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Abstract

This thesis describes the design process of a detector for cosmic muons, its key
feature providing a spacial resolution. In order to determine the optimal operation
parameters for the used SiPMs, the temperature dependency of their overvoltage gets
determined and a method for the calibration of the SiPMs is conceptualised. Also,
noise characteristics of the SiPMs are investigated to develop suitable boundary
conditions for coincidence measurements. Furthermore, the structure of the readout
electronics gets established and first parts are designed and tested. As part of the
process, the design and production of the detector’s casing are described.
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1 INTRODUCTION AND OVERVIEW

1 Introduction and overview

In the field of particle physics, many different types of detectors exist, each with
their own application. An interesting category of detectors are pixel trackers which
primary use is to determine where a particle crosses them. Multiple of those track-
ers can be combined to a hodoscope, from the Greek word for way ”hodos” and the
word for observer ”skopos”. Generally, a hodoscope enables to retrace the path of
a particle.

In the Physics Institute III A of the RWTH Aachen University, a silicon pho-
tomultiplier (SiPM) based muon detector module is currently under development.
This module consists of a square scintillating tile and four SiPMs. Experiments
are being carried out to enhance the spacial resolution, by comparing the measured
light yield of the four SiPMs. To be able to cross-check possible results, a reference
detector is needed. This thesis deals with the conceptual design and construction
process of this reference detector.

1.1 Detector concept

Today, a common way to detect charged particles are scintillators. These are materi-
als that emit light when such a particle passes them. The produced light pulse then
can be detected by a designated read-out electronic. A description of the functional
principle of scintillators can be found in chapter 2.

To detect the emitted light pulse of a scintillator, mostly photo multiplier tubes
(PMT) were used [1, 2]. But during the last decade silicon photo multiplier (SiPM)
became a viable alternative option [3, 4, 5]. They have a similar sensitivity and
operate at a much lower voltage of∼ 30V in comparison to the∼ 1000V required for
a PMT. Furthermore, SiPMs have a smaller footprint which enables the construction
of more compact detectors. Downsides of SiPMs are their high noise and high
temperature dependence of all relevant properties, which requires calibration [6].
For this detector an SiPM was chosen as the photon detector. In section 2 the
functionality of a SiPM is described in more detail.

With the ability to detect muons, the next function the detector has to accom-
plish is an x–y resolution. There are many possible solutions to achieve this. In
positron emission tomography (PET) the detectors consist of an array of SiPMs,
each with their own scintillator directly on top. In those setups, each SiPM is com-
parable to a pixel of a CMOS camera sensor. This allows for a spacial resolution
of down to 1mm. However, the main goal of this arrangement is a high timing
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1 INTRODUCTION AND OVERVIEW

and energy resolution, both of which are not needed for our detector. The cost per
channel and per area covered is also very high [7, 8].

To cover more area, most detectors use larger scintillators that are connected to
the readout electronic at their ends or via light guiding fibres. In [5] this was done
by embedding fibres into the top side of a square piece of scintillator and the same
amount perpendicular in to the under side. To calculate where the particle crossed
the scintillator, the brightness at the end of the fibres was measured. An advantage
of this configuration is its very simple mechanical design. On the other hand, the
electronic readout is more complicated. Since the SiPMs not only need to detect
the presence of a light pulse, but its brightness, they need to be even more precisely
calibrated. Furthermore, the position reconstruction does get worse at the edges of
the scintillator, due to the setup of the fibres.

Instead of fibres inside a scintillator, optically isolated scintillator strips are also
an option. These strips get oriented in the same manner: two layers perpendicular
to one another. By this, the spacial resolution can be directly controlled by the
size of the strips. Also, this setup allows for an easy implementation of coincidence
measurements. This means each strip can be read out by two SiPMs and the mea-
sured signal can be compared, to minimise false hits due to noise. A drawback is
the need for optical isolation of the scintillators. This can be realised by mechanical
barriers between the different channels, slightly reducing the scintillating area of the
detector [1, 2, 9].

For our detector, the last configuration was chosen. Each of the two layers is
divided into 16 strips with a SiPM on each end. Leading to a total of 32 scintillator
strips and 64 readout channels.
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2 PRINCIPLES OF THE USED DETECTOR ELEMENTS

2 Principles of the used detector elements

To understand the design decisions taken in section 4 and 5, this section deals with
the relevant fundamental principles. Hereby, emphasis is put on the parameters
and functions, which are important for the operation of the detector. As mentioned
in the introduction, for the detection of muons, two main parts are essential: the
scintillator that converts the energy from a muon passing it into a light pulse and
the SiPM, which converts that light pulse into an electric signal.

2.1 Scintillators

Scintillation is a form of luminescence. It describes the property of a material, to
emit light after absorbing energy from radiation. Depending on the type of scintil-
lator this radiation can be high energy photons, neutrons or any charged particle.
When this radiation passes the scintillator it may excite electrons to a higher energy
level. When the decay of the excited energy level includes a light emitting transi-
tion, a photon will be emitted. These photons have, for the majority of scintillators,
an energy of around 3 eV, which corresponds to a wavelength of approximately
400 nm [10].
There are two main types of scintillators, organic and inorganic. Inorganic scintil-
lators are ionic crystals. The scintillation effect of these crystals is a lattice effect.
Organic scintillators are aromatic hydrocarbon compounds. Here scintillation oc-
curs as a result of excitation of molecular levels. Organic scintillators can be used
as a liquid, by dissolving scintillating materials in a solvent, or as a solid in the form
of plastic scintillators [11]. Owing to mechanical setup, only solid scintillators are
of interest or our application.
Due to non-radiating transitions, the mean energy that is needed to produce a pho-
ton is significantly higher than the energy of the photon. Inorganic scintillators
usually have a lower energy needed per photon of down to 25 eV, where organic
ones need around 125 eV [11].
Other important characteristics of scintillators are the decay constant and the bulk
light attenuation length. The decay constant is a parameter for the time that it
takes an excited energy level to decay. The decay time gives information on how
long a light pulse emitted by this scintillator is. For applications where timing in-
formation is important, a low decay time would be desired. Organic scintillators
feature a decay time of about 2 ns to 30 ns. Inorganic scintillators have a larger
range and, depending on the type, can have a decay time of 5 ns up to 1 µs [12]. The
bulk light attenuation length is the distance the scintillation light can travel through
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the scintillator, until its intensity is reduced by the factor of e. A long attenuation
length is desired, because otherwise the emitted light can’t reach the surface of the
material, where it could be detected.
Another important difference between inorganic and plastic scintillators is cost and
shapeability. Inorganic scintillators are crystals, they are difficult to grow and can
not simply be altered to any arbitrary desired shape or size, after their initial pro-
duction. Plastic scintillators on the other hand are cheaper and can be extruded
into any shape and form, cut and machined.

