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1. Introduction

Mankind has always been fascinated with the sky, the stars and the sun. There have
been many milestones along the way, from understanding that the earth is not in the
center of everything to finding stars much brighter than the sun or even creating pictures
of a black hole.

The discovery of cosmic rays in 1912 by Victor Hess was one milestone on mankind’s
journey of studying the universe. As he flew in a hot air balloon to measure the radiation,
he discovered that the ionization rate increases with height, coming to the conclusion
that particles must be flying to earth from beyond the atmosphere [1].

Contrary to their name cosmic rays are high speed particles. They originate from across
the known universe. The sources of cosmic rays, known today, are supernovae explosions,
gamma ray bursts, and active galactic nuclei [2]. The vast majority of these particles are
protons, some helium nuclei and the rest are atomic nuclei up to iron. These rays are
called primary cosmic rays. The energies reached by these particles (up to 1020 eV) are up
to 100 million times larger than those reached with current particle accelerators. With
these energies the particles move with nearly the speed of light through the universe
and can only be measured directly beyond earth’s atmosphere with space telescopes. [1]
Finding the origin of such high energy particles is one of the goals of modern-astro-
particle physics, as it helps to better understand our universe and its history.

Charged cosmic rays however cannot be traced back to their origin easily due to deflection
in magnetic fields. Gamma rays on the other hand point to their origin. Therefore,
observing gamma rays may help understand where cosmic rays are created. [1]

Primary cosmic rays constantly enter the earth’s atmosphere and when they do, they
collide with particles of our atmosphere creating billions of so called secondary particles
or showers, which are charged particles such as pions, which then further decay or interact
with other particles [1]. These relativistic particles emit Cherenkov light and trigger the
emission of fluorescent light [3]. On earth the rays can only be detected indirectly by
detecting the extended air showers they create.

The High Altitude Water Cherenkov Observatory (HAWC) observes cosmic
rays and gamma rays with energies of 100 GeV to 100 TeV. It is located in Mexico at an
altitude of 4100 m and has been operating successfully since 2015 [2]. It consists of 300
water Cherenkov tanks, which detect Cherenkov light that is created inside the tanks,
meaning it detects particles that arrive at the ground [2]. To measure the development
of the showers, additional telescopes, called HAWC’s Eye telescopes, have been installed
at the site [4].

The HAWC’s Eye telescopes are Imaging Air Cherenkov Telescopes (IACT), which
detect Cherenkov light that is generated in the atmosphere by air showers, to image these
showers [3]. HAWC’s Eye is a Geiger Avalanche Photo Diode (G-APD) IACT using
Silicon Photomultipliers (SiPM). SiPMs are solid state sensors with many advantages
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to classical Photomultiplier tubes. They are insensitive to magnetic fields, mechanically
robust, can operate at low voltages and can detect a range of photons from a single one
to several thousand [5] [6]. These qualities allow operation with ambient light, such as
moon light and therefore allow longer operation times [7].

The HAWC’s Eye telescopes each consist of 64 SiPMs [7]. These are supplied with a
voltage that needs to be high enough for the sensors to properly work. There is a certain
voltage, called breakdown voltage, at which the SiPMs no longer amplify the signal. The
sensors are capable of detecting single photons which means that they have a high gain,
which grows linearly with the applied voltage, if the applied voltage is higher than the
breakdown voltage. [6]

Ideally each SiPM should work at the same gain. As the breakdown voltage may vary
for each SiPM, it is not sufficient to supply each SiPM with the same voltage. The
goal of this thesis is to calibrate the voltage each detector needs to be supplied with for
operating the sensors at the same gain. This is done by analyzing the gain of multiple
measurements with varying applied voltages.

In first steps the extraction algorithm with which signals are extracted will be adapted
to find the optimized extraction algorithm. After checking for possible biases in the
data, with a linear fit applied to the data, the needed voltage is calculated.
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2. Hardware

This chapter introduces the hardware that makes up the telescopes used in the scope of
this thesis. First the functionality and properties of SiPMs are explained, which are the
detectors the cameras use. Then the construction of the HAWC’s Eyes telescopes and
their characteristics are introduced.

2.1. Silicon Photomultiplier

The HAWC’s Eye telescopes use SiPM based cameras. SiPMs are used to detect pho-
tons. They can detect single photons but due to the construction they are also able to
say exactly how many photons hit the telescope. The following section on Silicon Pho-
tomultipliers gives a brief introduction of their functions. More in depth information is
found in [6] and [8].

The SiPMs used in the HAWC’s Eye telescope are of type SensL MicroFJ-60035-TSV.
All properties are found in [8].

