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Board Designfor a Citizen-Science Cosmic Ray Muon Detector

ABSTRACT

The main aim of this projectis to developa printed circuitboard foracosmicray
muon detector with primary use for citizen science. Compared to the previous
versionsof the detector, the goalswere to reduce the low frequency noise levels
in the output and to improve the general board layout and functionality. The
study of cosmicraysaids to reduce the electronic errorsin consumerelectronics
and satellites along with quantifying the health impact of this natural radiation.
Cosmic rays which contain mainly protons and nuclei interact in the upper
atmosphere and produce muons that can reach the earth’s surface. These are
then detected using photo diodes. The resulting signal is amplified using a
charge sensitive preamplifier followed by a high-pass filter thereby allowing to

reduce the unwanted noise and helping to obtain a strong signal.
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CHAPTER-1
Introduction

1.1 Overview

This Master Thesisis part of a projectthataims at the development of a detector
for cosmic ray muons suitable for citizen science. The whole setup uses off-the-
shelf electronic componentswith PIN diodes as the active detector elements to
record passing muons. Since the active area of a single PIN diode is only a few
square millimetres, many diodes are needed to reachacceptable countrates for
the typical muon flux of 1 per square centimetre and minute. The work
described herefocuses onthe designof two PCBs with a low-noise amplifier that
is able to read out up to 50 diodes in parallel. To minimise cost, as few active
elements as possible are employed. Two boards are needed for a coincidence
setup that records passing muons and allows for an efficient rejection of
spurious signals from only a single diode. For integration into a PC-based
readout system the whole systemis designedsuch that it is able to run using the

power supplied by a standard USB port.

1.2 Max-Planck-Institute fir Kernphysik

The Max-Planck-Institute fir Kernphysik (MPIK), Heidelberg, is a researchcentre
established by the Max Planck Gesellschaft (Max Planck Society) in the year
1958. The MPIK mainlyfocusonresearchin the field of Astroparticle Physicsand
Quantum Dynamics. There are five scientific divisions and many research and
junior groups. The five major departments are Stored and Cooled ions, Non-
Thermal Astrophysics, Theoretical Quantum Dynamics and Quantum
Electrodynamics, Quantum Dynamics and Control and Particle and Astroparticle

Physics.

Max-Planck-Institut fir Kernphysik | 7




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

Non-Thermal Astrophysics is the division managed by Prof. Jim Hinton. In this
division, research is conducted in two main areas: high-energy astrophysics and
particle physics along with conducting experiments such as the GERDA or
LEGEND. High energy astrophysics studies the sources and acceleration process
of high-energy particles in our universe. For this the group uses atmospheric
Cherenkov telescopes or dense particle detector arrays to measure gamma rays

emitted by high-energy particles in our Galaxy and beyond.

1.3 Objective

The main aim of this project is to make particle physics more accessible to the
general public. This can be achieved by designing a low-cost detectorideally in
the range below 100 Euro, which can be easily accessed by schoolsand citizens.
This enables them to get cheaper and easier alternatives to observe cosmic ray
muons anywhere. The project mainly focuses on developing two boards to
detect cosmic ray muons and to reduce the noise levels in the outputs. It
involves the development of an amplifier circuit which can read 50 diodes
simultaneously withvery little noise. The only constraintin the designbeing that
the incoming signals and the noise should be distinguishable and keeping the

cost low by using as few active elements as possible.

1.4 Motivation

Cosmic ray muon detection aids to the reduction in the errors caused in
electronic devices and further development of several applications using muon
absorption and deflection. The conventional method used for the detection of
cosmic ray muons makes use of scintillators and photo multipliers, which often

amounts to a price tag above 1000€ Y and which makes it difficult for most
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people to access such equipment. Multiple projects across the world are
concerned with developing cost-effective Muon detectors for citizen science,
such as CosmicPi”! and the outreach division of DESY Zeuthen ©!. Development
of cosmic ray muon detectors within a given budget is therefore the prime

motivation behind the Master Thesis.