For our detector, plastic scintillators were used. For more information see sec-
tion 3.

2.2 Silicon photomultipliers

In order to understand Silicon photomultipliers (SiPMs), first its precursors must
be understood. In order to do this, this section tracks the steps from a simple pho-
todiode over avalanche photodiodes (APD) to geiger-mode avalanche photodiodes
(GAPDs) and finally to SiPMs. This explanation will be kept to a minimum and
only discuss matters which are important for the operation of the detector. For
further reference please refer to [13], [14] for semiconductor detectors and for SiPM
specifically to [15].

2.2.1 Photodiode

A photodiode is a p-n diode, optimised for photon detection. This diode has many
interesting and useful properties. For the application as light sensor, the most
important property is that if a photon excites an electron into the conduction band
inside the depletion zone, the electron and its respective hole can be drifted apart.
When this happens, the electron-hole (e-h) pair can not recombine. If the leads of
such a diode are connected via an ampere-meter, the current created from this effect
can be measured. Since every photon only results in one e-h pair, a large number
of photons are needed to result in a measurable effect [13]. Photodiodes are today
widely used in the form of photovoltaic cells.

2.2.2 Avalanche photodiode

In order to achieve a higher gain than the gain of g = 1 of a photodiode, an external
voltage, called bias voltage, can be applied. This voltage increases the electric field
strength inside the APD. If the electric field is high enough that the electrons gain
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enough energy to create new e-h pairs themselves, an avalanche is formed. In an
APD the electric field is only high enough that the electrons of an e-h pair can
create new e-h pairs. This results in an avalanche that only flows in one direction.
The avalanche leads to a gain of g = 50 to 200 [16]. An illustration of this effect is
shown in figure 1 on the left. The exact structure of an APD is more complicated
than that of a simple photodiode and depends on the application and wavelength it
is designed for. The structure and material of an APD also dictates the voltages at
which it can be operated.

Figure 1: The plots illustrate the building of e-h pair avalanches inside a photodiode.
On the left side, a simplified APD is shown. Here the bias voltage is sufficiently
high that electrons can excite new e-h pairs. On the right side, a GAPD is shown.
Here the bias voltage is greater than the breakdown voltage and the avalanche is
self-sustaining. Taken from [15]

2.2.3 Geiger-mode avalanche photodiode

A photodiode can be designed to be operated at voltage levels where even the holes
can excite new e-h pairs, then the created avalanche becomes self-sustaining. This
has the effect that it can no longer be distinguished between different amounts of
photons. Just one e-h pair is needed to trigger the whole GAPD. The voltage at
which this occurs is called breakdown voltage. In order to reset the GAPD, the bias
voltage needs to be lowered under the breakdown voltage. In most applications,
this is done by a resistor in series to the diode. When the avalanche is triggered,
the resulting current generates a voltage drop at the resistor, thus lowering the bias
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voltage. This process is called quenching. An illustration of the avalanche can be
seen in figure 1 on the right-hand side.

The gain of a GAPD can be as high as 108 [17]. With the ability to detect single
photons, but at the cost of the ability to distinguish between different amounts of
photons.

The gain can be controlled by applying different voltages. To calculate this, it
is common to split the applied bias voltage

Vbias = Vbr + Vov (1)

into the breakdown voltage Vbr and the overvoltage Vov. The gain is proportional
to the overvoltage g ∝ Vov.

2.2.4 SiPMs

To be able to distinguish between different intensities of light, a SiPM is essentially
an array of many GAPDs and their quenching resistors, often in the range of a
few thousands. One GAPD and its resistor are called a SiPM cell. The different
cells are connected in parallel as shown in figure 2. By doing this, the current
through the cells is added up. The resulting current is proportional to the number
of triggered cells. For lower numbers of simultaneously active cells, the number can
be discretely distinguished. If a signal consists of just one fired cell, it is called 1
p.e. (photo-electron equivalent) for two cells it is called 2 p.e. and so on.

Figure 2: The figure shows a simplified schematic of a SiPM with its GAPDs and
quenching resistors Rq. On the right side a microscopic image of a SiPM cell is
shown. Taken from [18].

Since a SiPM consists of many small cells, not the whole area of an SiPM is
photo-sensitive. The more cells an SiPM has for a given area, the lower gets the
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proportion of photo-sensitive to insensitive area, called the geometric fill factor.
This fill factor affects the photo detection efficiency (PDE) of a SiPM and is usually
around 50% to 75% [19].

Other factors the photon detection efficiency depends on include the avalanche
probability, the quantum efficiency of the GAPDs, and the coating of the SiPM’s
surface. The overall PED follows from these factors and depends on the wavelength
of the incoming photon. The PDE of an J–Series SiPM from onsemi is shown in
figure 3. There it can be seen that the PDE also increases with higher overvoltage.