2.1.1. P-N Junction

A semiconductor is a material that by itself conducts close to no electricity. However
by adding impurities the conductivity can be increased. The n-doped semiconductor
material has four valence electrons, whereas the doping material has five. Thus there are
some electrons for charge transport. A p-doped semiconductor consists of a four-valence
material doped with three-valence material, thus creating "holes" which can be viewed
as positive charge carriers enabling charge transport. When a n-doped semiconductor
and a p-doped semiconductor are in direct contact with each other the electrons of the
former and holes of the latter, that are close to the contact area, annihilate. This creates
a so called depletion region with no mobile charge carriers, but an internal electric field
due to the displacement of the electrons and holes. [9]

2.1.2. Photodiode

An impinging photon can excite an electron in the depletion region which creates an
electron-hole pair, thus freeing charge carriers to allow current flow. Due to the electric
field the electrons will then be accelerated towards the p-doted side and the holes to the
n-doted side [9]. This is called photodiode [6]. Photodiodes are only sensible to certain
wavelengths, because the photons need enough energy to create electron-hole-pairs [9].
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2.1.3. Geiger mode single photon avalanche diodes (SPAD)

By applying a bias voltage the internal electric field in the depletion region is decreased
(plus pole to p-doped side, minus pole to the n-doped side) or increased by applying a
reverse bias voltage[6]. With a high enough reverse bias voltage the accelerated elec-
trons will have enough energy to create further electron-hole pairs and the electrons
from the newly induced pairs can excite further pairs which leads to a self sustain-
ing avalanche [6]. The current then rises to a macroscopic level causing the diode to
discharge (called Geiger discharge) which then will be stopped by quenching resistors
on the outside [5] [6]. Photodiodes operated in such ways are called single photon
avalanche diodes (SPAD) or Geiger mode avalanche photodiodes (G-APD). A silicon-
Photomultiplier is the composition of up to several thousand SPADs (called microcells)
per square millimeter [6].

2.1.4. Properties and internal triggers of SiPMs

To properly work with SiPMs the following aspects are important to understand.

Breakdown voltage and overvoltage: With no bias voltage the current measured
is linear to the number of impinging photons. With the macroscopic current that the
avalanche as described above brings, this is no longer the case. The current starts to
diverge with higher electrical fields (higher voltages). The breakdown voltage Vbr is the
voltage at which the number of secondary carriers diverges. It is dependant on the
width of the depletion region of the p-n-junction as well as on the temperature. Charge
carriers that don’t have enough energy to create another electron-hole pair will loose
energy when they collide with other atoms. The higher the temperature the more likely
those collisions are, resulting in a higher breakdown voltage. [5]

To properly use the SiPM the applied voltage must be higher than the breakdown
voltage. The difference between the breakdown voltage and the applied voltage is called
overvoltage. [6]

Gain: A single electron would not create a current strong enough to be measured. Only
the avalanche created can do so. The charge that is then created by the breakdown of a
single cell is called gain. It is dependent on the overvoltage and microcell size. [5] [6]

Dark count rate: A breakdown is induced not only by a impinging photons but also by
some unwanted effects. Through thermal excitation (even at room temperature) some
electrons in the silicon can be excited and induce an avalanche and therefore a signal.
The amount of signals per time and active area produced by thermally excited electrons
is called dark count rate and is given with the unit kHz mm−2. [6]

Optical crosstalk: When the electrons in the avalanche are accelerated they can emit
photons that can cross over to other microcells and initiate an avalanche. The resulting
signal would then be interpreted as more than one impinging photon even though no
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additional photon has entered from the outside. This process is called optical crosstalk
or crosstalk. Optical crosstalk can be suppressed to some level using optical trenches
that surround the active area of a cell that captures the photons emitted from the
avalanche. [6] [7]

Afterpulsing: If a charge carrier gets trapped in defects of the silicon and is released
later it creates another avalanche with a decreased amplitude, dependant on the recharge
state of the cell. This is called Afterpulsing [6]. The dark count rate as well as the optical
crosstalk can be examined by taking data with the SiPM in complete darkness [7].

2.2. Telescope

The HAWC’s Eye telescopes are imaging air Cherenkov telescopes. They consist of a
Fresnel lens, located on top of a carbon tube, that collects the light to the SiPM based
camera inside the tube [10]. A Fresnel lens is a composition of lenses that create an
optical lens with less material and less space. Each telescope consists of 61 SiPMs, that
are optically coupled to solid light guides out of plexiglas with a refractive index of 1.5
and 436 nm [7]. They are glued to the cells with a glue of a similar refractive index.
Their purpose is to reduce the optical crosstalk between neighboring cells [7]. A single
SiPM is referred to as a pixel. Three further pixels (called the blind pixels 61,62 and
63) are located around the other pixels for monitoring and calibration purposes and are
not connected to light guides [4]. Figure 1 shows the arrangement of the pixels and the
pixels with the light guides.
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(a) Picture of the 61 SiPMs with solid light
guides. Taken from [7]

(b) Arrangement of the Pixels with their re-
ferred numbera

aThis graph was made by Florian Rehbein, a Mas-
ter student at the HAWC’s Eye project, who has
given me permission for use

Figure 1: Structure of the HAWC’s Eye telescopes

Each of the sensors used consists of 22 292 microcells. The Data sheet gives a minimum
of the breakdown voltage of 24.2 V and a maximum of 24.7 V at 21°C [8]. 64 temperature
sensors give out the temperature with a precision of 1 K. Each pixel has its own channel
providing the bias voltage with a precision of 2 mV to 10 mV.[7]

The pixels 33, 37 and 43 are split on the backplane so that their signal can be accessed
between the pre-amplifier and the digitization for debugging purposes. Their gain is
lower than that of the other pixels. The two telescopes will be referred to as He01 and
He02.
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3. Pulse Extraction

When taking data, the HAWC’s Eye telescopes measure the voltage, for which the
corresponding time is saved. From these the actual signals need to be extracted. Here,
HAWC’s Eye uses FACT’s extraction algorithm, as well as a fit applied to the extracted
signals. The FACT project is the first one to have used a G-APD Cherenkov telescope.
More information on the project, the extraction algorithm and the fit function is found
in more detail in [11].

