.54
Number of detected stars 119 147
Computation time ~ls ~0.2s
Altitude ¢ 42.3° 52.8°
Azimuth ¢ 278.6° 283.9°

Table 8.1: Results of the image analysis with the Astrometry.net software package (cf. fig-
ures 8.5 and 8.6). Using the reconstructed right ascension and declination of the
image center with the GPS position and the timestamp of the photograph, the hor-
izontal coordinates altitude ¢ and azimuth ¢ can be reconstructed. These coordi-
nates define the local viewing direction of the telescope. The alignment uncertainty
of the optical axis of the night sky camera to the optical axis of the telescope is
approximately 1°.

8.3.2 Automatic exposure

The exposure time can now be chosen independently from the gain. Since both the color values
r;, &, b; obtained from the photograph and the exposure time t are scaled linearly with respect
to the amount of recorded light, the mean over all colors

1
Urgh = 5 (uu'r + g + ll'l’b) (8.4)

can be compared to a favored value which for daytime photography is treee = 254/2 = 127.
However, the night sky yields very dark images with the stars as small white spots, therefore, a
smaller value of U,eee = 30 has been found applicable. The new exposure time t’ is given by

Urgh
t/_ g

= t . (8.5)
Utarget

These values are applied in an iteratively manner every 10 recorded frames. For this, the
camera is operated in the live view mode to enable a fast adaption of the white balance and ex-
posure to changes of the night sky conditions such as twilight or clouds continuously changing
the hue and the brightness of the images.

8.3.3 Detection of visible stars

During data taking with FAMOUS, photographs of the night sky are autonomously saved every
minute to the harddisk for later processing. The pictures are analyzed with the Astrometry.net
software package [233], i.e. a software for fast geometric hashing for automated astrometry
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Figure 8.5: Photograph of Vega taken with the night sky camera in Aachen and analyzed with
the Astrometry.net software package from the 1st of November 2015, 21:06h CET.
Detailed results of the analysis are presented in table 8.1.

setups. The software has been developed with an emphasis on fast and reliable image analysis.
For this, catalogs of the celestial objects based on the 2MASS catalog [234] of the night sky
have been created. For each catalog, the sky is divided into patches of equal area, HEALPix
bins (cf. appendix 2), and the 10 brightest stars are selected for each bin. The catalogs differ in
angular size of the HEALPix bins and therefore in the number of contained stars. Starting with
the brightest stars, the stars of the patches are grouped into so-called skymarks, i.e. asterisms of
four stars, so that each patch contains one skymark with the center of gravity inside the patch
and connections to stars in the neighboring patches. As a results, some stars are associated
to multiple skymarks whereby other stars to no skymark at all. The catalogs selected for this
analysis contain up to 1452000 stars and 2323200 skymarks with an angular size of 30" and
larger.

When analyzing the image, the background is removed by subtracting a median smoothed
version of the image [233]. The background is used to determine the pixel variance o2, and
finally, star candidates are identified if the pixel value is >8c. The star candidates in turn are
connected to possible skymarks which are tested against the skymark catalogs. One matching
skymark is sufficient for a successful analysis. Overall, the software achieves a detection rate
of over 99.9 % with no false positives. This analysis yields the viewing direction, angular size
of the image, the visible stars and other parameters. The right ascension and declination coor-
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Figure 8.6: Photograph of Deneb taken with the night sky camera in Aachen and analyzed with
the Astrometry.net software package from the 1st of November 2015, 22:12h CET.
Detailed results of the analysis are presented in table 8.1.

dinates of the viewing direction can be translated to the local viewing direction in horizontal
coordinates by using the GPS position of the environmental sensor unit of FAMOUS. Further-
more, the original image can be annotated with marks of the found stars and their name.
Two example analyses of photographs with Vega and Deneb and the results can be found in
figures 8.5 and 8.6 and table 8.1.

In combination with the correction of the image distortion described in section 6.5, the ac-
curacy of the reconstructed viewing direction is very good and can be used to calibrate the
pointing of the telescope by measuring star trails. By comparison of the stars found and the
stars with comparable brightness which should have been visible in the field of view of the
image, the cloudiness of the night sky can be determined yielding another important environ-
mental parameter for the later data analysis.
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CHAPTER

Measurement of star trails with FAMOUS

An important measurement to be performed with earth bound telescopes is the measurement
of star trails. Many bright stars can be observed during the night. Due to their apparent move-
ment with respect to the observation position on Earth, the trails of stars can be tracked by the
telescope at rest, which means no follow up mechanism is needed. Furthermore, the luminosi-
ties of stars are well known and measured by many experiments in many distinct wavelength
bands. On the other hand, the transmission properties of the atmosphere of the Earth are
very variable which thus might present a challenge when comparing the expected light flux
with the light flux measured in the device. Nevertheless, such a measurement improves the
understanding of the telescope optics and analysis of the recorded data.

As discussed in section 6.3, the 64 channel power supply of FAMOUS is equipped with a
current monitor. This current monitor is read out continuously to measure the increase in
the current flow through the SiPMs while the star travels through the field of view of the
telescope. Several star trails have been observed with the FAMOUS telescope. The stars Vega
and Deneb are two of the brightest stars on the night sky and thus are ideal candidates for this
measurement. Table 9.1 lists the performed observations.

The first ingredient to the calculation of the expected light flux in the telescope is the stellar
spectrum in dependence on the wavelength. Secondly, the distance of the star to the Earth and
thirdly, the absorption in the atmosphere of the Earth have to be taken into account. Lastly,
the measured light flux is limited by the aperture area of the telescope and the transmission
efficiency of the optical system as a function of the wavelength. An akin analysis for a Newton

Star observation date start end

Vega  November 1%, 2015 20:40h 21:40h
Deneb November 1%, 2015 21:40h 23:00h

Table 9.1: Observation times of the measured star trails recorded with the FAMOUS telescope.
The stars have been selected due to their brightness and ease of observation regard-
ing the altitude above the horizon of the measurement time.
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Figure 9.1: Schema of the analysis leading to the calculation of the observed photon flux due
to stars in the telescope FAMOUS.

telescope and one pixel of FAMOUS has been performed in [52]. The following sections will
discuss each of these analysis steps in detail. Figure 9.1 already provides an overview.

