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1
Introduction

Cosmic rays have been discovered over hundred years ago, as being a flux of charged
particles continuously arriving at Earth. Their properties like energy spectrum and com-
position are well known over several orders of magnitude. Nevertheless, the clarifica-
tion of their origin and the mechanisms accelerating them to energies up to 1020 eV is
still ongoing. Cosmic rays suffer continuous deflection in magnetic fields during the
propagation through space and do not to point back to the region of their acceleration.
Hence, for a large range of the energy spectrum they are not suited for the identification
of sources and other messenger particles must be used.
Possibly, the processes that accelerate cosmic rays are accompanied by the production
of gamma rays. Photons propagate unaffected, so that they can point back to their ori-
gin and reveal cosmic-ray accelerator sites. For the success of this search it is of great
importance to reconstruct the arrival directions of the photons with high precision and
furthermore to separate their signal from the enormous cosmic-ray background.
When gamma rays enter the Earth’s atmosphere, they induce cascades of secondary par-
ticles by the interaction with molecules of the air. As a consequence, a study of gamma
rays is only possible by measuring the signature of these cascades. Two possibilities for
this are the observation of the Cherenkov light emission due to the propagation of the
secondary particles in the atmosphere or the observation of the particle footprint of the
cascade on the ground. Both techniques have different shortcomings. By combining
both in a hybrid detector one could overcome these and use complementary informa-
tion available from each technique to improve the performance of the combination.

The HAWC’s Eye telescope is a compact and lightweight imaging air-Cherenkov tele-
scope using a Fresnel lens and a 61 silicon photomultiplier pixel camera. It is developed
as a possible extension of existing detector facilities to upgrade them for hybrid detec-
tion by additional observation of the Cherenkov signal from extensive air showers. In
2017, a single HAWC’s Eye prototype has already been applied at the High-Altitude
Water Cherenkov Observatory to perform first test measurements in a hybrid setup of
these two detectors.
In this thesis, data of this measurement campaign is used to characterise the perfor-
mance of the prototype version of the telescope regarding the reconstruction of shower
parameters. In addition, two improved HAWC’s Eye telescopes have been commis-
sioned. After performing first functional tests they were operated at the HAWC obser-
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vatory to allow for the first stereo hybrid observations of air showers. In the future,
this setup enables permanent observation in coincidence between the three detectors,
so that the performance of the hybrid detector in terms of angular resolution and the
separation between photon and hadron induced air showers can be investigated.
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2
State of Research and Basic Concepts

In this chapter, the state of knowledge about cosmic rays and gamma rays is shortly
summarised. The physical phenomena caused by an entry of cosmic rays into the atmo-
sphere of the Earth are introduced. This description includes extensive air showers and
Cherenkov radiation. Furthermore, air shower detection principles and their combina-
tion are discussed with a focus on air-Cherenkov telescopes and water-Cherenkov tank
arrays. For further reading on all of these topics, one could refer to (Spurio 2014) or (De
Angelis and Pimenta 2015).

2.1 Particles from Space

2.1.1 Cosmic Rays

The term "cosmic rays" refers to charged participles propagating through space. Since
their first discovered in the 1910s (Wulf 1910; Hess 1912), extensive investigations over
more than 100 years have gathered a great amount of knowledge about these particles.
Cosmic rays are mainly composed of protons, which make up 74 % of the flux arriving
on Earth. The remaining fraction is divided among heavier nuclei (Tanabashi et al.
2018). In addition, a small fraction of electrons is present in the particle flux. However
at GeV energies, for example, only less than 1 % of the particles are electrons (Müller
2001).
For the most energetic particles, energies up to 1020 eV have been measured. As the
flux is steeply falling towards higher energies, only about one particle per century and
square kilometre is expected to arrive at Earth above these energies. Figure 2.1 displays
the energy spectrum of cosmic rays as recorded by a variety of experiments. It can be
described by a broken power law (Blümer, Engel, and Hörandel 2009; Thoudam et al.
2016):

φ(E) ∝ E−α(E) particles
cm2 s sr GeV

, (2.1)
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with

α(E) =


≈ 2.7, 1010.0 eV . E . 1015.5 eV
≈ 3.1, 1015.5 eV . E . 1018.5 eV .
≈ 2.7, 1018.5 eV . E

The parameter α(E) is called spectral index. It is constant for three energy ranges of the
spectrum.

Figure 2.1: Spectrum of cosmic rays. The energy regions for galactic and extra-galactic
sources are coloured. In addition, position and benchmark fluxes are marked for knee
and ankle. Based on (De Angelis and Pimenta 2015), taken from (Theißen 2020).

A first transition takes place in a region called "knee" at approximately 1015 eV. Al-
though there is no complete certainty, one possible explanation for this observation is
that the knee marks the start of the transition point between different galactic cosmic
ray accelerator classes. One indication of this is a change in the mass composition of
cosmic radiation towards heavier particles, possibly because the maximum acceleration
capacity for lighter elements has been reached (Antoni et al. 2005). The second transi-
tion zone is marked by the "ankle" (≈ 1018.5 eV), where it is believed that extra-galactic
sources take over the acceleration of cosmic rays, even though the exact production
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mechanisms and regions are unknown by now (Alves Batista et al. 2019). Particles
at these energies are not significantly deflected by the galactic magnetic fields. If ac-
celerated in the galactic volume, they would point back to their sources and cause an
anisotropy. This has not been observed so far (Aab et al. 2018; Aguilar et al. 2019).

2.1.2 Gamma Rays

Accompanying processes that lead to the production of cosmic rays, high-energy pho-
tons are created. These are called "gamma rays". Since they are not deflected during
their propagation through space, they can be seen as key messengers for the search of
cosmic-ray sources. Pointing back to their sources, it is possible to mark candidates for
cosmic-ray acceleration regions.

Figure 2.2: Energy spectra obtained by the different processes explained. The leptonic
spectrum consists of a synchrotron (red) and inverse Compton bump (blue). It can be
seen that the signature of the pion decay (green) from hadronic models and the inverse
Compton scattering overlay. Adapted from (Spurio 2014).

A variety of processes can produce gamma-ray photons, nevertheless only two of them,
creating gamma rays in the GeV to TeV region, should be mentioned here. First, gamma
rays can be generated in hadronic models by the decay of neutral pions into a pair of
photons

π0 −→ γ + γ .

These pions can on the one hand originate from collisions of previously accelerated
protons with the interstellar matter around the acceleration region (Dermer et al. 2013)

p + p −→ π0 + p + p .

On the other hand, in interaction of accelerated protons with the photon sea around the
accelerator site delta resonances can be produced.
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These delta resonances can subsequently decay into neutral pions (Essey et al. 2011)

p + γ −→ ∆+ −→ π0 + p .

In addition, a leptonic production model can explain the existence of high energetic
gamma rays via the so-called Self-Synchrotron-Compton-Effect (SSC) (Kakuwa et al.
2015). Synchrotron radiation photons are emitted by the deflection of ultra-relativistic
electrons in the magnetic field near the source. If those photons interact with their par-
ent particle population via the inverse Compton effect, the upscattered photons can
become gamma rays.
In Figure 2.2, the gamma-ray spectra produced by the different models is displayed. As
the spectra obtained by the hadronic and leptonic model partially overlap, it is chal-
lenging to separate the different signatures in observations. Only in the hadronic case,
a direct link between gamma-ray source and cosmic-ray accelerator is possible.

2.2 Extensive Air Showers

When arriving at Earth, after their propagation through space, cosmic rays as well as
gamma rays interact with Earth’s atmosphere, so that a direct measurement of primary
particles on ground is impossible. As a consequence of the interactions with atmo-
spheric nuclei, cascades of secondary particles that cross through the atmosphere are
induced. These cascades are called "extensive air showers" and have been discovered in
the 1930s (Auger et al. 1939). Depending on the type of the primary particle hitting the
atmosphere, the appearance of the air shower is significantly different (see Figure 2.3).

Figure 2.3: Simple representation of an air shower induced by a gamma ray (left) and
cosmic ray (right). The composition of a cosmic-ray shower is much more complex.
Taken from (De Angelis and Pimenta 2015)
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Cosmic-ray induced showers contain many different types of particles. After the inter-
action of the primary particle, at first a hadronic component develops, which includes
pions and kaons. From the decay of these particles, the formation of an electromagnetic
component, containing electrons, positrons and photons, is initiated. A third compo-
nent of shower particles is formed by muons and neutrinos, which mainly originate
from the decay of charged pions and kaons. All particles together create an avalanche
moving to the ground with a direction given by the primary.
On the other hand, showers produced by gamma rays develop only an electromagnetic
component consisting of electrons, positrons and photons. With the first interaction of
the primary photon an electron-positron pair is generated. Afterwards the pair emits
secondary photons via bremsstrahlung. The alternating continuation of these two pro-
cesses leads to the formation of the electromagnetic avalanche that forms the shower. A
simple model to describe the development of an electromagnetic shower is the Heitler
model (Heitler 1954) that can be extended for the description of hadronic showers as
well (Matthews 2005). It relies on three basic assumptions:

• The photon mean free path for pair production is equal to the radiation length of
electrons in air X0 ≈ 37 g cm−2.

• Each interaction takes place after a constant path is travelled and in the interac-
tions the energy of the parent particle is equally divided between the two new
particles.

• The cascade stops at the point where the particle energy falls below a critical en-
ergy EC ≈ 86 MeV. From then on the energy losses of electrons/positrons due to
ionisation dominate the bremsstrahlung losses.

Using these assumptions some basic shower parameters can be estimated based on the
energy E0 of the primary photon. This includes the atmospheric depth of the shower
maximum

Xmax =
X0

2
+ X0 · ln(

E0

EC
) , (2.2)

as well as the number of particles at this position

Nmax =
E0

EC
. (2.3)

In Equation 2.2, the first summand X0
2 is an assumption for the first interaction point of

the particle in the atmosphere.
Comparing the overall shower development of gamma-ray and cosmic-ray induced
showers, some general comments can be made. In contrast to gamma rays, cosmic
rays penetrate the atmosphere deeper. Their first interaction occurs later, the heavier
the primary particle is. For the evolution of the shower itself, the opposite is the case:
The shower maximum is reached earlier for showers induced by heavier primaries. In
addition to that the general lateral and longitudinal fluctuations are greater for hadronic
showers. As a consequence hadronic showers have a wider transverse profile (Karle et
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al. 1994). These individual differences can be used to distinguish the different primary
particles in observations.

2.3 Cherenkov Radiation

If a charged particle traverses a dielectric medium with velocity v, it polarises the sur-
rounding area. As long as the velocity is not exceeding the speed of light in the medium
given by cn = c0/n, with n denoting the refractive index of the medium and c0 the
vacuum speed of light, the polarisation is approximately symmetric around the charge
carrier. Once the particle velocity becomes lager than cn, the polarisation is asymmet-
ric and Cherenkov radiation is emitted (Čerenkov 1937). This process is visualised in
Figure 2.4a and 2.4c. Elementary waves are generated along the particle track and ac-
cording to Huygens’ principle they overlay to a single wavefront (see Figure 2.4b and
2.4d).

(a) Symmetric polarisation in a medium
with a traversing particle with a speed
v < cn. No net dipole moment occurs.

(b) No wavefront is created for the v < cn
case.

(c) Asymmetric polarisation in a medium
with a traversing particle with a speed
v > cn. A net dipole moment occurs.

 

γ

θ
C

γ

(d) Cherenkov light wave front produced
as superposition of elementary waves in
the v > cn case.

Figure 2.4: Production of Cherenkov light by a charged particle in a dielectric medium.
Illustrations taken from (Günder 2019).
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The resulting wave propagates with a characteristic angle θC relative to the direction of
the particle, which is given by

cos(θC) =
c0

v · n =
1

β · n . (2.4)

Using the condition cos(θ) ≤ 1 in this equation in combination with the expression
for the relativistic energy of a particle, the threshold energy for particles to cause the
emission of Cherenkov radiation can be derived with

β ≥ 1
n

; E = γm0c2
0 ⇒ Eth =

m0c2
0√

1− 1
n2

. (2.5)

In this formula the Lorentz-factor γ and the particle rest mass m0 have been introduced.
The number of photons radiated per unit path and wavelength, for particles with an en-
ergy surpassing the threshold, is given by the Frank–Tamm formula (Frank and Tamm
1937):

d2N
dλdx

=
2παz2

λ2 (1− 1
β2n2(λ)

) =
2παz2

λ2 sin2(θC) ∝
1

λ2 , (2.6)

with: α = Fine structure constant ,
z = Particle charge ,
λ = Wavelength ,
β = Lorentz beta ,
n(λ) = Refractive index ,
θC = Cherenkov angle .

As a consequence of the λ−2 factor large wavelengths are suppressed in the Cherenkov
spectrum and most photons are emitted in the ultraviolet range.

Cherenkov Radiation in Air

Many particles in an extensive air shower fulfil the condition for Cherenkov emission.
Considering for example electrons with a rest mass of 511 keV the threshold energy in
air at sea level (nair ≈ 1.0003) can be calculated to about 20.9 MeV using Equation 2.5.
Cherenkov light emitted at sea level propagates with an angle of approximately 1.4°
relative to the primary particle direction as calculated by Equation 2.4. The refractive
index is increasing for lower altitudes, which results in a falling energy threshold and
growing Cherenkov angle along the shower evolution towards ground.
Following the Frank–Tamm formula directly after the emission, the Cherenkov spec-
trum gets modulated during the transition of the atmosphere due to its wavelength de-
pendent transmission. In Figure 2.5 the most important effects leading to an absorption
are summarised (Bernlöhr 2000).
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Figure 2.5: Transmission of the atmosphere. Im-
portant processes leading to light absorption in
the atmosphere are summarised. Taken from
(Bernlöhr 2000).

Figure 2.6: Simulated Cherenkov
spectrum for a vertical 1 TeV
gamma-ray shower measured
at 2200 m altitude. Taken from
(Doering et al. 2001).

The figure shows the accumulation of the effects for the total depth of the atmosphere,
while showers typically emit the radiation below 15 km. As can be seen especially the
ultraviolet part of the spectrum gets absorbed which results in a wavelength distribu-
tion with a maximum at ≈ 330 nm. The full simulated Cherenkov spectrum produced
by a vertical 1 TeV gamma-ray shower measured at an altitude of 2200 m is displayed in
Figure 2.6 (Doering et al. 2001).

Figure 2.7: (left) Simulations of the lateral and (right) longitudinal Cherenkov light pro-
files. Each curve represents a different model for the atmospheric profile. The light pool
is simulated for a vertical 100 GeV primary gamma ray. Taken from (Bernlöhr 2000).
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Besides the spectral properties of the Cherenkov light, the spatial distribution of the
light pool is of great interest. Figure 2.7 shows the lateral and longitudinal light pool
distribution as simulated for a vertical gamma-ray shower induced by a 100 GeV pri-
mary particle (Bernlöhr 2000). The different curves correspond to different atmospheric
profiles and the lateral distribution is determined for an altitude of 2200m above sea
level. Most of the light is emitted at an altitude of ≈ 10 km and arrives within a radius
of ≈ 110 m around the shower core at ground.

2.4 Detection of Extensive Air Showers

There is a manifold of possibilities to observe air showers. This is due to the wide range
of signals generated by the shower particles. Besides the already discussed Cherenkov
radiation, particles of the shower excite atmospheric nitrogen molecules that emit fluo-
rescence light isotropically. Furthermore, as a consequence of the deflection of electrons
and positrons by the geomagnetic field radio waves are emitted. In addition to these sec-
ondary signals, the shower particles that arrive at the ground can be detected as well.
A detailed description of several detection techniques as summarised in Figure 2.8 can
be found for example in (Grupen and Buvat 2012). Within the scope of this thesis, the
detection principles relying on the emission of Cherenkov light are of greatest interest
and should be discussed in further detail. Specifically, these are imaging air-Cherenkov
telescopes and water-Cherenkov tank arrays.

Figure 2.8: Detection techniques for the observation of extensive air showers. In this
example a cosmic ray induced shower is displayed. For a gamma ray induced shower
only an electromagnetic cascade develops, but the observable signals stay the same.
Taken from (Schröder 2017).
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2.4.1 Imaging Air-Cherencov Telescope

Inside the Cherenkov light cone it is possible to take an image of the shower with the
help of telescopes. Most of the imaging air-Cherenkov telescopes as H.E.S.S (Bernlöhr
et al. 2003; Cornils et al. 2005), VERITAS (Weekes et al. 2002) or MAGIC (Aleksić et al.
2016) have a large segmented mirror (10 m - 20 m) which collects the light on a matrix of
photo-sensitive sensors in the focal plane. The number of camera pixels is in the order of
1000 with a field of view of around 0.1° each. Usually photomultiplier tubes (PMTs) are
used as pixel sensors, but silicon photomultiplier (SiPMs) are also successfully applied,
as with the FACT telescope (Anderhub et al. 2013). Electronics with GHz sampling rates
are required to capture the short flash of light of a few ns length produced by an entire
shower. The telescopes need to be operated at sites with minimal light pollution during
clear and moonless nights.
A different approach of building a small air-Cherenkov telescope, featuring a Fresnel
lens instead of a mirror on an SiPM based camera, will be presented in Section 3.2.

Telescope Images

In an idealised case without aberration effects, parallel light coming from one direction
is imaged into one point in the focal plane. The image of the shower is created as a
superposition of Cherenkov light emitted at different stages of the development of an
air shower. Depending on the relative propagation of the shower to the telescope axis,
the orientation of the image in the camera changes.
For a simple example as shown in Figure 2.9, where the shower is propagating in the
x-z plane, the parameterisation of the shower axis in the camera can be calculated from
geometrical considerations since

tan (α) =
xcam

f
=

x + xcore + xcam

h

≈ x
h
+

xcore

h
= tan (θx) +

xcore

h

⇒ xcam = f · θx +
f
h
· xcore , (2.7)

where the definitions of the parameters follow from the figure and during the calcula-
tions the small angle approximation has been used. Calculations for the y-z plane result
in a similar equation, so that the path of the shower axis in the camera(

xcam
ycam

)
= f ·

(
θx
θy

)
+

f
h
·
(

xcore
ycore

)
(2.8)

is obtained. Light from high altitudes h is imaged into the point ( f · θx, f · θy) that can,
therefore, be associated with the source position in the camera plane. Furthermore, the
shower axis intersects the shower core position (xcore, ycore).
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Figure 2.9: Sketch visualising the formation of the shower image in the camera for the
x-z plane. (upper right) Light emitted in the altitude h is imaged on a certain point
xcam in the camera plane . f and θx represent the focal length and the projection of the
zenith angle onto the x-z-plane, respectively. The definition of all other variables follow
directly from the sketch.