Figure 3: In this plot, the photon detection efficiency (PDE) of a J–Series SiPM
from Onsemi as a function of wavelength can be seen. The function is plotted for
an overvoltage of 6V and 2.5V, respectively. Taken from [19].

2.2.5 Noise and temperature dependency of SiPMs

An avalanche inside a GAPD can, instead of by a photon, also be triggered by a
thermally excited electron and cause the cell to trigger. The signal created from this
can not be distinguished from a cell triggered by a photon. Since this is a volumetric
effect, the rate of this noise increases with SiPM size and is highly dependent on the
overvoltage. Onsemi reports the rate of their J–Series SiPM to be 50 kHzmm−2 at
Vov = 2.5V and 150 kHzmm−2 at Vov = 6V [19].
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Another noise characteristic of SiPMs is optical crosstalk. This effect occurs
when a photon is emitted by an avalanche. Such a photon can then trigger a neigh-
bouring cell. This effect can happen in a cell triggered by a photon or by thermal
noise, making it possible to get thermal noise signals higher than 1 p.e. The likeli-
hood of optical crosstalk, in current generation SiPMs, is around 10% to 25% and,
same as the thermal noise rate, rises with higher overvoltage.

During an avalanche, a charge carrier can get trapped by impurities or defects in-
side the semiconductor volume. These can, when released, trigger second avalanches
the so-called afterpulses. This usually happens a few nanoseconds after the initial
pulse [20]. A plot of the signal the different types of noise create is shown in figure 20.

Figure 4: Plotted representation of the noise output of an SiPM. All effects men-
tioned in the text above and combination of those can be seen. Taken from [15].

The breakdown voltage of GAPDs and respectively of the SiPMs is temperature
dependent and increases with higher temperature:

Vbr = Vbr(T0) + b(T − T0) (2)

with b > 0, for J–Series SiPMs from onsemi this factor is 21.5mV °C−1 [19].
This means that in order to get a constant gain, across different temperatures, the
bias voltage needs to be adjusted accordingly. Furthermore, the breakdown voltage
Vbr(T0) varies across even the same type of SiPMs, due to manufacturing variance.
In order to generate consistent data with a detector utilising multiple SiPMs, all of
them need to be individually calibrated.
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3 SiPM and scintillator light yield optimisation

For this detector, the MicroFJ–30035 SiPM from onsemi [19] is used. A few of
its characteristics have already been mentioned in section 2. Figure 3 shows its
PDE for different wavelengths. In order to detect as many photons as possi-
ble, the emitted photons of the used scintillator must match the absorption band-
width of the SiPM. The optimal wavelength for the used SiPM is in the vicinity of
420 nm [19]. For the scintillator two choices were available, the BC–404 and BC–408
from Saint–Gobain [21]. These plastic scintillators feature a similar light output.
BC–404 has a faster decay time but shorter light attenuation length as BC–408.
The emission spectra of both scintillators are shown in figure 5.

(a) Emission spectra of BC-404 scintillator. (b) Emission spectra of BC-408
scintillator.

Figure 5: Emission spectra of BC–404 (left) and BC–408 (right). The maximum of
BC–404 is at 408 nm and the maximum of BC–408 at 425 nm. Taken from [21].

If the emission spectra are compared to the PDE of the SiPM, the BC–408 is a
better match. Since the emission and PDE maxima overlap. Furthermore, BC–408
features a longer attenuation length of 210 cm.

To maximise the amount of light that reaches the SiPM, light guiding fibres are
embedded into the scintillator. Such a fibre traps light along its length and emits
it at its ends. This is achieved by total internal reflection of the light inside the
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fibre. In order for light to get trapped inside the fibre it needs to enter it at a
shallow angle. Because not all photons emitted by the scintillator hit a fibre in a
suitable angle, the scintillator gets wrapped into a diffuse reflecting, cloth like, mate-
rial called Tyvek® [22], made by DuPont. The wrapping of scintillator in reflective
material is also done to generally keep the emitted light inside. The advantage of a
diffuse reflecting material in comparison to for example a reflective foil is that the
reflection angle of the light changes [23]. By this, the probability of photons to get
trapped inside the fibre is increased. In [24] it was found, for a similar setup, that
the wrapping of the scintillator with Tyvek resulted in a higher light output by a
factor of two, in comparison to a blank scintillator. Another advantage of the fibres
is their typically larger attenuation length. For more information on how the fibres
trap light and how it propagates inside, a detailed description is given in [23].

In our setup, each of the fibres is connected to an SiPM at one of its ends.
With this configuration, half of the light is lost since it will exit the fibre at the end
where no detection takes place. To counteract this, the open end of each fibre is
also covered by Tyvek. This results in a light yield improved by about 50% [25],
depending on the type of fibre and the proper attachment of the ”end-cap” Tyvek.
This improvement is especially dependent on the attenuation length of the used
fibre, because the reflected light needs to travel the whole length of the fibre to
reach the SiPM.

The usage of fibres is extremely important, since the cross-section of the scin-
tillator is a lot larger than the SiPM. Without it, only a fraction of the emitted
photons would reach it. The best way of mounting the fibres is to glue them into
grooves with optical cement [24]. For our setup, it was chosen to embed two fibres
into the scintillator, one on the left and one on the right side, respectively. A similar
setup was tested in [11] and showed promising results.

Since the emission and PDE of the scintillator and SiPM are already compatible
a clear light guiding fibre would be more optimal. However, due to global supply
chain crisis caused among other things by the pandemic, only wavelength shifting
fibres were on hand. This problem of out-of-stock items and long lead times was
often encountered during the build process. Especially for the design of the readout
electronics a few compromises had to be made.