9.1 Stellar source spectra

The stellar source spectrum is the spectral irradiance Eg.,, 5(A) of the star emitted by the star
as a function of the photon wavelength A as measured at Earth above the atmosphere. It is
usually given in units of ergs™ cm™2 A with 1 erg=1-10""J.

For some stars, the source spectra are well known since they are used for calibration purposes,
as for example, for the Hubble Space Telescope [241]. Thus, a calibrated spectrum of Vega
could be used in this analysis. It should be noted, that in case of Vega, there exist many

different luminosity measurements in the literature due to the fact that Vega might be a variable
star [253].

However, for other stars, the spectrum has to be calculated. The software package ATLAS can
be used to simulate a spectrum given the surface temperature T,g, the surface gravity log(g)
and the metallicity log(m) of the star [249, 251]. Since the simulations are time consuming,
catalogs are available which can be used as lookup table for the given stellar parameters [244,
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Figure 9.2: The stellar source spectra given as spectral irradiance E,, ; as a function of the
photon wavelength. The spectra for the Sun and Vega have been obtained from the
CALSPEC catalog [241, 242], the spectra for Arcturus and Deneb from the ATLAS
parameterization catalog (Kurucz 93 and Castelli 04) [243, 244, 245]. The Arc-
turus spectrum has been renormalized using the measurements presented in [246,
247, 248]. The spectra have been obtained with the software package PySyn-
phot [249, 250, 251, 252]. All luminosities L are given in multiples of the lu-
minosity of the sun Ly, = (3.8460 £ 0.0014) - 1026 W.
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Vega [235] Deneb [236, 237, 238, 239, 240]

Right ascension a 18"36™M56.3° 20M41m25.9°
Declination & +38°47'1.2802" +45°16'49"
Apparent magnitude m 0.026 1.25
Luminosity L/Lg 40.12+0.45 (196 £32)-103*
Surface temperature T.g/K 9602 + 180 8525 £ 75*
Metallicity log(m) —0.5 —0.25+0.05%
Surface gravity log(g) 41+0.1 1.10+0.05
Distance d/ly 25.04+0.07 (2.62£0.22)-103
Parallax p /mas 130.23+£0.36 1.25£0.10* (derived)

Table 9.2: List of the properties of the stars. For Vega, the CALSPEC catalog [241, 242] contains
a calibrated stellar source spectrum. The quantities of Deneb marked with an aster-
isk have been used in this work. The parallax has been derived from the distance in
light years.

245]. The obtained spectra have to be renormalized to measurements. For this, the integral of

the spectral irradiance yields the radiosity J;,_ . of the model

Js’tarszs’tar’A(k)édi 9.1)

with the width of the corresponding wavelength bin 6 A. The prime corresponds to quantities
which have been obtained from the stellar atmospheric model. The expected radiosity can be
calculated from the luminosity L and the distance R of the star with

L

star — 47 R2 (9.2)
whereby the distance R can be calculated from the parallax p
1
R=—= 9.3)
tan p

given the astronomical unit 1au = (149597870700 + 3)m. Finally, the spectral irradiance
values are multiplied by the quotient of the integrated and the calculated radiosity

J L

Estar,l(k) = ﬁ E;tar,l(l) = %R—zl]s/tar Es,tar,l(k) . (9.4)
The large distance between Earth and Deneb diminishes the very high luminosity and yields a
fainter radiosity. Due to the large distance of Deneb, the quoted uncertainty on the parallax of
several star catalogs is rather large. Therefore, the same distance as applied in the analysis of
the luminosity measurement in [238] has been used to obtain a correct estimation of the light
flux at Earth. Table 9.2 summarizes the properties which have been used in this analysis. The
source spectra for several celestial objects are presented in figure 9.2.
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Figure 9.3: The airmass as a function of the zenith angle 6 plotted for different approxima-
tions [254, 255, 256, 257, 258]. A zenith angle of 8 = 0° corresponds to a per-
pendicular incidence with respect to the ground, 8 = 90° to the horizon. The right
plot presents a zoom into the high zenith angle regime in which the models make
very different and in some cases unphysical predictions. For this analysis, the ap-
proximation by Young [257] has been selected due to the claimed good overall

precision.
Uncertainty Uncertainty on airmass X

GPS latitude ¢ 1-107%° 1-107°
GPS longitude A 4-107°° 1-107°
Observation height h 9m 3-10710
Ambient temperature T 1°C 1-107*
Humidity H 4% 3-107°
Pressure p 0.2hPa 6-107°
Observation wavelength A 10nm 4-107°
Observation time ¢t 2.4s 0.05
Total uncertainty on X 0.06%

Table 9.3: Uncertainties on the observation position, time and environmental conditions used
to calculate the apparent altitude of the star from a star catalog and subsequently
the airmass X.
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9.2 Airmass

The light of the stars has to travel through the atmosphere of the Earth to reach the telescope.
A common measure for the length of the light path respecting the variable density of the layers
of the atmosphere is the dimensionless airmass X. A value of X = 1 corresponds to a perpen-
dicular light incidence with respect to ground. The value increases for increasing inclination
6. Several approximations for the airmass X(6) exist in the literature [255, 256, 257, 258].
All formulae agree up to a certain zenith angle 6 ~ 80° but yield very different and even un-
physical results for the highest inclinations. Therefore, the approximation by Young [257] has
been used which yields reasonable values in this regime

1.002432 cos® 6 + 0.148386 cos O + 0.0096467
X(0)= (9.5)
cos3 0 +0.149864 cos2 6 + 0.0102963 cos 6 + 0.000303978

with a claimed maximum error of oy = 0.0037. Figure 9.3 presents the airmass predictions
made by different models.

In the scope of this thesis, the position of the stars is given in horizontal coordinates with
the azimuth ¢ and the angular altitude above ground # = 90° — 0. Due to the refraction of
the atmosphere, the apparent observed altitude of the star can be larger than the true altitude.
This can be taken into account by including the measured ambient temperature, humidity and
pressure when calculating the horizontal coordinates of the stars and is implemented in the
software package Astropy [259] used to carry out the calculation of the airmass as a function
of the observation time and position. Furthermore, the calculations have been made for a mean
observation wavelength of A = 454 nm at which the transmission efficiency of the telescope is
highest (cf. section 7.1.3.1). The uncertainties on the parameters used for the calculation of
the airmass and the resulting uncertainties on the airmass are listed in table 9.3. In summary,
the relative uncertainty on the airmass is 0.06 % and therefore negligible.