Leaving the simple case where only the shower axis is considered, more or less ellipti-
cal shaped images get recorded due to the lateral and longitudinal shower expansion.
Information on the primary shower particle, like the particle type as well as its arrival
direction and energy, is encoded in these image via the shape, orientation and bright-
ness. A reduction of the images to their basic information can be obtained by following
a procedure first introduced in (Hillas 1985). The basic idea is to calculate an ellipse
representation of each shower image using the signal distribution in the camera. In the
representation the semi-major axis of this ellipse corresponds to the shower axis. A de-
tailed description of the method and the individual image parameters can be found in
Section 5.4.
If showers are observed with a single telescope, it is not sufficient to reconstruct the
orientation of the shower axis to determine the source and core position. Additional
information from the image needs to be used to obtain the detailed positions along the
axis. In the case of the arrival direction, the disp method (Fomin et al. 1994; Lessard
et al. 2001) can be utilised. It calculates the offset of the source point with respect to the
centre of gravity of the image along the shower axis. A calibration of the method with
Monte Carlo data is inevitable.
In a stereoscopic approach, with multiple telescopes observing the same shower, no ad-
ditional information apart form the orientation of the shower axis in each telescope is
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needed. As displayed in Figure 2.10, the big advantage is that images from different ob-
servation perspectives are taken. For parallel telescope axes this results in the possibility
to superimpose the images. Depending on the reference system of the superimposing,
the shower core position or the shower arrival direction is obtained. If the common
ground system of the telescopes is used, the intersection of the semi-major axes of the
images extended beyond the telescope positions indicates the shower core position. On
the other hand, if images are drawn in a single camera system, the arrival direction of
the shower can be extracted from the intersection point of the different shower axes
(Kohnle et al. 1996). A further advantage of the stereoscopic observations is that param-
eters as,for example, the primary particle energy are measured multiple times so that
their resolution is increasing.

Figure 2.10: (upper right) Extraction of shower core position on ground and (lower
right) shower arrival direction from a stereoscopic observation of an extensive air
shower. Reconstructed shower axes need to be superimposed in the ground reference
system to extract the shower core position and in the camera reference system the de-
termine the arrival direction inside the field of view.

2.4.2 Water-Cherenkov Tank Array

The detection of air showers with a matrix of water-filled tanks is suited for the obser-
vation of gamma-rays (Abeysekara et al. 2019) as well as cosmic ray induced showers
(The Pierre Auger Collaboration 2015). The technique takes advantage of the fact that
secondary shower particles still have high energies when they reach the ground. If the
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particles of the shower front, of≈ 1 m central thickness, enter the tanks, Cherenkov light
is emitted in the water and detected by the PMTs enclosed. A big advantage of the en-
closed design compared to telescopes is the high duty cycle, that is not restricted to the
observation under appropriate conditions at night. In addition to that water-Cherenkov
tank arrays have a large instantaneous field of view.
Primary particle information is extracted from the particle density in the shower front
at ground. It is directly correlated to the energy of the primary. Furthermore, from the
distribution of arrival times in the water tanks the orientation of the shower front and
by this the arrival direction of the shower can be reconstructed (see Figure 2.11).

Figure 2.11: Sketch of the detection principle of a Cherenkov tank array. If the shower
front is arriving at the detector level, Cherenkov light is emitted inside the tanks. Image
credit Z. Hampel-Arias.

2.5 Hybrid Measurements

The idea of hybrid detection is to combine multiple techniques at the same site. As a
benefit, complementary information obtained by the different detectors are accessible
to compensate the weaknesses of each single detection technique. Furthermore, the
possibility of cross-calibrating the different detectors with real data is given. The gain
of a combination of air-Cherenkov telescopes and water-Cherenkov detector (WCD)
tanks should be briefly discussed.
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(a) (b)

(c)

Figure 2.12: Resolving ambiguities of different detection principles by hybrid detection.
(a) A ground array cannot easily measure the shower age. Showers with different en-
ergies can appear similar if they have a different shower age. (b) For a telescope it is
difficult to decide on the distance to the shower that is imaged. Showers with different
energies can look similar depending on the telescope to shower distance. (c) A combi-
nation of information from both detectors can resolve the ambiguities.

With the water-Cherenkov tank method only slices of showers at ground level are mea-
sured. The particle density in the shower front depends on the energy of the pri-
mary particle and on the amount of atmosphere the shower has traversed (shower age).
Hence to reconstruct the energy of the primary particle by a measurement at ground,
it is important to know the shower age. If it is not known a higher energetic shower
sampled at a later age will appear similar to a shower with lower energy arriving at the
detector with less atmosphere traversed. With the array itself it is difficult to provide
the needed information about the shower age. On the other hand, the strength of the
array is to precisely localise the shower core on ground from the distribution of tank
signals (see Figure 2.12a).
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When it comes to the air-Cherenkov telescopes it is the other way around. The tele-
scope capabilities to measure the shower core position from own observations are bad.
However the distance of the shower axis to the telescopes has a great influence on the
reconstruction of the energy. The light pool of a high energetic shower further away
can be similar to the one of a lower energetic shower near the telescope. In contrast, the
determination of the shower age at ground is precise because the telescope is sampling
shower through the entire atmosphere (see Figure 2.12b).
As a conclusion, it would make sense to measure the shower age with an air-Cherenkov
telescope while the shower core position is determined with a ground array composed
of water-Cherenkov tanks. This combination has the potential to improve the energy re-
construction, the angular resolution and the background suppression beyond the value
of the individual detectors (see Figure 2.12c).
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3
Detectors for the Hybrid Setup

A combination of the High-Altitude Water Cherenkov observatory (HAWC) and the
HAWC’s Eye imaging air-Cherenkov telescope is utilised for the hybrid observation of
extensive air showers. The following chapter introduces these detectors. While addi-
tional information on reconstruction and detector performance is given for HAWC, the
section on HAWC’s Eye focuses only on the description of the hardware and the oper-
ating software of the telescope.

3.1 The High-Altitude Water Cherenkov Observatory

Figure 3.1: Overview image of the HAWC detector facility. The white buildings in the
centre are the Counting House and an additional warehouse, called VAMOS trailer.
Image INAOE. In the lower right a schematic representation of a HAWC WCD tank is
displayed. Taken from WIPAC.
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The High-Altitude Water Cherenkov Observatory is an air shower ground array consist-
ing of 300 WCDs that instrument an area of about 22 000 m2. Located at 4100 m altitude
at the Sierra Negra vulcano in Mexico, it is designed to observe gamma rays in the en-
ergy range between 100 GeV and 100 TeV. Figure 3.1 gives an areal view of the detector
facility. With its large field of view, HAWC is able to continuously observe almost 2 sr
of the sky above the detector. Due to the fact that the observation is not influenced by
the daily cycle or weather conditions, throughout one day two-thirds of the total sky
can be covered (Abeysekara et al. 2017).
Each tank with a height of 5 m and diameter of 7.3 m is filled with roughly 200 000 L of
purified water and equipped with four PMTs at the bottom of the tank (see Figure 3.1
lower right). Two different models of PMTs are used. The outer three arranged in a
triangle of 3.2 m side length are 8 inch Hamamatsu R5912 PMTs, while the central one
is a 10 inch Hamamatsu R7081 PMT with a higher quantum efficiency. All necessary
data acquisition, the computing grid and the power supply are located in the central
Counting House (Abeysekara et al. 2018).

3.1.1 Processing and Trigger

HAWC is recording a continuous signal stream for each photomultiplier tube. From the
stream information about the signal height and arrival time at each PMT needs to be ex-
tracted. For this purpose, the time-over-threshold technique is used. Signals recorded
by the PMTs get split before they are amplified with two different gains, integrated and
passed trough two discriminator stages. The higher gain amplified signal is discrimi-
nated at a threshold corresponding to a signal generated by approximately 1/4 photo-
electron, while the other lower amplified part is passed through a discriminator with
a threshold of 4 photoelectrons. Afterwards, the discriminated signals get combined
again following the logic presented in Figure 3.2.

Figure 3.2: Schematics describing the generation of the HAWC PMT signal. Pulses get
stretched and delayed multiple times to shape the output signal that shows in this exam-
ple an four edge signature. Before the final summation the threshold signal is inverted.
Based on (Milargro Collaboration n.d.) taken from (Schaufel 2017).
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Depending on the input signal, two characteristic output signals are generated. If the
input only exceeds the lower threshold, a signature with two edges is obtained, where
the time of the crossing is marked by the edges. Two additional edges appear in the
output signal, if the low and high threshold is passed. From the timing of the edges,
additional information can be gained. Between the second and the third edge the higher
threshold was surpassed, while the other edges mark the transition of the low threshold.
Finally all time steps of the edges get digitised by a time-to-digital converter (TDC). In
the case that more then four edges appear due to multiple threshold crossing caused by
noise just like afterpulses from the PMT, the signal is dumped.
From the output signal, the arrival time of the signal in a PMT is extracted from the
position of the first edge and from the different duration above the different thresholds
the signal size can be estimated (Abeysekara et al. 2017; Abeysekara et al. 2018).
For the HAWC detector the trigger for the event record is implemented software-wise
as a multiplicity trigger. The data is stored if a preset number of photomultiplier tubes
Nthresh record a hit in a time window of 150 ns. For the reconstruction on the computer
farm located in the Counting House, all edges 500 ns before and 1000 ns after the trigger
are saved. A threshold of Nthresh = 28 causes a cosmic ray dominated trigger rate of
28 kHz (Abeysekara et al. 2017; Abeysekara et al. 2018).

3.1.2 Detector Performance

In the later course of the thesis, several parameters like shower arrival direction or en-
ergy will be accessed to characterise the HAWC’s Eye telescope. The reconstruction
performance of the HAWC analysis regarding these parameters is summarised in the
following.

B fhit

1 6.7 % to 10.5 %
2 10.5 % to 16.2 %
3 16.2 % to 24.7 %
4 24.7 % to 35.6 %
5 35.6 % to 48.5 %
6 48.5 % to 61.8 %
7 61.8 % to 74.0 %
8 74.0 % to 84.0 %
9 84.0 % to 100.0 %

Figure 3.3: Energy distribution for the different size bins B for the simulation of a Crab
like source. In addition the fhit ranges for each bin are given. Taken from (Abeysekara
et al. 2017).
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During the analysis, all shower events get categorised into nine size bins B. The clas-
sification is made according to the parameter fhit that describes the size of the event at
ground. In the latest definition, fhit is calculated as the proportion of PMTs with a signal
within 20 ns around the shower front out of all PMTs available for a record (Abeysekara
et al. 2019). It has to be taken into account that due to this definition the bins overlap
in energy and that the last bin also includes events that saturated the whole array. A
saturation occurs typically above a shower energy of 10 TeV. Figure 3.3 displays the
energy distribution in each of the size bins simulated for the observation of a Crab like
gamma-ray source. The performers of the detector significantly differs for the nine size
bins and is calculated for each of them separately (Abeysekara et al. 2017).

Direction Reconstruction

The shower front is propagating through the atmosphere as curved plane with a di-
rection given by the shower axis. This direction is strongly correlated with the arrival
direction of the primary particle and can be reconstructed from the distribution of sig-
nal arrival times in the WCDs. In the HAWC analysis, the arrival direction is obtained
by a χ2 fit (Atkins et al. 2003) of a plane to the shower front. All the arrival times are
corrected for the curvature of the shower front before the fit is performed (Abeysekara
et al. 2017).

Figure 3.4: Energy binned angular resolution for simulated and observed Crab data.
The bins are named according to the size bin numbers given in Figure 3.3. An additional
binning in energy is indicated by the vertical grey lines. Those bins are named using
letters. The energy range in TeV is displayed at the bottom of each bin. Because of the
overlap several size bins fall into one energy bin. Taken from (Abeysekara et al. 2019).
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If the Crab Nebula is treated as a point source, the angular resolution for gamma events
can be extracted from the observations. Figure 3.4 displays the energy bin resolved
resolution calculated as the 68 % containment radius of the Crab signal (Abeysekara et
al. 2019).

Shower Core Reconstruction

The density of particles in an air shower is decreasing with the distance to the shower
axis. As the end point of the axis at ground, the position of the shower core can be de-
termined as the most dense point in the particle density measured by HAWC. To extract
the core position in the reconstruction, a special function (see Equation 3.1) inspired by
the Nishimura-Kamata-Greisen formula (Kamata and Nishimura 1958; K. Greisen 1960)
is fitted to the spacial photoelectron distribution in the WCDs. Equation 3.1 is a com-
position of a Gaussian and a decaying tail that estimates the signal of a PMT due to the
distance from the shower core.

SPMTi(A,~x,~xPMTi) = A
(

1
2πσ2 e−|~xPMTi−~x|

2/2σ2
+

N
(0.5 + |~xPMTi −~x|/Rm)3

)
, (3.1)

with: SPMTi = Signal in PMTi ,
A = Overall Amplitude ,
~x = Core location ,
~xPMTi = PMTi position ,
σ = Gaussian width (fixed to 10 m) ,

N = Normalisation of tail (fixed to 5 · 10−5) ,
Rm = Molière radius (≈ 120 m for HAWC) .

For showers induced by gamma rays with a core inside the HAWC array, the recon-
struction has an uncertainty of about 2 m for events falling into size bin B = 8 and
about 4 m for B = 3. The reconstruction gets considerably worse outside the equipped
area with an uncertainty of approximately 35 m for a core with 50 m distance to HAWC
(Abeysekara et al. 2017).

Energy Resolution

HAWC implemented several energy estimators to extract the energy of a primary par-
ticle. The simplest one only uses the size of the event to sort it for the analysis into
the size bins B, while more advanced methods to extract the primary photon energy
are presented in (Abeysekara et al. 2019). To ensure comparability and complementar-
ity to the results of (Schaufel 2017), in this thesis the proton energies are reconstructed
by the same likelihood energy estimator. The energy is extracted from lookup tables
depending on zenith angle and information from the distribution of PMT signals. The
performance of the estimator for simulations is displayed in Figure 3.5 using the param-
eters bias and resolution that are calculated from the mean and width of the distribution
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of log(Ereco)− log(Etrue). The resolution in logarithmic energy can be converted into a
resolution in percent using

σ% = 10σlog(E) − 1 . (3.2)

Figure 3.5: Performance of the likelihood energy reconstructor for protons expressed in
bias (left) and resolution (right). Analysed events have a zenith angle < 16.86°. Taken
from (Hampel-Arias 2017).

Gamma/Hadron Separation

The different appearance of hadron and gamma-ray induced showers can be used to
distinguish both shower types. While gamma showers only form a compact electro-
magnetic cascade, hadronic showers develop sub-shower components causing a higher
transverse spread of the shower. As a consequence, cosmic ray events tend to produce
high energetic hits in tanks further away from the shower core.
HAWC utilises two parameters to distinguish between hadron and photon showers.
The first of these is called compactness C and defines the ratio between the number of
hits Nhit in an event and the effective charge CxPE40 in the PMT with the largest signal
outside a radius of 40 m around the shower core (Atkins et al. 2003).

C = Nhit

CxPE40
. (3.3)

Because of the higher energy deposit further away form the core, C is typically smaller
for hadronic showers (Abeysekara et al. 2017).
The second parameter the gamma-hadron separation is based on is the PINCness P . It
is defined as the mean deviation of the logarithmic charge log(Qi) recorded in a single
PMT from the mean of all charges 〈log(Q)〉i in a given annulus that contains the PMT.
The annuli are centred at the shower core and have a width of 5 m.
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In the summation the uncertainty σlog(Qi) on the extracted charge is taken into account.

P =
1
N

N

∑
i=0

(log(Qi)− 〈log(Q)〉i)2

σ2
log(Qi)

. (3.4)

P is larger for hadronic showers due to higher local fluctuations. To separate hadrons
and photons cuts on C and P are applied in each size bin B (Abeysekara et al. 2017). In
Figure 3.6 the fraction of events that pass the cuts for simulated data is displayed for all
size bins to visualise the efficiency of the cuts.

Figure 3.6: Efficiency of the gamma/hadron separation in each of the size bins B for
simulated data. The fraction of events that are passing the applied cuts on C and P is
displayed. Taken from (Abeysekara et al. 2017).

3.2 The HAWC’s Eye Telescope

The HAWC’s Eye telescope (see Figure 3.7) is a small and light-weight imaging air-
Cherenkov telescope developed as a possible extension of the HAWC observatory to
allow hybrid observation of air-showers. Its enclosed design features a Fresnel lens and
SiPM pixel camera equipped with Winston-shaped light collectors. This basic design
is adapted from the FAMOUS fluorescence telescope developed for the Pierre Auger
observatory (Niggemann et al. 2013). For HAWC’s Eye, this design was customised to
observe Cherenkov light emitted by extensive air showers. A very similar telescope,
called IceAct, is constructed for the IceCube-Gen2 extension of the IceCube detector at
the south pole (Aartsen et al. 2019; Schaufel, Andeen, and Auffenberg 2019).
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The next section focuses on the description of the latest telescope version as displayed
in Figure 3.7. Since data of a prototype version of the telescope will be also analysed,
important improvements will be highlighted at the end of the section. In particular, the
light detection efficiency has been increased with an update of the camera and its light
collectors. In addition, the telescope system itself has become even more compact and
handy due to a redesign of the arrangement of the entire data acquisition components.

Figure 3.7: Image of one HAWC’s Eye telescope. All electronic components are enclosed
in the small grey box below the telescope body. The lens is covered with a wooden lid
for protection.