A wavelength shifting fibre absorbs light and emits light of a longer wavelength.
For our application we had to take the fibre Y–11 made by Kuraray. Which absorbs
blue light and emits green light. The fibre has a light attenuation length of 3.5m,
making it a suitable light guide in comparison to BC–408 with its attenuation length
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of 0.21m. The emission and absorption spectra of the Y–11 are shown in figure 6.
Here it can be seen that it is a good match with the BC–408, with its absorption
peak at 430 nm. Suboptimal is the emission, with its peak at 473 nm and most of
its spectra at even higher wavelengths. With this setup, under optimal conditions
and neglection of attenuation, a maximal overall PDE of approximately 42% at
Vov = 6V and 30% at Vov = 2.5V can be achieved. This coarse evaluation was
made by multiplying the emission and absorption probabilities at the peak of the
respective spectra.

Figure 6: Emission and absorption spectra of Y–7, Y–8 and Y–11 wavelength shifting
fibres from kuraray. For the detector, Y–11 fibres were used. Taken from [26].
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4 Mechanical design

This section explains the mechanical design of the casing and the scintillator. The
main purpose of the casing is to hold the scintillator strips in place and to keep
external light from entering the scintillator or from reaching the SiPM. Furthermore,
it should hinder light from one scintillator to reach a neighbouring one and induce
undesired optical crosstalks between different channels.

4.1 Shape and size of the scintillator strips

The final hodoscope needs to have an active area of about 50 cm× 50 cm [27]. The
BC-408 material from which the scintillator strips were cut are 5mm thick. It was
chosen to have 16 channels per layer, as an optimal match between a reasonable res-
olution and a two-based number of channels [28]. Between every strip, a metal sheet
with a thickness of 1mm is placed to optically separate them. A layer of Tyvek, the
material in which the scintillator strips are wrapped, was measured to be 0.32mm
thick, allowing for some clearance. Resulting in a maximal width of 29.7mm for the
scintillators. Thus, one scintillator strip will have a size of 500mm×29.7mm×5mm.
This leads to a geometric efficiency of 95.0% for one layer. Since two layers are com-
bined to enable a x–y resolution, the total geometric efficiency goes down to 90.3%.

The wavelength shifting fibres were glued into the sides of the scintillator strip.
For this, 2mm deep and 1mm wide grooves were cut in the middle of the long side-
faces of each strip. A sketch of this cross-section is shown in figure 7. After the fibres
were glued into place, their endings were cut off and the faces of the scintillator strip
polished. A picture of a finished scintillator strip, can be seen in figure 8.

Figure 7: Sketch of the cross-section of a scintillator strip. All seen dimensions in
mm.
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(a) One of the finished scintillator
stripes with glued in fibres.

(b) A scintillator blank next to an
”island” module. Information on the
module can be found in section 4.2

Figure 8: Photos of scintillator strips.

4.2 Casing design

The goal for the design of the casing was to make it possibly portable. In order to
connect the light guiding fibres to the readout electronics, it is common to let the
fibres extend further out of the scintillator and collect them at a central point [9, 5].
By doing this, the readout electronics are simplified, because not so many daughter
boards are needed. Also, the mechanical design is made more simple, since only
single fibres need to exit the separate channels. A downside of this setup is its size.
Light guiding fibres only allow for fairly large bending radii, of around 10 cm, before
they are getting damaged or start losing their light guiding ability [26]. This results
in large portions of the casing being used for fibre routing. Since the detector is not
meant for mass production and because the portability was desired, the more com-
plicated but more compact setup, with the light detection right at the scintillator,
was chosen.
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Figure 9: Overview of the whole casing. Detailed renderings of individual parts are
shown in figure 10 and 11. The rendering is an isometric projection.

Renderings of the casing’s 3D model are shown in figures 9, 10, and 11, respec-
tively. In figure 10 the casing without its faceplate can be seen. The main body
consists of two main parts, the lid which is designed to be removable and the bottom
which is made of the glued together dividers, exterior walls and the bottom plate.

Figure 10: Rendering of the casing without the faceplate. Shown in blue is the
lid, in red the dividers, in yellow an exterior wall, and in green the bottom plate,
respectively. Inside each channel, a scintillator along with its fibres can be seen.

In figure 10 it can also be seen that the dividers extend into slots in the lid. This
design decision, and the protruding of the main body into the faceplate, was made
to act as a light trap. These light traps hinder exterior light from getting into the
detector. Also, light is blocked from getting from one channel to another. With 55
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parts comprising the design, the resulting case got modular and compact.

In figure 11 it is shown how the front end electronics will be integrated into
the case. The printed circuit board (PCB) of the front end gets screwed into the
faceplate. The SiPM is positioned directly in front of the fibre and the parts of its
area that are not covered by the fibre can ”see into” the scintillator. The SiPM is
coupled to the scintillator by a transparent silicon pad. The design of the PCB is
described in section 5.1.

(a) Front view.

(b) Rear view.

Figure 11: Renderings of the casing without the lid. Shown is in grey the faceplate
and in black a island module.

The faceplate is the most intricate part of the casing . This is the reason why,
after consultation with the mechanics workshop, it was decided to manufacture
the island-like elevations separately. The elevations were implemented as separate
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modules which are later glued into place.

In figure 12 and 13 the manufactured aluminium parts can bee seen.

(a) One of the faceplates.

(b) An island module slotted into the
faceplate

(c) Island module with screwed in PCB.
For more information on the PCB see
section 5

Figure 12: Photos of manufactured face plate parts.
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Figure 13: The bottom plate in production.
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5 Read-out electronics

This section deals with the design of the front-end electronics and addresses the
further processing of the measured signals.

To get an overview of the structure of the data processing, a diagram is shown
in figure 14. The front-end board is the first part. It houses the SiPM and its
amplifier circuit. Furthermore, it features an UV LED, to be able to generate test
light pulses. These light pulses can be used to test and calibrate the SiPMs. The
front-end PCB will be integrated into the faceplate of the casing and connected to
the carrier board.

carrier board

system-on-chip

FPGA

m
ic
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n
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r U
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back-end unit

Front-end

SiPM

AMP
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Figure 14: Structure of an eight channel readout module. Each module can control
eight SiPMs. For the whole detector, eight of these modules are needed.