Finally, the airmass can then be used to model the absorption of the atmosphere by using
Beer’s law to calculate the transmittance

T(X)=exp "% (9.6)

with the atmospheric thickness 7 which again is a dimensionless quantity. The next two sections
will discuss the atmospheric thickness 7, due to the intrinsic transmittance of the atmosphere
and the thickness 7., due to aerosols.

9.3 Transmittance of the atmosphere of the Earth

The dry atmosphere of the Earth consists of 78.08 % nitrogen, 20.95 % oxygen, 0.93 % argon,
0.04 % carbon dioxide, and traces of hydrogen, helium, and other noble gases [261]. There-
fore several wavelengths will be subject to absorption rendering the atmosphere opaque at
certain wavelengths. Frequently, the American Society for Testing and Materials (ASTM) re-
leases reference solar spectra at X = 0 and X = 1.5 which are mainly used by the solar power
industry [260]. The evaluation of the solar spectrum at ground level X = 1.5 also incorpo-
rates aerosols for a US standard atmosphere [262, 263, 264]. Water vapor is considered as
aerosol (cf. next section). Those effects are taken into account by introducing the atmospheric
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Figure 9.4: Measured solar spectrum above the atmosphere X = 0 and at ground level X =

1.5 [260]. The right plot shows the calculated transmittance from these data at
X =1 without the influence of the aerosols.

thickness 7,., (cf. equation (9.6)) which is a function of the wavelength. A common param-

eterization of 7,..(A) also applied for the US standard atmosphere is the so-called ;\ngstrém
formula [66, 265]

A —Qa
Taer(k) = Taer0 (A_) (9.7)
0
with T,e,0 = 0.084, A = 500nm and a = 1.19 [262]. The spectral irradiance of the sun
at ground level Eg,A(A,X = 1.5) can be re-weighted using the Angstrém formula (cf. equa-
tion (9.7)) and Beer’s law (cf. equation (9.6)) to cancel out the reduction due to aerosols

1

_ _ / _
Eos(A,X =1.5)= I E, ,(A,X=15) . (9.8)

Given the measured spectral irradiance Eg 3 (A,X = 0) on top of the atmosphere, the atmo-
spheric thickness of the atmosphere of the Earth without aerosol derives to

1 Eg (A, X =1.5)
A)=——1 . .
Tam(A) =—7 og( Eo (X =0) (9.9)
The measured spectra of the sun and the calculated transmittance
Ty (X, A) = e Tam(MX (9.10)

are presented in figure 9.4.
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Figure 9.5: Atmospherical optical thickness for different wavelengths as measured by JOYCE
before and after the star trail observations. The dotted lines denote fits of the
Angstrom formulas to the thicknesses. The straight line is the atmospherical thick-
ness of the US standard atmosphere model.

9.4 Absorption due to aerosols

Aerosols are fine particles in the air and of artificial or natural origin and cause additional light
scattering and absorption in the atmosphere of the Earth [266]. An example for aerosols of
natural origin is water vapor or fog. Aerosols of artificial origin may be haze, dust and smoke
or other air pollutants. Both contributions are highly variable and have to be handled with
great care [264]. The NASA aerosol robotic network (AERONET) is a large network of roughly
1000 measurement sites which continuously monitor the aerosol content of the atmosphere
by means of e.g. sun photometers during daylight with the sun as reference light source [267,
268, 269, 270]. To measure the aerosol content during nighttime, the moon or stars can be
used as reference light sources which is more challenging since e.g. the moon has 107 to 107°
the irradiance of the sun [271, 272]. Apart from seasonal changes, no statistically significant
differences has been found between the aerosol content during daytime and nighttime in a
longterm study in the city of Granada, Spain [272]. The closest site to the RWTH Aachen
university campus is located in Jiilich, JOYCE, in a distance of roughly 25km airline [273,
274].

The data of all stations are analyzed centrally by AERONET. Three different quality levels
are available for the most recent version of the analysis algorithms (version 3): level 1.0 cor-
responds to unscreened data without calibrations applied, level 1.5 data is cloud screened and
has the majority of the calibrations applied and level 2.0 has all calibrations applied and has
been revised manually [274]. For the analysis in this thesis, data of the level 1.5 will be used
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Figure 9.6: Atmospherical transmittance due to aerosols for different wavelengths as measured
by JOYCE before and after the star trail observations. Analogously to figure 9.5,
the dotted lines denote fit results and the straight line the US standard atmosphere
model.

to exclude the presence of clouds which would lead to extremely high atmospheric thicknesses
(level 2.0 not yet available). Nevertheless, the data of the JOYCE station already has all detec-
tor calibrations applied at the data level 1.5 [275].

The station measures the atmospheric thickness (and reconstructs the Angstrém parameter)
due to aerosols every 15min at distinct wavelengths of A = 340.2nm, 380.2nm, 439.9 nm,
500.4nm, 675.0nm, 870.3nm, 1020.0nm and 1640.2 nm. Water vapor mainly influences the
optical thickness for wavelengths A > 600nm and is therefore classified as coarse aerosol
particles [268]. The measured atmospheric thicknesses are then averaged in three hour wide
windows 18 hours before and after the star trail observation. The sample variance of the
averaged samples is taken as uncertainty on these quantities. A y2-fit of the Angstrém formula

Taer(k) = Taer0 (i)_ (9.11)

Ao
to the mean atmospheric thicknesses yields the Angstrém parameters Taero and a. The ref-
erence wavelength A, has been fixed to A; = 340.2nm which corresponds to the first avail-
able wavelength in the data. The fit results of the Angstrém parameters are compatible with
the Angstrém parameters provided by AERONET itself whereby the AERONET analysis distin-
guishes between fine and coarse particles which exceeds the scope of this thesis [263, 276,
277]. The results are presented in figures 9.5 and 9.6. Since no data are available during
nighttime, the mean value of all fits is used for the calculation of the expected photon flux. It
should be noted that the time gap between the last measurement on the day of the observations
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Figure 9.7: The spectral photon flux &, ; (4,X) for the observation of Vega above the atmo-
sphere at X = 0, with the atmosphere, the aerosols and the transmission efficiency
of the telescope with its maximum scaled to 1 for this plot. The atmosphere has
a notable effect on the photon flux reaching the ground. The reduction by the
telescope is important since it is only sensitive in the wavelength regime from
A =300nm to 900 nm. The stellar spectrum has been taken from CALSPEC [241].

and the first measurement on the next day is approximately 16.5h (15:07h to 07:32h). Thus,
this is the largest systematical uncertainty in this analysis. The relative, statistical uncertainty
on the mean atmospheric thickness 7., due to aerosols is 10 % (cf. table 9.4).

