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1. Introduction

The existence and investigation of air showers has interested mankind for many
decades. To detect air showers photo-multiplier tubes have been established and
used in the world largest observatory examining air showers, the Pierre Auger Ob-
servatory. The FAMOUS telescope instead utilises SiPMs, which are compact and
low voltage semiconducting devices able to detect single photons.
In order to read out the data that the 64 SiPMs of the FAMOUS telescope provide,
a new data acquisition namely TARGET had to be put in operation. Therefore
trigger groups (à four pixels) have to be chosen since the TARGET data acquisition
triggers only when the sum of four channels, where each channel represents a pixel
of the FAMOUS telescope, reaches a certain threshold. Consequently, a satisfying
layout, that meets several requirements is needed. Therefore three layouts were
created and their geometrical properties were examined and corresponding to their
advantages and disadvantages weighted. Moreover a simulation which allows even
further examination of the different layouts provided the last criteria for choosing
the most efficient layout. Based on this layout a PCB had to be designed, which
uses the pixel allocation as prescribed by the layout. The PCB routs the incoming
signal, which is provided by two 70-pin header onto four 26-pin connectors.
With the help of this PCB the TARGET data acquisition is made completely opera-
tional and the SiPM data of all 64 SiPMs can be read out and analysed. Furthermore
the internal trigger of the TARGET module can be utilised.



2. Cosmic rays

The discovery of an increase of flux with increasing altitude by Victor Hess in 1912
[1] was the beginning of cosmic ray experiments since the increased flux could not be
explained by radioactive materials in the Earth. Further researches where done by
Pierre Auger in 1939. His conclusion was that the measured fluxes can be derived
as interactions between primary cosmic rays (with extraterrestrial origin) and the
atmosphere [2].

2.1 Energy spectrum
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Table 26.3: Measured fluxes (10−9 m−2 s−1 sr−1) of neutrino-induced
muons as a function of the effective minimum muon energy Eµ.

Eµ > 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV 3 GeV

Ref. CWI [71] Baksan [72] MACRO [73] IMB [74] Kam [75] SuperK [76]

Fµ 2.17±0.21 2.77±0.17 2.29 ± 0.15 2.26±0.11 1.94±0.12 1.74±0.07

the muon range increases with energy as well as the cross section.
The relevant energy range is ∼ 10 < Eν < 1000 GeV, depending
somewhat on angle. Neutrinos in this energy range show a sec θ effect
similar to muons (see Eq. (26.4)). This causes the flux of horizontal
neutrino-induced muons to be approximately a factor two higher
than the vertically upward flux. The upper and lower edges of the
horizontal shaded region in Fig. 26.6 correspond to horizontal and
vertical intensities of neutrino-induced muons. Table 26.3 gives the
measured fluxes of upward-moving neutrino-induced muons averaged
over the lower hemisphere. Generally the definition of minimum
muon energy depends on where it passes through the detector. The
tabulated effective minimum energy estimates the average over various
accepted trajectories.

26.5. Air showers

So far we have discussed inclusive or uncorrelated fluxes of various
components of the cosmic radiation. An air shower is caused by a
single cosmic ray with energy high enough for its cascade to be
detectable at the ground. The shower has a hadronic core, which
acts as a collimated source of electromagnetic subshowers, generated
mostly from π0 → γ γ decays. The resulting electrons and positrons
are the most numerous charged particles in the shower. The number
of muons, produced by decays of charged mesons, is an order of
magnitude lower. Air showers spread over a large area on the ground,
and arrays of detectors operated for long times are useful for studying
cosmic rays with primary energy E0 > 100 TeV, where the low flux
makes measurements with small detectors in balloons and satellites
difficult.

Greisen [77] gives the following approximate expressions for the
numbers and lateral distributions of particles in showers at ground
level. The total number of muons Nµ with energies above 1 GeV is

Nµ(> 1 GeV) ≈ 0.95 × 105
(
Ne/106

)3/4
, (26.8)

where Ne is the total number of charged particles in the shower (not
just e±). The number of muons per square meter, ρµ, as a function of
the lateral distance r (in meters) from the center of the shower is

ρµ =
1.25 Nµ

2π Γ(1.25)

(
1

320

)1.25

r−0.75
(
1 +

r

320

)−2.5
, (26.9)

where Γ is the gamma function. The number density of charged
particles is

ρe = C1(s, d, C2)x(s−2)(1 + x)(s−4.5)(1 + C2x
d) . (26.10)

Here s, d, and C2 are parameters in terms of which the overall
normalization constant C1(s, d, C2) is given by

C1(s, d, C2) =
Ne

2πr2
1

[ B(s, 4.5 − 2s)

+ C2 B(s + d, 4.5 − d − 2s)]−1 , (26.11)

where B(m, n) is the beta function. The values of the parameters
depend on shower size (Ne), depth in the atmosphere, identity of the
primary nucleus, etc. For showers with Ne ≈ 106 at sea level, Greisen
uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r/r1, where r1 is
the Molière radius, which depends on the density of the atmosphere
and hence on the altitude at which showers are detected. At sea level
r1 ≈ 78 m. It increases with altitude as the air density decreases. (See

the section on electromagnetic cascades in the article on the passage
of particles through matter in this Review).

The lateral spread of a shower is determined largely by Coulomb
scattering of the many low-energy electrons and is characterized by
the Mol̀iere radius. The lateral spread of the muons (ρµ) is larger and
depends on the transverse momenta of the muons at production as
well as multiple scattering.

There are large fluctuations in development from shower to shower,
even for showers of the same energy and primary mass—especially
for small showers, which are usually well past maximum development
when observed at the ground. Thus the shower size Ne and primary
energy E0 are only related in an average sense, and even this relation
depends on depth in the atmosphere. One estimate of the relation
is [84]

E0 ∼ 3.9 × 106 GeV (Ne/106)0.9 (26.12)

for vertical showers with 1014 < E < 1017 eV at 920 g cm−2 (965 m
above sea level). As E0 increases the shower maximum (on average)
moves down into the atmosphere and the relation between Ne and E0

changes. Moreover, because of fluctuations, Ne as a function of E0 is
not correctly obtained by inverting Eq. (26.12). At the maximum of
shower development, there are approximately 2/3 particles per GeV of
primary energy.