One carrier board is connected to eight front-end boards. It supplies the front
end with the supply voltage for the amplifier and also hosts a variable DC/DC
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converter for every SiPM. Therefore, each SiPM can be supplied with its individual
bias voltage. In order to keep track of possible temperature drifts, the carrier board
also houses a temperature sensor. Since the LED pulser requires a very short trigger
signal, this signal is supplied by the field programmable gate array (FPGA) and
directed by a multiplexer. The pulser than supplies a driving signal to the LED.

The data collection and part of the processing is done on the evaluation board.
This board hosts a system-on-chip (SoC), which in this case is a integration of an
FPGA and microcontroller on the same die. To digitise the signals, a solution used
in [29] was chosen. Here, the availability to use the differential modules as inputs
to the FPGA is utilised. The typical use of the differential modules is Low Voltage
Differential Signaling (LVDS), in our case we aim to use the comparator of the
differential input pairs. These comparators are supplied with a reference voltage by
DACs and by this can be tuned to trigger at different voltage levels. Per SiPM four
of those comparators will be used, together they form a crude ADC. The signals
from the comparators get further processed by the FPGA, which in turn sends
the resulting data to the SoC-internal microcontroller. The microcontroller is also
responsible for the data collection and controls the bias voltages of the SiPMs, the
reference voltages of the comparators, the multiplexer for the LED pulse and the
temperature sensor.

Within the scope of this thesis only the front-end electronics were designed and
built. The design for the carrier board will be made by [30] and the back-end unit
was designed by [28].

5.1 Development of the front-end circuit

The 1 p.e. peak of the SiPM is about 0.2mV high, without amplification and at
an overvoltage of 3V. This is too low for an average oscilloscope to resolve it. In
order to be able to distinguish between different p.e. levels, the signal produced
by the SiPM needs to be amplified. The discriminability of different p.e. peaks is
important for the calibration of the SiPM, as done in section 6. For the calibration
of SiPMs on the final detector, this is also needed.

Figure 15 shows a simplified schematic of the amplification circuit used in the
front end. An operation amplifier (opamp) in an inverting amplifier configuration
was used. The SiPM is connected in series to R1. When a cell is triggered a
current flows through the SiPM and R1, resulting in a voltage drop at the SiPM.
The amplification circuit acts as a high-pass filter. The filtering of the DC part of
the signal is important, because the applied bias voltage mostly drops of across the
SiPM and would otherwise also be amplified. The used capacitor has a capacitance
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of 1 nF and for the resistors R2 = 50Ω and R3 = 680Ω are used. The cut-off
frequency of this circuit is fc =

1

2πR2C
≈ 3.2MHz. This cut-off frequency was chosen

to filter most of the noise generated by power supplies. With the chosen resistor
values an amplification of A = −R3

R2
= −13.6 is achieved. Since according to how

the SiPM is connected in the circuit, the peaks read out at the SiPM are voltage
drops, the amplified peaks will have a positive voltage.

The used op amp is an AD8009 from Analog Devices [31]. It features a maximal
small signal bandwidth of 1GHz and a slew rate of 5500V µs−1, which suits to
guarantee the amplification for even the fastest possible SiPM pluses.

R1

R3

C
R2

OUT

Figure 15: Simplified schematic of the SiPM amplifier. An inverting operation
amplifier circuit was used. The complete schematic of the front-end board can be
seen in appendix A.

The LVDS comparators of the SoC are designed for signals with a voltage off-
set [28]. Because of this, the real amplification circuit, shown in appendix A, features
a voltage reference. This reference is used to generate a constant offset for the SiPM
signal.

In figure 16 a Bode magnitude plot is shown. Here the amplification of the
circuit, in dB, can be seen for different frequencies. The plot shows the result
of a LTspice [32] simulation in comparison to a measurement taken with a vector
network analyser. For the simulation it can be seen that the function has an expected
form. Lower frequencies get suppressed with a cut-off frequency of about 3.2MHz.
A maximum amplification of about 22.5 dB gets reached for frequencies between
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10MHz to 100MHz and for higher frequencies the amplification drops due to the
bandwidth of the opamp. The amplification of the real PCB already drops off at a
lower frequency, which is expected. Against expectations is the frequency offset of a
factor of a about two for the noise filter. At first it was considered a wrong capacitor
was used, but this was not the case. At the time of writing this inconsistency is not
completely resolved. The impact of this on the operation of the amplifier circuit is
negligible, since the exact shape of the SiPM peaks is not of interest.
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Figure 16: This figure shows a Bode magnitude plot. Shown is a Spice-simulation
and the result of a vector analysis of the amplification circuit.

In figure 17 a rendering and a photo of the final PCB can be seen. The PCB
of the front end gets integrated into the faceplate of the casing, as discussed in
section 4. This imposes the shape and size of the PCB design. The final PCB has
a size of 29.5mm× 5mm.
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SiPM

OPAMP

(a) Rendering of the front-end PCB.

(b) Picture of the finished front-end PCB.

Figure 17: A rendering and photo of the front-end PCB. The SiPM is placed near
the left edge of the PCB.
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6 SIPM CALIBRATION

6 SiPM calibration

As discussed in section 2, the breakdown voltage of SiPMs varies between units of
the same model and is additionally linearly dependent on the temperature. To be
able to achieve the same gain for all 64 SiPMs that will be used in the final detector
methods need to be established to calibrate the SiPMs. This section details the
process of verifying the slope of the linear function for the breakdown voltage as a
function of temperature and development of a method to calibrate the SiPMs during
deployment. Furthermore, a suitable voltage and time threshold for coincidence
measurements will be calculated.