9.5 Expected photon flux

For the observation of the star trails, the environmental parameters have to be taken into ac-
count as well as the position and observation height (above sea level). All these quantities are
automatically taken into account by the Astropy software package when calculating the appar-
ent observed altitude of the star [259]. The spectral irradiance of the star Eg.,, 3(A) is then
weighted by the transmittance of the atmosphere (cf. equation (9.10)) and the transmittance
due to aerosols (cf. equation (9.11)) to derive the observable spectral irradiance of the star at
ground level

Eexpa(A,X) = exp™ Tam() exp X Taer(2) Egar 2 (1) ) (9.12)
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Figure 9.8: The spectral photon flux &, 3(4,X) for the observation of Deneb above the atmo-
sphere at X = 0, with the atmosphere, the aerosols and the transmission efficiency
of the telescope with its maximum scaled to 1 for this plot. See also figure 9.7. The
stellar spectrum has been taken from ATLAS [245] for the stellar parameters given
in [238] (cf. table 9.2).
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Figure 9.9: The integrated photon flux ®.,,(X) (black line and colored areas) for the obser-
vation of Vega for the environmental conditions given during the observation time
as a function of airmass (blue line). The colored regions denote the 10 and 20
confidence intervals of the expected photon flux. See also figure 9.7.
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Figure 9.10: The integrated photon flux &.,,,(X) (black line and colored areas) for the observa-
tion of Deneb for the environmental conditions given during the observation time
as a function of airmass (blue line). The colored regions denote the 1o and 20
confidence intervals of the expected photon flux. See also figure 9.8.

Relative uncertainty

Vega Deneb

Temperature Tqg - 1%
Surface gravity log(g) - 5%
Metallicity log(m) - 20%
Stellar spectrum Eg,, 3 (1) 0.5% 12%
Parallax p 0.06% 8%
Atmospheric thickness T, 10%
Aerosol thickness 7, 10%
Angstrém parameter a 12%
Transmission efficiency €. 0.4%
Transmission efficiency correction € ) oy 0.4%
Total uncertainty on ®.,,(X) 0.2% 1.0%

Table 9.4: Uncertainties on the stellar, atmospheric and other parameters which yield the un-
certainty on the expected photon flux ®.,,(X). See also table 9.3 for the uncertain-
ties on the airmass. It should be noted that the uncertainties on the atmospherical
thicknesses have a minor impact on the total uncertainty due to the nature of the
exponential function yielding a rather small total uncertainty on ®.,(X) (cf. equa-
tion (9.19)).
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Star Vega Deneb
Observation date November 1%, 2015

Start 20:40 h 21:40h

X 1.3995+0.0011 1.1651 + 0.0005
Peyp(X) (369.9£0.6)us ! (154.4+1.6)us*
Flux ratio 2.40+0.03

End 21:40 h 23:00 h

X 1.6775+0.0017 1.3666 +0.0010
Py (X) (344.3£0.6)us™t (146.5+1.5)us?
Flux ratio 2.35+0.03

Table 9.5: The mean expected photon fluxes ®.,, for Vega and Deneb for the beginning and
the end of the measurement period. Also given is the ratio of the flux of Vega to the
flux of Deneb.

To obtain the number of photons per wavelength bin and unit area, denoted by the photon flux
Pexp 2 (4, X), the spectral irradiance has to be multiplied by the width of the wavelength bin
6 A and divided by the photon energy of the corresponding bin

A
cI)exp,?L(A:X) = Eexp,A(A;X) E‘SA (9.13)

with the Planck constant h = 6.626 - 107>*Js and the speed of light c. The expected spectral
photon fluxes are presented in figures 9.7 and 9.8. To obtain the photon trigger rate detected
by the telescope, the photon flux has to be multiplied by the aperture and the transmission
efficiency of the telescope. The aperture, i.e. the light collection area, of the FAMOUS telescope
is

A = 1(d/2)? = 1(0.5021 m/2)? = 0.198m? . (9.14)

The transmission efficiency of the telescope €,(A) has been determined in a Monte Carlo
simulation as described above in section 7.2 (see also figure 7.12, left at z = 507.89 mm).
Here, the telescope has been illuminated with light isotropically emitted from the field of view
of the central pixel to obtain a mean detection efficiency independent from the actual position
of the star in the field of view of the pixel. The simulated transmission efficiency has a maximum
value of

(A =475nm) = (13.2+0.3)% . (9.15)

It includes the transmission of the Fresnel lens, the efficiency of the Winston cones and the
photon detection efficiency of the SiPMs. However, the simulated Fresnel lens transmission
efficiency Tjenssim(A) is larger than the measured value Tiepgmeas(A) [150]. Therefore, the
efficiency of the telescope €,,(A) is multiplied by a factor of

i _ Tlens,meas(k = 550nm) _ (50.5+0.2)%
tebeorr T s sim(A =550nm)  (75.57 £0.12)%

= (66.83 £ 0.29)% (9.16)

to account for the overestimation by the simulations. The lower measured value is caused by
the manufacturing process, a special groove shape, which is a compromise between imaging

175



Chapter 9 Measurement of star trails with FAMOUS

quality and transmission efficiency, and by diffraction not covered in the ray-tracing simula-
tion [144]. In addition, the transmittance of the Fresnel lens might also be significantly reduced
due to surface dew on the back side of the lens [278]. If the ambient temperature is lower than
inside the telescope, the temperature at the boundary (the lens) can fall below the dew point.
Since the mechanics make the telescope a closed system, dew removal is impractical outside
the laboratory. A detailed time-dependent SiPM simulation is not necessary at this point since
the star light is a continuous light source. Thus, the resulting number of detected photons of
the telescope is given by

<I>exp(X) = f Atel €tel,corr €rel(A) q>exp,l(l»X) da (9.17)
A
= JAtel etel,corr etel(k) Eexp,l(l:X) E da (918)
_ _ A
= fAtel €tel,corr etel(l) €xp X Tam(2) exp X Taer(2) Estar,l(k) E da (919)

using equations (9.12) and (9.13).