There are three common types of air shower detectors: shower
arrays that study the shower size Ne and the lateral distribution on
the ground, Cherenkov detectors that detect the Cherenkov radiation
emitted by the charged particles of the shower, and fluorescence
detectors that study the nitrogen fluorescence excited by the charged
particles in the shower. The fluorescence light is emitted isotropically
so the showers can be observed from the side. Detailed simulations and
cross-calibrations between different types of detectors are necessary to
establish the primary energy spectrum from air-shower experiments.

Figure 26.8 shows the “all-particle” spectrum. The differential
energy spectrum has been multiplied by E2.6 in order to display the
features of the steep spectrum that are otherwise difficult to discern.
The steepening that occurs between 1015 and 1016 eV is known as the
knee of the spectrum. The feature around 1018.5 eV is called the ankle
of the spectrum.

 [eV]E
1310 1410 1510 1610 1710 1810 1910 2010

]
-1

 sr
-1  s

-2
 m

1.
6

 [G
eV

F(
E)

2.
6

E

1

10

210

310

410
Grigorov
JACEE
MGU
Tien-Shan
Tibet07
Akeno
CASA-MIA
HEGRA
Fly’s Eye
Kascade
Kascade Grande 2011
AGASA
HiRes 1
HiRes 2
Telescope Array 2011
Auger 2011

Knee

Ankle

Figure 26.8: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [79–90,100–104].

Figure 2.1: The all-particle spectrum as a function of E which was determined by
indirect detection methods. The flux has been multiplied by E2.6 to enhance the
visibility of the steep spectrum (between 1015 and 1016 eV) features. Taken from [3]

The all-particle spectrum is shown in figure 2.1, whereas the energy spectrum has
been multiplied by E2.6 so that the features of the steep spectrum are visible.
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The flux can be approximated by a broken power law ∝ Eγ with a spectral index
γ = −2.7 for energies below E ≈ 4∗1015 eV. For energies higher than E ≈ 4∗1015 eV
(commonly known as the knee) the spectral index changes to γ ≈ −3.1 and at
energies of 5 ∗ 1015 eV the flux reaches γ ≈ −2.6 [4]. At even higher energies of
about 1020 eV the spectrum reaches a certain limit, which could possibly be explained
by the slowing-interactions of cosmic ray protons with the microwave background
radiation which limit the flux to a certain level, also known as GZK limit [5].

2.2 Extensive air showers
Extensive air shower (EAS) are interactions between primary particles, which enter
the Earth’s atmosphere and air molecules, such as nitrogen and oxygen. During
these interactions various secondary particles (electrons, muons and hadrons) are
created. They themselves lose energy causing electromagnetic, muonic and hadronic
cascades. Electromagnetic showers are initiated by photons or electrons and lose
energy by particle production processes, bremsstrahlung of electrons, ionization and
pair production. The total energy loss can be described by [4]:

dE

dX
= −α(E)− E

XR

(2.1)

α(E) describes the ionization energy loss (Bethe-Bloch formula) and XR the radi-
ation length, which depends on the material a shower expands in [4]. The electro-
magnetic shower properties can be understood using der Heitler model [6]. Whereas
hadronic showers can be characterized with help of the Gaisser-Hillas function [7],
which describes the longitudinal particle density of an EAS:

N(X) = Nmax

(
X −X0

Xmax −X0

)Xmax−X0
λ

exp

(
Xmax −X

λ

)
. (2.2)

Here N(X) represents the number of particles as a function of the traversed at-
mospheric depth X and Nmax identifies the maximum number of particles at3 the
atmospheric depth Xmax. X0 and λ are primary mass and energy dependent param-
eters [7].

2.3 Air-Cherenkov radiation
The detection of Cherenkov light is particularly interesting for observation of high-
energy photons or cosmic rays because of the possibility to determine the direction
and energy. Cherenkov light is emitted when secondary particles, from interaction
between charged cosmic rays and the earth’s atmosphere [9], travel through a dielec-
tric medium with a speed greater than the phase velocity of the light in that medium
(v ≥ c/n) [10]. Aslong as the particle moves slower than the light speed in the corre-
sponding medium the emitted waves interfere destructively and no Cherenkov light
can be observed. For speeds greater than the light speed the emitted radiation is ori-
entated along a cone whose opening angle is described by cos(θ) = (nβ)−1. Where
n indicates the refractive index and β represents the relativistic beta. Figure 2.3
shows the typical spherical wave fronts as a result of the Cherenkov radiation.
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Figure 2.3: Schematic of an air shower formation in the atmosphere. The primary cosmic ray collides 
with an air molecule which generates unstable hadrons like pions and kaons as well as protons and 
neutrons. Starting from the decay of these neutral and charged hadrons, the electromagnetic and muonic 
components of the air shower are generated. The dominant interaction and decay processes are 
summarised on the bottom of the picture. Background picture adapted from [1].

Figure 2.2: Illustration of a primary particle collision with the atmosphere and the
subsequent cascades due to the collision. Taken from [8]
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Figure 2.3: Schematic of Cherenkov radiation for a charged particle with 1/nβ = 0.8.
Adapted from [11]

2.4 Pierre Auger Observatory

The Pierre Auger Observatory which is located in the Argentinian Pampa Amarilla
is the world largest air shower observatory with a detection area of 3, 000 km2. The
observatory itself consists of 1660 surface detector tanks (SD) and 27 atmospheric
fluorescence detector telescopes (FD). The surface detector stations are water tanks
filled with 12, 000 liter purified water. Within those tanks three photomultipliers
are able to detect Cherenkov light. The fluorescence detectors are placed at four
observation sites (Los Leones, Los Morados, Loma Amarilla and Coihueco). The
detectors consist of an aperture system with a diameter of 2.2 m and 37 mirror
segments which are arranged into a spherical mirror system with a curvature of 3.5 m.
Inside the focal plane a camera is mounted which consists of 440 photomultipliers
which are arranged into a hexagonal grid in order to achieve a field of view of 30 ◦

resulting in a total field of view of 180 ◦ azimuth [12]. Schematics of the construction
can be found in Figure 2.5.