3.2.1 Optics and Camera

The full optical design is sketched in Figure 3.8. Light reaching the aperture of the
telescope is focused on the focal plane with a Fresnel lens. The lens model SC 943 man-
ufactured by ORAFOL Fresnel Optics GmbH has a diameter of 549.7 mm, a thickness
of 2.5 mm and is made of Polymethyl methacrylate (PMMA) (ORAFOL Europe GmbH
n.d.). Simulations have shown that the focal distance has to be adjusted to 503.35 mm to
receive the minimum point spread function at the most efficient wavelength of the sys-
tem of 411 nm (Günder 2019).1 This results in a focal ratio of approximately 0.9. In the
focal plane, 61 non imaging light collectors made from PMMA are placed (Koschinsky
2017). These have a length of 23.5 mm and collect the light from a hexagonal entrance
window (area ≈ 190 mm2) to a quadratic 6 mm× 6 mm exit window using Winston-
shaped surfaces (Winston et al. 2005). Each exit window is glued to a camera SiPM

1The manufacturer states the focal length to 502.1 mm for a wavelength of (546± 27) nm and perpen-
dicular light.
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pixel of the typ MicroFJ-60035-TSV by ON Semiconductor2 (ON Semiconductor n.d.),
whose characteristics are summarised in Table 3.2, at the end of this section. The use
of the collectors has two advantages. On the one hand, the active area of each pixel is
enlarged. On the other hand, the collectors prevent stray light from being focused on
the SiPM sensor. This light is reflected out of the collector due to the special shape of its
surface.

Figure 3.8: On the left side: A sketch of the optical system of the HAWC’s Eye telescope.
On the right side: An image of the camera of the telescope and a single light collector.

The field of view is predefined by the optical design of the telescope. Each of the 61
camera pixels observes about 1.6° of the sky. If only the inner circle of the hexagonal
camera is considered, this is resulting in a total field of view of roughly 12°. Besides
the main pixels, three additional "blind pixels" without light collector are located at the
sides of the camera. They can be used for monitoring of noise and are not included
in the trigger of the telescope. An image of the full camera can be found in Figure
3.9. Additionally the picture shows the so-called "shield" to protect the PMMA light
collectors. The hexagonal 3D printed structure is intended to prevent lateral impacts to
rip off some of them. In addition, it covers the lower left pixel without light collector to
shield it from any ambient light. The shield is screwed directly to the camera board, so
that additional torsion resistance is gained for the camera. Furthermore, it can be closed
by a lid to perform test measurements in dark environment and protect the full camera
during transportation. Those parts have been developed as part of this thesis.
The total optics are enclosed in a fiber glass barrel of diameter 622 mm and length of
510 mm. Most of the inner side is covered with a black felt and parts not covered are

2Former SensL Technologies, Ltd.
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painted black to reduce stray light originating from reflections inside the barrel. By the
enclosed design the optical components of the camera are saved from environmental
stress.

Figure 3.9: (left) Top view of the camera. The grey hexagonal structure surrounding the
light collectors prevents lateral impacts on the collectors. The additional pixels without
light collector are marked with red circles. (right) In addition, a lid can be used to
protect and darken the camera. The grey strips at the camera sides are needed to mount
the camera to the data acquisition box.

Silicon Photomultiplier/Geiger-mode Avalanche Photodiode

Silicon photomultipliers are solid-state based photodetectors. Similar to photomultip-
iert tubes (PMTs) that utilise the photoelectric effect and amplify the produced current
between several dynodes, SiPMs show single photon sensitivity. Compared to PMTs,
SiPMs require a lower operation voltage, are unaffected by magnetic fields and are com-
pact and robust (Renker and Lorenz 2009). All these aspects make them well suited for
the usage in the telescope camera.
An SiPM itself is composed of several Geiger-mode Avalanche Photodiodes (G-APDs)
connected in parallel (see Figure 3.10). In a G-APD a p-n junction, as depicted in Fig-
ure 3.11, is created by contacting an n-type semiconductor with a high concentration
of free electrons and a p-type semiconductor, which in turn has a high hole concentra-
tion. Due to the contact, free electrons drift from the n-doped part into the p-doped part
whereas holes stream into the opposite direction at the same time. Electron-hole pairs
recombine until the electric field that forms between the now charged regions, stops the
drift of the charge carriers. Afterwards the n-doped part near the border of the semi-
conductors is positively and the p-doped part negatively charged. A so called depletion
zone emerges.
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Figure 3.10: On the left side, in a microscope image of an SiPM the cell like structure is
visible. Each of the cells is one G-APD. On the right side, a simplified circuit for an SiPM
consisting of only 12 G-APDs is shown. From left to right adapted from (Schumacher
2019) and (ON Semiconductor n.d.).

Figure 3.11: Schematic representation of a p-n junction after the depletion zone has
formed. A bias voltage is applied so that a photon generating an electron-hole pair
in the depletion zone can cause an avalanche. Adapted from (Koschinsky 2017).

To enlarge the depletion zone, an additional external bias voltage can be applied to the
edges of the junction. For a bias voltage larger than the breakdown voltage, the diode
is operated in the name-giving Geiger mode and avalanche amplification is enabled.
The breakdown voltage depends on the temperature of the G-APD, so that for a stable
operation it has to be permanently adapted to this temperature. When a photon hits the
diode, it can create an electron-hole pair in the depletion layer. The pair is accelerated
due to the high electric field in the layer. As a consequence of the acceleration, more
free charge carriers can be generated by impact ionisation. The process causes a self
sustaining avalanche of charged particles producing a measurable macroscopic current.
To stop the initiated avalanche process and measure a pulse at the G-APD, the so-called
quenching resistors need to be installed. These are high ohmic resistors connected in
series with the diode to cause a voltage drop at the resistor as soon as current is flow-
ing. At the same time, the voltage at the diode decreases below the breakdown voltage
and the avalanche is stopped. Afterwards, the bias voltage has to rise to the initial value
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again, resulting in a dead time for the photodiode to detect new photons.
Since the photodiode is operated in Geiger mode, all pulses generated have the same
size independent of the energy of the triggering photon or the number of simultane-
ously impinging photons. However, the pulse height can be varied by the distance of
the applied voltage from the breakdown voltage. The gain of the photodiode is propor-
tional to this over voltage.
In the total SiPM, more than one G-APD can get triggered simultaneously due to a high
photon flux. In this case, the signal of each triggered G-APD contributes to the total
output signal, giving a characteristic distribution of signal sizes (see Figure 3.12). The
pulses are grouped by the number of triggered cells, or more precisely photo electron
equivalent (p.e.). Besides the amount of light reaching the SiPM the arrival time of the
light can be read off at the pulse. It is associated with the rising edge of the pulse (Renker
and Lorenz 2009; Acerbi and Gundacker 2019).

Figure 3.12: Illustration of the discretisation of the signal pulse height at the SiPM out-
put. The displayed heights correspond to one, two, three and more photons. Taken
from (Hamamatsu Photonics K.K. n.d.).

SiPM Power Supply Unit

To operate the SiPMs of the camera with a constant gain during observation, a power
supply unit (PSU) is required that provides a stable voltage over time and load. Fur-
thermore, it has to keep the over voltage constant by adapting the bias voltage to the
temperature of the SiPM. The HAWC’s Eye telescope is equipped with the second ver-
sion of the PSU developed in (Schumacher et al. 2015; Schumacher 2019). A picture of
a demonstrator board is shown in Figure 3.13. From an external DC input voltage Vin
below 100 V, the bias voltage is individually adjusted for each of the 64 pixels. For this
purpose, 64 small and easy to replace printed circuit board (PCB) cards with a linear
regulator circuit are plugged into the power supply board. Voltages can be regulated
with 16 bit resolution between 0 V and Vin, which is 35 V in the current configuration.
On the same cards, a voltage and current measurement circuit is placed, so that an accu-
rate monitoring of each SiPM is possible. The SiPM current measurements, for example,
can be used to keep the trigger rate due to noise low by adjusting the telescope trigger
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threshold to changing background light conditions. This takes advantage of the fact
that a higher trigger rate leads to a higher SiPM current.

Figure 3.13: 8 channel demonstrator board of the power supply unit for the SiPMs.

Another important feature of the power supply is the automatic adjustment of the bias
voltage to the SiPM temperature by an integrated MSP430 micro controller (Texas In-
struments Inc. n.d.). The adjustment depends on the feedback of 64 temperature sensors
placed at each pixel position and connected to the power supply, so that the temperature
dependence of the breakdown voltage, and hence of the gain, can be effectively compen-
sated. All measurements (voltage, current, temperature) are digitised by the MSP430’s
12 bit analogue to digital converter (ADC) and transferred to the operation PC via Eth-
ernet. The Ethernet connection is used for communication as well (Schumacher et al.
2015; Schumacher 2019).

Calibration

Due to component variations in the circuit of each channel, the set output voltage using
the digital to analogue converter (DAC) and the ADC measurements of voltages and
currents need to be calibrated. Internally the software uses the following three functions
to set and measure the right values:

• voltage output : Vset = a2
a3
·DACPSU + a4

• voltage measurement : Vmon = a2
a3
· (ADCPSUvoltage · a9 + a10) + a4

• current measurement : Imon = a5 · [ADCPSUcurrent − a8(DACPSU − a3)] + a6
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The functions are historically grown and have not been changed for compatibility rea-
sons. In total, eight calibration constants whose meaning is summarised in Table 3.1 are
utilised. They are read from a calibration file called famousbias.txt each time the bias
system is booted.

Table 3.1: Explanation of the constants used for the calibration of the power supply for
the SiPMs. Their names are inherited from the column of the calibration file they are
read from.

calibration unit meaningconstant

a2 V Numerator of the conversion factor
from DAC-count to voltage

a3 DAC-counts Denominator of the conversion factor
from DAC-count to voltage

a4 V Offset of the output voltage

a5 µA/ADC-counts Conversion factor from
ADC-count to current

a6 µA Offset of the current measurement

a8 ADC-counts/DAC-counts Conversion factor from DAC-counts to
ADC-counts of the current monitoring

a9 DAC-counts/ADC-counts Conversion factor from ADC-counts of
the voltage monitoring to DAC-counts

a10 DAC-counts Offset of the voltage measurement

To calibrate the power supply, a possible former calibration must be reset in a first
step. This means all calibration constants are set such that Vset = DACPSU, Vmon =
ADCPSUvoltage and Imon = ADCPSUcurrent . Afterwards, the ADC-counts can be read di-
rectly in the control program of the bias supply (see Section 3.2.3). In addition, an exter-
nal multimeter for precision measurements is needed. Each channel of the PSU can be
calibrated by two different two point calibration measurements.
For the first, the output voltage is set to two different values near the later operation
voltage of the SiPMs (29.45 V) by adjusting the DAC. For both DAC-counts set, the out-
put voltage at the SiPM bias voltage connector needs to be measured with the mul-
timeter. Moreover, the corresponding ADC-counts of the online voltage and current
measurements should be written down. From these measurements all calibration con-
tents ai for the calculation of Vset and Vmon can be obtained.
In a second step, at a constant voltage, two current measurements from the online mea-
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surement and the laboratory multimeter are required. To do so, two different resistors
are connected to the voltage output channels. The resistors should be selected in a way
that in the end currents around 50 µA and 500 µA are drawn. This is the expected region
of currents during the telescope operation. From these measurements the missing ai for
the calculation of Imon can be determined.
For the calibration a script calculating all constants and a detailed manual have been
created during the thesis and are available. 3

Figure 3.14: Calibration setup for the voltage output and measurement calibration at
one channel of an 8 channel demonstrator PSU.

Figure 3.14 shows the setup for the calibration of the voltage output and measurement
at one channel of the demonstrator power supply. In this specific case, the board supply
voltage of 5 V as well as the input voltage Vin (32 V) for the voltage regulation at the
SiPM channel output is provided by a laboratory power supply of the type HM7042-5
by Rohde & Schwarz (Rohde & Schwarz GmbH & Co. KG n.d.). The output voltage
at the SiPM channel is measured with a precision multimeter of type 8845A by Fluke
(Fluke Corporation n.d.). The image in Figure 3.14 was taken after the calibration had
already been performed. A voltage of 25.0006 V is measured at the multimeter, while the
output voltage of the power supply unit should be 25 V. Consequently, the precision on
the 5V over voltage and the resulting gain can be estimated to 0.01 %. This states a suc-
cessful calibration and high precision of the voltage output. When an resistor is added

3https://www.mate.unam.mx/projects/he-internal/wiki/Bias_Calibration (account needed)

https://www.mate.unam.mx/projects/he-internal/wiki/Bias_Calibration
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to the measurement circuit, the same setup can be used for the current measurement
calibration.

3.2.2 Data Acquisition System

The data acquisition system (DAQ) is partially lent by the FACT collaboration (Ander-
hub et al. 2013). Thus, a well tested and successfully operated system is available. Be-
cause of its modular board design, with boards responsible for the processing of signals
of 36 pixels, it can be easily employed to operate a 64 pixel camera. For the HAWC’s Eye
telescope, two sets composed of pre-amplifier board (FPA), trigger unit board (FTU) and
digitiser board (FAD) are needed. As displayed in Figure 3.15, the boards are plugged
into a backplane that is responsible for the voltage distribution and signal exchange
between different components.

Figure 3.15: Two sets of FACT DAQ boards plugged into the backplane responsible for
power and signal distribution.

The path of a signal from its recording to digitisation can be traced in Figure 3.16. From
each pixel the pulse is fed into the FPA with a coaxial cable (semtec MH081-MH1RP
(SAMTEC INC n.d.)). Each FPA handles the signals of four patches, each composed
of nine pixels. Arriving at a board, single pixel signals are amplified before they are
split and afterwards passed through two separate processing branches. One part of the
amplified traces is routed from the FPA through the backplane to the FAD board. One
FAD processes the signals of one FPA with four nine channel Domino Ring Sampling
chips (DRS4) (Ritt 2008). These store signals in ring buffers composed of 1024 capacitors.
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Each ring is continuously overwritten with a sampling rate of 2 GHz until the trigger
decision is made. After the trigger, which is delayed to position the readout window on
the DRS4 chips, the traces are digitised by an ADC.

Figure 3.16: Overview of the path of the output signal from the SiPM to digitisation and
trigger decision for one pixel at one patch of one board. All other signals are equiva-
lently treated. Taken from (Schaufel 2017).

The trigger is generated using the other half of the amplified single pixel signals. After
each puls has been shortened the signals of all pixels in one patch are summed. The
inverted patch sum is compared to an adjustable threshold on the FPA to create a "patch
trigger" for each of the patches individually. All patch triggers of one FPA are trans-
ferred to one FTU board to make the final trigger decision. The decision follows an
N-out-of-4 logic. This means a threshold can be adjusted in order to influence if one,
two, three or four of the patch triggers have to appear in coincidence to create a "board
trigger". A board trigger can initiate the readout procedure on the FADs.
The pixel patches on the camera are arranged symmetrically.4 The pattern is chosen
in a way that the borders between patches are short and shower images tend to occur
mostly in one patch. This is important for a proper trigger.
An additional board, the trigger master (miniFTM), is responsible for the synchronisa-
tion of the entire system of six boards and performs the trigger distribution from the
FTUs to the FADs. Only one board trigger of both FTUs is required to trigger the tele-
scope. In addition, the miniFTM provides a busy signal during the data readout and
sends it to the FAD boards to prevent the acceptance of additional triggers until the
readout process is finished (T. Bretz et al. 2018).
The complete data acquisition system is assembled in a water tight fiberglass reinforced
polyester box that is screwed to the telescope barrel. All components are mounted on
an aluminium support structure with laser-cut and 3D printed mounts (see Figure 3.17).
The camera is attached to the same structure, so that DAQ and camera can be easily sep-
arated from the telescope body for transportation or maintenance.
An overview of the total system integrated in the box is given in Figure 3.18. Besides the
DAQ, the box contains additional hardware required to operate the telescope. This in-
cludes AC/DC converters that provide the 5 V DC operating voltage for the electronics,
as well as 35 V to bias the SiPMs. AC input voltages of 110V/60 Hz and 230V/50Hz are
accepted. Furthermore, a BeagleBone single-board computer (BeagleBoard.org Foun-
dation n.d.[b]) equipped with a BeagleBone Load Cape (BeagleBoard.org Foundation

4The latest layout of these patches can be found in the appendix.
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n.d.[a]) is utilised together with several relays to be able to powercycle the FACT boards
and control the power input to the SiPM power supply. To enable a non conductive trig-
ger output from the telescope, a fiber optics trigger transceiver system is used to convert
the telescope trigger (Schaufel 2017). A gigabit switch is available for the internal and
external communication. The power input, communication signal and trigger output
are routed through the closed box with the help of an aluminium plate with multiple
connectors.5

Figure 3.17: Images of the aluminium cage to which the electronic parts get mounted,
(left) without components and (right) placed into the DAQ box.

Figure 3.18: Scheme of the entire electronic system enclosed in the DAQ box. Based on
(T. Bretz et al. 2018).

5The assignment of the used connectors can be found in the appendix.
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3.2.3 Telescope Monitoring and Operation

Due to the related hardware, the HAWC’s Eye telescope is operated using software
of the FACT++ framework developed for the FACT telescope (Anderhub et al. 2013).
For the operation of hardware components not existing at FACT, such as the HAWC’s
Eye power supply, trigger master and single-board computer, the framework has been
extended. Each component has its own console-based program that runs on the op-
erating computer of the telescope. The programs display the status of the subsystems
at any time. They respond to manual command line input or commands distributed
by a JavaScript interpreter. For communication between individual framework sub-
programs, the Distributed Information Management system (DIM) is used (CERN n.d.).
An overview of FACT++, as implemented for the HAWC’s Eye telescope, is given in
Figure 3.19. It also features a Text User Interface (TUI) for remote monitoring of impor-
tant system parameters such as pixel voltage, current and temperature or system trigger
rates.

Figure 3.19: Structure diagram of the system of the telescope with its hardware and
software components. Adapted from (Anderhub et al. 2013).