The results for the expected photon flux &,,,(X) can be found in figures 9.9 and 9.10. The
uncertainties have been handled with great care and propagated through all steps of the cal-
culation. Regarding the stellar models, the quoted uncertainty for the stellar spectrum of Vega
is 0.5% [242]. For Deneb, the stellar parameters T.g, log(m) and log(g) have been varied
within their uncertainties. The largest difference between the obtained ATLAS models is taken
as conservative estimate of the uncertainty on the stellar spectrum. The constituents of the
uncertainty on the expected photon flux &, are quoted in table 9.4. In total, the uncertainty
on the expected flux &, due to uncertainties in the models and the environmental conditions
is rather low. The mean expected photon fluxes for Vega and Deneb for the beginning and the
end of the measurement period are listed in table 9.5. Summarizing, the ratio between the
two subsequent observations of Vega and Deneb is calculated to 2.40 & 0.03. Those results are
now compared to the SiPM current measurement in the next section.

9.6 Measurement of the current flow through the SiPMs

The increase of the current flow through the SiPMs has been measured by the power supply
unit of FAMOUS (cf. section 6.3). In each readout cycle, the microcontroller of the device
reads out the temperatures of each SiPM, adjusts the bias voltage accordingly and measures
the current. Due to the large number of operations performed during each readout cycle, one
complete measurement of the current of all 64 channels can be obtained every ~ 5s. Thus,
the current is available as a function of observation time. Since the uncertainty of the current
measurement is large, a moving average of w = 12 consecutive measurements is applied to the
data. The window w has been chosen such that variations due to the measurement uncertainty
are suppressed but the shape and most importantly the peak height are affected very little.
In combination with the slowly transiting star, the reduction of the peak height is below <
1%. Nevertheless, the final analysis is performed on the original data with the results from
the analysis on the smoothed data as start values. The resulting uncertainty on the current
measurement is determined by the sample variance of all values within the window w and
yields &~ 12 % for Vega. Furthermore, frequent spikes of increased current occur in the current
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Figure 9.11: Measured currents as a function of time of each channel of the telescope FAMOUS
for the observation of Vega. The x-axis is the time from Os to 3042s, the y-axis
the current from 200 uA to 800 pA. The data (shaded area) have been smoothed
with a moving average. The line denotes a fit to the current increase caused by
the star. The arrangement of the plots matches the arrangement of the pixels of
the telescope. The not optimal grounding of the diesel generator might have lead
to frequent, large spikes which have been sufficiently smoothed by the moving
average. One SiPM in the upper left corner of the camera (shaded background)
has a higher current compared to the other SiPMs due to a slightly misconfigured
bias voltage.

signal, which have been successfully smoothed out by the moving average. This might be due
to the not optimal grounding of the diesel generator used to power the telescope. Still, the
spikes increase the sample variance. Later on, with the onset of dewing, the spikes do not
occur anymore, which also leads to a reduced uncertainty of ~ 7% for the measurement of
Deneb (cf. figure 9.12).
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Figure 9.12: Measured currents as a function of time of each channel of the telescope FAMOUS
for the observation of Deneb. The x-axis is the time from 0s to 4766, the y-axis
the current from 200 uA to 800 uA. The data (shaded area) have been smoothed
with a moving average. The line denotes a fit to the current increase caused by the
star. The arrangement of the plots matches the arrangement of the pixels of the
telescope. Although the current excesses produced by the star are small compared
to Vega (cf. figure 9.11), the transit of Deneb is well reconstructed. Additionally,
the background increases significantly due to dewing of the lens.

9.6.1 Signal extraction

In the case of the star trails, the signal of the stars is given in the rise and set of the current
signal above a more or less constant background. The signal can be modeled as a Gaussian
function

s(t) = Ipeak e(t_'u)Z/(z o) (9.20)

with the amplitude i, i.€. the peak current increase, the position of the maximum u and
the width o. The background contribution by the dark noise of the SiPMs is constant if the
ambient temperature is constant. On the other hand, the night sky might change over time or,
in case of the observation of Deneb, the amount of stray light increased due to dewing of the
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9.6 Measurement of the current flow through the SiPMs

Star Vega Deneb
Observation date November 1%, 2015

Time of maximum 20:39:56 h +£30s 22:10:52 h £8s
Airmass X 1.3995 £0.0011 1.2312 £ 0.0007
Expected photon flux &y, (369.9+£0.6)us ! (151.7+1.6)ps!
Expected flux ratio 2.44+0.03

Measured photon flux @, (297 £ 24)us™? (118 £5)us!
Measured flux ratio 2.53+0.23

Measured night sky photon flux (490 £ 8) s~ (458 £8)us!

Table 9.6: The peak measured photon fluxes for Vega and Deneb. Compared to the expectation,
the measured peak values are lower. Possible explanations are unknown changes in
the aerosol content during the 16.5h with no photometer measurements available,
the reduction of the transmission efficiency of the telescope due to dew or systematic
offsets in the simulated telescope efficiency. Since the telescope is a closed system,
dew removal outside the laboratory is impractical. Also given is the ratio of the
flux of Vega to the flux of Deneb which matches the expectation within the uncer-
tainties. The measured photon flux from the diffuse night sky background has been
determined by the mean offset of the first degree polynomial i (cf. equation (9.22))
excluding the pixel with the inaccurate bias voltage.

lens. Nevertheless, these processes are slow compared to the movement of the star, thus their
contribution is modeled by a first degree polynomial

b(t)=iy+tip (9.21)
with a constant offset i, and slope i,. The sum of both functions models the current flow i(t)

(t=)?

i(t) =1p + tip + ipeak €XP 202 (9.22)

A fit of this function to the measured current i_.,,(t) to each channel is performed. As de-
scribed above, i .,.(t) is smoothed with a moving average with a window width of w = 12. To
improve the fit result, firstly, b(t) is fitted to ip.,s(t), then s(t) to the background subtracted
measurement i,.,s(t) — b(t). Lastly, with the results of the previous two fits as start values,
the final fit of i(t) to the not-smoothed data i,.,(t) is performed. The result of these fits is
presented in figures 9.11 and 9.12.