Figure 2.6 shows a map of the Pierre Auger Observatory. The grey dots represent the
position of the surface detectors and the blue lines the field of view of all fluorescence
telescopes which are located at the four observation sites.
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Fig. 5. Scale comparison of the first water-Cherenkov detectors used by Porter et al. [Porter,
1958] of 1.44 m2 read out by a single 5” diameter PMT to those used at the Pierre Auger
Observatory of 10 m2 read out by three 9” PMTs [Abraham, 2004].

a material then manufactured in the UK for use in sandwich boxes and therefore
containing an inhibitor of bacterial growth. Darvic was, however, chosen primarily
for its white di↵usive surface and its other properties only became known to the air
shower community many years later. The depth of water was 92 cm. One of sev-
eral advantages of a water-Cherenkov detector is that it enables the energy flow in
the shower to be measured. Porter’s detector can be seen as the prototype of those
that were used at Haverah Park (1967-1987) and at the Pierre Auger Observatory
(from 2000). Indeed, there has been remarkably little advance over Porter’s design,
in which the PMT looked downwards into the water, to that of the present Pierre
Auger Observatory [Abraham, 2004] (see Fig. 5).

The Culham array was closed in 1958 to make space for the construction of the
Culham Fusion Laboratories and in response to political moves towards ’useful re-
search’.

5.2 Developments by the MIT Group

An extremely important development arising from the availability of PMTs was made
at MIT under Rossi’s leadership. He had realised that the short fluorescence-decay
times found in the newly-discovered liquid scintillators might make it feasible to
construct large area detectors in which fast timing of the arrival of the particles
of a shower would be possible. The scintillating material chosen was a solution of
terpenyl in benzene held in 5 gallon (⇠ 20 l) drums of 600 cm2 cross-section. Using
three of these detectors, mounted in various configurations on the roof of the Physics
Department at MIT, Bassi, Clark and Rossi [Bassi, 1953] showed that the particles in
the disk of the shower were spread over a thickness of only a few metres. By shielding
one of them with up to 20 cm of lead, they demonstrated that the electrons in the
shower lead the muons close to the shower axis. The discovery that the shower disk
was relatively thin (⇠ 10 ns) opened up the possibility of measuring the direction of
the primary particle. It is worth pointing out, in view of later discussion, that had the
disk been thick (say > 100 ns), sampling of the front with detectors as small as those
used by Bassi et al. on a baseline of only a few metres would have greatly impaired
the accuracy of reconstruction. Assuming that the direction was perpendicular to a

Figure 2.4: Scheme of a surface detector used at the Pierre Auger Observatory.
Taken from [13].

15

corrector ring

The fluorescence detector consists of 5 telescope buildings housing a total of 27 
fluorescence telescopes, which follow the Schmidt camera design (figure 3.3) [11]. Each 
telescope has an aperture diameter of 2.2 m and the incoming light is collected by a 
3.8 x 3.8 m2 segmented spherical mirror with a radius of curvature of R = 3.4 m which 
is composed by 37 tiles (figure 3.4). The reflected light is detected by a hyperbolically 
curved matrix of 22 x 20 = 440 photomultiplier tubes (PMTs), which are placed between 
mirror and aperture. The aperture is equipped with Schott M-UG6 UV filter glass 
absorbing visible light and a Schmidt corrector ring to enhance the optical performance 
of the telescope by reducing spherical and coma aberration of the mirror (see section 
4.1.3.1 and section 4.1.3.2). One of these fluorescence telescopes has a field of view of 30° 
in azimuth and 28.1° in altitude, corresponding to the differing horizontal and vertical 
pixel count of the PMT camera.

Figure 3.4: Schematic of an Auger fluorescence telescope. The fluorescence light is reflected onto a curved 
matrix of photomultiplier tubes after it passes a UV filter. The mirror is obstructed by the camera which is 
the main disadvantage of the Schmidt camera optical layout. Taken from [11] and modified.

Figure 2.5: Shematic view of a fluorescence detector telescope. Adapted from [8].
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3.2 The Pierre Auger fluorescence detector

The largest experiment today with the aim to detect cosmic rays with energies above 
1018 eV is the Pierre Auger Observatory. It is located in the Argentinian Pampa Amarilla 
near Malargüe at an altitude of approximately 1350 m and covers over 3000 km2 of 
area, as shown in figure 3.3.

Besides the observation of the longitudinal profile of extensive air showers with the 
fluorescence detector (FD) as described in the previous section, the lateral shower 
profile is detected by the surface detector (SD), which consists of 1660 water Cherenkov 
stations arranged in a hexagonal grid with a spacing of 1.5 km [16]. The cooperation 
of both detectors forms the so called hybrid detection principle. Not all extensive air 
showers can be detected by both detector systems, as the fluorescence detector is only 
operational in moonless nights due to its sensitivity to light, while the surface detector 
has a duty cycle of nearly 100 %.
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IR Camera

 Weather Station

 FD Los Morados:

Lidar, APF

IR Camera

 Weather Station

 FD Loma Amarilla:

Lidar

IR Camera
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Figure 3.3: Map of the Pierre Auger Observatory (southern site). The black dotted area shows the surface 
detector while each dot marks the position of one of the 1660 water Cherenkov stations. The blue lines 
visualise the viewing cone of the fluorescence telescopes that are positioned at the interaction points of 
the lines. Taken from the Pierre Auger Collaboration and Google Maps.

Figure 2.6: Map of the entire area used for the detection of air showers. The gray
dots serve as illustration for the surface detectors and the red dots show the position
of site where other experiments are carried out. The blue lines represent the field of
view of each fluorescence detector. Taken from [8].



3. The FAMOUS Telescope

FAMOUS (First Auger Multi-pixel photon counter camera for the Observation
of Ultra-high-energy cosmic air Showers) is a fluorescence detector which uses 64
SiPMs (silicon photomultipliers) to measure fluorescence light emitted by extensive
air showers. The overall goal is to proof that SiPMs are suited for the efficient
detection of air showers since SiPMs promise to be more effective than the established
PMTs (photomultiplier tubes) in many ways (see section 3.2).

3.1 Baseline Design

The telescope itself consists of a Fresnel lens with a diameter of d = 549.7 mm, a focal
length of f = 502.1 mm and 10 grooves per millimeter [14]. The lens focuses the light
on the focal plane where 61 pixels are arranged into a hexagonal grid. Each pixel
consists of an array of four 3×3 mm2 SiPM and a UV-pass filter which are mounted
behind a Winston cone. Winston cones maximise the sensitive area while minimising
the share of dead area. Each pixel has a field of view of 1.5◦×1.5◦ resulting in a total
field of view of about 12◦×12◦. This allows detection of Cherenkov and fluorescence
shower caused by extensive air showers. Schematics of the design of the FAMOUS
telescope can be found in Figure 3.1, which shows the dimensions of the telescope
and the setup of one pixel.