3.1. Extraction algorithm

The measurements used in this thesis are dark count measurements where 10 000 samples
have been taken with different bias voltages. For each channel a baseline is determined
and subtracted. To minimize additional noise twenty samples before and 10 samples
after each event are discarded. Applying a sliding average of 10 samples also improves
the signal-noise-ratio. A signal trace from which the signals are extracted is shown in
figure 2:

Figure 2: Example of a signal trace

To identify a pulse the data is scanned for a threshold crossing between two consecutive
samples. This threshold is dependent on the bias voltage. At 5 V overvoltage it is 5 mV.
Only if the four samples before (respectively after) the threshold crossing are also below
(respectively above) the threshold it is interpreted as a signal, if not it is dismissed.
After the threshold crossing a local maximum is searched between 5 and 30 samples.
The time of the last sample that does not fall below 50% of the maximum is called arrival
time. From this point the following 30 samples are integrated, which is then called the
extracted signal. The search for the next signal starts after the integration window.

This is the extraction algorithm designed by the FACT project and was used with some
adaptations for this thesis. For more details check [11] and [7]
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3.2. Modified Erlang distribution

A function is fitted to the extracted signals, which then gives out the properties of the
sensors. The integrated charges of the extracted signal are filled into a histogram, form-
ing a so-called dark count spectrum. Optical crosstalk causes higher order multiplicities
which is seen in the different heights of the peaks. The released charge per avalanche
fluctuates and thus adds to the distribution being smeared out. It scales with the mul-
tiplicity and is the width of the peaks σpe. The distance between two consecutive peaks
hereby gives the charge that a single breakdown releases, which is the gain. The integral
then is considered the dark count spectrum. Electronic noise also leads to uncertainties.
It is considered to be independent of the number of breakdowns and is assumed to be
Gaussian with a width of σel. [11]

To model the resulting data, a function is fitted to the spectrum. This function is a
modified Erlang distribution, which was studied in depth by the FACT project [11].

The distribution is the sum of shifted Gaussian functions with gain g.

f(x) = A1 · a1
∑∞

n=1 Pn
e−

1
2 [ x−xn

σn
]2

an
(1)

with
σn =

√
nσ2

pe + σ2
el and an = σn

√
2π (2)

With this we can define the modified Erlang distribution as:

Pn = (nq)n−1

[(n− 1)!]ν (3)

where q=p·e−p. The number of potential crosstalk triggers is limited by the geometry
of the sensor [11]. The parameter ν is introduced as a correction for this. It is usually
∼ 1 [7]. Figure 3.2 shows an example of the resulting outcome of the spectrum of the
fitted Erlang distribution.
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Figure 3: Example of a fitted dark count spectrum. The red curve is the Erlang distribu-
tion fitted to the blue data, which is the histogram of the integrated charges.
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4. Measurements

At 21 °C the SiPMs of the HAWC’s Eye telescopes are supplied with 29.45 V. They
are thought to operate at 5 V overvoltage therefore assuming the breakdown voltage to
be at 24.45 V. If not noted differently, in the following any voltage mentioned is the
overvoltage with the assumption of the breakdown voltage at 24.45 V.

To calibrate the gain multiple measurements with different overvoltages need to be
taken. With the extraction algorithm (section 3.1), the pulses are extracted and the
Erlang distribution of section 3.2, equation 3 is fitted to the resulting histogram. This
fit calculates the gain for each measurement and each pixel. The gain grows linearly with
the applied overvoltage, and the gain is zero when the applied voltage is at or below the
breakdown voltage [6]. When plotting the gain against the applied overvoltage for each
pixel, a linear fit is made. Ideally, this fit should cross through the coordinate system’s
origin, as the gain is zero when the overvoltage is zero. If not at zero, the x-intersection
of the linear fit is the voltage that needs to be added to the pixel’s voltage supply of
29.45 V, with which the pixel is supplied, so that it operates at 5 V overvoltage. In other
words, when the gain is plotted against the total voltage, the x-intersection is the actual
breakdown voltage of the pixel. In this thesis a linear fit will be used to calculate the
overvoltage with which a pixel needs to be supplied so that all pixels operate at the same
gain. In order to achieve this, multiple measurements with varying overvoltages have
been taken. First measurements were taken with the HAWC’s Eye 01 telescope (He01)
from 1 V to 6 V in 0.5 V steps and 10 000 events each run. With these measurements
first analyses were made (chapter 5). Later, further measurements were taken for both
telescopes from 3.5 V to 7 V in 0.1 V steps with 10 000 events each.
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5. Extraction optimization

The extraction algorithm and the Erlang distribution, which ultimately gives out all
properties with which the analysis will be made, show only few irregularities for an
applied overvoltage of 5 V. For lower voltages it gets increasingly more difficult to
extract the pulses reliably. This thesis uses multiple measurements with lower voltages,
for which the algorithm needs to be adapted. In this chapter the first section takes a look
at the raw data from which the signals need to be extracted, the second section shows
the outcome of the Erlang distribution (3.2). The third section then makes adaptions
for pixels that stand out at 5 V applied overvoltage.