9.6.2 Reconstruction of the photon flux from the SiPM current

As discussed in the previous section, the peak current ipe, increase caused by the observed star
on the night sky could be reconstructed. Using the known properties of the SiPM, the mean
photon trigger rate can be calculated from the current. The mean photon trigger rate can be
compared to the calculated expectation since both values incorporate all necessary efficiencies
and most importantly the photon detection efficiency of the SiPM.
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Figure 9.13: Reconstructed photon trigger rate for the observation of the star trail of Vega.
Each colored circle signifies a pixel of the telescope FAMOUS. The values have
been determined by fits to the measured current. The star has first been seen in
the center of the camera with the trail continuing to the upper left corner of the
camera (lower right of the telescope).

Given the mean gain of the SiPMs of g = (2.807 £0.005)-10°, the mean current of n
avalanche breakdowns in the SiPM is simply

iipm(n) =nge (9.23)

with the elementary charge e. Additionally, the trigger rate of the SiPM is increased by optical
crosstalk with a probability of p, = 35%. Starting from the order zero, i.e. no occurrence of
optical crosstalk, the sum including all possible higher orders of optical crosstalk results in a
geometric series which can be simplified to

S 1
DPh=1 : 9.24)
k=0 — Pet
Thus, the maximum measured peak current is given by
. 1
max(lpeak) = ge <I)meas . (9.25)
1- Pet
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Figure 9.14: Reconstructed photon trigger rate for the observation of the star trail of Deneb (see
also figure 9.13). Here, the star trail could be observed in all pixels of the telescope
from the lower right to the upper left part of the camera. The signal of the star
trail decreases over time due to dewing of the Fresnel lens of the telescope. Thus,
the relative difference between pixel on the lower left and the pixel on the upper
right, which have a similar detection efficiency, amounts to (63 + 7) % whereby
the expected flux reduction due to the atmosphere is (5.0 + 1.4) %.

By inversion, the measured photon flux can be derived from the measured current

-1
D s = (1 L ge) max(ipeak) . (9.26)
—Det

It should be noted, this simple approach is only valid for ideal SiPMs since the current flow
through the real counterpart saturates due to the limited amount of G-APDs on the device.
Here, the light flux is sufficiently small. The reconstructed peak fluxes ®,,.,, are presented in
figures 9.13 and 9.14 in a camera view. The trails, going from the bottom right to the upper left
corner, are clearly visible. Small peak currents could be fitted to pixels which seem to contain
only night sky background.

The resulting maximum measured photon fluxes are presented in table 9.6. Compared to
the expected photon fluxes, the measured peak photon flux is systematically lower for both
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stars by approximately 20 %. Possible explanations are unknown changes in the atmospherical
thickness during the observations, a reduction of the telescope transmission due to dewing of
the optical elements or a remaining systematic offset of the simulated transmission efficiency of
the single optical elements. The dewing of the lens which was visible especially at the end of the
tracking of Deneb as white fog on the backside of the lens but may have existed less pronounced
from the beginning of the tracking of Vega. Thus, the relative difference of the measured photon
flux between the beginning of the star trail and the end is (63 £ 7) % whereas a flux reduction
of (5.0+1.7)% is expected from the models. Since the start and the end pixel of the trail
have the same viewing angle with respect to the optical axis of the telescope, the reduction is
not induced by light falloff. The Winston cones are made from aluminum and are thermally
connected to the telescope tube which is also made from aluminum. While this reduces the
temperature of the SiPMs attached to the cones, condensation might occur inside the tube
on the reflective surfaces of the Winston cones and potentially reduce their reflectivity [157].
However, due to the dewing of the lens, this was not examinable. Nevertheless, the ratio of the
measured photon fluxes of Vega and Deneb matches the expectation within the uncertainties.

In summary, this is a very important result since it demonstrates that the FAMOUS telescope
prototype is understood to a level of detail which allows measurements with feasible results.
Should the 20% systematically lower measured photon flux be caused by an overestimation
of the detector simulation and not by environmental conditions, the simulated transmission
efficiency of the telescope can be scaled down by this factor to obtain better estimates on the
detection efficiency of extensive air showers. Furthermore, the light falloff of the optics of
FAMOUS can be obtained by quantifying the flux reduction in pixels far off the optical axis
compared to pixels in the center of the camera. Since the results of this analysis also quantified
the large negative influence of dew on the detection efficiency of the telescope, the devel-
opment and construction of a prevention mechanism is necessary before performing further
measurements of star trails or of air showers in the near future.
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Conclusion and outlook

The fluorescence light detection of extensive air showers by means of telescopes equipped with
photomultiplier tubes is a well established technique and employed at several observatories.
For instance, at the Pierre Auger Observatory in total 27 telescopes oversee the air above a
3000km? large ground array of water Cherenkov stations. However, a major shortcoming of
photomultiplier tubes is their fragility regarding high light intensities which presents a chal-
lenge when measuring during twilight or moonlit nights.

The prototype telescope FAMOUS is the first fluorescence telescope to use silicon photomul-
tipliers (SiPMs). The main optical element of FAMOUS is a thin acrylic Fresnel lens with a
diameter and a focal length of 502 mm which is transparent in the ultraviolet. Despite the
fragmentation of the lens surface due to the Fresnel lens construction principle, the optical
imaging quality has been measured to be sufficient for the use with the focal plane. The image
quality has been measured by the radius rgy encircling 90% of the energy in an image of an
infinitely distant point source. Given the fluorescence light of extensive air showers complies
with a point source moving with the speed of light, the image size is small enough to be fully
captured by the light funnels of the focal plane. These so-called Winston cones are circular
hollow light concentrators made from polished aluminum with an entrance radius of 6.71 mm
and 0.69 mm wall thickness. At the exit of each cone, one Hamamatsu S12573-100X SiPM with
an active area of 6mm x 6 mm and 3600 cells is placed. The SiPM is a special model from the
manufacturer with a silicone coating for improved photon detection efficiency for wavelengths
A < 330nm which amounts for a substantial fraction of the fluorescence light. The photon de-
tection efficiency of the SiPMs is 35% at a peak wavelength of A = 420nm. The Hamamatsu
S$12573-100X benefits from large improvements made with newer SiPM generations regarding
the dark noise. Hence, the afterpulsing with a probability of p,, < 1% is negligible. The overall
dark noise rate amounts to fg,5 = 2MHz. Nevertheless, the crosstalk probability p., = 35%
is rather high. To improve the signal to noise ratio, a Schott UG11 ultraviolet band pass filter
can be installed between the Winston cones and the SiPMs. The focal plane of FAMOUS has
61 pixels, which each consist of one Winston cone, one UG11 filter plate and one SiPM. Fur-
thermore, three dark SiPMs are installed for noise monitoring. The pixels are arranged in a
hexagonal grid around a central pixel to minimize the dead space between the circular Winston
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cones. The Winston cones are glued into a metal frame and fixed to the printed circuit board
on which the SiPMs are situated in conjunction with one temperature sensor each. The board
is connected to a 64 channel power supply unit which continuously reads out the temperature
sensors and automatically finely adjusts the bias voltage of each SiPM to account for changes
in the ambient temperature. As a result, the gain is stable at the 1% level.