The whole telescope operation during data taking can be performed using JavaScript.
Scripts are available for various tasks such as the recording of calibration data for the
DRS4 boards or the start of the data taking procedure. During data taking, runs of 5 min
are recorded. If desired, the software takes over the trigger threshold adjustment consid-
ering the monitored pixel currents (T. Bretz et al. 2018). This ensures a data acquisition
with a constant noise trigger rate under changing background light conditions.

3.2.4 Light Detection Efficiency Improvement

The number of Cherenkov light photons emitted by an extensive air shower is propor-
tional to the energy of the primary particle. Hence, a higher photon detection efficiency
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(PDE) of the optics of the telescope directly leads to an improved performance, includ-
ing a lower energy threshold for shower detection.
For the camera of the prototype telescope, SiPMs of the type S10943-3580X based on the
model S12573-100C by Hamamatsu Photonics K.K. (Hamamatsu Photonics K.K. 2013)
are used. Each pixel is equipped with an aluminium Winston cone (T. Bretz et al. 2018).
By the installation of improved SiPMs in the new camera, noise, such as dark counts
and optical crosstalk, is reduced while the PDE of the sensors is increased at the same
time (see Table 3.2).

Table 3.2: SiPM characteristics for the different models used in the telescope prototype
(left column) and in the improved telescope (right column). All values are taken from
the corresponding datasheets (Hamamatsu Photonics K.K. 2013; SensL Technologies,
Ltd. n.d.).

Parameter S12573-100C * MicroFJ-60035-TSV **
(Hamamatsu) (SensL)

Active area [mm2] 6×6 6.07×6.07
Cell size [µm] 100 (pixel pitch) 35
Number of microcells 900 22292
Fill factor [%] 78 75
Breakdown voltage [V] 65±10 24.5±0.25
Overvoltage [V] 1.4 1 to 6
Temperature coefficient [mV ◦C−1] 1.65 21.5
Gain 2.8 · 106 5.3 · 106

Spectral range [nm] 320 to 900 200 to 900
Most efficient wavelength λp [nm] 450 420
PDE at λp [%] 35 48.5
Dark count rate [MHz] 2 2.95
Crosstalk [%] 37.5 22
Operation temperature range [◦C] 0 to +40 -40 to +85
* Values are measured for 1.4 V overvoltage and 25 ◦C
** Values are measured for 5 V overvoltage and 21 ◦C

In Figure 3.20 the overall efficiency of the optical components of the improved and
prototype telescopes are compared. In the calculations, all material interfaces and the
Cherenkov emission spectrum are taken into account but the gain in active area is not in-
cluded. This gain amounts to approximately 34 % and is due to the use of the hexagonal
light collectors with a better fill factor than the round Winston cones of the prototype.
The improved parts and gain in active area together lead to a significantly improved
light collection as can be seen in Figure 3.21. If all additional effects like the quality of
the used light collectors are neglected the improved telescope collects roughly estimated
40 % more light.
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Figure 3.20: Wavelength dependent sensitivity curves for (a) the telescope prototype
and (b) the improved telescope. In the calculations all material interfaces and the
Cherenkov emission spectrum but not the active area of the camera are taken into ac-
count. The order of the sources follows the ordering in the legend. Part of the data was
kindly provided by Florian Rehbein.
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Figure 3.21: Comparison of the total light detection efficiencies shown in Figure 3.20
taking into account the gain in active area for the improved telescopes.





41

4
Measurement Campaigns at the HAWC

Observatory

The HAWC’s Eye data was taken during two measurement campaigns in 2017 and
2019. In 2017, a single HAWC’s Eye prototype telescope was temporally installed at
the HAWC detector site, whereas during the measurement campaign of 2019, two im-
proved HAWC’s Eye telescopes were set up. These telescopes are stored at the detector
site to enable long-term observations. In the following, the setups to record the two data
sets are described.

4.1 July/August 2017

The measurement campaign of 2017 was performed by Merlin Schaufel. In the follow-
ing, a brief overview on the telescope setup and the observation condition should be
given. More detailed information can be found in (Schaufel 2017).
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Figure 4.1: Position of the HAWC’s Eye prototype of 2017 inside the detector array. All
coordinates are given in the HAWC ground system with the x-axis pointing east and
the y-axis pointing north.
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The telescope was placed at a position inside the detector array (see Figure 4.1) se-
lected because of its centrality, wind shelter and the given accessibility of infrastructure,
needed to operate the telescope. In the HAWC coordinate system, the coordinates of
the location have been measured to x = (59.4± 0.5)m and y = (219.0± 0.5)m.
Prior to the start of the data taking, the orientation and tilt of the telescope were de-
termined. As a reference for all measurements, the metal enclosure box of the camera
was used. The x-axis of the telescope coordinate system was pointing into (46± 1)° NE
while the z-axis was tilted away from the ground system’s zenith. Measured in two
perpendicular planes, values of (1.9± 0.1)° and (1.0± 0.1)° were obtained for the tilt.
The telescope was connected to a 110 V power supply and via Ethernet to its opera-
tion PC, running the FACT++ telescope operation software (see Section 3.2.3). Further-
more, for synchronisation purposes, the trigger output of the telescope electronics was
connected to the HAWC DAQ. Using the fiber optics transceiver system developed in
(Schaufel 2017) and an SC-type optical fiber, it was possible to store the trigger signal in
one PMT channel of the HAWC data stream. The chosen channel 31 was blacklisted for
HAWC to prevent an effect for the trigger decision or reconstruction.
During the 2017 observation campaign, data was taken during three nights. In the later
analyses, only the data recorded during the night from the 27th to 28th of July will be
considered. This data has the best quality due to good observational conditions, in-
cluding a clear sky and little moonlight that could shine into the telescope and generate
background signals.

4.2 September/October 2019

In the beginning of October 2019, two HAWC’s Eye telescopes, as depicted in Figure 4.2,
have been commissioned at the HAWC observatory. First data was taken in the night
between 2nd and 3rd of October.
For the installation, two telescope stands were constructed from aluminium profiles
covered by a thick tarpaulin (see Figure 4.3). Those should ensure that during future
long-term observation campaigns the telescopes are shielded from harmful environ-
mental influences, such as wind and humidity. It is planned to attach an additional lid
in the future that automatically covers the telescope before sunrise. This will prevent
that sunlight can be focused into the telescope barrel, preventing any damage of the
camera. At the moment, the telescopes need to be stored inside the VAMOS1 trailer
after each observation night.
The telescopes were installed along the central corridor of the HAWC detector. As
marked in Figure 4.4a, the first telescope was positioned in the center of the array near
the counting house (x = (3.0± 0.1)m, y = (246.8± 0.1)m). The second telescope was
placed about 40 m west from the first one (x = (39.9± 0.1)m, y = (237.7± 0.1)m).

1The name is a remnant of the HAWC pathfinder - Verification and Assessment Measuring of Observa-
tory Subsystem (VAMOS).
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Figure 4.2: The fully assembled HAWC’s Eye telescopes as placed into the telescope
stands. Image by Jesus Martínez.

Figure 4.3: Stand developed for the deployment of the HAWC’s Eye telescopes with
several HAWC tanks and the Pico de Orizaba in the background. Image by José Serna.

To calculate the stated positions the distances from the telescope center to four neighbor-
ing HAWC detector tanks was measured with the help of a laser distance measurement
tool. The results are summarised in Table 4.1. Since the tank radius of 3.65 m as well as
their positions in the array are known, the telescope coordinates follow from drawing
circles around the tank positions with a radius depending on the measured distance.
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The telescope location is obtained as the mean of the six closest intersections between
the circles (see 4.4b).
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(a) Positions of HAWC’s Eye 01 and 02 as mea-
sured from the telescope distance to neighbor-
ing HAWC tanks.
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Figure 4.4: Localization of the HAWC’s Eye telescopes in the HAWC array during the
2019 data taking campaign.

Table 4.1: Distance measurements and coordinates of the tanks used to determine the
telescope positions. The coordinates are taken from the layout file included in the
AERIE software.2

tank ID x [m] y [m] distance [m]

HAWC’s Eye 01

S9 -0.398 237.214 6.572
R11 4.546 256.389 6.085
R10 8.082 243.671 2.432
S10 -2.513 244.829 2.170

HAWC’s Eye 02

L11 59.094 247.680 17.984
N11 41.250 249.364 8.054
O9 36.093 230.965 4.184
O10 33.976 238.572 2.382

2A full labelled layout of HAWC can be found in the appendix.
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At each position, the telescopes needed to be levelled and the camera system needed to
be aligned with the HAWC coordinate system. The HAWC x-axis is pointing into and
the y-axis north. To achieve the right orientation of the camera, a rope was stretched
along the lens. This rope was brought into a line with the camera coordinate system’s
x-axis as it is defined in Figure 5.6 in Section 5.4. The orientation of the axis given by
the rope was measured with a compass, so that the orientation of the camera coordi-
nate system was known as well. By rotating the telescope, the camera system’s x-axis
was orientated towards east, being aligned with the ground detector afterwards. With
a water level, the telescope tilt was evaluated and compensated afterwards, until the
telescopes were properly levelled in all directions.
Each telescope was powered by 110 V and was connected to its own PC, set up in the
VAMOS trailer. The PCs were used for data storage and the telescope operation using
the FACT++ framework. The total setup was planned such that both telescopes could
be connected to the HAWC DAQ for synchronisation. For this the trigger transceiver
system developed in 2017 and two 80 m LC fibers were used. Following the approved
method, the trigger signals were saved in separated HAWC PMT channels. Due to prob-
lems with the connection from the trigger transceiver system to the available SC-fiber
cables, in the end only the HAWC’s Eye 01 telescope was accessible for the trigger input.
Its trigger was fed into the PMT channel number 31. Unfortunately, it was noticed only
in retrospect that the telescope trigger signal got overlaid with a high frequent noise
signal. In later checks using an oscilloscope, it could be excluded that the noise signal is
originating from the telescope or the trigger transceiver system.
During the observations, the sky had no cloud coverage. Weather data is available from
a weather station at the Large Millimeter Telescope in a distance of roughly 1 km and
500 m higher in altitude.3 The weather conditions during the observation night caused
the telescope lenses to freeze approximately 30 min after deployment. Figure 4.5 shows
the ice coverage of the lens about 6 h after the telescopes were set up. Regardless, data
was taken between 5:50 and 6:30, local time.

Figure 4.5: Frozen lens after 6 hours of deployment.

3https://www.wunderground.com/dashboard/pws/IPUEBLAA4

https://www.wunderground.com/dashboard/pws/IPUEBLAA4
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A trigger threshold scan was performed before the data taking was started to get an
impression of a reasonable threshold value. Afterwards the trigger threshold was set
automatically by the telescope control software depending on the SiPM current. The
current was checked at the start of each 5 min run, resulting in a threshold range be-
tween 500 and 600 DAC counts. These values were compatible with the expectation
after the initial scan.
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5
Data Processing Chain

Data-packages of the HAWC’s Eye telescopes and the HAWC detector are handled in-
dependently from each other. After separate processing, the data is merged to perform
the hybrid analysis. In this chapter, it is explained how the raw data of the detectors is
processed to extract primary shower particle information. Doing so, it is focused on the
description of the processing chain for the data of the telescopes. Nevertheless, a very
brief summary of the steps followed for the HAWC data is also given. In addition, the
synchronisation procedure between the detectors as well as necessary data corrections
for the joined analysis are illustrated.

HAWC saves the raw data in the eXplicit bitwise-Compacted Data Format (XCDF)
(Braun n.d.). From those files a huge variety of information about each recorded event is
reconstructed using the offline reconstructor of the Analysis and Event Reconstruction
Integrated Environment (AERIE) of HAWC (Abeysekara et al. 2018). As output XCDF
files are generated, which can be converted into root files using the xcdf-root tool, also
provided by the AERIE software environment.
The HAWC’s Eye telescopes are storing recorded data in the Flexible Image Transport
System (FITS) file format (Wells, E. W. Greisen, and Harten 1981; Pence et al. 2010).
In those files the signal curves of each camera pixel are contained for every event that
triggered the telescope. To gather the information about the particle that was induc-
ing the air shower the data has to pass a processing chain that can be divided into
four substeps - the calibration (Section 5.1), the signal extraction (Section 5.2), the im-
age cleaning (Section 5.3) and the image parametrisation (Section 5.4). For all of those
tasks, scripts based on ROOT and the Modular Analysis and Reconstruction Software
(MARS) ROOT-environment (Thomas Bretz n.d.) were developed in (Schaufel 2017).
These scripts are adopted and further optimised in this thesis.

5.1 Calibration

Signals recorded by an SiPM channel of the telescope are sampled by the electronics
using a Domino Ring Sampling chip (DRS4). This chip is composed of 1024 capacitors
to which the signal is written with a sampling rate of 2 GHz in an dynamic range of 2 V.
Subsequently the capacitor’s values are digitised one by one. Each of this capacitors has
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a characteristic offset and gain, which have to be calibrated individually. This is espe-
cially important for signals with smaller amplitudes. For this purpose, dedicated cali-
bration data is taken from which these offsets and gains can be obtained (Kraehenbuehl
2011). Figure 5.1 illustrates the effect achieved with the calibration. In the uncalibrated
trace displayed on the left side, the signal baseline is located at around −1900 mV and
the overall signal is noisy. A baseline RMS of 20.4 mV is calculated from the samples be-
tween 5 ns and 112.5 ns. After the calibration the signal trace baseline is moved to 0 mV
and the noise RMS is reduced significantly to 3.5 mV as can be seen on the right-hand
side of the figure. The calibrated data can be used for the signal extraction.
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Figure 5.1: Example for an uncalibrated (left) and calibrated (right) SiPM signal trace.
After the calibration the baseline of the signal, which is visible in the first samples of the
signal trace, is moved to 0 mV and the noise overlaying the curve is reduced.

5.2 Signal Extraction

Important primary particle characteristics as energy or arrival direction are extracted
directly from the camera image. For this, the information contained in the signal trace
of each SiPM pixel that is recorded after a telescope trigger needs to be extracted. Each
trace consists of 1024 samples of the signal that are recorded every 0.5 ns. The position
of the SiPM pulse in the record window can be shifted by adjusting an internal delay to
the trigger decision. It has to be chosen in a way that the major part of the pulse is con-
tained in the window but that there are still enough samples left for the determination
of the baseline of the trace. For the 2019 HAWC’s Eye telescopes the trigger delay was
set to 275 ns. From the signal, the maximum amplitude, or integral for saturated pixels,
and the position of the rising edge of the signal need to be extracted because those val-
ues represent the amount of light that arrived at a pixel as well as the associated arrival
time of the light. In the later analysis this information is used for all pixels.
The signal extraction follows the logic presented in (Schaufel 2017). As seen in Figure 5.2
different sections in the trace, with borders depending on the trigger position, are con-
taining different information about the light signal that triggered the telescope. During
the signal extraction the first and last 5 ns of the trace (red bands) are excluded from
any calculation because of fluctuations. In the area between 5 ns and 112.5 ns (orange
band) the baseline of the trace is calculated. It is defined as the median of all samples
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falling into this region. The maximum amplitude needs to be corrected for this base-
line later. The maximum itself is determined as the maximum amplitude value of the
recorded trace. Due to the trigger delay, a maximum, which corresponds to the shower
signal that caused the trigger, is expected to be found in the region between 115 ns and
250 ns (green band). As the point in time where the signal amplitude is crossing 70 % of
its maximum value for the first time the position of the signal edge is predefined. It is
searched relative to the maximum position and ought to be located in the sector from
117.5 ns to 162.5 ns (dark green band). For pixels with a low signal to noise ratio the
signal maximum might be too close to the edges of the record window, so that for these
pixels no rising edge can be found. This circumstance is flagged for further analysis.
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Figure 5.2: Extraction of the signal maximum and rising edge from a trace recorded in a
pixel after a telescope trigger. The different coloured sections indicate the region for the
determination of the baseline (orange), the expected position of the signal arrival time
(green) as well as the estimated location for the signal maximum (light green). The red
area is excluded from all calculations.

Storing the information about the arrival time of the signal and amplitude (integral) for
all pixels, a raw camera image is obtained that has to be reduced to the pure shower
image by applying image cleaning.
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5.3 Image Cleaning

The telescope records an image in a time window of 512 ns. During this time, besides
the shower signal some pixels will record noise containing no information about the
shower. Separating the Cherenkov light signal produced by the particle shower from
background coming for example from the night sky is the task of the image cleaning.
The goal is to clean the image in a way that as much image information as possible
survives while keeping the background pollution low. In this thesis an image cleaning
algorithm using the timing information extracted from the signal trace during signal
extraction is used for the cleaning purpose.
In a first preselection process, adopted from (Schaufel 2017), the possible starting pixels
for an image clustering are selected. For this, a candidate pixel has to fulfil several
conditions as visualised in Figure 5.3. The signal amplitude needs to surpass a threshold
set to 45 mV as well as being five baseline RMS higher than the baseline. In addition the
maximum and edge have to be contained in the dedicated regions described in Section
5.2. From all pixels picked in the preselection process, the one with the highest signal
amplitude or integral, if a saturated pixel with an amplitude higher than 2000 mV is
among the selected pixels, is used as origin for the aggregation of image pixels.

Figure 5.3: Flow diagram explaining the preselection process for possible image centre
pixels. Only if a pixel is fulfilling all the conditions on the right it is considered as a
starting point for the image clustering. The final centre is chosen as the pixel with the
highest signal maximum or signal integral depending on the appearance of saturated
pixels among the centre candidates.



5.3 Image Cleaning 51

On a second level of the image cleaning, a cluster of pixels is build starting from the
central pixel detected in the step before. Neighbours of the first pixel are added to the
image if the signal in these pixels arrives in a time window of 5 ns around the arrival
time in the central pixel. In three iterations, pixel fulfilling the same condition with a
pixels already included into the image are added to the cleaned shower image as well
(see Figure 5.4). The cleaning algorithm was tested by applying it to several images and
checking by eye, if the appearing cluster survives the cleaning.