5.1. Signal traces

The extraction algorithm seeks out signals by finding data points that cross a certain
threshold. For lower voltages the height of a pulse decreases significantly. Therefore
the threshold of usually 5 mV has to be adjusted. While the pulse height decreases,
the background noise does not, which results in a lower signal-to-noise ratio (SNR)
compared to measurements with higher overvoltages. The extraction algorithm needs
to be adapted for lower SNRs. Figure 4 shows examples of signal traces at 5 V and 6 V
overvoltage. The pulses are apparent and not mistakenly interpreted as noise.
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(a) Event at 6 V. The pulses are clearly distinguishable. Each pulse has a
clear threshold crossing at 5 mV

(b) Event at 5 V. The pulses are clearly distinguishable.

Figure 4: Signal traces at 5 V and 6 V. Each pulse has a clear threshold crossing which
reduces the probability of missing a signal or falsely interpreting noise as a
signal.

Figure 5 shows examples of a signal trace at 3.5 V and 2 V overvoltage. At 3.5 V over-
voltage the pulses can still be distinguished from the noise. The threshold here is set to
3 mV, which makes sure that all peaks are included. Because the noise is comparatively
high to the maximum peak height, it becomes increasingly difficult to accurately extract
the signals. An example of a signal trace is shown in figure 5a). Additional examples at
this overvoltage are found in appendix A. When looking at the pulses with lower bias
voltages, it is no longer possible to find a reasonable threshold. Figure 5b shows a signal
trace at 2 V overvoltage. The falling edge is very flat compared to that of a signal with
5 V overvoltage for example. No threshold can be found that clearly sources out signals
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because the noise crosses it multiple times especially on the falling edge side of the pulse.
A way around this is to set a higher integration window, or to increase the time after
which a new pulse is searched for. This could however lead to missed signals. At 3 V
the fit of the Erlang distribution is no longer able to calculate fit values, independent of
the set threshold, sliding average or integration window. Therefore only measurements
with an overvoltage of 3.5 V and above will be further discussed.

(a) Event at 3.5 V. The pulses can still be clearly seen. The height of the
pulses is comparatively small to the noise. The pulse peak is just above
5 mV so the threshold must be smaller than 5 mV.

(b) Event at 2 V. The pulses can be seen, but are comparatively low to the
noise. It it not possible to find a reasonable threshold that will only
read out signals, whilst not dismissing signals for noise.

Figure 5: Signal traces at 3.5 V and 2 V. While the pulses are still visible, the low SNRs,
make it increasingly difficult to find a reasonable threshold.
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5.2. Signal extraction at 3.5V and below

To improve the extraction at 3.5 V overvoltage, the algorithm (section 3.1) was adjusted.
These adjustments will be discussed in the following.

The sliding average improves the signal-to-noise ratio. For lower overvoltages this might
suggest using a higher sliding average because the signal-to-noise ratio is lower here
compared to higher overvoltages. However, it also significantly flattens the amplitude
of the peak which makes the pulse extraction more unstable because the pulses are very
low to begin with. A lower sliding average on the other hand sustains the maximum
height of the signal more, which means that the threshold can be kept higher, resulting
in less noise crossing the threshold.

The integration window is usually 30 samples long, even though the pulses are longer
than this. The reason for this is that new pulses may start within the falling edge of
on ongoing pulse. This is seen, for example, in figure 4b. Integrating over too much of
the falling edge of a pulse could therefore result in missed signals. Another reason for a
shorter integration window is that this decreases the effects of afterpulses.

However, for some select pixels an integration window of 40 samples results in more
precise outcomes of the Erlang distribution fit afterwards. This is discussed further
in section 5.3. A longer integration window results in a higher gain, which might help
analyze the gain of the measurements with lower bias voltages. Because it systematically
increases the gain, the same integration window needs to be used for all measurements.

Figure 6 shows the outcome of the Erlang distribution fit for the adaptations discussed
above. Pixel 8 is used as an example, because compared to other pixels, the peaks can be
seen more clearly, making the difference between the measurements clearer. For compar-
ison, the same adaptations are found for another pixel (pixel 21) in the appendix B.
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(a) Sliding average of 10 and integration
window of 30 samples, the standard
extraction algorithm. χ2=0.34

(b) Sliding average of 8 and integra-
tion window of 30 samples. The
peaks are more precise than with
a sliding average of 10, because
the maximum pulse height is sus-
tained. χ2=0.30
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(c) Sliding average of 10 and integration
window of 40 samples. No clear
improvement can be seen compared to
the standard algorithm. χ2=0.42

(d) Sliding average of 8 and integra-
tion window of 40 samples. The
peaks can be seen more clearly
with the eye, however, no as-
sessment can be made, whether
the Erlang fit is more precise.
χ2=0.34

Figure 6: Comparison of the different extraction algorithms of pixel 8.