Since SiPMs are made up from single cells, the dynamic range of these devices is limited.
Therefore, a dedicated SiPM simulation has been developed in the scope of this thesis. The
G4SiPM simulation framework provides the means to include SiPMs in Geant4 simulations.
Geant4 is a simulation framework for the simulation of the interaction of fundamental parti-
cles with matter and is widely used in particle physics. Geant4 is also capable of ray-tracing
of photons while respecting optical properties. The G4SiPM implementation follows a phe-
nomenological model of SiPMs which is driven by input quantities which either can be looked
up in datasheets or measured in the laboratory: the photon detection efficiency, the thermal
noise rate, the probabilities of crosstalk and afterpulsing, the time constants of afterpulsing and
the recovery time as well as geometrical parameters and refractive indexes of the materials. All
parameters can be supplied as a function of the over-voltage. To validate the predictions made
by G4SiPM, input quantities obtained by a voltage trace analysis of SiPM signals have been
fed into G4SiPM for the simulation of dark noise. The simulated data have been processed
with the same analysis to compare the reconstructed parameters to the input. Apart from the
afterpulsing time constants, which show a systematic offset due to the analysis method, the pa-
rameters match within less than 5% deviation. Furthermore, a measurement of the dynamic
range could be successfully reproduced with G4SiPM. In summary, G4SiPM is capable of cor-
rectly simulating all relevant properties of SiPMs and can aid in important design choices or
improve the comprehension of the detector.

Based on the G4SiPM package, a dedicated Geant4 ray-tracing simulation for FAMOUS has
been developed. The simulation includes a detailed model of the Fresnel lens and the Winston
cones. Thus, the simulation correctly reproduces the measured optimal focus distance of the
Fresnel lens. As for the aberration radius, the simulation results in smaller values for ryq since
it does not cover mechanical imperfections and diffraction at the fine structures of the lens.
The simulation of FAMOUS has been used to compile a telescope response parameterization.
The telescope response parameterization yields the detection efficiency of each pixel including
the optics of the Fresnel lens, the transmission efficiency of the Winston cones, the UG11 fil-
ters and the photon detection efficiency of the SiPMs as a function of the incidence direction
of the photons on the telescope and their wavelength. Therefore, the telescope response pa-
rameterization permits a quasi instantaneous calculation of the number of photons detected
from extensive air showers and the night sky background. The CONEX simulation tool and the
simulation framework Offline of the Pierre Auger Collaboration have been used to simulate
the amount of fluorescence light reaching the telescope from longitudinal profiles of the en-
ergy deposit of extensive air showers. Consequently, the detection efficiency for extensive air
showers could be determined as a function of the shower core distance and the shower energy
which results in several detected air showers per hour measurement time. In addition, events
originating from night sky brightness could be successfully suppressed.

Finally, the telescope FAMOUS has been successfully commissioned by the development of
a dedicated slow control system which supervises the data taking and records environmental
parameters. The slow control presents viable information in real-time via a remotely accessible
web interface. Thus, a seven pixel prototype of the telescope named IceAct can be operated
remotely at the South Pole for the detection of Cherenkov light of extensive air showers. Fur-
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thermore, photographs of the night sky can be taken for later analysis for the detection of
visible stars which can be used to determine the viewing direction of the telescope. With this
information, trails of the two bright stars Vega and Deneb have been recorded. Since the power
supply unit of FAMOUS also monitors the current flow through the SiPMs, the current increase
due to the transition of the stars could be used to reconstruct the photon flux originating from
the stars. This result has been compared to a theoretical expectation achieved by models of
the spectral intensity of stars, a measurement of the intrinsic absorption of the atmosphere and
the absorption due to aerosols both as a function of the apparent height of the star above the
horizon. Since the trails of Vega and Deneb have been measured during the same night, the
systematic effects of the atmosphere and the telescope could be canceled by deriving the ratios
of photon fluxes of the two stars. The measured and the expected ratios match within their
uncertainties which is a great step forward to the successful detection of extensive air showers
with FAMOUS.

The dedicated self-triggering data acquisition system of the focal plane of FAMOUS is cur-
rently under development. It will be based on the TARGET ASIC originally developed for the
telescope cameras of the CTA project but is also applicable for fluorescence light detection.
Once the data acquisition is fully operational, first extensive air showers can be detected with
FAMOUS which will be a great achievement for the project and a prospect for future experi-
ments due to an expected increase in sensitivity and measurement time. By enabling detailed
measurements of the physics of air showers, ultimately the means to answer the pending ques-
tions of astroparticle physics regarding the origin and creation mechanisms of ultra high energy
cosmic rays could be provided.
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Appendices

1 Luigi

Luigi is an open-source Python package for building complex pipelines of batch jobs conceptu-
ally similar to GNU Make used for the compilation of C++ programs [279].