3.2 Silicon Photomultipliers

Silicon photomultipliers (SiPM) are single photon sensitive detection devices which
contain an array of avalanche photodiodes which are operated in Geiger-mode (G-
APD). An avalanche photodiode (APD) is a semiconductor which amplifies the
signal created by incoming photons that cause electron-hole-pairs with gains up
to 500. This is reached by p- and n-doped regions which are brought together to
create a pn-junction that in turn creates a depletion zone. By applying reverse
bias voltages Vbias, lower than the breakdown voltage, the (photo)electrons drift into
the transition region. Within this region the electrons are accelerated into various
directions and induce secondary electrons through impact ionization. The avalanche
is caused by electrons running through the same process over and over again. To
reach even higher gains of up to 106 the bias voltage has to be increased to a level
that is slightly higher than the breakdown voltage, because the gain has a strong
dependence of the applied field strength.
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Fig. 1: Measurement of the SiPM operation parameters
crosstalk- (Pct) and afterpulse-probability (Pap,s, Pap,l, com-
bined probability Pap), the afterpulsing time constants (tap,s
and tap,l) and the thermal noise rate ( fth) as a function of the
over-voltage Vov for a Hamamatsu S10362-33-100C SiPM.
The ambient temperature is T = (3.76±0.03) �C.

Ntrig (Nl ) = Ncells

⇣
1� e�Nl PDE/Ncells

⌘
(2)

with the photon detection efficiency PDE which itself
depends on the wavelength of the photons.

Due to the Geiger-mode, the gain of SiPMs is typ. in
the order of 106 [5]. The gain depends linearly on the
voltage excess Vov of the applied bias voltage Vbias above
the breakdown voltage Vbreak (typ. 70V)

Vov = Vbias �Vbreak . (3)

By increasing the over-voltage, the PDE can also be in-
creased but at the expense of increasing noise.

The SiPMs used in FAMOUS are of type Hamamatsu-
S10985-100C which in turn is composed of an array of
four Hamamatsu S10362-33-100C SiPMs. The photon
detection efficiency at l = 420nm and Vov = 1.3V is
PDE = (33.1±0.8±5) % [6].

2.1 Noise Phenomena
Even if operated in the dark, cell breakdowns can happen
accidentally by thermal excitation. A typical thermal noise
rate is

fth = 1kHz ·Ncells (4)

at room temperature. Additionally, SiPMs are subject to two
kinds of correlated noise: optical crosstalk and afterpulsing.

Optical Crosstalk Charge carriers of the avalanche dur-
ing the cell breakdown can recombine (probability approx.
10�5 per avalanche electron) to a photon which itself can
cause an avalanche breakdown in a neighbouring cell. The
probability for this process is Pct ⇡ 10 . . .30% depending
on the over-voltage.

502.1 mm

50
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19
.4
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Winston
cone

Fig. 2: Baseline design of FAMOUS. The incoming light is
concentrated by the 549.7mm diameter Fresnel lens with
f = 502.1mm focal length onto a camera with 64 SiPMs
which are each located behind a UV-pass filter and a light
concentrator, the Winston cone. The pixels are packed in a
hexagonal layout. The illustration is true to scale.

Afterpulsing Also during the avalanche, charge carriers
may be trapped at impurities of the silicon substrate of the
SiPM and be released after a characteristic time t which
usually exceeds the time needed to replenish the avalanche
zone of the SiPM cell. The released charge carriers can
cause the cell to break down again. Measurements of Hama-
matsu devices revealed a short (with tap,s ⇡ 50ns) and a
long time constant (with tap,l ⇡ 170ns) with a combined af-
terpulsing probability (combined probabilities Pap,s and Pap,l
for the short and long time constant) of Pap ⇡ 10 . . .40%.

The SiPM properties discussed above are presented in
figure 1 for a Hamamatsu S10362-33-100C SiPM as a
function of Vov.

A dramatic suppression of thermal and correlated noise
is expected with the release of future devices [7].

3 Baseline Design of FAMOUS
FAMOUS is a refracting telescope. A commercial Fresnel
lens [8] with an aperture of d = 549.7mm diameter (design
goal d = 510mm) and a focal length of f = 502.1mm
(design goal f = 510mm) is used to concentrate the light
onto the camera composed of 64 circular pixels arranged in
a hexagonal layout. Each pixel has a circular field of view
of 1.5 �. A schematic of the baseline design is presented in
figure 2.

3.1 Fresnel Lens
To minimise weight and light loss due to absorption, a
Fresnel lens is divided into concentric, annular sections
while the bulk material of the sections is reduced to the
minimum possible. The Fresnel lens of FAMOUS has 10
sections per millimeter and is made of UV transparent

61 Pixel Camera

Figure 3.1: Schematic of the baseline design of FAMOUS. Adapted from [15].

APDs operated with a bias voltage above the breakdown voltage are commonly re-
ferred to as Geiger-mode APDs (G-APDs) or Single-photon avalanche diodes. Since
the avalanches of G-APDs are self-sustaining a quenching resistor has to be con-
nected in series to each G-APD in order to stop the avalanche. The quenching
resistor decreases the bias voltage to a point where the G-APD returns to its ini-
tial state since the increased current by the avalanche increases the voltage at the
resistor.

SiPMs consist of many cells where each cell contains a G-APD and a quenching
resistor. Those cells allow single photon counting. A schematic of a SiPM can
be found in Figure 3.3. Though SiPMs offer a promising way to detect photons
their greatest disadvantage are noise phenomena. Especially distinguishing signals
from dark counts caused by thermal noise, optical crosstalk and after-pulsing are
challenges to meet. Thermal noise signifies the creation of electron hole pairs by
thermal excitation and optical crosstalk is the recombination of electrons to photons
which can happen during one avalanche.
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When the SiPMs used for FAMOUS (Hamamatsu S12573-100X) are operated at
the recommended over-voltage of vov = 1.4 V the probability for optical crosstalk
amounts to pct = 35 % [14]. Afterpulsing is the process of electrons getting captured
into the silicon lattice due to impurities of the material. Those electrons are released
to a later time causing a second breakdown of the SiPM cell. This is effect is close
to be negligible since its probability is below one percent.