A basic circuit to achieve this goal was tested successfully in the version 2 board
of the detector, called Silex version 2 board. To reduce cost and increase the
availability of parts, off-the-shelf components and few active components were
used. PIN diodes as particle detectors were used as a cheaper alternative than
the scintillators and photomultipliers. The main issue facedin this board wasthe
low frequency noise that needed to be removed and poor signal output. The
work flow of this Master Thesis is as follows. First, we need to design a high-pass
filter circuit which can effectively eliminate the low frequency noise in the Silex
version 2 board. Secondly, we need to add an Impedance-decoupling to match
the impedance of the board to the input impedance of the microcontroller.
Thirdly, we need to design a version 3 board incorporating all the changes made
in the Silex version 2 board along with various new improvements using KiCAD.
And lastly, we must optimize this circuit, with respect to signal strength, while

trying to work as much as possible with cost effective components.
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CHAPTER 2
THEORY

2.1. Cosmic Ray and Muons

Cosmic rays are high-energy particles which move through space at nearly the
speed of light. They mainly consist of protons and alpha particles with a small
fraction of heavier nuclei and other subatomic particles such as electrons,
positrons and antiprotons. They are known to originate either from the sun or
from outside of the solar system and from distant galaxies, whichis currently
under research. When cosmic rays reach the earth’s atmosphere, they interact
with the atmosphere and produce showers of secondary particles which results

in the generation of electrons, muons and gamma rays *'!,
primary cosmic ray

.air molecules
/7

%

%;\}'\:1
e
b= |

neutrinos

Fig 1. Muon creation and decay 12

Cosmic ray muons are created when cosmic rays enter earth’s atmosphere
where they collide with air molecules and this collision initiates a shower (a
cascade) of secondary particles, mostly pions. Pions can either be neutral or
charged and decay quickly due to their short lifetime. Neutral pions (1°) decay
into two gamma rays, which in turn generate electromagnetic showers (e*, e )
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that are not very penetrating. Charged pions (", ") will decay in-flight into
muons (i, &) and neutrinos . Muons were discovered in cosmic rays by C.
Anderson and S.H. Neddermeyer in 1937 . They are essentially heavy versions
of the electron, though lighter than protons and neutrons, which makes them
unstable. Asmall fraction of the muons created in cosmic ray showers reach the
earth’s surface. Some muons further decay into one electron and two neutrinos
Bl Since the muonsand electrons of cosmic rays canionize silicon, they readily
causeerrorsin electronic Instruments. The detection of muons makes it possible
to study muon absorption, which in turn can be used to probe the interiors of
natural and man- made structures. Looking into the deflection or scattering of
muons also leads to a wide range of applications like producing 2-D and 3-D

images of the interiors of hidden volumes ..
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CHAPTER3
Experimental set up

Oscilloscope

E Cosmo Detector

Top Board
2.\ .
/ Notebook computer
PIN Diodes
Bottom Board
F i
Scintillator boxes — DAQ Card

Fig 2. Experimental set up

The experimental setup forthe projectis asshownin Figure 2. 1t mainly consists
of a CosMO detector, whichis explained in more detail in the next section, and
the cosmicray muon detector (Silex version 1 board/ Silex version 2 board/ Silex
version 3 board) which consists of a top board, and a bottom board enclosed
within a light-tight insulation box. The outputs of the top board, bottom board
and the CosMO detector are connected to the oscilloscope in order to view the

outputs. Each part of the experimental set up is described below.