6.1 Measurement setup

To be able to effectively take measurements with the SiPMs, an automated setup
was built. Figure 18 shows a flowchart of this setup. The whole setup is controlled
by a Raspberry Pi [33] which controls an oscilloscope, a function generator and a
power supply via the virtual instrument software architecture (VISA) API [34, 35].
The power supply, a HMP2030 from Rhode & Schwarz [36], was used to supply a
bias voltage to the SiPM and a supply voltage to the amplifier circuit. The amplified
signal then got recorded by the oscilloscope, a DSO–X 3034A from Keysight [37].
To trigger the recording of the oscilloscope a signal from the function generator,
a AFG3252 from Tektronix [38], was used. By using the signal from the function
generator, instead of triggering on the output of the SiPM, unbiased noise could be
recorded. The collected waveforms then got transferred from the oscilloscope to the
Raspberry Pi. In addition, a temperature sensor, a DS18B20 [39], was connected to
the raspberry Pi and placed in the vicinity of the SiPM. The SiPM, its amplification
circuit, and the temperature sensor were placed in a dark box, see figure 19.

This measurement setup was used for all calibration measurements. The only
encountered downside is the transferring of waveforms from the oscilloscope to the
Raspberry Pi. Since the VISA API is not designed for large data transfers, most of
the time of a measurement cycle was taken up by the data transfer. The transfer
of 1000 waveforms took about five minutes. Since large numbers of waveforms were
needed for statistically significant evaluations, measurements took up to three weeks.
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Figure 18: Flowchart of the automated measuring setup.

Figure 19: Photo of the automated measuring setup.

6.2 Temperature calibration

In order to measure the temperature dependency of the breakdown voltage, wave-
forms of noise from the SiPM were recorded at different temperatures. By comparing
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the heights of the p.e. peaks, the gain can be determined and compared for different
temperatures. Because the setup had no active control of the temperature, different
temperatures were archived by normal ventilation from outside. Since the measure-
ments took place over the course of weeks, temperature fluctuation of 8 °C were
recorded.

In order to evaluate the collected waveforms, they got transferred to another
PC where a python program was used for further data processing. The first step of
data processing is a peak finding function [40]. This function identifies peaks in the
waveforms and determines their position and height. Figure 20 shows the result of
the peak-finding function.
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Figure 20: The figure shows waveforms of SiPM noise, which got collected at different
bias voltages, at a temperature of 26 °C. Shown in orange are the results of the peak
finding.

Waveforms got collected for 16 different bias voltages, starting at 25.8V up to
28.8V, in 0.2V steps. For each bias voltage, 152 000 waveforms got collected which,
at a length of 20 µs per waveform, results in a total of 3.04 s of collected noise per
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voltage. All waveforms combined had a size of about 200GB. To be able to analyse
this amount of data in a reasonable time span, the evaluation program needed to be
reprogrammed to allow for multithreading. The multithreading allowed to reduce
the analysis time to a few hours. Histograms, in the form of heat maps, of the peak
heights, for different voltages and temperatures, are shown in figure 21.

Figure 21: Histograms of the peak heights, from SiPM noise, in the form of heat
maps, for different temperatures. On the x–axis the peak height is plotted, on
the y–axis the bias voltage. By this, each row of pixels corresponds to one bias
voltage. On the right side a colour bar shows the scale of the heat map, which scales
logarithmically with the number of peaks.

In figure 21 it can be seen that for the temperatures around 25 °C the highest
number of peaks got recorded, this is a consequence of the ”weather-controlled”
temperature range. Most of the measurements were made during a temperature
around 25 °C and only few got recorded at the extremes of 22 °C or 30 °C.
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In the plot, the different p.e. peaks can be distinguished as the dark lines. The
1 p.e. being the leftmost. The rise in gain for higher bias voltages can be identified
as the drift to higher voltages of the p.e. peaks. The cut-off threshold at 0.8mV is
an artefact of the peak finder, which only counted peaks higher than this voltage,
to filter unwanted noise. Some of this noise can still be seen above the threshold.
On the right end of the histograms, at 30.2mV, the end of the voltage range of the
oscilloscope is reached, peaks higher than this got cut off resulting in an accumula-
tion of peaks at this height.

The next step of the data processing was to determine the position of the p.e.
peaks. This was done by running a peak finder on the histograms shown in figure 21.
For higher bias voltages, up to five p.e. peaks can be identified, for the lowest
voltages only two could be made out. The results of such a peak find are shown in
figure 22.
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Figure 22: A histogram of the collected peak heights and the results of a peak find
on this histogram. This figure shows the same data as the 27.6V row in the 25 °C
plot of figure 21 in the form of a standard histogram instead of a heat map. This
peak height histogram of SiPMs is also known as the finger spectrum, due to its
characteristic shape.

The uncertainties of the position of the peaks were assessed to be σpeak =
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0.121mV/
√
12 = 0.035mV, under the assumption of a uniform distribution over

one digitisation step of 0.121mV. The relative errors of the bias voltage were in-
significant in comparison to the one of the peak position and were neglected.

Linear regressions were performed on the data points of peak heights for 1, 2,
and 3 p.e. and the bias voltages at which they were measured. One of the linear
regressions is shown in figure 23.
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Figure 23: Result of three linear regressions to the peak heights of the 1, 2, and 3
p.e. peaks at different bias voltages can be seen. In the main plot the data points
and fit results, for a function of the form y = aix+bi, are plotted. The shown values
for a have the dimension of 10−3 and the values for b are given in mV. At the lower
part, the residuals of the fits are plotted.

The the values for the χ2/dof of the fits indicate that the evaluated errors
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represent the observed fluctuation of the values. The well matching fit is also a
confirmation that the gain rises linearly with higher overvoltage. Furthermore, for
lower temperatures at lower bias voltages only the 1 p.e. and 2 p.e. peaks could be
read out from the histograms.