M. Lauscher 4/31 – SiPM Characterization

From Photo-diodes to Silicon Photomultipliers (1)

G-APD =  Geiger-mode avalanche photo diode
E-field high enough for e+h to create more eh-pairs
(avalanche process) voltage > breakdown voltage
Gain > 105 !

Quenching resistor R
q

stops avalanche process

G-APDs create standard binary signal
independent of the number of simultaneously 
incoming photons

Signal is no longer proportional to number
of primary charge carriers, just YES or NO

Photo-diode: P/N Junction: Intrinsic depletion layer
Photon creates electron-hole-pair: 
Measurable current with Gain < 1

Figure 3.2: Processes within an avalanche photo diode when a photon excites an
electron. Adapted from [16].

2. Silizium Photomultiplier

Abbildung 2.2.: Ersatzschaltbild eines Silizium Photomultipliers [20, Abbildung 3].

innerhalb eines SiPMs. Dieses wird im Folgenden kurz skizziert: Zunächst liegt an allen
Pixeln die Sperrspannung VR an. Wird in einem der Pixel ein Elektron-Loch-Paar erzeugt,
beginnt die Lawinenentladung. Auf diese Weise fließt ein Strom durch den zugehörigen
Löschwiderstand. Durch den Stromfluss fällt eine Spannung über dem Löschwiderstand
ab. Damit sinkt die Spannung an der Diode von VR unter die Durchbruchspannung VBR.
Dies sorgt dafür, dass die Lawinenentladung und damit auch der Stromfluss zum Erliegen
kommt. Wenn kein Strom mehr fließt, steigt die Spannung an der Diode wieder auf ihren
ursprünglichen Wert VR an. Der Pixel ist bereit für eine erneute Entladung. Dieser Prozess
findet in jedem Pixel statt und ist in erster Ordnung unabhängig von den übrigen Pixeln
des Sensors. Auf diese Weise erhält man ein zur Anzahl der gleichzeitig durchbrechenden
Pixel proportionales Signal.

Abbildung 2.3.: Prinzip der Signalerzeugung innerhalb eines SiPMs [20, Abbildung 2].

6

Figure 3.3: Equivalent circuit diagram of a SiPM array. Adapted from [17].



4. Triggerlayouts

For the implementation of a PCB that allows the connection and read out of the
new data acquisition system TARGET, trigger groups consisting of four pixels each,
have to be chosen. Therefore, a satisfying layout, that meets several requirements
is needed. One of which is the symmetric arrangement of each trigger-group on the
hexagonal grid. This is especially important at the center of the camera since there
is the most precise detection possible. If the arrangement of trigger groups is not
symmetric the dead area increases and as a result the sensitivity decreases. Another
important aspect is the general trigger group orientation which plays a major role
when it comes to systematic effects.

4.1 Drafts

The creation of the first drafts themselves reduces its difficulty to the following
problem: How to fill an order 5 hexagon made of 61 tiles (respecting the blind
pixels) with groups of four in the most symmetrical way?

This isn’t possible in the first place since FAMOUS has three blind pixels thus means
one of the 61 pixels always remains unused in the layout, making it impossible to
find an ideal solution for the described problem. The hexagon has to be filled with
groups of four pixels each because of the data acquisition that uses the sum of four
channels as a trigger, only two arrangements can be found which are symmetric.
The hexagon to which references are made and which also represents the basis for
all layouts is shown in Figure 4.1 Concerning the trigger groups only three optimal
arrangements of four pixels can be found that result in a symmetrical structure.
Those arrangements are the most compact and balanced for padding the area. They
can be found in Figure 4.2. Since its not possible to fill the hexagon using only these
arrangements, others inter aria asymmetrical, have to be used. Those are mostly
used for the edges of the hexagon due to the lower sensitivity and higher inaccuracy.
This leads to the conclusion that all layouts are a compromise between a maximum
amount of symmetry and the consideration of all requirements.

Taking account of those aspects three promising layouts were created. Those can
be found in Figure 4.3a, 4.3b and 4.3c. The different colours represent the elements
of each trigger-group and try to visualise the symmetric and asymmetric parts of a
layout. The tiles coloured in white represent the blind pixels and the pixel that is
left unused in the layout.
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Figure 4.1: The hexagonal structure, where trigger groups of four tiles each have to
be found and arranged.

Figure 4.2: Optimal trigger-group arrangements for padding the hexagon. All varia-
tions are obtained by combinations of mirroring and rotating of right-most arrange-
ment.

The first layout shown in Figure 4.3a places a special focus on achieving a mostly
symmetrical padding of the area around the central pixel (see pixel no. 31 according
to Figure 4.1). Therefore only one of the structures shown in Figure 4.2 was used.
Accordingly the edges of the hexagon have to be filled with arrangements that differ
from the ones shown in Figure 4.2. Those arrangements do not offer a great sym-
metry or reduction of the dead area but they have to be used to achieve a fill of the
complete area.
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(a)

(b)

(c)

Figure 4.3: Comparison of all layouts. Each group of four tiles with the same colour
represents one trigger group. The different colours were used in that manner to
highlight visible symmetries. The three blank tiles in the upper and lower left and
upper right corner visualise the blind pixels of the FAMOUS telescope.
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The aim behind the creation of the second layout, which can be found in Figure 4.3b,
was to find a padding that uses a minimum amount of trigger-group arrangements
that differ from the ones shown in Figure 4.2. This was basically reached by using
only the two mirror-inverted arrangements from Figure 4.2. The remaining area was
filled with three trigger-group arrangements, which are at variance from Figure 4.2.

The third layout shown in Figure 4.3c is primarily a variation of the second layout
since only two trigger groups were changed to the most-left arrangements from Figure
4.2. The three not perfectly symmetric arrangements from the second layout were
moved to different positions to achieve a mostly unidirectional orientation of trigger
groups per two rows of pixels.

4.2 Centroids of area

In order to find the best of the three layouts using graphic and geometric tools the
centroids of area and the general orientation of the trigger groups has to be scruti-
nised. These methods reveal the symmetry from a different perspective and provide
criteria for finding the best possible layout. To study the symmetry the centroid of
each trigger group was determined and then connected with all direct neighbours.
This results in a structure with triangular tiles similar to a grid. Comparing the area
and shape of the tiles gives clear indications about the distribution of the trigger
groups on the hexagon.