3.1 CosMO Detector

A CosMO detectoris used in order to study cosmic ray(muons). It is used in this
Master Thesis as a reference system to check for coincidences with the test
system. The CosMO detector mainly consists of three parts:

Organic scintillators for radiation detection, DAQ (Data Acquisition) card and a
notebook computer used to control the DAQ readout and acquire the data for
further analysis. We use a set of two scintillator boxes, which consist of an

organic scintillator along with a silicon photomultiplier and an amplifier. These

Max-Planck-Institut fir Kernphysik | 12




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

boxes are connected to the DAQ card. The DAQ card can be controlled by the
notebook computer to set the coincidence conditions and thresholds.
Scintillators are transparent materials that emit light when ionizing radiation
passes through it. When particles or radiation pass through a scintillating
material, they excite atoms or moleculesin the material, which in turn causes
light emission. This is known as scintillation. The light produced is then collected
and analysed. In this Master Thesis, two scintillator boxes are used. Each box
contains a 20x20 cm? organic scintillator slab. The light that is produced when
radiation passes is detected by silicon photo-multipliers (SiPMs) and converted
into an electric pulse which is then amplified and given to the DAQ card.

The DAQ-card can be used to discriminate pulses and look for coincidences
between multiple channels. The DAQ card is then attached to a notebook
computer using a USB connection, which enables a direct communication
channelbetween the computerand the DAQ card. This communicationchannel
makes it possible to retrieve the data obtained with the DAQ_card "),

An additional digital output from the Cosmo detector is also given to the
oscilloscope in order to check for coincidences with the newly designed cosmic

ray muon detector.

3.2 Oscilloscope

The oscilloscope used in this Master Thesis is a Lecroy HDO 6104-MS, which is
1GHz high definition mixed signal oscilloscope. It hasfour analog input channels,
touch screen, USB ports and ethernet ports to export data, 12-bit ADC
resolution, advanced math and measurement parameters which can be used to
quantify analog and digital waveforms, advanced triggering with trigger scan

and measurement trigger which ensures that even complicated signals can be
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captured. The signals from the top board, bottom board and Cosmo detector

are viewed using the oscilloscope.
3.3 PIN Diode

The PIN diode is the primary active element used in the circuit as the particle
detector. A PIN diode is similar to a normal PN-diode except that it has an
additional intrinsic layer between the heavily doped p-type and n-type regions.
The intrinsic layer is mostly crystal or lightly doped crystal of Silicon or
Germanium. When a reverse bias is applied, the PIN- diode acts like a capacitor
and can be used as a photodetector®.. The main advantage of using a PIN diode
in the circuitry is that they are more readily available and much cheaper than
the conventional detectors like the SiPMs and scintillators. It also generates near

instant ionization which makes it a good option for this project.

Wp = width of the p-doped region

|... nt Whn = Width of the n-doped region
P W = Width of depletion region

Gk W Pré >
Wp Wn

Fig 3. PIN diode in reverse bias [*]

When passing ionising radiation reaches the surface of the PIN-diodes electron-
hole generation takes place leading to instant ionisation and thereby generates
charges in the diode. These charges can then be absorbed on eachside of the
diode and the resulting current can be measured. In reverse bias, the width of
the depletion region increases due to the presence of the intrinsic layer and
therefore more volume for ionisation is available making the detector more

efficient.®!
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CHAPTER 4
SILEX DETECTORS

The cosmic ray muon detector designed in this project was named Silex
detector. There are three versions of the Silex detector that are tested till date.

They are explained in detail in the following section.

4.1 Silex Version 1 Board

The first version of the cosmic ray muon detector (the mostrecentversion being
the Silex version 3 board) was developed 2 years back in 2018 as a Bachelor
Thesis project at the Max Planck Institute 1!, It used 10 PIN diodes as detector
followed by an amplifier circuit. The board consisted of three such circuits with
three different concepts for amplifiers for identifying the best among the three.
Figure 3 shown below depicts the Silex version 1 board.

The first circuit uses an amplifier with JFET which was developed together with
Prof. Michael Bantel. This circuit gives the best output when one or two diodes
are being used. As the number of diodes increases to 10, the performance
degrades due to loading effects, i.e. it cannot be used forthe amplification of
signalsfroma larger number of diodes. The circuit would workfine if each of the
diodeshad aseparate JFET, which, however, would make the circuit complicated
and more expensive 121!