The central element when building a work-flow using Luigi is a “task” (cf. source code ex-
ample below). Besides the instructions for the execution, a task has an output and can have a
requirement, i.e. another task. In most cases, the output consists of one or many local files on
the hard-disk. During execution of the work-flow, task dependencies are automatically resolved
in such a way that the optimal order of execution is found. An example of the web-interface
used for supervision of the execution of the pipelines, is given in figure 1. Depending tasks
would receive the output of their requirement as input. If a failure happens in a certain task,
the pipeline is stopped. Since the outputs of intermediate tasks have been persisted to their out-

Luigi Task Status =  Tasklist  DependencyGraph

TASK FAMILIES - PENDING TASKS
‘ ‘ 4114

n UPSTREAM FAILURE
[

O A

€ZD CreateExternalinput
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@D showersimulation

Show 10 -|entries

Workers
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15
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Figure 1: Web frontend of the visualizer for job monitoring. Since the frontend is served as a
website, it can also be accessed on remote machines via network.
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puts, the pipeline can be continued from this point on when the failure is fixed. The following
code example demonstrates the aforementioned functionality:

import luigi

# An external task has mno execution code and only references tinput files
# needed for the ezecution of this pipeline.
class SomeInputTask(luigi.ExternalTask):

# The output of this task.
def output(self):
return luigi.LocalTarget ("path/to/input.txt")

# Definition of a task.
class MyTask(luigi.Task):

if

# Parameters of this task.

# Tasks with same parameter wvalues automatically share the
# same imnstance.

param = luigi.Parameter (default=42)

# What the other task depends on.
# The output of the dependent task will be avatlable as input for
# this task.
def requires(self):
return SomeInputTask ()

# Ezecution code of this task.
def run(self):
# Open the output file in write mode.
with self.output().open("w") as o:
# Write something into 1it.
print >>o0, "hello world", self.input().open("r").read()

# The output of this task.
# The directories and the file will be automatically created.
def output(self):
return luigi.LocalTarget ("path/to/output-%d.txt" % self.param)

__name == main -

# Run luigt framework.

# The parameters of the tasks are automatically available as command
# line parameters.

luigi.run()

Thus, Luigi is a very powerful tool for the planning of complex simulation jobs. Simulations
can be divided into separate tasks and executed in parallel. The analysis of the simulation
data can also be executed, if split into separate tasks, in parallel. The analysis can be either
directly programmed in Python and thus make use of the powerful linear algebra libraries
or in another programming language of choice. If the analysis changed, only the output of
the analysis would be deleted. If something in the simulation code changed significantly, all
outputs would be deleted and the whole pipeline reprocessed.

2 HEALPix

HEALPix (Hierarchical Equal Area isoLatitude Pixelization of a sphere) is a software package
that implements a pixelization algorithm of a sphere [202]. The algorithm produces pixels of
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3 Hexagonal grids

Figure 2: Four examples of a HEALPix pixelization. From left to right: 12 equal sized pixels, 48
pixels, 192 pixels and 768 pixels. The latter corresponds to a angular width of ~ 7.3°.
The color-code in the orthographic maps denotes the pixel id (dark to bright).

Figure 3: Left: hexagonal grid with cube coordinates. Right: the same hexagonal grid but with
axial coordinates.

equal surface area. Furthermore, the pixel centers are arranged on rings of constant latitude.
The number of rings depends on the resolution of the HEALPix pixelization. Figure 2 presents
the pixelization result of HEALPix for four distinct number of pixels. The functionality of the
HEALPix package has been made available in Python by the module Healpy [280].

3 Hexagonal grids

Hexagonal grids are very useful for the handling of hexagonally arranged objects and calcula-
tions, e.g. the distance between two hexagons [281, 282, 283]. There are two complementary
coordinate systems which have been used in the scope of this thesis: axial and cube coordinates.
These coordinates ignore the size of the hexagons. Cube coordinates consist, analogously to
Cartesian coordinates, of a x-, y- and z- axis given

x+y+z=0 . (D
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The angle between the three axes is 60°. Given equation (1), the y-axis can be expressed by
the other two which yields the axial coordinates r, q. Thus, the coordinates transformations
are

q=x (2)
r=gz (3)
and

X=(q 4
Z=Tr 5
y=—x-—-3 . (6)

The distance d between two hexagons (x1, y;,21) and (x4, y4,23) in cube coordinates is

1

d:£(|x1—x2|+|J’1—J’2|+|Z1_Zz|) (7)

whereby d = 1 denotes direct neighbors. Finally, for plotting, the hexagon coordinates can be
transformed to Cartesian coordinates given a certain size s

xz«/gs(qu%r) (8
y = gs r 9
and the back transformation
1
q=(vV3x—y) (10)
3s
2
= . 11
r=35Y (11)

Since the back transformation does not yield integer numbers, the coordinates have to be
rounded

—Wyl=lzLlyL Lzl if|lx]=x|> [lyT=y|Allx]=x[>[lz] —2|
LxT,—=lxT—=lz1,lz] else |ly]l—y|> |lz]—=| (12)
LxT, Ly, =lx1=LyT else

whereas the notation | x ] refers to rounding of x to the nearest integer. A comprehensive guide
to hexagonal grids including source code examples can be found in [284].

4 Hammersley point picking

When sampling a parameter space, the traditional approach is to pick random numbers from a
uniform distribution. Especially for two-dimensional or higher dimensional parameter spaces,
this approach is to be disfavored since a very large number of random numbers has to be
generated to achieve a good coverage of the whole parameter space, especially if the results
are to be binned for further analysis.
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Figure 4: Left: random two-dimensional positions with the coordinates picked from uniform
distributions for n = 512 points. Right: random positions achieved by the Hammers-
ley algorithm. As expected, the Hammersley point set achieves a good coverage of the
parameter space, whereas the random point picking approach suffers from clusters
and voids.

For this, the Hammersley algorithm provides a deterministic formula which provides uni-
formly distributed sets of numbers either on an unit plane or an unit sphere [201]. This ap-
proach is widely used in computer graphics for the creation of pixel images of three-dimensional
models. Given a set of n > 1 points

Pn:{pla"')pi:---:pn} (13)

on a unit square |p;| € [0, 1), the Cartesian coordinates of the point p; are given by

(a0
Pi=lom) ™\

with the so-called Van der Corput sequence ¢ (i). Given the binary representation of i with the
individual integer digits agy,ay,...,qa,

i=ayg+a;2+ay2%+---+a, 2" (15)
the Van der Corput sequence mirrors the binary representation of i at the decimal point

. _ao aq a,
¢(z)—5+§+---+2r+1 . (16)

The result for n = 1000 points is presented in figure 4.
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