The centroids of area of the first layout which can be found Figure 4.4a reveals
an area where each triangle has the same shape and surface area (see the greenish
highlighted edging of the corresponding trigger groups in Figure 4.4a). That means
within a circle around this area the detection is most sensitive and precise. Three
very similar areas can be found when bordering three of the remaining centroids
in the same way (blueish, reddish and yellowish highlighted edging in Figure 4.4a).
Those are not as symmetric as the greenish edged area but they nevertheless provide
a reasonable compromise. This becomes even clearer when the similarity of the area
around each centroid is compared among each layout. Essentially, only the triangles
on the left side vary widely in size and appearance from the others.

The second layout (Figure 4.4b) does not have any areas that can be examined for
their similarities. The structure and size of each area varies widely and there can
not be found any systematic between the arrangement of the centroids. The area
around the centre of the hexagon has no even structure thus essentially reducing the
sensitivity of the most important area. Also the sizes of all triangles differ extensively
among each other.

A very similar situation can be found when examining the third layout (Figure 4.4c).
All triangles do have different sizes and do not create any comparable areas. As in
the case of the second layout the central area is not filled with even structures,
resulting in a semi optimal layout regarding the analysis of the centroid of area.
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(a)

(b)

(c)

Figure 4.4: The connected centroids of area of all layouts.The centroids were con-
nected in order to reveal the distribution of trigger groups on the hexagonal map.
The tiles of the first layout, which are bordered in green, red, yellow and blue high-
light areas that are very similar to each other in terms of size and structure.
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The interim conclusion for the study of the centroid of area is that the first layout
has the most similar filled area compared to the other two layout. This is mainly
due to the fact that the centroids of the second and the third layout do not create
any comparable areas. Whatever these studies have made abundantly clear that the
first layout offers a very special structure and a very balanced arrangement of the
trigger groups around the central pixel.

4.3 General trigger group orientations

The goal of the examination of the general trigger group orientation was the creation
of a study of the general preferred direction of all layouts and their trigger group
orientations. This is especially important since the incident photons arrive under
very different angles thus the orientation of every single trigger group plays a non
negligible role. A ideal layout should not have a preferred direction because in this
case the sensitivity is equal for any angle of incident photons. However the optimal
trigger groups presented in Figure 4.2 and any asymmetric arrangement has a certain
preferred direction. Therefore it is not possible to vectorially add all directions, so
that the sum results in a null vector. The facts, that each differently orientated
trigger group may result in systematic effects in the data of the corresponding trigger
group channels and that systematic effects may differ for every direction, leads to
the conclusion that the exact consideration of all orientation dependent effects is
not possible without further investigation. For this reason the second best layout
would be such with just one preferred direction, because if systematic effects due
to the orientation occur, these would be present in the data of all channels. The
correction of this data would be easier than the one with contrarily orientated trigger
groups. To visualise the orientation of all trigger groups lines were used. In order
to show the general preferred direction of a layout an arrow was used, whereby the
orientation of this arrow is according to two reference directions in the x- and y-axis.
The reference direction of the x-axis is an arrow point to the right side of the layout
and the reference direction of the y-axis is an arrow pointing straight upwards. The
trigger group orientations of any trigger group arrangement that differs from the
ones shown in Figure 4.2 are deliberately not drawn in.

The general trigger group orientations of the first layout shown in Figure 4.5a is
obviously one arrow pointing upwards just like the arrows in the area around the
central pixel. If the two arrows on the left side and the four arrows on the right
side of the layout are vectorially added this results in one straight arrow pointing
upwards. So in total the general preferred direction of this layout is parallel to the
reference direction. Since the arrows which do not point straight upwards are located
at the left and right edge of the layout this results in an central area that is filled
with only unidirectional orientated trigger groups. Therefore detection without any
direction dependant systematic effect is most likely possible.
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(a)

(b)

(c)

Figure 4.5: The trigger group orientations of all layouts. Each line represents the
preferred direction of one trigger group and the red arrow shows the general direction
of the total layout, which is received through vecotorially adding all directions of
one layout. Any trigger group which differs from the ones shown in Figure 4.2 is not
drawn in for reasons of clarity.
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The second layout and its trigger group orientations are presented in Figure 4.5b.
When looking at the general preferred direction of the layout it turns out that
the direction is describable by an arrow that points towards the upper left side.
However this is accomplished through a non homogeneous arrangement of differently
orientated trigger groups and therefore the central area is not filled by unidirectional
orientated trigger groups. This has the consequence that systematic faults within
this region may occur and affect the sensitivity. For this reason the arrangements
do not offer a satisfying approach for a layout that should be implemented.

The general trigger group orientations of the third layout are presented in Figure
4.5c. The preferred direction of the whole layout is describable by an arrow that
points towards the upper right side of the hexagon. In this case the preferred di-
rection was achieved through the usage of trigger groups that in total add up to
an upwards pointing arrow, but the trigger group at the lower end of the hexagons
shifts the general preferred direction to the right side. Therefore the influence of
systematic effects is greater than that of the first layout. In addition, the central
area is not filled with unidirectional orientated trigger groups and as result of this
the sensibility may decrease.

The final conclusion when looking at the results of the different approaches to obtain
a qualitative assessment of the layouts, is that the first layout is certainly the most
balanced layout. In all cases it comes closest to meeting the requirements of each
focus of study.



5. Simulation

In order to obtain quantitative assessments about the layouts presented in section
4.1 a simulation was written utilising the programming language Python. The sim-
ulation should identify differences and advantages between the layouts. Based on
this the most efficient layout shall be determined.