Figure 5.4: Visualisation of the second image cleaning level. In three iterations pixels are
clustered to a shower image around the centre found in the preselection. To be added
to the image a checked pixel has to be adjacent to a pixel already included in the image
and the difference in the signal arrival times has to be smaller than 5 ns.
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Figure 5.5 is demonstrating how the cleaning algorithm extracts the shower image from
the calibrated camera signal. In a next step, the cleaned images can be reduced to spe-
cific parameters describing the recorded shower and thereby the primary shower parti-
cle.
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(a) Image expressed in maximum signal amplitude.
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(b) Image expressed in signal arrival time. The signal is originating for the same record as shown
in (a). For pixels displaying a negative value no rising edge could be calculated.

Figure 5.5: Side by side view for an example image before (left) and after (right) the
cleaning algorithm described in Section 5.3 is applied. In (a) the signal amplitude and
in (b) the signal arrival time obtained from signal extraction is displayed. Camera pix-
els are illustrated as a hexagon centred at the actual SiPM position in the camera. All
colours are normalised between the first positive and the maximum value in the image.
After cleaning the colour is rescaled to resolve the structure inside the shower image.
By the algorithm a cluster already visible in the uncleaned image located at the left side
of the camera is selected as shower image.
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5.4 Image Parametrisation

A standard technique to analyse images from an imaging air-Cherenkov telescope is to
extract image parameters from the recorded images as motivated in (Hillas 1985). The
goal is to represent the shower as an ellipse, where ellipse parameters such as width
and length are calculated from the distribution of the cleaned signal in the camera. Af-
terwards, the representation is used to gather information about the recorded showers.
In the following section several parameters used to reduce the shower to an ellipse as
well as the equations for their calculation will be introduced.

lenghtwidth

dis
t

x

y

Figure 5.6: Sketch visualising the orientation of the camera coordinate system and the
definitions of the parameters representing a shower image in the camera as an ellipse.

The starting point for the calculations of the ellipse’s parameters as introduced in Figure
5.6 are the centre of gravity (COG) and the covariance matrix of the light distribution
in the cleaned image. The centre of gravity (see Equation 5.1) is defined as the weighed
mean of the N position vectors ~xi of the pixels that survived the cleaning. All vectors
are initially given in the camera coordinate system orientated as shown in Figure 5.6.
As weight si the signal amplitude in the specific pixel is used.

~xCOG = 〈~x〉 = ∑N
i=1~xi · si

∑N
i=1 si

. (5.1)



54 5 Data Processing Chain

From there the covariance matrix describing the signal can be calculated.

M̂cov = 〈(~x−~xCOG)(~x−~xCOG)
T〉 = ∑N

i=1(~xi −~xCOG) · (~xi −~xCOG)
T · si

∑N
i=1 si

=

(
var(x) cov(xy)

cov(xy) var(y)

)
.

Again it is summed over all N cleaned image pixels while ~xi and si label the position
vector and signal amplitude of a summed pixel. By calculating the eigenvalues and
the eigenvectors of this matrix one can transform into the coordinate system along the
signal axis. Parameters that are representing the shower are calculated in this rotated
system. Table 5.1 summarises their definitions and the equations used for their calcula-
tion from the COG-vector and the signal covariance matrix (Thomas Bretz 2006; Lypova
2013).

Table 5.1: Parameters representing the shower image together with the equations for
their calculation.

• xCOG, yCOG : Centre of gravity coordinates of the image that are calculated as
weighted mean of the pixel coordinates xi and yi in the cleaned
image. As weight the signal amplitude of the pixels is used.

xCOG = ∑N
i=1 xi·si

∑N
i=1 si

; yCOG = ∑N
i=1 yi·si

∑N
i=1 si

• dist : Distance between the signal centre of gravity and the centre of the
camera.

dist =
√

x2
COG + y2

COG

• ρ : Angle of the centre of gravity position in the camera calculated rel-
ative to the x-axis of the camera system.

ρ = arctan2(yCOG, xCOG)

• δ : Angle spanned between the semi-major axis of the signal distribu-
tion ellipse and the x-axis.

tan(δ) = [var(y)−var(x)]+
√

[var(y)−var(x)]2+[2·cov(xy)]2

2·cov(xy)
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• length : Length of the signal ellipse calculated as second moment of the im-
age along the semi-major axis of the signal given by the direction of
the eigenvector of the covariance matrix to the greater eigenvalue.

lenght =
√

var(x) + var(y)−
√
[var(y)− var(x)]2 + [2 · cov(xy)]2

• width : Width of the signal ellipse calculated as second moment of the im-
age along the semi-major axis of the signal given by the direction of
the eigenvector of the covariance matrix to the smaller eigenvalue.

width =
√

var(x) + var(y) +
√
[var(y)− var(x)]2 + [2 · cov(xy)]2

• size : Sum of all pixel amplitudes (N) in the cleaned camera image.

size = ∑N
i=1 si

• leakage : Sum of all pixel amplitudes (K) of cleaned image pixels located in
the outermost ring of the camera.

leakage = ∑K
i=1 si
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Figure 5.7: The shower already seen in Figure 5.5 together with its ellipse representation.

In Figure 5.7, it is illustrated how the reduction of a shower image to its ellipse rep-
resentation looks like. In the transformation to the ellipse, the information about the
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image position and its orientation as well as the ratio between its length and width are
preserved. Using the obtained parameters important information about each shower is
available to perform the analysis.

5.5 Synchronisation

During observation, the HAWC’s Eye telescopes and the HAWC detector are taking
data independently of each other. Thus, the recorded events have to be synchronised
subsequently. The synchronisation is performed following the procedure discussed in
(Schaufel 2017) using the hardware and software developed there.
All telescope triggers are transferred into the HAWC data stream with a fiber optics
transceiver system. There the telescope trigger is stored in a photomultiplier channel
of the HAWC data acquisition. To ensure that the telescope is not affecting HAWC’s
acquisition of data, the channel used is blacklisted for the HAWC trigger decision and
event reconstruction in advance. Coincident showers are detected with the help of the
XCDF-package installed together with the HAWC analysis software AERIE. It offers
the opportunity to select from the XCDF-files recorded by HAWC only those events
that carry a signal in the channel into which the telescope trigger was fed in, so that
only coincident showers are selected. Afterwards, the properties of the primary shower
particle can be reconstructed with the AERIE software. In a last step, showers in the
telescope and ground detector data sets have to be assign to each other. This is done by
searching for the minimum of the mean time difference between closest events in both
trigger time stamp patterns while shifting the patterns against each other. The mini-
mum marks the point of synchronisation and closest shower events within 20 ms from
both data sets are assigned to each other.
If more than one HAWC’s Eye telescope is involved into the data taking campaign the
telescopes are synchronised with the HAWC detector one by one. Following this sep-
arated synchronisation, a merging between both hybrid sets is achieved by assigning
events with the same HAWC event number for both sets to each other. At the end, a
single data set with all showers recorded by HAWC and all HAWC’s Eye telescopes
is obtained. All processing steps that were passed up to this point are summarised in
Figure 5.8.
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Figure 5.8: Overview on the total processing chain for the telescope and ground detec-
tor. The dashed arrow on the right corresponds to the processing and synchronisation
processes between the HAWC observatory and a second HAWC’s Eye telescope.

5.6 Corrections

Especially if shower arrival directions from the HAWC and the HAWC’s Eye recon-
struction are compared, it is of great importance that the ground detector’s and the
telescope’s reference systems coincide. Otherwise a global offset is generated. The main
deviations are caused by two effects. On the one hand the telescope axis can be tilted
away from the HAWC zenith and on the other hand there can be a rotation between
the systems in the ground plane. It is required that a possible misalignment is detected
and corrected before the hybrid data is analysed. Even if the telescope was levelled and
orientated during the installation at the HAWC detector site it should be checked if the
coordinate systems differ from each other.

5.6.1 Telescope Tilt

Ideally, the telescope axis is aligned with the HAWC zenith. The most precise test for
a possible deviation between both axes can be performed by analysing the distribution
of shower directions observed by the HAWC observatory for coincident showers. By
default, the distribution of shower azimuth φ and zenith θ in the HAWC reference sys-
tem should be isotropic around the zenith. If an anisotropy is observed, this indicates
a possible telescope tilt with regard to the zenith. Because the HAWC field of view is
much larger than the one of HAWC’s Eye, the hybrid recorded showers are a subset of
the total HAWC distribution. This subset represents the field of view of the telescope
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as seen in the HAWC system, since in the hybrid data only showers that both detectors
recorded are included. If the telescope is tilted, the distribution of hybrid shower arrival
direction in the HAWC system should show an asymmetry into the direction in that the
telescope axis is orientated. Assuming that the telescope tilt away from the HAWC
zenith is small, the effect of a rising flux from increasing zenith that would distort the
distribution in addition can be neglected.
To calculate and correct the telescope tilt, all arrival directions for hybrid measured
showers are plotted into a polar plot. There, the polar angle represents the azimuth of
the arrival direction in degrees and the radius the zenith in radians. The centre of grav-
ity of this distribution gives a good approximation for the direction of the telescope axis,
assuming that showers are recorded isotropically with regard to this axis. Knowing the
telescope axis, all shower directions reconstructed by HAWC in its own reference sys-
tem can be transformed into the telescope system. In this system, the showers directions
should appear isotropic around the zenith as discussed before.
Figure 5.9 shows the effect for the data set of 2017. The uncorrected distribution has a
centre of gravity, indicated by the red star, clearly shifted away from the centre to 1.57°
in zenith and −1.91° in azimuth. This is comparable to the measured value at the site.
As expected, the shift is gone after the correction using the telescope axis extracted from
the centre of gravity of the uncorrected distribution.
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Figure 5.9: Arrival directions in azimuth φ and zenith θ for synchronised showers in
the HAWC coordinate system (left) and in the HAWC’s Eye coordinate system after
the correction of a telescope tilt (right). Each point marks the arrival direction of one
shower in the particular system. The centre of gravity of the distribution is indicated by
the red star. At a closer look a hexagonal shape is visible in the distributions of arrival
directions resulting from the hexagonal shape of the camera.
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5.6.2 Relative Rotation

Previous analysis in (Schaufel 2017) revealed that the angle ρ of the signal distribution’s
centre of gravity in the camera, measured with regard to the x-axis of the camera system,
is correlated with the HAWC reconstructed shower azimuth. If showers are observed
in coincidence, both detectors should measure the same arrival azimuth. This feature
can be used to detect the relative rotation between the coordinate systems by analysing
the deviation of the reconstructions. The total sum of these deviations is calculated
for all recorded hybrid showers for different relative rotations between both detector
coordinate systems. A step size of 2° is chosen. For the largest coincidence between
both detectors, one expects the smallest sum, so that looking for the minimum will end
up in obtaining the right relative rotation angle for HAWC and HAWC’s Eye. If the
total distance is plotted against the relative rotation angle a fit of a parabola around the
minimum can be performed to extract the angle (see Figure 5.10).
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(a) Behaviour of the total distance between the
arrival azimuth from both reconstructions for
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the minimum position a parabola is fitted to
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Figure 5.10: Calculation of the relative rotation between the telescope and the ground
detector system from the 2017 data set.

For the final correction, it is to consider that, due to the imaging of the telescope lens,
light coming from an azimuth in the common system is imaged to a point on the camera,
with an angle shifted by 180° to the true arrival direction of the light (see Section 2.4.1).
This is why the result obtained from the fit is rotated to far and has to be shifted back
by 180°. After this, the right alignment between both coordinate systems is received.
For aligning the detector coordinate systems in the ground plane for the 2017 data, the
systems have to be rotated by a relative angle of (48.33± 2.00)°. The error on the ro-
tation angle is estimated to be in the order of the step size. Converted to a point of
compass, the result states that the camera system is orientated into (41.67± 2.00)° NE.
Hence, this result and the measurement taken at the site deviate by 1.94 σ. A possible
reason might be a slight rotation of the camera inside the aluminium housing, relative
to that the measurement during the installation was taken.
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6
Analysis of Hybrid Data of HAWC’s Eye

and HAWC

In this chapter, data of the two different data sets recorded in 2017 and 2019 (see Chapter
4) are analysed. In (Schaufel 2017) the data from 2017 has already been used to extract
benchmark parameters like the effective area and the proton energy threshold for the
telescope prototype. The same data is used again. This time to investigate the abilities
of the prototype to reconstruct shower parameters like the arrival direction. In addition,
the analyses method applied on the 2017 data are transferred to the stereo hybrid data
set of 2019 recorded by the improved telescopes. At the end of the chapter the energy
threshold of the prototype and improved telescope is compared.

6.1 Analysis of Hybrid Data from the 2017 Campaign

6.1.1 Standard Cuts

Inherited from (Schaufel 2017) two standard cuts are applied to the HAWC data. The
first refers to the number of tanks hit by a shower event. The number of tanks that
recorded a signal for a certain shower event is stored in the HAWC reconstruction as
the nTankHit parameter. The applied cut condition is nTankHit>150, which is chosen
to remove random coincidences from the data set that occur for events with a lower
tank multiplicity (Schaufel 2017). The second parameter used to cut on is CxPE40XnCh.
It states the total number of PMTs that carry a signal within a radius of 40 m around
the reconstructed shower core. The data is cut on the condition CxPE40XnCh>40. This
restricts the passing events to have a shower core reconstructed in the vicinity of the
detector array. In addition, the angular and core position resolution of the HAWC re-
construction is improved (Hampel-Arias 2017).
For the following analysis a third standard cut is applied. To guarantee a good recon-
struction of the HAWC’s Eye telescope it is important that the shower image is well
positioned inside the camera. Showers from outside the field of view of the telescope
can be recorded as well due to variations in the propagation direction of the shower
particles. This causes the camera to see showers up to 13° in zenith angle measured
by HAWC. However, all images of those showers appear at the edge of the camera not
carrying enough information for the reconstruction. To enable a good reconstruction
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the data can be cut on the HAWC zenith angle corrected into the tilted telescope system
reco_telescope_zenith. A cut requiring reco_telescope_zenith<6° restricts the image to
be positioned inside the camera.
Figure 6.1 reveals the changes caused by cutting on the zenith angle in the telescope
system. The distribution of the image centre of gravity, as representation of the image
position, is displayed before and after the cut is applied. For the uncut data in Figure
6.1a, the distribution appears inhomogeneous with an excess of images at the edges of
the camera. This is a consequences of high zenith angle shower images piling up at the
boundary of the camera. If those are removed from the data, the distribution becomes
much more homogeneous across the camera as can be seen in Figure 6.1b. Only a ring
already noticeable in the uncut data at a distance of approximately 20 mm to the cen-
tre with systematically less events remains recognisable. The origin of this ring will be
explained at the end of the next section.
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(a) Distribution of the cogs before the cut.
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(b) Distribution of the cogs after the cut.

Figure 6.1: Two-dimensional distribution of the image centre of gravity in the camera
system before (a) and after (b) the cut on the zenith angle is applied. Two pixels are
highlighted in grey because of the following reasons. The right outermost pixel (Hard-
ware Identifier 36, Software Identifier 40) did not record any signal during data taking.
A lose signal cable was detected as reason. Whereas the pixel in the lower right cor-
ner (Hardware Identifier 15, Software Identifier 60) of the camera recorded outstanding
high signal amplitudes. It is excluded from any analysis. This is why no image centre
of gravity is reconstructed to both pixels.

6.1.2 HAWC’s Eye Reconstruction of Shower Arrival Directions and
Correlation with HAWC

In this section, the capabilities of the HAWC’s Eye telescope to reconstruct shower prop-
erties will be investigated. The reconstruction is based on the image parametrisation
that was introduced in Section 5.4. It will be focused on the determination of the arrival
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direction of the primary particles as well as the shower core position on the ground. The
whole study can be performed using data and without simulations because the HAWC
reconstruction for the same parameters is accessible and thus knowledge about the true
value is given. Whenever a shower direction from the HAWC reconstruction is used for
a comparison, it has been corrected for the telescope tilt and the relative orientation of
coordinate systems has been taken into account as described in Section 5.10.
The total data synchronised between HAWC and HAWC’s Eye includes 11378 events.
After the reconstruction of image parameter and the application of the cuts, 4418 events
remain. These are used for the following analysis.

Zenith

As discussed in Section 2.4.1, in the ideal case light coming from a certain zenith and
azimuth is focused by the telescope lens to a certain point in the camera plane. The
zenith angle information is encoded in the image centre of gravity position as a repre-
sentation of the total image of the shower. With Equation 6.1, following from geometric
considerations, a distance d from the centre of the focal plane can be converted into an
angle with respect to the optical axis. To do so the focal distance f needs to be known.

θ = arctan(
d
f
) · 180

π
. (6.1)

As shown in Figure 6.2, after the calibration of the camera plane, the zenith angle ob-
tained by the telescope reconstruction is clearly correlated with the zenith from the
HAWC reconstruction.
Bins carrying events are centred around the red line marking exact agreement of the
reconstructed values. The distribution of the angular distances between both recon-
structed zenith angles is shown in Figure 6.3. It is centred around 0.02° and has a stan-
dard deviation of 0.69°.
In the histogram in Figure 6.2, all bins are weighted to account for the zenith depen-
dence of the cosmic ray flux. The number of showers recorded by a telescope from a
given solid angle at the sky is constant under the assumption that the primary parti-
cles are arriving isotropically. Written in spherical coordinates the following formula is
obtained.

dN
dΩ

=
dN

sin(θ)dθdφ
= const

integrate φ−−−−−−→ dN
sin(θ)dθ

= const (6.2)

This relation holds for a spherical detector. If the showers are observed by a flat detector,
an additional factor of cos(θ) needs to be taken into account because particles coming
from a certain arrival direction are spread on a larger area due to the projection on the
ground. For a small field of view, this factor becomes constant.

dN
sin(θ)dθ

∝ cos(θ) small field of view−−−−−−−−−−→
cos(θ) ≈ const

dN
sin(θ)dθ

≈ const (6.3)
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Hence, as final weighting factor 1/sin(θ) is used with θ the zenith angle from the HAWC
reconstruction.
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Figure 6.2: Correlation of the reconstructed zenith for both detectors. The zenith on the
x-axis is taken from the HAWC reconstruction and corrected for the telescope tilt. In
the HAWC’s Eye reconstruction the zenith angle follows from the distance of the image
COG from the camera centre if the camera plane is calibrated in angle. All bins are
weighted with 1/sin(θ).
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Figure 6.3: Distribution of angular distances between the reconstructed zenith angles
from the HAWC and HAWC’s Eye reconstruction.