In all cases the fit clearly follows the data points and no adaptation stands out as
significantly more accurate than others. For some extractions, the peaks in the histogram
are more visible to the eye than others. In figure 6b and 6d, for example, the sliding
average of 8 brings out the peaks more clearly. It is however not possible to asses whether
the fit parameters are also more precise. As noted in the subfigure captions, the χ2 are
all relatively low and do not provide further information on the goodness of fit.

The fit function gives out results for the gain at 3.5 V overvoltage, even if no peaks are
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visible to the eye. As neither the plots nor the χ2 provide information on the best fit,
all measurements should be looked at together, to detect possible errors. This is done
in section 6.2.

5.3. Extraction improvement of faulty pixels

Even at higher bias voltages the fit is inaccurate for some pixels. Pixels 33, 37 and 43,
mentioned in section 2.2, that have a lower gain for example show more irregularities
in the signal extraction. But there are also some other pixels that behave unstable and
show irregularities in the outcome of the Erlang distribution fit. For these pixels a higher
integration window improves the extracted results. Figure 7 shows the comparison for
pixel 60 of He02 at 5 V overvoltage. The fit with the data of the extraction with the
integration window of 40 samples describes the data more accurately. However, it is still
not an accurate fit. In the appendix C the same comparison is found for pixel 43 of
He02.

Only for some pixels the integration window of 40 samples results in a better pulse
extraction. For the majority however an integration window of 30 samples is more accu-
rate. In order to properly calibrate the gain the same extraction algorithm needs to be
used for all measurements used in the linear fit, as different parameters of the extraction
systematically change the outcome. Consequently, only the integration window of 30
samples will be used further on.
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(a) Sliding average of 10 and integration
window of 30 samples. χ2=0.26

(b) Sliding average of 10 and integra-
tion window of 40 samples. The
fit is more precise than with an
integration window of 30 samples,
nonetheless, from 650 ns on for-
ward it only vaguely follows the
data. χ2=0.14

Figure 7: Comparison of the extraction algorithms outcome with an integration window
of 30 and 40 samples. The example shows pixel 60 of He02 at 5 V overvoltage.
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6. Gain calibration

This chapter calculates the needed overvoltage (OV) to achieve a fixed gain. The first
section takes a closer look at the gain given by the Erlang distribution fit, to detect
possible biases.

Then some pixels for which a linear fit is not, or only partially practical are sourced
out. Further on it will take a look at the (from a linear fit) extrapolated x-intersections,
which give information about the breakdown voltage of each pixel. Last, the overvoltages
needed to achieve a fixed gain are calculated and discussed.

6.1. Method

To calibrate the gain, the pulses for the measurements ranging from 3.5 V to 7 V need
to be extracted. As discussed in section 5.2 the threshold has to be adjusted to the
applied overvoltage. Table 1 in the appendix D contains the thresholds which were set
for the extraction. The integrated pulses are then filled into a histogram and the Erlang
distribution (equation (3)) is fitted to the histogram. This fit calculates the gain, which
is read out, resulting in 36 gain values and their errors for each pixel.

In the next step, the gain is plotted against the applied overvoltage. Additionally a
linear fit of the form

f(x) = m · x+ b (4)
is applied on the data. The errors on the gain are extracted from the Erlang distribution
fit. The applied voltage can be adjusted to 1 mV and the errors on the voltages are
negligible.

6.2. Bias below 4V and above 6V

The linear fit is applied to the data for the extraction1 with an integration window of 30
samples and an sliding average of 10, as well as for the extraction2 with an integration
window of 30 samples and a sliding average of 8. Figure 8 shows some examples of
this.

1This extraction is marked with I30_sl10
2This will be marked as I30_sl8
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(a) Linear fit on the gain and the residual plot of pixel 5 of He02. The last
3 data points fall out of line.
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(b) Linear fit on the gain and the residual plot of pixel 1 of He02. The first
and last 3 data points fall out of line, resulting in a slight parabola in
the residual plot.
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(c) Linear fit on the gain and the residual plot of pixel 58 of He02. The first
and last 3 data points fall out of line.

Figure 8: Examples of the linear fit and the residual with all measurements. In all
examples the corner data points stand out.

As expected, the gain of the I30_sl8 extraction is slightly higher than that of the I30_sl10
extraction. Independent from the extraction used, a bias is seen below 3.8 V and above
6.6 V. The corner data points seem to lie higher than expected (compare to figures 8b
and 8c). This behavior is seen in most pixels. It can also be seen in the residual
plots, which suggest a quadratic correlation between the gain and the overvoltage. This
however has no physical explanation and it is therefore more likely, that the residual plots
show that the data points below 3.8 V and above 6.6 V have a systematic bias. The data
sheet of the SiPMs specifies the minimum overvoltage to be 1 V and the maximum to
be 6 V [8]. This can explain the bias above 6.6 V. Another possible cause is that the
threshold for higher overvoltages was also set to 5 mV (table 1), even though the pulses
are higher than at 5 V overvoltage, which suggests using a higher threshold.

In section 5.2 the extraction of the pulses at 3.5 V overvoltage was discussed, and shown,
that the Erlang distribution fit gives out results for the gain, even if peaks are no longer
visible. These gains however have large errors compared to those of the gain values
received with higher overvoltages. The fact that they, for the majority of pixels, stray
further out than the data points in the middle of the range, as well as the problematic
extraction for these overvoltages, motivates to leave these values out of further analy-
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sis.