5.1 Parameters & Setup

The simulation focuses on Cherenkov showers which are created by a bivariate nor-
mal distribution. Figure 5.1 shows a exemplary bivariate normal distribution for
an air shower having its mean in the central pixel (x=0, y=0) of the camera. The
x- and y-coordinates were assumed independent with the same standard deviation
σx = σy = 2r, where r represents the pixel radius. This values were used during
the complete simulation. The corresponding hits map in counts of photons is shown
in Figure 5.2. For the purpose of a quantitative evaluation it is necessary to make
simplifying assumptions:
To reduce the total amount of calculation time all camera pixel were assumed to be
punctiform, therefore the probability to hit a certain pixel was assumed to be the
probability to hit the corresponding coordinate according to the value of the prob-
ability density function (PDF) at this point. This assumption is legitimate since
all pixels have the same size and are therefore scalable to any size. This does not
highlight any differences between the layouts, if the air shower is scaled by the same
factor. Furthermore the photon detection efficiency (PDE) of all pixels is the same
and assumed to be 100%. Since the simulation focuses on the determination of the
most efficient layout, especially for the detection of Cherenkov showers, any differ-
ences within the detection efficiency would only add systematic effects and reflect
the efficiency depending on this systematic effect.
By means of the simulation a evaluation of the number of trigger groups, that are hit
by enough photons to exceed the threshold depending on that threshold, is possible.
Therefore air showers with randomly chosen centres are simulated, whereby each
centre can be one of the 61 pixels of the camera. Subsequently the probability of
hitting each pixel is retrieved based on the bivariate normal distribution and its prior
chosen centre. The number of photons per pixel is then retrieved by multiplying the
probability with the number of photons per simulated shower. During the complete
simulation this number was set to a constant value of one million photons per air
shower. Based on the allocation of the pixels to trigger groups given by the layouts
the sum over the number of photons of the corresponding pixels was calculated.
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This results in an array of fifteen numbers per layout, which is then saved for later
use. For every shower this process is repeated and the new data is appended to
the data of the previous shower. So the total result is an array with a length of
the number of simulated air showers and each element of this array consists of a
length three array where the amount of detected photons for each trigger group and
layout is saved. Based on this array a iteration over different thresholds was started
and the number of trigger groups per layout exceeding the current threshold was
counted. The threshold represents the signal/noise ratio in number of photons and
was increased from 0 to 120000 photons with step widths of one photon per iteration.
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Figure 5.1: Probability density function (PDF) of the bivariate normal distribution
used to generate air showers hitting the 61 pixel camera with σx = σy = 2r. This
Figure is an example for an air shower with its mean in the central pixel.

5.2 Results & Conclusion

Based on the approach described in the previous section two plots were created,
which plot the total number of trigger groups exceeding the threshold against the
corresponding threshold. The first plot can be found in Figure 5.3. It becomes clear
that the efficiency differences between each layout are generally not very significant at
first glance. Since all graphs are basically lying on top of each other the development
of the curve towards greater thresholds is particularly interesting.
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Figure 5.2: Corresponding hits map of the camera according to the PDF shown in
Figure 5.1.

When considering the different courses the third layout strikes out because its de-
tection efficiency is better than the one of the other two layouts, when reaching the
highest threshold. The minimum number of trigger groups detecting an air shower
was reached when the threshold was set to 112186 photons. At this point 199 trigger
groups of the first, 209 trigger groups of the second and 194 trigger groups of the
third layout were exceeding the threshold. Taking the first layout as a reference this
implicates that a 5.03% larger number of trigger groups of the second layout are able
to detect air showers out of 500 randomly generated ones. However the number of
trigger groups of the third layout detecting air showers at that threshold is a 2.51%
smaller number than the one of the first layout. In a second approach the air shower
means were not created randomly but instead assigned onto each of the 61 pixels
of the camera. This is basically a iteration over each of the camera pixels acting as
the mean of an air shower. When using many air showers for a simulation based on
random values the drawback is that it flattens any features of a curve. Using the
prior described method every pixel has the same weighting and major differences
are highlighted. The corresponding plot is shown in 5.4. However the plot reveals
very little difference between the layouts. If the threshold is below 70000 photons
the trigger groups of the first layout detect more or as many photons as the other
two layouts, though this fact changes at higher thresholds. The trigger groups of
second and third layout are able to detect more photons than the first layout at any
point starting at a threshold of about 70000 photons.
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Comparing the number of trigger groups detecting air showers at the same threshold
as with the first approach, reveals that the trigger groups of the second and third
layout detect 8.33% more photons than the first layout.

Considering all the qualitative and quantitative results leads to the following con-
clusion: Though the first layout does not perform best when considering the results
of the simulation it offers significant geometrically and symmetrically advantages
over the other two layouts. The second and third layout do not offer such a even
distribution of trigger groups when looking at the central area of the camera, there-
fore they are most likely to cause systematical effects due to the existence of various
preferred directions. In conclusion the first layout was chosen to be the one that is
going to be used as the allocation for the implementation of the PCB and with that
the TARGET data acquisition.
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Figure 5.3: The total amount of trigger groups exceeding the threshold plotted
against the corresponding threshold. 500 air showers with randomly chosen centres
were simulated.
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Figure 5.4: Iteration of the centres of an air shower over each pixel of the camera.
The total number of trigger groups exceeding the threshold plotted against that
threshold.



6. PCB

Based on the results of the qualitative and quantitative evaluation of the three
different layouts a PCB (printed circuit board) had to be designed and put into
operation. The PCB is going to be connected to the SIPMs of the FAMOUS telescope
and the TARGET data acquisition. Therefore the PCB acts as a connecting piece
between the telescope and the data acquisition while routing the signals onto four
connectors. Whereby each of the connectors forwards sixteen signals, corresponding
to four trigger groups.