It is expected that the histogram is flat because of the weighting. However, as can be
seen in Figure 6.2 less events are contained in the area between about 1.5° and 3°. This
dip can be explained by the trigger patch layout of the camera. The trigger efficiency at
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the borders between two patches is lower than in the centre of the trigger patches. In
Figure 6.4a the 1/sin(θ) weighted zenith distribution of coincident showers as recorded
by HAWC is displayed. It shows the same dip as was seen in Figure 6.2. Under the given
condition that the angular efficiency of the HAWC detector in this window is constant,
it is expected that HAWC’s Eye causes this effect. A look at Figure 6.4b illustrates that
the number of reconstructed image COGs is reduced at the borders between patches,
suggesting that the trigger rate is lower there. The patch border between the central
and the outer patches can be converted to a zenith angle of roughly 2.3°. Thus the
reduced trigger efficiency explains the dip in the zenith distribution.
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(a) Weighted zenith distribution of showers as
measured by HAWC.
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(b) Histogram of reconstructed centre of grav-
ity of shower images. The trigger layout is
overlaid on the histogram displaying the trig-
ger patches as red frame.

Figure 6.4: (a) HAWC zenith distribution of the coincident showers and (b) two-
dimensional distribution of the image centre of gravity in the camera system.

Azimuth

For the reconstruction of the azimuth angle a related approach can be followed. With
the angle ρ (see Section 5.4), an image parameter is available that gives an indication
about the azimuth direction of an observed shower. If the camera and ground detec-
tor coordinate systems are well aligned, a linear correlation between the reconstructed
azimuth angles is expected. To check this, in Figure 6.5 both reconstructed angles are
filled into a histogram. As for the zenith reconstruction before, a good agreement with
HAWC is found for the HAWC’s Eye azimuth calculated from the angle of the image
centre of gravity in the camera. A band along the red line indicating equality of the
values occurs. As a effect of the chosen visualisation, which is limited between 0° and
360°, some events are shifted to the upper left and lower right corner. The distribution
of angular distances between HAWC’s Eye and HAWC azimuth, calculated for events
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with a relative distance small than 180°, has a mean of 1.88° and a standard deviation of
23.21°. Figure 6.6 shows a zoom on the central part of this distribution.
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Figure 6.5: Reconstructed azimuth of HAWC’s Eye compared to the HAWC reconstruc-
tion. For the azimuth on the x-axis, the telescope tilt is considered. The HAWC’s Eye
azimuth is the angle ρ of the image COG in the camera rotated by the relative rotation
of HAWC and HAWC’s Eye. To get this alignment, the telescope system is rotated by
48.33°+180.00° (see Section 5.6.2).

60 40 20 0 20 40 60
distance to line of equality [deg]

0

100

200

300

400

500

co
un

ts
 p

er
 b

in

mean : 1.88°
std  : 23.21°

Figure 6.6: Distribution of angular distances between the reconstructed azimuth angles
from the HAWC and HAWC’s Eye reconstruction. It is zoomed on the region between
±70° distance. The mean and standard deviation are calculated from the region between
±180° distance.
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Total Shower Direction

Combining the reconstructed shower azimuth and zenith to a shower direction offers
the opportunity to compare the reconstruction of HAWC’s Eye to its HAWC equivalent.
In Figure 6.7 each point represents the telescope reconstruction of one arrival direction
in the sky with the telescope zenith located in the centre. The colour encodes the angular
distance between the two reconstructions of HAWC and HAWC’s Eye.
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Figure 6.7: Primary particle directions as reconstructed by HAWC’s Eye. Each point
represents one reconstruction and in its colour the angular distance to the corresponding
HAWC reconstructed direction is encoded. The black orientation circles have a distance
of 2°.

The hexagonal shape of the distribution is a consequence of the hexagonal camera
shape. If images are not completely contained in the camera, the reconstruction of their
arrival direction by HAWC’s Eye gets biased to the centre. Nevertheless, in the selected
6°-zenith-cutout of the total field of view, the directions are reconstructed with equal
precision in relation to the HAWC equivalent, regardless of the position in the field of
view. To not lose statistics in the following investigations, it is decided to not further
decrease the accepted view-cone. A cut to showers with a zenith angle below 4° would
more than halve the number of available events to 2036 showers.
An angular resolution for the HAWC’s Eye telescope of 2017 can be estimated under
the assumption that HAWC is measuring the true direction of the primary particle. Cer-
tainly this is not completely correct because the angular resolution of HAWC is approx-
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imately 0.2° (Abeysekara et al. 2017) for energies above the telescope energy threshold
located at 22 TeV (Schaufel 2017). If the relative deviation of the HAWC’s Eye recon-
structed arrival direction with regard to the counterpart reconstructed by HAWC is
considered, even without observing a single point source a point spread function can be
obtained for the telescope. All showers will be treated as coming from the same point.
For this purpose they are rotated into the telescope zenith using the azimuth and zenith
angles measured by HAWC.
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Figure 6.8: Two-dimensional distribution of angular distances between the HAWC and
the telescope reconstruction. The colour indicates the probability density at each po-
sition estimated using Gaussian kernels. In addition the mean and the 1σ ellipse of
the total distribution are displayed in red. The black circles are drawn in steps of 1° to
provide an orientation.

In Figure 6.8 the two-dimensional distance distribution between both reconstructions is
shown. The probability density at the position of each point is estimated using Gaussian
kernels. In the ideal case, where both detectors have a Gaussian point spread function
without a global offset between each other, the two-dimensional distance distribution
would appear as Gaussian that is centred around zero.
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For this case, the one-dimensional distribution of distances is described by a Rayleigh
distribution:

f (x|σ) = x
σ2 · e

− x2

2·σ2 , with σ2 = σ2
HAWC + σ2

HE . (6.4)

Here, σ2 corresponds to the variance of the underlying two dimensional Gaussian given
by the angular resolutions σ2

HAWC and σ2
HE of both detectors.

Figure 6.8 shows already that the distance distribution obtained is shifted away from
the centre and does not appear as a Gaussian. In addition, several hot spots are visible.
Because of these effects the one-dimensional distribution of angular distances displayed
in Figure 6.9 appears not as a Rayleigh distribution. Hence, it makes no sense to extract
the angular resolution of the telescope from a fit of this function to the distribution.
Only mean (1.40°) and standard deviation (0.79°) are calculated.
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Figure 6.9: Histogram of the angular distance between the arrival direction obtained by
the HAWC’s Eye respectively the HAWC analysis.

Up to this point, no additional information available from HAWC have been taken into
account. The telescope might reconstruct shower directions differently well for showers
close or far away from the telescope or for different shower orientations relative to the
telescope. The influence of the mentioned effects is examined in the following.
First, the influence of the distance of the shower core to the telescope on the reconstruc-
tion is investigated. Therefore, the area 80 m around the telescope is sliced into rings
with 20 m radius. For each ring, the two-dimensional distribution of angular distance
between the HAWC and the HAWC’s Eye reconstruction is displayed in Figure 6.10. It
is clearly visible that the telescopes reconstruction gets worse for showers hitting the
ground further away from the telescope.
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Figure 6.10: Angular distance distribution between HAWC and HAWC’s Eye direction
reconstruction in two dimensions. Shown are the distributions for distance rings of
20 m. Colour encodes the probability density estimated using Gaussian kernels and for
orientation black circles with 1° distance are drawn.

The one-dimensional mean is rising continuously with the ring distance while its stan-
dard deviation stays constant (see Table 6.1). This behaviour is a consequence of differ-
ent shower parts being imaged depending on the core distance. The further away the
shower core is from the telescope, the more Cherenkov light generated by off-axis parti-
cles dominates the light pool reaching the telescope. For these particles the propagation
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direction differs from the propagation direction of the shower. This is due to shower
fluctuations, which increase to the shower edges.

Table 6.1: Angular resolutions for all distance rings. Mean and standard deviation
are calculated from the one-dimensional distributions of angular distances between the
shower reconstructions. In addition the number of showers with a shower core inside
the particular ring is given.

distance range [m] number of events mean [°] std [°]

0-20 669 0.90 0.71
20-40 1133 1.16 0.75
40-60 1082 1.47 0.73
60-80 879 1.64 0.64

A second effect influences the reconstruction of HAWC’s Eye. According to the orien-
tation of the shower relative to the telescope the reconstruction is biased into different
directions. Three exemplary cases should be discussed. Showers that are going down in
front of the telescope while approaching it (Figure 6.11a), showers going down behind
the telescope after approaching it (Figure 6.12a) and showers that develop tangential
to the telescope (Figure 6.13a and Figure 6.14a). To select showers for these cases, the
difference between the azimuth and the angle of the shower core to the telescope are
considered. For showers passing over the telescope (second case), this difference is in
the range of (180± 20)°. The other angle ranges follow from analogous considerations
and are chosen with the same width.
For showers in the first and second case the azimuth is reconstructed unbiased. As can
be seen in Figure 6.11c and Figure 6.12c the correlation line is centred around the diag-
onal indicating identical reconstructed azimuth angles. The bins with events far away
from the diagonal that are especially prominent in Figure 6.12c originate from showers
with a very small zenith angle. For those the azimuth becomes more ambiguous. Be-
sides the unbiased azimuth determination, the first two cases show a systematic offset
for the zenith reconstruction of the order of 1°. For showers going down in front of
the telescope the zenith angle is overestimated (see. Figure 6.11d). The distribution is
shifted above the diagonal. On the other hand, if a shower is passing over the telescope
and hitting the ground behind it, zenith angles are underestimated in the analysis as
displayed in Figure 6.12d. For this shower class, the distribution in the correlation plot
is shifted below the diagonal.
The observed effect can be understood by the following. When showers head toward
the telescope a long lever arm is provided for the azimuth reconstruction, what makes
the determination precise. On the other hand, Cherenkov light from different zones of
the air shower is imaged depending on the shower development relative to the tele-
scope. As a consequence the bias in zenith is caused. Near the shower axis the emitted
light reflects the direction of the primary particle best. If the shower hits the ground in
front of the telescope light from the shower part above the shower axis is more likely to
be detected. Due to fluctuations in the shower this light is tilted further away from the
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zenith and causes the bias to greater zenith angles. For showers passing the telescope
position, it is the other way around and light produced in the part of the shower below
the shower axis is more likely to be detected. As a result, the reconstructed zenith is
smaller than the zenith along that the shower is developing.
The discussed bias is propagated directly to the total shower arrival direction deter-
mined by HAWC’s Eye. The angular distance distribution between HAWC’s Eye and
HAWC moves to the right from the centre for showers approaching the telescope posi-
tion (Figure 6.11b), respectively to the left from the centre for showers passing over the
telescope (Figure 6.12b).
The third case of showers propagating tangential to the telescope can be further divided
into two subclasses. One class includes all showers that are propagating clockwise (Fig-
ure 6.13a) and the other class includes those showers that develop in anti-clockwise
direction (Figure 6.14a) with respect to the telescope. In this case, the shower zenith is
reconstructed without systematic offset to the HAWC reconstruction as visible in Fig-
ure 6.13d for the clockwise propagation and Figure 6.14d for the anti-clockwise prop-
agation. In the displayed correlation plots the distribution is centred at the diagonal.
However, it is clearly visible that the azimuth reconstruction gets biased away from the
HAWC reconstruction in the order of 20°. If the development is clockwise the azimuth
angle of the shower is underestimated and the distribution in Figure 6.13c gets shifted
below the diagonal. For the other case with anti-clockwise propagation it is the other
way around and the azimuth is overestimated by the telescope (see Figure 6.14c).
Again the light pool produced by the shower particles needs to be considered to un-
derstand this effect. The light that is shining into the telescope for showers developing
tangential to the telescope tends to be generated by particles from the shower part that
is closer to the telescope. These particles are propagating with an angle with respect to
the shower axis. According to the propagation direction this part of the shower has a
greater (anti-clockwise) or smaller (clockwise) azimuth angle than the shower axis.
Comparing the complete determination of the shower direction to the HAWC recon-
struction, the two tangential cases produce angular distance distributions that are shifted
up (clockwise see Figure 6.13b) and down (anti-clockwise see Figure 6.14b) with respect
to the centre marking the HAWC reconstruction. As can be expected, the axes of the
shift produced by a bias in azimuth or zenith are perpendicular to each other.
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Figure 6.11: Reconstruction for showers that are directed to the telescope with the
shower reaching ground in front of it.
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Figure 6.12: Reconstruction for showers that are directed to the telescope with the
shower reaching ground behind it.
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Eye reconstruction.
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Figure 6.13: Reconstruction for showers that propagate tangential to the telescope with
a clockwise propagation.
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Eye reconstruction.
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Figure 6.14: Reconstruction for showers that propagate tangential to the telescope with
an anti-clockwise propagation.
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If one superimposes the effects on the reconstruction caused by the relative propagation
of the showers and the core distance to the telescope, the deviation of the total distribu-
tion in Figure 6.8 from the expected Gaussian distribution can be partially understood.
However, the origin of the hot spots remains unclear and needs further investigation.
Motivated by the small biasing effects for showers with a shower core near the tele-
scope, a benchmark value for the angular resolution of the telescope can be calculated.
For this purpose, a Rayleigh function, as introduced in Equation 6.4, is fitted to the one-
dimensional distribution of angular distances for the 669 showers with a telescope to
core distance less than 20 m. As inputs for the fit the height of bins with at least one
entry and the Poissonian error on the bin-count are used. The result is displayed in
Figure 6.15. From the parameter σ the angular resolution of the telescope can be de-
rived. Remembering that the angular resolution of HAWC is 0.2° above the telescope
energy threshold it can be neglected in the calculations and σHE can be estimated to
(0.6854± 0.0003)°. The stated uncertainty is the uncertainty on the fit parameter.
It is remarkable that the reconstruction only utilising the image centre of gravity posi-
tion in the camera leads to a resolution of this order. With such a resolution, an averag-
ing of the reconstructions of 12 HAWC’s Eye telescopes would yield a resolution similar
to that of the HAWC detector. In the future, the detected effects can be parameterised
for a correction. This would allow the resolution to be calculated from complete data
sets.
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Figure 6.15: Rayleigh fit to determine the angular resolution of the HAWC’s Eye tele-
scope. The function is fitted to the distribution of angular distances between the
HAWC’s Eye and HAWC reconstruction for showers with a core to telescope distance
smaller than 20 m. In the bottom, the residuals for the fit are displayed. The number of
degrees of freedom is ndo f = 23.
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6.1.3 HAWC’s Eye Reconstruction of Shower Core Position and
Correlation with HAWC

Taking into account the image parameters, it is possible to extract the shower core po-
sition relative to the telescope position. As discussed in Section 2.4.1, the image in the
focal plane is elongated into the direction of the shower propagation, so that the semi-
major axis of the image ellipse should point on the shower core position on the ground.
It has to be taken into account that in this analysis the point of the first interaction in the
shower is not resolved from the image, so that only a line along that the core is located
can be given. Figure 6.16 shows an example of the extraction of the core position rela-
tive to the telescope from the image. If the semi-major axis of the ellipse (Figure 6.16a)
is extended over the whole detector array, the axis should be parallel to the axis given
by the telescope and shower core position as seen in Figure 6.16b.
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Figure 6.16: Example of the extraction of the shower core direction from a shower image.

A briefly check of the ability of the telescope to determine the shower core direction
relative to the telescope is performed. The orientation of the shower core to the tele-
scope and its reconstruction are calculated as the angle between a line connecting west
and east (in Figure 6.16b) and the lines given by the true core position and the recon-
struction of the telescope. The calculated angle is starting with 0° into east, counted
counterclockwise and is limited to 180°. The limitation is chosen in order to take into
account that with the reconstruction it cannot be decide on the exact position of the core
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along the line given by the semi-major axis of the image ellipse.
The orientations are compared shower by shower by filling a two-dimensional his-
togram as shown in Figure 6.17. A correlation between the orientation of the shower
core to the telescope given by the HAWC reconstruction and the orientation of the semi-
major image axis is observed. However the correlation region is broad and the number
of not consistent orientations is high as can be seen by the high number of bins with
entries away from the correlation line shown in red.
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Figure 6.17: Correlation plot between the shower core to telescope orientation calculated
using the shower core reconstructed by HAWC and the orientation extracted from the
alignment of the image in the camera. The red line is indicating exact correlation.
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6.2 Analysis of Stereo Hybrid Data from the 2019
Campaign

In the following sections the first brief check and analysis of data recorded in coinci-
dence between two HAWC’s Eye telescopes and the HAWC observatory is performed.
During the measurement campaign the HAWC’s Eye 01 telescope has recorded 57957
events while the HAWC’s Eye 02 has recorded 30713. Image parameters were calculated
for 5577 and 6081 of these images.