When leaving out the points with a clear bias, no further systematics are seen in the
residual plots. To suppress any systematic biases, the fits and the following analysis
will be done in the range of 4.2 V to 6.3 V. The sliding average of 8 in the extraction
algorithm was introduced to improve the outcome of the fit function for low overvoltages.
These measurements however will no longer be used for further analysis. Proceeding,
the gains used are those resulting from the extraction algorithm with a sliding average
of 10 and an integration window of 30 samples, which is the standard one.

6.3. Detect faulty Pixels

There are some pixels for which a linear fit might be tricky or simply not expedient.
Figure 9 and figure 10 show some examples. Here the gain is plotted against the applied
overvoltage.

For some pixels only certain measurements stand out (compare figure 9b). For these
pixels the linear fit can still be made, when leaving out said data points. In the example
mentioned, the fit would then be made in the range of 5.1 V to 6.3 V.

For other measurements (compare figure 9a) data points throughout the entire range
stand out, yet in total they follow a linear correlation. Here the fit can be made but the
outcome might be flawed.

There are also pixels that follow no linear correlation in any part of the range. This,
for example, is the case with the pixels 60, 61, 62 and 63 of He02 (see figure 10 and
appendix E). In other measurements for the same pixels this is not seen. Therefore, the
problem may lie in the measurements and not in the pixels.

Pixels that fall into one of the three categories mentioned above are identified as faulty.
All pixels identified as faulty are found in appendix E. He01 has more faulty pixels than
He02. It should be noted that He01 behaved quite unstable during data taking and was
interrupted multiple times. This could lead to more erratic outcomes. The faulty pixels
are excluded from further calculations, such as distributions or mean values.
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(a) Irregularities of pixel 39 He01. A linear
correlation can be seen. Multiple data
points, however, do not lie where expected.
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(b) Irregularities of pixel 43 He01. The data
points below 5 V do not follow a linear cor-
relation anymore.

Figure 9: Examples of faulty pixels of He01
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(a) Irregularities of pixel 60 He02. The data
points below 4.6 V do not fit into the pat-
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(b) Irregularities of pixel 61 He02. No lin-
ear correlation can be seen in these data
points.

Figure 10: Examples of faulty pixels of He02
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6.4. Distribution of x-intersections

The gain is expected to be 0 when no overvoltage is applied. The breakdown voltage is
given between 24.2 V to 24.7 V. The overvoltages given in this thesis are relative to a
breakdown voltage of 24.45 V. This means the x-intersections of a linear fit should lie
within −0.25 V to 0.25 V.

Figure 11 shows the x-intersections and their distributions for He01 and He02. For both
telescopes most intersections lie between 0.5 V and 1.05 V but scatter out further, in
case of He01 even up to 1.55 V. This would mean that the applied overvoltage is a lot
lower than expected. If these were the actual overvoltages at which there is no more
gain, then the breakdown voltages of the pixels would lie between 24.9 V to 26 V, which
is higher than the upper limit of 24.7 V given by the manufacturer [8]. The data points
to which the linear fit was applied start at 4.2 V and end at 6.3 V overvoltage, thus
covering a range of 2.1 V. The x-intersections are calculated by extrapolating over a
range that is larger than the fit range. It is highly unlikely that the breakdown voltage
lies outside of the given interval for every pixel. It is more likely that it is impractical
to extrapolate over a range longer than the range in which data points can accurately
be determined. To successfully test the breakdown voltage, the range of extrapolation
would have to be shortened which, as discussed in section 5.2, was not possible within
the scope of this thesis. In order to do that the extraction algorithm needs adaptation
for overvoltages that lie closer to the breakdown voltage. As these measurements are
not suitable to correctly analyze the x-intersections, the respective errors (as seen in
figures 11a and 11b) need not be discussed.
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Figure 11: x-intersections and their distribution
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6.5. Gain at 5V

The goal of this thesis is to calculate the overvoltage with which to supply each pixel,
in order that every pixel has the same gain. As the pixels are set to operate at 5 V
overvoltage, the overvoltage that is calculated is that to receive the medium gain at 5 V.
Figure 12 shows the gain as well as the distribution for both telescopes3.
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Figure 12: Gain at 5V for both telescopes

The mean value of the gains at 5 V for both telescopes are

206.4± 5.8 for He01
216.7± 5.9 for He02.

(5)

The gain that is calibrated is the medium gain of both telescopes and amounts to 212.

3The pixels that have a lower gain and pixels that clearly stand out are not included. A plot with all
gains is found in the appendix F
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6.6. Calculation of the needed overvoltage for a gain of 212

With the linear fit applied to each pixel, the needed overvoltage is calculated. Again,
this is the overvoltage assuming that the breakdown voltage of the SiPMs lies at 24.45 V.
For this equation (4) is rearranged to

V0 = g − b
m

(6)

with V0 the needed voltage, g the gain, m the slope and b the y-intersection, where m
and b stem from the linear fit.

As g is fixed, no error needs to be considered. b and m are correlated, their errors and
correlation coefficient stem from the linear fit. The correlation coefficient between the
slope and the y-intersection (m and b) is determined to be below −0.99 for every pixel.