The height of the 1 p.e. or the difference between two neighbouring peaks is
proportional to the gain. Because it is possible that the measured voltages feature
an offset, the difference between the 1 p.e. and 2 p.e. peak were chosen for further
processing. In the following sections this difference is called the ∆p.e.. For each tem-
perature, the difference between the linear function for the two peaks was calculated
and is plotted for every other temperature in figure 24. The opaque fringes around
the plotted lines represent the uncertainties of the values. Over all temperatures
a clear trend is visible that, at the same bias voltage, the gain is lower for higher
temperatures.
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Figure 24: Difference between the 1 p.e. and 2 p.e. peaks as a function of the
overvoltage for different temperatures.

Right at the breakdown voltage, the gain of the SiPM is practically zero and
from this point on rises with higher overvoltage. The calculated linear functions
shown in figure 24 can therefore be extrapolated to the point where they reach zero,
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and by this the breakdown voltage at a given temperature can be determined. The
extrapolation is shown in figure 25. On the left side, the lines from plot 24 can be
seen, extended to the point where they cross zero. The right side of the figure shows
data points of the calculated breakdown voltages at the different temperatures and
a fit to those points.
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Figure 25: On the left side, the extrapolation of the linear functions from figure 24
can be seen, down to the point where they reach a ∆p.e. of zero. On the right side,
the breakdown voltages are plotted for different temperatures. Thees breakdown
voltages were determined by calculating the points where the gain reaches zero,
shown in the left plot. Furthermore, the right plot shows a line representing the
expected value from the data sheet of the SiPM [19] and the results of a linear
regression, of the function y = ax + b, on the data ponts. The resulting values are
a = 28.2(49) nV °C−1 and b = 23.46(13)V.

Figure 25 shows that the measured data has an offset to the temperature depen-
dence line given by the manufacturer. The reference line has a slope of 21.5mV °C−1.
Since the breakdown voltage varies between different units of the same type of SiPM
this offset is expected.
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For the fit only the uncertainties of the breakdown voltages were utilised and
none for the temperature data. The manufacturer of the temperature sensor states
the systematic error to be ±0.5 °C. For the fit we are only interested in the slope
of the linear function, which would be unaffected by this systematic offset. The
statistical uncertainty of the temperature measurement had much lower relative
uncertainty compared to the one of the breakdown voltage, which made them not
of interest.

The fit on the data provides a temperature dependency of the breakdown volt-
age of 28.2(49)mV °C−1. The whole measurement and analysis were repeated for
another SiPM with the result of 33.8(91)mV °C−1. The weighted sum of both calcu-
lated values results in 29.5(43)mV °C−1. This result has a high relative uncertainty
and the value given by the manufacturer, 21.5mV °C−1 [19], lays within its 2σ in-
terval. With this known temperature dependency, it is now feasible to implement a
regulation for keeping a possibly constant gain of the SiPM during a temperature
change.

6.3 Calibration method

When all the SiPMs are installed into the detector, another way of determining the
breakdown voltage is needed. This calibration is important in order to be able to
supply the same overvoltage to all SiPMs.

As discussed in section 5, the read-out electronic does only have four digitisation
steps. The generation of a finger spectrum, the way it was done in the previous
section, requires a ADC with many digitisation steps. In order to calculate the fin-
ger spectrum with the read-out electronics, an alternative procedure was proposed.
Instead of measuring the peak height, the trigger rate can be measured as a function
of the threshold voltage. By this, obtaining information on the voltage difference
between two peaks. A demonstration of this is shown in figure 26. Here, the trigger
rate was calculated for different trigger heights. It can be seen, that every time the
trigger height surpasses a p.e. peak it drops off and then decreases only slowly, until
the next drop-off.

In order to calibrate an SiPM, the position of the trigger rate drop off between
the 1 p.e. and 2 p.e. and between the 2 p.e. and the 3 p.e. peaks needs to be
measured. The voltage difference between the two drop–offs is proportional to the
gain and this in turn is proportional to the overvoltage. The current read out setup
ensures the possibility to implement this solution.
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Figure 26: The upper plot shows a histogram of peak heights, for a temperature of
26 °C and a bias voltage of 28.2V. The lower plot shows the expected trigger rate
for a given trigger height, which was calculated from the data of the first plot. This
was done by adding up all bins higher than the chosen trigger height.

6.4 Time and Voltage threshold for coincidence measure-

ments

When a particle hits the scintillator and a light pulse is emitted, depending on where
the muon hit, the light will not reach the two SiPMs at the ends at the same time.
In order to determine if pulses recorded from the SiPM could originate from the
same particle, an estimation has to be made what the maximum time difference
between two recorded peaks can be.

A scintillator strip is 50 cm long and has a refractive index of 1.58, for the
wavelength of the scintillated light [21]. The used fibre has a refractive index of
1.59, for the light that it emits. In the case that a particle hits the scintillator right
in front of one of the SiPMs the time it take for the light pulse to get to the other
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SiPM is at least 2.63 ns. If we account for the photons that get reflected at the end
of a fibre, this time doubles. Depending on the peak height the slope of the rinsing
edge of a peak can be different. The total rise time of a peak is, also depending
on its height, is about 10 ns to 20 ns long. Accounting for some overhead for the
readout electronics, a conservative estimation for the maximum time difference the
SiPM signals can have is 20 ns.

In order to decide what the trigger threshold for coincidence measurements
should be, it must be determined how high the chance of two noise peaks from
two different SiPMs, being close enough together in time to be counted as a co-
incidence hit, is. In order to calculate this probability, Monte Carlo simulations
were performed. In this simulations, the noise of a SiPM at a given noise rate was
simulated. Then, single noise events of a second SiPM with the same noise rate got
calculated. When two noise peaks had a time difference of 20 ns or less they were
counted as a coincidence.