6.1 Design & Creation

For the creation of the PCB a CAD software, namely TARGET 3001! V18 [18] was
used. The assignment of all pixels is predetermined through the trigger groups of
the chosen layout, such as the locations of the two 70-pin headers, where the SiPMs
are connected to. Since the TARGET data acquisition is connected using four coax
cables, the fifteen trigger groups and one group of three blind pixels plus the blank
pixel have to be distributed onto four 26-pin connectors. The distribution of the
trigger groups was done respecting following conditions:
Trigger groups with signals that are coming from the edges of the 70-pin header
were placed at the closest possible location on a connector. This is due to the fact
that those signals travelled the greatest distance compared to signals connected to
a pin in the middle of the header. This is the easiest way to passively compensate
the differences between distances and therewith the signal delay. Another aspect
that has been taken into account is the fact that some trigger groups use pixels that
are connected to both 70-pin headers. This results in great differences between the
connections of the pixels on the PCB. In order to reduce differences to a minimum
the affected trigger groups were placed close to the middle, so that the distances
from both sides of the 70-pin header are very similar.
When assigning the all pixels onto the four 26-pin connectors, the fifteen trigger
groups were assigned first and subsequently the blind pixels and the blank pixel,
because they will not act as trigger and therefore the signal delay is not important.
In addition to that those pixels were connected to one SMA socket each and then
to the empty group of four pins that was left on one of the 26-pin connectors. The
additional SMA sockets were installed, in order to provide an additional opportunity
to connect to the blind pixels externally, so that noise phenomena can be examined.
After the trigger groups were assigned onto the connectors the signals within one
trigger group were sorted, so that the amount of vias and the signal lengths were
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reduced. In order to connect intersecting signals, vias are used to place the corre-
sponding signal onto a different layer to pass the other signal.
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A disadvantage of using vias is the occurrence of electrical crosstalk that can reflect
strong signals onto the layer lying above or below. As a last step all signals were
connected, whereby this resulted in a first draft version of the PCB layout. After-
wards each signal was optimised, so that the total number of vias is reduced and no
ground plane islands occur. Any remaining ground plane island were removed by
connecting them to the proper ground.
The final layout can be found in Figure 6.1 and a larger version in A.10. In the
upper left and right corner the four SMA socket which are connected to the three
blind pixels and the blank pixel are shown. The two 70-pin headers are placed on
the left and right side of the layout and are labelled as IN1 and IN2. The four 26-pin
connectors are labelled as OUT1 to OUT4 and located close to the centre of the
PCB. The lines indicate the connections between the 70-pin headers and the 26-pin
connectors and the different colours represent the two layers of the PCB.
Upon completion of the PCB the different headers had to placed on the board.
Therefore I soldered the two 70-pin headers by hand but the four 26-pin connectors
had to placed using a different approach since the contacts of the connector are
beneath the component. In order to apply soldering paste to the pads of the four
connectors a stencil was used and the four connectors were carefully placed on top
of the soldering paste. Subsequently the PCB was put into an oven for the purpose
of melting the soldering paste and as result of that the automatically connection of
the pads with the contacts. Figure 6.2 and 6.3 shows the front and the back of the
PCB before populating the board. The finished board mounted to the FAMOUS
telescope can be found in 6.4.

287�

287�

287�

287�
,1�,1�

Figure 6.1: Final design of the PCB. The signals are coming from the two 70-pin
headers on the left and right side of layout and are labelled as IN1 and IN2. The
PCB routs the signals onto four 26-pin connectors labelled as OUT1 to OUT4.
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Figure 6.2: Front of the finished PCB.

Figure 6.3: Back of the finished PCB.
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Figure 6.4: The finished PCB mounted to the back of the FAMOUS telescope.

6.2 Measurements & Tests

Before the headers were placed onto the PCB several tests were performed in order
to proof the functionality of the PCB. First of all a simple continuity test was
performed for the purpose of proofing that the signal assignment is according to
the layout. In response, a short-circuit test was executed in order to verify that no
signal is connected incorrectly. After the PCB was mounted onto the back of the
FAMOUS telescope some basic functionality tests were executed to demonstrate the
functioning of all 64 SiPMs on the one had and to proof that the SiPM signals are
successfully forwarded using the PCB on the other hand. Therefore every single
SiPM was connected to an oscilloscope with the PCB interposed and a dark noise
measurement was started. If the characteristic traces during such a measurement
were found, this was used as an indicator of a functional SiPM. One characteristic
dark noise trace can found in Figure 6.5. During the measurement five channels were
found that did not provide any signal of that kind. Therefore the PCB was removed,
the issue was investigated and it turned out that some resistors on a existing board,
that provides the power for the SiPMs were not soldered completely. Afterwards the
measurement was repeated and it was possible to successfully show that all 64 SiPMs
are ready to use. Additionally one last cross check was done in the form of proofing
the sensibility of the SiPMs, if exposed to a light source. For this purpose randomly



6.2. Measurements & Tests 29

chosen pixels were connected to the oscilloscope and subsequently hit with the light
beam of a laser pointer. If a change of the oscilloscope image was observable the
SiPM was considered as fully functional.

Figure 6.5: Dark noise measurement of one SiPM.



7. Summary and Outlook

In the scope of this thesis, three layouts were created and quantitative and qualita-
tive criteria for weighting those layouts were found. In that manner the qualitative
differences were examined with regard to the centroids of area and preferred trigger
group directions. It turned out that the first layout has very advantageous prop-
erties concerning the qualitative examination of the geometric characteristics. The
quantitative examination which was performed in the form of a simulation provided
the last criteria to take a decision, which of the layouts is going to provide the pixel
assignments for the creation of the PCB. Though the first layout does not perform
best in terms of the simulation, the first layout outperforms the other two layouts
by far, when looking at the geometric characteristics. Therefore the decision was
taken to use the first layout for the implementation of the PCB.
The PCB that connects and routs the signals according to the layout was successfully
completed and put into operation. Various tests and measurements were performed
to demonstrate the functionality of the SiPMs as well as the PCB. Overall all 64
pixels of the FAMOUS telescope are operational and the data can be read out us-
ing the new TARGET data acquisition. Therewith the upgrade of the FAMOUS
telescope to a 64 pixel version was successfully completed.



A. Appendix

A.1 All layouts

A.1.1 Drafts

A.1.2 Centroids of area

A.1.3 General trigger group orientations

A.2 PCB



A.2. PCB 32

Figure A.1: First layout for the trigger implementation. Each group of four tiles
with the same colour represents one trigger group. The different colours were used
in that manner to highlight visible symmetries. The three blank tiles in the upper
and lower left and upper right corner visualise the blind pixels of the FAMOUS
telescope.
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Figure A.2: Second layout for the trigger implementation.
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Figure A.3: Third layout for the trigger implementation.
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Figure A.4: The connected centroids of area of each trigger group of the first layout.
The centroids were connected in order to reveal the distribution of trigger groups on
the hexagonal map. The tiles outlined in green, red, yellow and blue highlight areas
that are very similar to each other in terms of size and structure.
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Figure A.5: The connected centroids of area of the second layout.
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Figure A.6: The connected centroids of area of the third layout.
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Figure A.7: Trigger group orientation of the the first layout. Each arrow represents
the preferred direction of one trigger group. Lines without arrowheads visualise
trigger group directions that are perpendicular to the reference direction. Whereby
the reference direction was chosen to be a straight upwards pointing arrow. Any
trigger group which differs from the ones shown in Figure 4.2 is not drawn in for
reasons of clarity.
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Figure A.8: Trigger group orientations of the second layout.
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Figure A.9: Trigger group orientations of the third layout.
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Figure A.10: Final design of the PCB.
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