This significantly decreases the error calculated for V0, when the correlation is considered.
Taking the standard deviation as the error and its square as the variance, the error of
V0 is derived with the correlated Gaussian error propagation ([12])

σ2
V0 =

(
∂V0

∂m

)2

· σ2
m +

(
∂V0

∂b

)2

· σ2
b + 2 · ∂V0

∂m
· ∂V0

∂b
· ρm,b · σm · σb (7)

With σi the respective errors and ρm,b the correlation coefficient between m and b, which
is given out by the linear fit.

When leaving out the last term of equation (7), the Gaussian error propagation with
uncorrelated parameters is left. With a correlation coefficient below −0.99, the corre-
lated error of V0 decreases significantly compared to the error derived by uncorrelated
propagation. The correlated error of V0 yields to a relative error below 1 % for every
pixel. To calculate the needed overvoltage, multiple steps are taken, each of which is
source for inaccuracies and uncertainties, which are only partially reflected on the errors
received for the calculated overvoltages. The resulting errors should therefore be viewed
with caution.

Figure 13 and figure 14 show the calculated overvoltages as well as their distributions
for He01 and He02. For comparison, both errors discussed above (the correlated and the
uncorrelated error) are displayed in the plots.
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Figure 13: Overvoltages needed for a gain of 212 for He01
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Figure 14: Overvoltage needed for a gain of 212 for He02

For He01 all overvoltages are within a range of 0.5 V of each other, while those of He02
lie in a range of 0.6 V.

Table 2 in appendix G contains the voltage each pixel needs to be supplied with to
receive a gain of 212.
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7. Testing the calculated voltages

Measurements were taken with the overvoltages calculated in section 6.6. For He02 two
measurements were taken with the overvoltages as in the fourth column (named ’He02’)
of table 2 in appendix G. Figure 15 shows both of these measurements. Further 10
measurements were taken in 0.1 V steps, up to 0.5 V above and below the respective
overvoltage.
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Figure 15: Medium gain with the overvoltages for a gain of 212 of He02
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The mean value of the gain and the standard deviation of both measurements are:

211.9± 2.4 for the first measurement
211.4± 2.0 for the second measurement.

(8)

The pixels detected as faulty are not included in the mean value of the gain given above.
The pixels with a lower gain (33, 37 and 43), on the other hand, are included as their gain
has been calibrated to be 212 as well. For both measurements the standard deviation
decreases significantly compared to that of the measurement at 5 V overvoltage seen in
figure 12 and equation (5).

In section 6.3 pixels that showed irregularities were detected. For the measurements
taken with the newly calculated overvoltages, some pixels show no more irregularities.
See for example figure 16 which shows the example of pixel 61.
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Figure 16: Comparison of measurements of pixel 61

Improvements are also be seen for pixels 60, 62 and 63. With these measurements new
overvoltages are be calculated. They are also be found in table 2.

For pixel 7, which was also identified as faulty due to irregularities (see figure 21a in
appendix E) the medium gain of the measurements with the calculated overvoltages
applied is 212.4. Therefore, this pixel needs no correction.

He01 crashed during data taking. Collection of new data could not be taken in time for
inclusion in this thesis.
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8. Discussion and outlook

In this thesis, the overvoltages needed for the calibration of the HAWC’s Eye telescopes
are determined in order that each pixel (128 pixels in total) operates at the same gain.
Section 2 and 4 gave insights to the hardware and software used in this thesis, while
section 4 briefly explained the measurements and method needed to calibrate the gain.
In section 5 the pulse extraction, especially for overvoltages of 3.5 V, was analyzed. The
signals at this overvoltage can mostly be recognized in the plots. Due to a low signal-to-
noise ratio, however, they can no longer be extracted accurately with the algorithm. The
extracted signals are flawed. The outcome of the Erlang distribution fit, which ultimately
gives out the values used for the gain calibration, and their uncertainties are much higher
than those of measurements with higher overvoltages. While the extraction algorithm
used in this thesis works well for overvoltages between 4.3 V to 6.2 V, extractions outside
of this range become inaccurate.

For the breakdown voltage of the SiPMs of the HAWC’s Eyes telescopes an interval
of 0.5 V is given by the manufacturer. The overvoltage applied to the SiPMs assumes
the breakdown voltage to lie in the middle of this interval. As the gain grows linearly
with the applied overvoltage, when plotting the gain against the applied overvoltage,
the x-intersections of a linear fit are expected to lie within −0.25 V to 0.25 V. The x-
intersections calculated with the linear fit, as done in section 6, lie above 0.25 V for every
pixel. The lowest overvoltage used for the fit is 4.3 V. Because of this, the range over
which needs to be extrapolated to calculate the breakdown voltage is too long to achieve
reasonable results. A possible solution for this is to improve (or create) an extraction
algorithm that successfully extracts signals with overvoltages down to 1 V, which is the
lowest overvoltage at which the SiPMs are guaranteed to function [8].

For He02, the width of the gain distribution of the data received from the Erlang distri-
bution fit decreases significantly when the overvoltages calculated to receive a gain of 212
are applied. Furthermore, both measurements that were taken with these overvoltages
have a mean gain of 212 within the range of their standard deviation. Therefore, the
method here introduced to calibrate the gain of the HAWC’s Eyes telescopes proves to
be expedient.