The secondcircuit used a charge sensitive amplifier using the JFET in a bootstrap
(1311241 configuration. This circuit was adapted from the application examples for
the LTC6244 IC"*3 and proved to work well with a large number of diodes. The
third circuit consists of an amplifier without any JFET, but the output was not
satisfactory. Hence the second circuit was identified to be the best among the

three circuits, which is further used in the version 2 and version 3 board design.
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The main drawback of this board was that there were only a small number of
diodesused and thus the effective area of detection was small. These drawbacks

were resolved in the next version of the board.

JFET AS BOOTSTRAP

Fig 4. Version 1 Board

4.2 Silex Version 2 Board

The secondversionof the boards was designedin the year2019 and had a major
improvement in the output signals. The version 2 board consists of up to 50
diodes followed by an amplifier circuit. It also incorporated the bootstrap
amplifier as a charge sensitive amplifier from the version 1 board which gave
good results. The amplifier part of the circuit includes a JFET and two-amplifier
stages whichin turn are responsible for the good output signals. The version 2
board consists of a top board and a bottom board to check for coincidences in
the output signals. The top board and the bottom board use the same circuit,
placedsuch that the diodesin the top board and the bottom board will be facing

each other exactly in order to do the coincidence measurement.
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Fig 5. Top board of version 2 Board

Fig 6. Bottom Board of version 2 Board

The initial testing within the work leading to this Master Thesis began with this
version 2 board and the changes made were incorporated into the design of the
version 3 board. The main drawbacks of the version 2 board was a tendency for
oscillations and large low-frequency noise components in the output signals.
The signal and noise were not well distinguishable in this version, which was to
be resolvedin the version 3 board. The various changesthat are incorporated in

order to resolve these drawbacks are elaborated in the following chapters.
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4.3 Modifications to Version 2 Board

UBootstrap emplifier 1

ip | . . . .
BPY_CATHODE
BPY_AHDDE

Fig 7. Amplifier Sheet for bottom board of Silex version 2 board

Initially, the output signals of the version 2 boards (circuit in appendix)
contained oscillations, which was resolved by changing the resistor and
capacitor (C8, R8), in the feedback loop of the first amplifier stage to 10MOhm
and 6.8pF, as was used in the version 1 board. The output thus obtained didn’t
have any more oscillations and gave a reasonable signal. The main drawback
faced at this point was a large noise contribution in the low frequency region.
The nextchange made in this board wasthat the resistorand capacitor between
the anode and JFET was changedto 1 uF(C13) and 500 Ohm(R14) respectively
(in the diode sheet for version 2 board schematics). This change made the diode
less susceptible to outside noise and as well helped in buffering the batteries,
whichare usedto supply the biasvoltage. During this Thesis, these changes were
incorporated into and tested with the given circuit. The various modifications
and changes that were made to the version 2 board and which were to be
incorporated into the version 3 board are as follows

a. Addition of a voltage regulator

b. Addition of a high-pass filter

Max-Planck-Institut fir Kernphysik | 18




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

c. Addition of impedance decoupling

d. Replacing the LM358 amplifier with the AD823 amplifier

4.3.1 Addition of a voltage regulator

The voltage required to drive all the elements in the entire circuit board was
chosento be 4.5V. In order to stabilise the entire circuit, the initial modification
was the addition of a linear regulator to the circuit. For the version 2 board the

voltage regulator was connected externally.

Fig 8. Voltage regulator circuit implemented on bread board

The voltage regulator usedis the LT3045 IC, whichis a low-cost, low-noise and
low dropout linear regulator. The regulator converts the 9V input supplied by
the battery to 4.5 V which ensures safe functioning of the board and is at the
same time compatible with the use of USB power, as foreseen for the final
system. Initially, the entire circuitry for the regulator was realized on a bread
board, which was then connected to the power pin of the version 2 board using

wires as shownin Figure 8.