The noise rates which needed to be simulated were derived from the measure-
ments analogous to the trigger rate calculation shown in figure 26. For this simu-
lation measurements at 25 °C were used, because for this temperature the largest
amount data was available. Trigger heights slightly above the voltage levels of the
1 - 5 p.e. peaks got simulated. The resulting noise coincidence rates are plotted
in figure 27. The data of the noise coincidence rates are only to be taken as first
projections and need to be verified once the detector is operational.

At the chosen size of scintillator strips, the expected rate of muons is about
3Hz [41]. If we demand to have only one noise-induced coincidence in 1000 recorded
coincidences, the noise coincidence rate needs to be of the order of 10−3 Hz. The
data of figure 27 indicates that only trigger heights of 4 or 5 p.e. come into question,
and this at a bias voltage below 27.5V.

In order to get a first estimation at which height the SiPM signals produced by
muons are, a measurement was made with a test scintillator coupled to the SiPM.
The test scintillator had a dimension of 50 cm × 2.5 cm × 0.5 cm, was wrapped in
Tyvek and had only one fibre which was not covered by a reflective material at its
open end. The peak height histogram of this measurement can be seen in figure 28.
The plot shows the logarithmically decaying SiPM noise and a cluster of peaks
slightly higher than the noise, with single peaks reaching higher voltages. As a
reference, the 1 - 5 p.e. peak heights are plotted as dashed lines. It can be seen
that the 4 and 5 p.e. peaks are right next to the peak cluster and presumably in
its tail. In order to be able to measure as many muons as possible, the trigger
threshold should be as low as possible. To achieve this, while still retaining a low
noise coincidence rate, the bias voltage needs to be lowered. But as discussed in
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section 2, the PDE of the SiPM decreases significantly with lower overvoltage.
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Figure 27: The results of the Monte Carlo simulation for the noise coincidence rates.
The rates are plotted for different bias voltages and for different trigger heights. The
chosen trigger heights are abased on the positions of the first five p.e. peaks. The
x–axis has two scales: one is the applied overvoltage and the other is the ∆p.e.. The
∆p.e. is proportional to the gain and the overvoltage, and was calculated from the
bias voltage with the function shown in figure 24. This could only be done because
the function got calculated for the same SiPM from which the noise data for the
simulation was taken. This conversion from bias voltage to ∆p.e. has however a
non-negligible uncertainty. Here it was used to demonstrate that it is possible to
derive an optimal ∆p.e. from the shown data, which can be used for the calibration
described in section 6.3.
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Figure 28: The peak height histogram of a measurement with a scintillator coupled
to the SiPM, at a bias voltage of 27V. To gain more data points, all temperatures
were binned together. The shown peaks represent a total measurement time of
81.6 s.

A possible workaround, for the trade-off between overvoltage and trigger height,
coincidence matches can not only be made between the two SiPMs of the same
channel but also between the different channels of the two layers. This would reduce
the noise coincidence rate significantly, and thus allow for a greater overhead for the
overvoltage and trigger height combination. The implementation of this method
stands to reason because in order to match the channels a muon passed through, to
get the x–y resolution, the same matching needs to be made.

The noise coincidence rate for both layers combined was calculated with the
same Monte Carlo simulation as the noise coincidence rate of two SiPMs. Here,
also 20 ns were chosen as the coincidence window. It is important to note, that a
channel can have a coincidence match with all 16 channels of the other layer. The
results are plotted in figure 29. In the data, it can be seen that the rates dropped
significantly for lower trigger heights. With the same demands, a noise coincidence
rate below 10−3 Hz and an overvoltage as high as possible, the optimal operating
point would be at a trigger threshold at the 3 p.e. peak and an overvoltage with a
∆p.e. of 3.4mV. This corresponds to an overvoltage of around 3.45V.
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Figure 29: Expected noise coincidence rate if coincidences are matched between
both layers of the detector. The rates are plotted for different bias voltages and for
different trigger heights. The chosen trigger heights, are the position of the first five
p.e. peaks. For the lower voltages and trigger heights no points are plotted, because
the rates were so low that no coincidences were found in the simulation. The same
notice, made for the second x-axis scale, from figure 27 applies.
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7 Summary and Outlook

This thesis presents the development process of a SiPM-based scintillator detector
for cosmic muons. The detector is designed to act as a spacial reference detector
for calibration of larger scintillator tiles. In order to achieve this spacial resolution
a two layer design made out of plastic scintillator stripes was proposed. The base
design of the detector’s constituents was established.

The detector consists of three main parts, the scintillators, the SiPMs with their
read-out electronics, and the casing. During the course of this thesis, a practical way
of coupling the SiPM to the scintillators, while integrating them in the casing, was
developed. Attention was paid to the maximisation of the photon detection efficiency
and possibility to implement coincidence measurements. Contributions were made
to the establishment of the detailed read-out chain. The front end for the SiPM was
planned and first prototypes of it were tested. First measurements using the front-
end electronics were carried out. These measurements verified the information on
the temperature dependency of the SiPM, given by the manufacturer. Furthermore,
optimal operation parameters for the SiPM were calculated, based on an evaluation
of bias voltage and rate of noise-induced coincidences. These calculations are based
on noise measurements which were also carried out with the front-end prototypes.
In order to calibrate the SiPM in the final deployment, a calibration method is
proposed.

Currently, the production of the casing, including the scintillators, is in the final
phase. First units of the front end were manufactured. The prototype of the back-
end electronics for the reference detector, designed by other colleagues, is produced
and the firmware is being developed.

Next steps for the project are first tests on parts of the assembled detector.
Here, the determined operation parameters need to be reviewed. In order for the
final detector to function, the software for the back end also needs to be programmed.
After a successful integration of the hardware, firmware, and software components,
the proposed calibration method can be tested.
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A FRONT-END SCHEMATIC

Appendix A Front-end schematic
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