6.2.1 Telescope Performance and Status

The calculation of the mean signal amplitude and arrival time for all camera pixels is an
easy way to test the functionality of the camera and the readout electronics. Consider-
ing the average amplitude, the camera should appear homogeneous. Furthermore, it is
expected that the mean arrival time for each pixel is located in the region between the
trigger position at roughly sample 300 and the centre of the trace at sample 512. For
completely randomly triggered data, the arrival times of the signals in the recording
window follow a uniform distribution between sample 0 and 1024. This results in an
average value of 512. The greater the amount of triggered data in a pixel, the closer the
mean arrival time approaches the position of the trigger. The results of the averaging
are shown in Figure 6.18 for HAWC’s Eye 01 and Figure 6.20 for HAWC’s Eye 02. In
each figure on the left side ((a),(c)) the triggered data before the cleaning is applied is
used for the averaging and on the right side ((b),(d)) the cleaned images used to calcu-
late the image parameters are averaged.
At first the camera of HAWC’s Eye 01 is inspected using Figure 6.18. The grey coloured
pixel in the centre (Hw ID 19; Sw ID 0)1 was not functional during data taking, so that
for this pixel no average values are calculated. The reason for the failure is not under-
stood but might have been a switched-off bias voltage in the software. A similar issue
did never appear again for this pixel. In addition, each averaging process excludes the
completely covered pixel at the bottom left, while the other blind pixels (upper left,
lower right) are only excluded in the averaging of the cleaned images.
Focusing on Figure 6.18a some features become visible. As expected, the blind pixels
detect an overall lower amount of light as a result of the missing light collectors. More-
over the signal in the outermost camera ring is smaller compared to the centre. This
is due to the fact that these pixels have fewer neighbours causing them to be only in-
cluded in events triggered by higher energetic showers. Higher energetic events have
an overall lower rate. As a result, when the average of all recorded events is considered,
more noise is recorded in these pixels. Because the noise has a lower mean signal, the
mean amplitude in the outer ring gets lowered. Recording more high energetic events
leads to an opposite effect, if the signals are averaged after the image cleaning as can be
observed in Figure 6.18b. The mean signal in the outermost camera ring is higher than

1Hw ID = Hardware Identifier; Sw ID = Software Identifier
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in the centre. Apart from these features the camera shows a satisfactory homogeneity
of mean signal amplitudes.
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(a) Mean amplitude for all triggered events.
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(b) Mean amplitude for all analysed events.
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(c) Mean arrival time for all triggered events.
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(d) Mean arrival time for all analysed events.

Figure 6.18: Display of the camera of HAWC’s Eye 01. The average pixel signal am-
plitude and arrival time for triggered events ((a),(c)) and for events in which image
parameters have been calculated after cleaning ((b),(d)) are shown. The grey coloured
pixels are not included in the averaging.

Remembering that the mean signal arrival time is a measure for the randomness of
the mean signal recorded in a pixel, the Figure 6.18c can be interpreted. Because blind
pixels are excluded from the trigger decision, they record a completely random signal
generating a higher mean arrival time. For the outermost pixels again, the higher noise
rate, can explain the appearance of the slightly higher mean arrival time. This effect
should disappear when cleaned images are averaged as it is done to obtain Figure 6.18d.
Pixels with noise signal are no longer included in these images. The averaged signal
arrival time is expected to move into the direction of the trigger position and in fact this
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is the case but a previously hidden effect becomes visible as well. There is a systematic
rise off mean arrival times from the lower right to the upper left corner of the camera,
which coincides with the direction off a measured temperature gradient on the camera
(see Figure 6.19). This could indicate that a change in the gain of the SiPMs depending
on the camera position is moving the rising edge in the signal trace. If this is the case, it
would indicate that the temperature adjustment of the SiPM bias voltage has not been
applied successfully.
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Figure 6.19: Exemplary temperature measurement of the temperature sensors located at
each SiPM position for HAWC’s Eye 01. A temperature gradient is clearly visible. The
temperature data was recorded during the night of the data taking campaign.

The camera of HAWC’s Eye 02 has some spacial features. Not only light collectors of
different manufacturers were glued on the SiPMs, but the camera was also damaged
during the transport to Mexico. The damages include the release of one SiPM from the
camera board and the separation of three light collectors from the respective SiPM.
Figure 6.20 shows effects resulting from this. The position of the missing SiPM (Hw ID 0;
Sw ID 44) in the upper right corner is coloured grey. Moreover, the pixels without light
collectors can be easily identified. These three pixels2 show lower amplitudes that are
comparable to the ones recorded in the blind pixels at the sides (Figure 6.20a). Roughly
estimated the signal in pixels without light collector is 70 % lower than the signal in
neighbouring pixels. Apart from that, the averaging process shows the same effects
that have already been discussed for the camera of HAWC’s Eye 01.

2From left to right position: (Hw ID 62; Sw ID 54); (Hw ID 26; Sw ID 5); (Hw ID 16; Sw ID 20)
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(a) Mean arrival time for all triggered events.
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(b) Mean amplitude for all analysed events.
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(c) Mean arrival time for all triggered events.
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(d) Mean arrival time for all analysed events.

Figure 6.20: Display of the camera of HAWC’s Eye 02. The average pixel signal am-
plitude and arrival time for triggered events ((a),(c)) and for events in which image
parameters have been calculated after cleaning ((b),(d)) are shown. The grey coloured
pixels are not included in the averaging.
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The pixels with lower light collection cause a bias in the reconstruction of the image
centre of gravity as can be see in Figure 6.21. Dark spots of lower COG density appear
at the position of pixels without light collector or SiPM, which are highlighted in grey.
In future analysis, the appearance of these spots needs to be prevented in order to avoid
influence on the reconstruction. One way to do so could be to exchange the value mea-
sured in less sensitive pixels by the mean signal of all neighbouring pixels. Besides the
low density spots the effect of events with zenith angle outside the field of view piling
up at the camera edges as described in Section 6.1.1 become apparent again. Moreover,
at the left side of the HAWC’s Eye 02 camera (right in Figure 6.21) a hot spot of COGs
emerges. This might be caused by a combination of more sensitive and less sensitive
pixels next to each other. For the HAWC’s Eye 02 camera it has as well to be considered
that light collectors from different manufactures and with different quality have been
used. This fact could cause additional spots with lower COG density in the camera.
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Figure 6.21: Distribution of reconstructed image COGs for HAWC’s Eye 01 (left) and
HAWC’s Eye 02 (right). Special pixels are marked in grey.

6.2.2 Correlation of Synchronised Stereo Hybrid Data

Special Synchronisation Procedure

Due to the high frequency noise signal on the trigger input of HAWC’s Eye 01 (see
Section 4.2), the standard synchronisation process described in Section 5.5 could not be
applied on the 2019 data. The preselection of HAWC showers is strongly influenced
by a huge number of fake triggers that cause random event selection from the data
sample. Figure 6.22a displays the distribution of HAWC reconstructed shower core po-
sitions for selected showers. An accumulation of shower cores at the position of the
telescope would be expected, but only the standard HAWC distribution is visible, in
which shower cores have the tendency to be reconstructed at a tank position, if a low
number of HAWC tanks (nTankHit<150) has recorded a signal for an event.
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Hence, additional cuts to reduce the HAWC data set to events more likely to be in co-
incidence with HAWC’s Eye need to be applied. Based on the cuts described in Sec-
tion 6.1.1, only events fulfilling the conditions nTankHit>150, CxPE40XnCh>40 and
rec.zenithAngl>6° are used for the combination with telescope events. After these cuts,
the distribution of shower cores has the expected peak at the position of HAWC’s Eye
01 in the detector array (Figure 6.22b) giving evidence that a reasonable number of
assignable showers are present in the HAWC subset selected. These events get syn-
chronised with the record of the telescope.
In order to further increase the probability that only HAWC events that belong to a real
HAWC’s Eye 01 trigger will be matched, the criterion to assigning events from both
data sets is tightened. The time window in which the events are accepted as coincident
is decreased by one order of magnitude, form 20 ms to 2 ms.
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(a) Distribution before the cuts are applied.
For selected events the distribution follows the
standard HAWC distribution of shower cores.
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(b) Distribution after the cuts are applied.
Shower cores are distributed around the tele-
scope position.

Figure 6.22: Influence of the additional cuts on the distribution of shower core positions.
Only events selected due to the presence of the HAWC’s Eye 01 trigger are taken into
account. The red star is marking the position of HE01 in the detector array.

Following this procedure not only the HAWC’s Eye 01 telescope, whose trigger infor-
mation has been saved in the HAWC data stream, is synchronised with the HAWC
observatory. The HAWC’s Eye 01 triggers are used for a synchronisation of the sec-
ond telescope as well. Figure 6.23 shows the distributions of shower cores for events
remaining after the linking of telescope to HAWC events are displayed for both tele-
scopes. Depending on the telescope, the distributions are clustered around the position
of the respective telescope in the HAWC array. This is a strong indication for a success-
ful synchronisation. Finally, 517 shower events with calculated image parameters were
synchronised between HAWC’s Eye 01 and HAWC. The second telescope recorded 500
events assignable with HAWC. A total number of 255 of these can be categorised as
stereo hybrid event that have been recorded by all tree detectors in coincidence. The
core positions of these events are concentrated between the positions of the telescopes
(see Figure 6.24).
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Figure 6.23: Distribution of shower core positions measured by HAWC for the showers
matched with one telescope. On the left for HAWC’s Eye 01 that is located at the posi-
tion of the red star and on the right for HAWC’s Eye 02 whose position is indicated by
the orange star.
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Figure 6.24: Shower core distribution for stereo hybrid events recorded in coincidence
with all three detectors. The red (orange) star indicates the position of the HAWC’s Eye
01 (HAWC’s Eye 02) telescope.

One shower from the stereo hybrid data set is presented in Figure 6.25. For this par-
ticular example it can be seen that both telescope images are oriented in the direction
of the shower core and the semi-major axes of the image ellipses intersect close to it.
Nevertheless, there are many events in the data set for that the intersection point is lo-
cated far away from the shower core. This means, whether the stereo system is capable
to reconstruct the shower core position following the manner described in Section 2.4.1
needs further investigation.
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Figure 6.25: Event display for one shower recorded by both HAWC’s Eye telescopes and
the HAWC detector. In the top, the cleaned camera signal of both telescope is displayed.
The ellipse representation of the image and the semi-major axis of this ellipse is plotted
in red (HAWC’s Eye 01) and orange (HAWC’s Eye 02). In addition, the lower part of the
figure shows the shower development in the HAWC system. The black dot indicates
the shower core and the arrow the azimuth direction reconstructed by HAWC. At the
positions of the red star and the orange star the telescopes are placed. The semi-major
axes of the image ellipses have been extended from the positions of the telescopes with
the use of the respective telescope colour.

Correlation of Reconstructed Shower Directions

For all synchronised showers, the arrival direction are reconstructed by the telescopes
as discussed at the beginning of Section 6.1.2. Because the camera systems have already
been aligned during data taking, no rotation of coordinate systems is needed. The tele-
scopes have been levelled as well. As a consequence of the cut on the shower zenith
that was necessary to synchronise the data, it is not possible to crosscheck this adjust-
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ment following the approach of Section 5.6.1. A possible tilt becomes only visible at the
edges of the telescopes field of view. In the 6° cut-out the showers arrival directions are
distributed homogeneously.3

The correlation between the different reconstructions is shown in Figures 6.26 to 6.28 for
all combinations between the two HAWC’s Eye telescopes and HAWC. The reconstruc-
tions correlate even without applying any corrections. The correlation bands for the
HAWC to telescope comparison (see Figure 6.26 and 6.27) have widths comparable to
the equivalent measures from 2017. In Figure 6.28 more clearly than in Figure 6.26 it can
be recognised that the azimuth correlation has a slightly curved path. With the experi-
ence gained from the analysis of the 2017 data, this is an indication for a tilt of HAWC’s
Eye 01 against the other detectors, and can explain the wider zenith correlation curve
visible in Figure 6.26.
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Figure 6.26: Correlation between the shower zenith (left) and azimuth (right) recon-
structions of HAWC and HAWC’s Eye 01. Along the red line the reconstructions are
equal.
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Figure 6.27: Correlation between the shower zenith (left) and azimuth (right) recon-
structions of HAWC and HAWC’s Eye 02. Along the red line the reconstructions are
equal.

3Control plots can be found in the appendix.
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Figure 6.28: Correlation between the shower zenith (left) and azimuth (right) recon-
structions of HAWC’s Eye 01 and HAWC’s Eye 02. Along the red line the reconstruc-
tions are equal.

6.2.3 Energy Threshold 2019 Telescope Version

By the usage of improved components, such as a new SiPM model and improved solid
hexagonal shaped light collectors, a decrease in the energy threshold is expected for the
improved telescopes. Despite the fact that during the observation in 2019 the telescope
lenses were frozen, the new energy threshold for protons is investigated. It is compared
to the threshold of (22.0± 1.5)TeV evaluated in (Schaufel 2017). To enlarge the amount
of data available and under the assumption that the two new telescopes set up in 2019
are sufficiently equal, the data recorded by both telescopes is joined. Thus for the anal-
ysis, 30 runs from 2017 and 10 runs from 2019 are available. Both data sets haven been
recorded with a trigger threshold in the region between 500-600 DAC counts.
For the determination of the energy threshold, the proton energy estimator from the
HAWC reconstruction (protonlheEnergy) is utilised. If synchronised events are binned
in energy, the distribution shows the measured proton energy spectrum. As can be seen
in Equation 6.5, for a logarithmic binning this is only true if the events get weighted by
their energy.

dN
dE

=
dN

dlog(E)
dlog(E)

dE
=

dN
dlog(E)

1
ln(10)E

(6.5)

To compare both telescope versions, the measurements have to be normalised to the
different measurement times and from the spectra the rates shown in Figure 6.29 are
obtained. The rate drops rapidly at the point where the telescope’s detection efficiency
is starting to decrease. The energy related to the peak position defines the proton energy
threshold of the telescope. In the comparison of both curves, it becomes noticeable that
for the 2019 telescope version the peak is moved to lower energies indicating a reduced
proton energy threshold. The maximum bin is centred at 14.13 TeV.
To draw a final conclusion regarding the change in the energy threshold, it has to be
taken into account that due to the trigger noise an unknown number of mismatched
events is contained in the 2019 data set. The problem arising from these is that a wrong
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Figure 6.29: Comparison of the rates obtained from the 2017 and 2019 data sets. The
peak position defines the proton energy threshold of the respective telescope version.

energy measurement gets assigned to the telescope recording. Due to the fact that
low energetic showers are much more abundant, the probability that the energy of a
matched event is lower than the energy of the true event is high. This effect artificially
lowers the energy threshold of the telescope.
For the estimation of the occurrence of such events, the distribution of the tank multi-
plicity nTankHit can be used. This parameter is directly linked to the shower energy.
In (Schaufel 2017), it has been shown that for a correct synchronisation the tank mul-
tiplicity distribution is positioned well above 150 tanks. At the same time, it differs
significantly from the background distribution given by HAWC. If the shape of the new
multiplicity distribution is compared to the given benchmark distributions, it becomes
directly visible whether many noise trigger events are present in the new data set used
to determine the energy threshold. In Figure 6.30 all three mentioned distributions nor-
malised to the measurement time are displayed. For comparability, the same cuts as
used for the 2019 data are applied to the 2017 data as well. Considering the right plot in
Figure 6.30 that only shows the telescope distributions from the different years, a con-
stant rate of events below ≈ 150 tanks becomes visible in the 2019 distribution. In this
baseline the mismatched events are included. A measure for the presence of events from
the background distribution of HAWC in the synchronised data can be obtained by the
calculation of the relative ratio of events located in the first 50 tank multiplicity bins to
the total number of synchronised events. Ratios of 1.3 % for the 2017 data and 6.6 % for
the 2019 data are calculated, showing the magnitude of the fake synchronisation rate in
2019.
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Figure 6.30: Tank multiplicity distribution for the data synchronised with HAWC in
2017 and 2019 compared to the global distribution given by HAWC. The global HAWC
distribution has been calculated from a set of runs recorded during the 2019 measure-
ments. Due to an unknown reason, the maximal multiplicity changed between the years
(left). In addition, a zoom on the telescope distributions is given (right).

A possibility to eliminate mismatches is to decrease the width of the matching window
in the synchronisation. The closer the time stamps of synchronised events the lower
the probability for being a incorrect match. As a check, the tank multiplicity distribu-
tion and the energy threshold are recalculated for a time window increased to 20 ms
and one decreased by one order of magnitude to 0.2 ms. The influence on the tank
multiplicity distributions and the energy threshold is shown in Figure 6.31 and Figure
6.32. It is directly visible that as a consequence of a looser synchronisation condition
the background contamination rapidly increases, faking a lower energy threshold in
consequence. A tighter window seems to only decrease the statistics as the shape of
the energy distribution and the position of the energy threshold keeps the same but the
curve is shifted down.
As a conclusion of this investigation it is reasonable to assume that even with frozen
lenses the energy threshold for the improved telescope version was lowered. The re-
duction from 22 TeV to 14 TeV amounts approximately 36 %. Under the assumption
that the decrease is only a consequence of the increased amount of collected light it can
be estimated from the results in Section 3.2.4 to approximately 30 %. Hence, both values
are compatible taking into account the described issues during data taking. Neverthe-
less, a final conclusion can only be drawn from the recalculation of the energy threshold
from a larger data set, with the trigger noise issue solved and the lenses not frozen.
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Figure 6.31: Tank multiplicity behaviour for different time windows used in the syn-
chronisation.
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Figure 6.32: Measured event rate for the data set of 2019 with different time windows
used in the synchronisation. For comparison the rate measured by the 2017 telescope is
given. The blue and green curve are the same as shown in Figure 6.29.
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7
Conclusion and Outlook

Within the scope of this thesis two improved HAWC’s Eye imaging air-Cherenkov tele-
scopes were successfully assembled and commissioned in a stereo hybrid setup with
the HAWC observatory and based on the analysis of data recorded with a telescope
prototype, valuable insights about the reconstruction of primary particle directions with
HAWC’s Eye were gained.

As a preparation for the analysis of stereo hybrid data, existing hybrid data recorded
with a telescope prototype and the HAWC observatory has been revised. Special focus
was put on the reconstruction of the arrival direction of primary air-shower particles. A
clear correlation between the zenith and azimuth angle of the primary particle extracted
by the HAWC reconstruction and the position of the centre of gravity of an image in the
camera was found. It is displaced from the centre of the camera proportional to the
zenith angle and the direction of the displacement follows the azimuth angle.
Furthermore, the studies revealed the occurrence of biasing effects in the reconstruction
of the direction of a particle, depending on the relative propagation of a shower to the
telescope. This effect scales with the distance of the shower core to the telescope.
For the first time the angular resolution for a HAWC’s Eye type telescope was calcu-
lated. To reduce the influence of the biasing effects only showers with a core distance
to the telescope less than 20 m were used for the calculation. A value of 0.68° was ob-
tained. In the region above the energy threshold of the telescope prototype the angular
resolution of the HAWC detector is 0.20°. In order to achieve a comparable resolution
by averaging the reconstruction of HAWC’s Eye telescopes, a number of 12 telescopes
observing the same shower is needed.