Figure 9. Shows the output signal of the version 2 board with the voltage
regulator added. The circuit shows no oscillations at the output but contains

significant noise.
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(a) (b)
Fig 9. Output signal of (a) top board with regulator [X-axis = 200us/div and Y-axis = 20mV/div]
(b) Bottom board with regulator [X-axis = 100us/div and Y-axis= 50mV/div]

Considering the output signal of the bottom board, the noise seems to be much
higher than that in top board. This was an early test done in the initial stage.
Taking the spectrum of the output, a large amount of low-frequency noise was

observed, which is to be reduced by adding a high-pass filter to the output.

2
- 40

(b)

o
420

[ W
A}
9%

(c)
Figure 10. Spectrum (FFT) for the output of Silex version 2 board with regulator with Y-axis
10 dB/div and X-axis having a span of (a) 1MHz (b) 100KHz (c) 1KHz

In Figure 10. (a), the graph shows the spectrum of the output signal for a

frequency of 1MHz. Inthe lowerfrequencyrange, the spectrumhas quite a large
Max-Planck-Institut fir Kernphysik | 20




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

value of about 40dB which later on drops as the frequency increases. This
depicts the noise. Looking into the spectrum for 100KHz, we canview a similar
pattern for the spectrum where it reduces with frequency from approximately
30dB. A reduction in the noise level can be observed below 10Khz in Figure 10
(b). This is because the resistor and capacitor pair (C9 and R10) functions as a
filter which thereby reduces the noise levels. Further looking into the spectrum
for1KHz, the signal contains harmonics at 100Hzand 200Hz. This is caused when
ambient light penetrates through gaps in the enclosure and reaches the PIN-
diode and produces peaks or harmonics at regular intervals. This, in turn
cementsthe need for low-frequency noisefiltering inthe circuit and a light-tight

enclosure.

4.3.2 Addition of a high-pass filter

The low frequency noise in the output signal was the major drawback to Silex
version 2 board. In order to remove the low-frequency noise, a high-pass filter
circuit was added on to the board. The output of the second amplifier stage was
fed as the input to the filter circuit. The filter circuit was also implemented on a
bread board and the output of the version 2 board was supplied to the input of
the filter circuit onthe bread board via connectors. The figure below (Figure 11)

shows the circuit used.

c1
330pF

- [hpfinput = H o hpfoutput)

R1
470k

GND

Fig 11. Circuit for high-pass filter
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The high-pass filter values were set by testing the output with a high impedance
high-pass filter (470 K Ohm and 330pF) as well as with a low impedance high-
pass filter (470 Ohm and 330nF).

The resistor and capacitor values were set according to the following formula.
1
c 2TR, G

Since the output signals are approximately in the range of 10 KHz and we need
to filter out the low frequency signals below 1 KHz, the frequency F. was chosen
to be 1KHz, whichis sufficientlyfarawayfromthe frequencyrange ofthe signals.
For a high-impedance high-pass filter, the resistor was chosen as R =470 KOhm.

The requirement F. = 1 KHz then determines the capacitor to have
1 1

" 2IR,F,  2%3.14%470%1031%103

C1=3.387*10"°=338.7*10"° = 330pF

Cq

Similarly, the resistance and capacitance for a low impedance high-pass filter
was fixed to R = 470 Ohm and C = 330nF.

The different combinations of filters tested were: single high impedance high-
pass filter, single low impedance high-pass filter, two high impedance high-pass
filters in series and two low impedance high-pass filter in series. The results

obtained were as follows.

A fl
KPP0 R oty

Fig 12. Output signals of version 2 board with single low impedance high-pass filter in
persistence mode [Y-axis = 100mV/div and X-axis = 100us/div]
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Fig 13. Output signals of version 2 board with two low impedance high-pass filter in
persistence mode [Y-axis = 100mV/div and X-axis = 100us/div]

The low impedance high-pass filter used C1 = 330nF and R1= 470 Ohm. It is
observed that the signal quality degrades when this low impedance high-pass
filteris used tofilter out the low frequency noise components (Figure 12.). ltcan
also be observed that the separation of the signal from the noise component is
not that good, and hence that the signal quality degrades. Further, using two
low impedance high-pass filters also doesn’t make a significant difference in the
signal quality. This is because the second high-pass filter acts as a load to the
first high-pass filter. Lookinginto Figure 12 and 13, it is observed that the signal
quality degrades considerably when using low-impedance high-pass filters.
Hence, the conclusion is that a low-impedance high-pass filter is not a good
option to remove the low-frequency noise components from the output signals

of the detector.