He01 behaved unstable during data taking. Therefore, larger fluctuations and with that
more faulty pixels were found. Due to this, it is possible that the calibration of He01
did not work as well as it did for He02. Collecting new data for He01 was outside the
scope of this thesis. Future research should take new measurements for He01 to check
the overvoltages as in table 2. If faulty, new measurements with varying overvoltages
should be taken to calculate the needed overvoltages for He01.
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Appendices

A. Signal traces at 3.5 V

Figure 17: Signal traces at 3.5 V
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B. Signal extraction at 3.5V

(a) Sliding average of 10 and integration win-
dow of 30 samples. χ2=0.22

(b) Sliding average of 8 and inte-
gration window of 30 samples.
χ2=0.22
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(c) Sliding average of 10 and integration win-
dow of 40 samples. χ2=0.21

(d) Sliding average of 8 and inte-
gration window of 40 samples.
χ2=0.23

Figure 18: Comparison of the different extraction algorithms of pixel 21.
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C. Extraction improvement pixel 43 of He02

(a) Sliding average of 10 and integration win-
dow of 30 samples. χ2=0.26

(b) Sliding average of 10 and inte-
gration window of 40 samples.
χ2=0.29

Figure 19: Comparison of the different extraction algorithms of pixel 43 of He02 at 5 V.
The integration window of 40 samples improves the fit of the Erlang distri-
bution.
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D. Thresholds for extraction

Table 1: Thresholds for the signal extraction
Overvoltage in V Threshold in mV

4.8 to 7 5.0
4.7 4.6
4.6 4.5
4.5 4.3
4.4 4.2
4.3 4.1
4.2 4.0
4.1 3.9
4.0 3.8
3.9 3.7
3.8 3.6
3.7 3.3
3.6 3.2
3.5 3.0
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E. Faulty pixels
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(b) Irregularities of pixel 4 He01
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(c) Irregularities of pixel 5 He01
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(d) Irregularities of pixel 33 He01
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(e) Irregularities of pixel 39 He01
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(f) Irregularities of pixel 43 He01
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(g) Irregularities of pixel 44 He01
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(h) Irregularities of pixel 47 He01
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(i) Irregularities of pixel 48 He01
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(j) Irregularities of pixel 60 He01

Figure 20: Faulty pixels of He01. The pixels have the numbers 3, 4, 5, 33, 39, 43, 44,
47, 48 and 60
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(a) Irregularities of pixel 7 He02
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(b) Irregularities of pixel 44 He02
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(c) Irregularities of pixel 60 He02
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(d) Irregularities of pixel 61 He02
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(e) Irregularities of pixel 62 He02
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(f) Irregularities of pixel 63 He02

Figure 21: Faulty pixels of He02. The pixels have the numbers 37, 44, 60, 61, 62 and 63.
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F. Gain at 5 V for all pixels
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Figure 22: Gain at 5 V overvoltage

G. Overvoltages for a gain of 212

The measurements discussed in section 7 were taken with the overvoltages of the ’He02’
column. These and the ones is column ’He01’ are the overvoltages calculated in a
loop, for all pixels. The correction column of He01 has additional overvoltages that
were, when possible, calculated separately for the faulty pixels (see section 6.3). The
correction column of He02 contains the values calculated with the measurements used
in section 7.

Table 2: Overvoltages needed for a gain of 212. All overvoltages assume a breakdown
voltage of 24.45 V and are given in [V]

Pixel He01 He01 correction He02 He02 correction
0 5.13 5.02
1 4.95 4.90
2 5.01 4.78
3 5.25 5.22 4.68
4 5.08 5.02 4.99
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5 5.34 5.13 4.65
6 5.15 4.85
7 5.02 4.83 4.79
8 5.15 5.14
9 5.07 5.03
10 5.29 5.00
11 5.03 4.82
12 5.01 4.84
13 5.13 5.14
14 5.14 4.71
15 5.19 4.98
16 5.13 4.89
17 5.23 4.83
18 5.31 5.19
19 4.98 5.09
20 5.06 5.01
21 4.94 4.86
22 4.93 4.94
23 4.94 4.90
24 5.25 5.00
25 5.10 4.95
26 4.88 4.85
27 5.11 4.81
28 5.23 4.83
29 5.14 4.82
30 5.27 4.92
31 5.16 4.99
32 5.13 4.90
33 5.97 5.85
34 5.21 4.84
35 5.03 4.85
36 4.97 4.87
37 5.83 5.67
38 4.93 4.86
39 5.03 4.89
40 5.25 4.89
41 5.26 4.98
42 5.12 4.87
43 5.44 6.12 6.14
44 5.04 4.37
45 5.20 4.92
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46 5.16 4.87
47 5.05 5.01
48 5.18 4.87
49 5.06 4.79
50 4.99 4.97
51 5.06 4.77
52 5.15 4.79
53 4.95 4.96
54 5.19 4.81
55 5.18 4.96
56 5.14 4.87
57 5.06 5.14
58 5.04 4.85
59 5.21 4.99
60 5.05 5.08 5.24 5.03
61 4.98 4.61 5.03
62 5.18 5.20 4.86
63 5.02 4.95 4.95
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