Because of the similar telescope design all these insights can be applied to the analyses
of data recorded with the improved telescopes. In the future, parameterisations of the
detected biasing effects can be developed to correct data from showers with a distance
greater than 20 m. This will allow to calculate the angular resolution for all shower core
positions.Furthermore, the application of machine learning techniques to the telescope
images offer a potential for an improvement of the angular resolution.
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To implement stereo hybrid detection of extensive air showers at the HAWC observa-
tory two improved HAWC’s Eye telescopes were successfully assembled. This included
the full installation of the telescope’s electronics inside a compact data acquisition box at
a specifically developed aluminium holding structure. Additional 3D printed elements
were designed to protect the camera and the bias supply units for the SiPM cameras
were calibrated successfully. Finally, the assembled telescopes were brought to Mexico
where first measurements of extensive air showers together with the HAWC detector
were performed. This data set was used to prove the functionality of the detector com-
bination and first stereo hybrid events have been observed in coincidence between all
three detectors. After the final synchronisation, 255 stereo hybrid events were identified.
With the recorded coincident data a proton energy threshold of 14 TeV was estimated
for the improved telescopes. Compared to the energy threshold of the telescope pro-
totype of 22 TeV this is a reduction of 36 %. From the update to improved SiPMs and
light collectors from rough estimations that neglect the quality of these components a
reduction of about 30 % could have been expected. Both values are compatible taking
into account issues that have been experienced during these first measurements. The
synchronisation was spoiled by a noisy telescope trigger signal into HAWC and the
telescope lenses were frozen. Improved measurements will have to be performed to
make a final statement on the energy threshold of the improved telescopes.

A big step towards a long term observation campaign with HAWC’s Eye and HAWC
was done. Both telescopes are permanently stored in a warehouse at the HAWC site but
still need to be manually set up for each observation individually. A future goal is to
place the telescopes into fixed stands that can be automatically closed with a lid. This
enables an automated nightly observation together with the HAWC observatory via re-
mote control. Up to now, the HAWC’s Eye telescope is only characterised using proton
events. A next step in the characterisation is to perform a observation campaign of the
Crab Nebula as gamma-ray reference source. This data set should contain a significant
amount of gamma-ray events to calculate for example the energy threshold for gamma
rays.
Furthermore, with the application of two telescopes the possibilities to reconstruct the
shower direction and shower core in stereo mode can be investigated. This can for in-
stance resolve ambiguities in the relative position of the shower core to the telescope as
they occur for a single telescope.

At the moment, simulations of the full detector including several HAWC’s Eye tele-
scopes and the HAWC detector using CORSIKA simulations of air-showers is performed.
It will allow for a crosscheck of the result obtained for the characterisation of the tele-
scope from the experimental data. On the other hand, the possibility of verification of
the simulations is just as useful. Furthermore, these simulations can be used to estimate
the performance of the stereo hybrid detector regarding gamma-hadron separation, an-
gular as well as core resolution. Currently, HAWC’s Eye type telescopes are taken into
consideration for usage in the Southern Wide-field Gamma-ray Observatory. For this
process, the existing setup can deliver valuable information on the strengths of a hybrid
detector combination of a ground array with air-Cherenkov telescopes.
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Čerenkov, P. A. (Aug. 1937). “Visible Radiation Produced by Electrons Moving in a
Medium with Velocities Exceeding that of Light”. In: Physical Review 52.4, pp. 378–
379. DOI: 10.1103/PhysRev.52.378 (cit. on p. 8).

Frank, I. M. and I. E. Tamm (1937). “Coherent visible radiation of fast electrons passing
through matter”. In: Compt. Rend. Acad. Sci. URSS 14.3, pp. 109–114. DOI: 10.1007/
978-3-642-74626-0_2,10.3367/UFNr.0093.196710o.0388 (cit. on p. 9).

Auger, P. et al. (July 1939). “Extensive Cosmic-Ray Showers”. In: Rev. Mod. Phys. 11 (3-
4), pp. 288–291. DOI: 10.1103/RevModPhys.11.288 (cit. on p. 6).

Heitler, W. (1954). Quantum theory of radiation. 3st ed. 1954. Oxford University Press
London, p. 386 (cit. on p. 7).

Kamata, K. and J. Nishimura (Jan. 1958). “The Lateral and the Angular Structure Func-
tions of Electron Showers”. In: Progress of Theoretical Physics Supplement 6, pp. 93–155.
DOI: 10.1143/PTPS.6.93 (cit. on p. 23).

Greisen, K. (Jan. 1960). “Cosmic Ray Showers”. In: Annual Review of Nuclear and Particle
Science 10, pp. 63–108. DOI: 10.1146/annurev.ns.10.120160.000431 (cit. on p. 23).

Wells, D. C., E. W. Greisen, and R. H. Harten (June 1981). “FITS - a Flexible Image Trans-
port System”. In: Astronomy and Astrophysics Supplement Series 44, p. 363 (cit. on p. 47).

Hillas, A. M. (Aug. 1985). “Cerenkov Light Images of EAS Produced by Primary Gamma
Rays and by Nuclei”. In: 19th International Cosmic Ray Conference (ICRC19), Volume 3.
Vol. 3. International Cosmic Ray Conference, p. 445 (cit. on pp. 13, 53).

Fomin, V. P. et al. (May 1994). “New methods of atmospheric Cherenkov imaging for
gamma-ray astronomy. I. The false source method”. In: Astroparticle Physics 2.2. DOI:
10.1016/0927-6505(94)90036-1 (cit. on p. 13).

https://doi.org/10.1103/PhysRev.52.378
https://doi.org/10.1007/978-3-642-74626-0_2, 10.3367/UFNr.0093.196710o.0388
https://doi.org/10.1007/978-3-642-74626-0_2, 10.3367/UFNr.0093.196710o.0388
https://doi.org/10.1103/RevModPhys.11.288
https://doi.org/10.1143/PTPS.6.93
https://doi.org/10.1146/annurev.ns.10.120160.000431
https://doi.org/10.1016/0927-6505(94)90036-1


II Literature

Karle, A. et al. (Apr. 1994). Separation of gamma and hadron initiated air showers with ener-
gies between 20 and 500 TeV. Tech. rep. (cit. on p. 7).

Kohnle, A. et al. (Aug. 1996). “Stereoscopic imaging of air showers with the first two
HEGRA Cherenkov telescopes”. In: Astroparticle Physics 5.2, pp. 119–131. DOI: 10.
1016/0927-6505(96)00011-4 (cit. on p. 14).

Bernlöhr, K. (Jan. 2000). “Impact of atmospheric parameters on the atmospheric Cherenkov
technique*”. In: Astroparticle Physics 12.4, pp. 255–268. DOI: 10.1016/S0927-6505(99)
00093-6. arXiv: astro-ph/9908093 [astro-ph] (cit. on pp. 9–11, 39).

Doering, M. et al. (July 2001). “Measurement of the Cherenkov light spectrum and of
the polarization with the HEGRA-IACT-system”. In: arXiv e-prints, astro-ph/0107149,
astro–ph/0107149. arXiv: astro-ph/0107149 [astro-ph] (cit. on p. 10).

Lessard, R. W. et al. (Mar. 2001). “A new analysis method for reconstructing the arrival
direction of TeV gamma rays using a single imaging atmospheric Cherenkov tele-
scope”. In: Astroparticle Physics 15.1, pp. 1–18. DOI: 10.1016/S0927-6505(00)00133-
X. arXiv: astro-ph/0005468 [astro-ph] (cit. on p. 13).

Müller, Dietrich (2001). “Cosmic-ray electrons and positrons”. In: Adv. Space Res. 27,
pp. 659–668. DOI: 10.1016/S0273-1177(01)00107-7 (cit. on p. 3).

Weekes, T. C. et al. (May 2002). “VERITAS: the Very Energetic Radiation Imaging Tele-
scope Array System”. In: Astroparticle Physics 17.2, pp. 221–243. DOI: 10 . 1016 /
S0927-6505(01)00152-9. arXiv: astro-ph/0108478 [astro-ph] (cit. on p. 12).

Atkins, R. et al. (Oct. 2003). “Observation of TeV Gamma Rays from the Crab Nebula
with Milagro Using a New Background Rejection Technique”. In: The Astrophysi-
cal Journal 595.2, pp. 803–811. DOI: 10 . 1086 / 377498. arXiv: astro - ph / 0305308
[astro-ph] (cit. on pp. 22, 24).

Bernlöhr, K. et al. (Nov. 2003). “The optical system of the H.E.S.S. imaging atmospheric
Cherenkov telescopes. Part I: layout and components of the system”. In: Astroparticle
Physics 20.2, pp. 111–128. DOI: 10.1016/S0927-6505(03)00171-3. arXiv: astro-
ph/0308246 [astro-ph] (cit. on p. 12).

Antoni, T. et al. (Sept. 2005). “KASCADE measurements of energy spectra for elemen-
tal groups of cosmic rays: Results and open problems”. In: Astroparticle Physics 24.1-
2, pp. 1–25. DOI: 10.1016/j.astropartphys.2005.04.001. arXiv: astro-ph/0505413
[astro-ph] (cit. on p. 4).

Cornils, R. et al. (Jan. 2005). “The optical system of the H.E.S.S. II telescope”. In: 29th
International Cosmic Ray Conference (ICRC29), Volume 5. Vol. 5. International Cosmic
Ray Conference, p. 171 (cit. on p. 12).

https://doi.org/10.1016/0927-6505(96)00011-4
https://doi.org/10.1016/0927-6505(96)00011-4
https://doi.org/10.1016/S0927-6505(99)00093-6
https://doi.org/10.1016/S0927-6505(99)00093-6
https://arxiv.org/abs/astro-ph/9908093
https://arxiv.org/abs/astro-ph/0107149
https://doi.org/10.1016/S0927-6505(00)00133-X
https://doi.org/10.1016/S0927-6505(00)00133-X
https://arxiv.org/abs/astro-ph/0005468
https://doi.org/10.1016/S0273-1177(01)00107-7
https://doi.org/10.1016/S0927-6505(01)00152-9
https://doi.org/10.1016/S0927-6505(01)00152-9
https://arxiv.org/abs/astro-ph/0108478
https://doi.org/10.1086/377498
https://arxiv.org/abs/astro-ph/0305308
https://arxiv.org/abs/astro-ph/0305308
https://doi.org/10.1016/S0927-6505(03)00171-3
https://arxiv.org/abs/astro-ph/0308246
https://arxiv.org/abs/astro-ph/0308246
https://doi.org/10.1016/j.astropartphys.2005.04.001
https://arxiv.org/abs/astro-ph/0505413
https://arxiv.org/abs/astro-ph/0505413


Literature III

Matthews, J. (2005). “A Heitler model of extensive air showers”. In: Astropart. Phys. 22,
pp. 387–397. DOI: 10.1016/j.astropartphys.2004.09.003 (cit. on p. 7).

Winston, Roland et al. (2005). Nonimaging Optics. Academic Pr Inc. ISBN: 978-0127597515
(cit. on p. 26).

Bretz, Thomas (2006). “Observations of the Active Galactic Nucleus 1ES 1218+304
with the MAGIC-telescope”. PhD thesis. Bayerische Julius-Maximilians-Universität
Würzburg (cit. on p. 54).

Ritt, S. (Oct. 2008). “Design and performance of the 6 GHz waveform digitizing chip
DRS4”. In: 2008 IEEE Nuclear Science Symposium Conference Record, pp. 1512–1515.
DOI: 10.1109/NSSMIC.2008.4774700 (cit. on p. 34).

Blümer, Johannes, Ralph Engel, and Jörg R. Hörandel (Oct. 2009). “Cosmic rays from
the knee to the highest energies”. In: Progress in Particle and Nuclear Physics 63.2,
pp. 293–338. DOI: 10.1016/j.ppnp.2009.05.002. arXiv: 0904.0725 [astro-ph.HE]
(cit. on p. 3).

Renker, D. and E. Lorenz (Apr. 2009). “Advances in solid state photon detectors”. In:
Journal of Instrumentation 04.4, p. 04004. DOI: 10.1088/1748- 0221/4/04/P04004
(cit. on pp. 28, 30).

Pence, W. D. et al. (Dec. 2010). “Definition of the Flexible Image Transport System
(FITS), version 3.0”. In: Astronomy and Astrophysics 524, A42, A42. DOI: 10.1051/
0004-6361/201015362 (cit. on p. 47).

Essey, Warren et al. (Apr. 2011). “Role of Line-of-sight Cosmic-ray Interactions in Form-
ing the Spectra of Distant Blazars in TeV Gamma Rays and High-energy Neutrinos”.
In: The Astrophysical Journal 731.1, 51, p. 51. DOI: 10.1088/0004-637X/731/1/51.
arXiv: 1011.6340 [astro-ph.HE] (cit. on p. 6).

Kraehenbuehl, Thomas (Jan. 2011). “Calibrating the camera for the First G-APD Cherenkov
Telescope (FACT)”. In: International Cosmic Ray Conference. Vol. 9. International Cos-
mic Ray Conference, p. 30. DOI: 10.7529/ICRC2011/V09/0529 (cit. on p. 48).

Grupen, Claus and Irene Buvat, eds. (2012). Handbook of particle detection and imaging,
vol. 1 and vol.2. Berlin, Germany: Springer. ISBN: 9783642132704, 9783642132711. DOI:
10.1007/978-3-642-13271-1. URL: http://www.springer.com/978-3-642-13270-4
(cit. on p. 11).

Anderhub, H. et al. (June 2013). “Design and operation of FACT - the first G-APD
Cherenkov telescope”. In: Journal of Instrumentation 8.6, P06008, P06008. DOI: 10.
1088/1748-0221/8/06/P06008. arXiv: 1304.1710 [astro-ph.IM] (cit. on pp. 12, 34,
37).

https://doi.org/10.1016/j.astropartphys.2004.09.003
https://doi.org/10.1109/NSSMIC.2008.4774700
https://doi.org/10.1016/j.ppnp.2009.05.002
https://arxiv.org/abs/0904.0725
https://doi.org/10.1088/1748-0221/4/04/P04004
https://doi.org/10.1051/0004-6361/201015362
https://doi.org/10.1051/0004-6361/201015362
https://doi.org/10.1088/0004-637X/731/1/51
https://arxiv.org/abs/1011.6340
https://doi.org/10.7529/ICRC2011/V09/0529
https://doi.org/10.1007/978-3-642-13271-1
http://www.springer.com/978-3-642-13270-4
https://doi.org/10.1088/1748-0221/8/06/P06008
https://doi.org/10.1088/1748-0221/8/06/P06008
https://arxiv.org/abs/1304.1710


IV Literature

Dermer, C. D. et al. (Mar. 2013). “On the Physics Connecting Cosmic Rays and Gamma
Rays: Towards Determining the Interstellar Cosmic Ray Spectrum”. In: arXiv e-prints,
arXiv:1303.6482, arXiv:1303.6482. arXiv: 1303.6482 [astro-ph.HE] (cit. on p. 5).

Hamamatsu Photonics K.K. (2013). Product flyer: MPPC Array S12573 Series (cit. on
p. 38).

Lypova, Iryna (2013). “Investigation on gamma-electron air shower separation for
CTA”. Master thesis. Astronomy and Space Physics Department, Taras Shevchenko
National University of Kyiv (cit. on p. 54).

Niggemann, Tim et al. (Jan. 2013). “Status of the Silicon Photomultiplier Telescope FA-
MOUS for the Fluorescence Detection of UHECRs”. In: International Cosmic Ray Con-
ference. Vol. 33. International Cosmic Ray Conference, p. 1852 (cit. on p. 25).

Spurio, Maurizio (2014). Particles and Astrophysics - A Multi-Messenger Approach. Springer.
ISBN: 978-3-319-08051-2 (cit. on pp. 3, 5).

De Angelis, Alessandro and Mário João Martins Pimenta (2015). Introduction to Particle
and Astroparticle Physics - Questions to the Universe. 1st ed. 2015. Springer. ISBN: 978-8-
847-02688-9 (cit. on pp. 3, 4, 6).

Kakuwa, Jun et al. (May 2015). “Synchrotron self-Compton emission by relativistic
electrons under stochastic acceleration: application to Mrk 421 and Mrk 501”. In:
Monthly Notices of the Royal Astronomical Society 449.1, pp. 551–558. DOI: 10.1093/
mnras/stv281. arXiv: 1502.03261 [astro-ph.HE] (cit. on p. 6).

Schumacher, J. et al. (July 2015). “Dedicated power supply system for silicon photo-
multipliers”. In: 34th International Cosmic Ray Conference (ICRC2015). Vol. 34. Interna-
tional Cosmic Ray Conference, p. 605 (cit. on pp. 30, 31).

The Pierre Auger Collaboration (2015). “The Pierre Auger Cosmic Ray Observatory”.
In: DOI: 10.1016/j.nima.2015.06.058. eprint: arXiv:1502.01323 (cit. on p. 14).
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Figure 1: Important mappings used for HAWC’s Eye. On the left side, the hardware
assignment of each pixel to the pre-amplifiers board is displayed following the logic of
board|patch|pixel. The mapping on the right side is the analysis mapping assigning
the order of the analysis outputs (Sw ID) to a position on the camera. By the colours
the trigger patches are marked and the mapping is chosen in a way that it reflects the
position of the pixels when one looks at the camera from above.
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Figure 2: Connector assignment at the aluminium plate that is used for the pass-through
into the closed box. For the trigger output only the right fiber connector is utilised
whereas for the communication with the PC both fiber connectors are needed. The
SMA connectors are taped.

Figure 3: HAWC tank layout with labels. Coordinates are taken from the tank-layout-
03.txt file of the AERIE analyse software.
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Figure 4: Arrival directions of hybrid events recorded with HAWC and the HAWC’s Eye
telescopes in 2019. Each point represents the arrival direction of one shower measured
by HAWC. The polar angle indicates the azimuth in degrees and the radius the zenith
in radiant.
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