Fig 14. Output signals of version 2 board with single high impedance high-pass filter in
persistence mode [Y-axis = 50mV/div and X-axis = 100us/div]
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For the high impedance high-pass filter, R1 was replaced with a 470 KOhm

resistor and the capacitance (C1) was adjusted accordinglyto 330pF.

Figure 14 shows the output signals in persistence mode run over 10 minutes

when a single high impedance high-pass filteris used. It can be observed from

Figure 14 that the signal quality is much better than that for a low-impedance

filter. The filter retains the shape of the signal and as well gives reasonable

output signals. The noise and the signal components are quite distinguishable.

Figure 15 shows the spectrum for the same output signal over different

frequency ranges.

MW‘WMMWWWWNWWW

(c)

Fig 15. FFT for output signal with single high impedance high-pass filter having Y-axis with

10dB/div and X-axis having a span of (a) 1IMHz (b) 100KHz (c) 1 KHz

From Figure 15. (a), the noise signal is reduced by about 10dB in the low-

frequency range, whichis 10 times less than the noise in the circuit without any
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filters. Frame (b) shows the FFT of the output signal for the frequency range of
100 KHz and we can observe that the low frequency noises have been
considerably reduced. Further looking into Figure 15. (c), the harmonic
components of oscillation have also significantly reduced. It thus proves to be
the preferred method to remove the low frequency noise while retaining signal
quality.

The final batch of tests for filters were conducted with two high impedance high
pass filter in series. Figure 16 shows the output waveforms with two high
impedance high-pass filters in persistence mode run over a time interval of

about 10 to 15 minutes.

Fig 16. Output signals with of version 2 board with two high impedance high-pass filter in
persistence mode [Y-axis = 50mV/div and X-axis = 100us]

It can be observed that the output signal is more suppressed though the signal
shape is maintained when compared with the output signals of the circuit with
a single high impedance high-pass filter. It has better signal quality than that of
low impedance filters, but less than that with a single high impedance high-pass
filter. Moreover, the second high-pass filter acts as a load to first high-passfilter
and thereby, the output signals are suppressed. From this plot, the noise looks
almost similar to the previous one (Figure 14.). To further check the noise levels

in the circuit, the spectrum of the output signals can be analysed.
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Fig 17. FFT for output signal with two high i(r;)pedance high-pass filter having Y-axis with
10dB/div and X-axis having a span of (a) IMHz (b) 100KHz (c) 1 KHz
It can be observed from the FFT graphs of the filter (Figure 17) that there is a
significant reduction in the low frequency noise. There is almost no spikes
(harmonics)in the lowerfrequenciesasseenin Figure 17 (c). Taking a closerlook
at the low frequency ranges in graph Figure 17 (a) and (b), the reductionin the
low-frequency noise is quite evident and is almost similar to that with a single
high impedance high-pass filter. But the output signal is more suppressed than

that of the single highimpedance high-pass filter.

So, comparing all four combinations of the filters, it is evident that a high
impedance high-pass filter is best suited for this circuit. It is deduced that the
low impedance high-pass filters reduce the signal quality considerably even
though the noise levels are still high, indicating that the first amplifier stage is
not able to drive a low-impedance load. High-impedance filters have better
signal quality and significant reduction of noise signals in the low frequency

Max-Planck-Institut fir Kernphysik | 26




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

ranges. Considering, the two combinations of high-impedance filters, the noise
is reduced significantly when using two high-impedance HPFs but the output
signals are more suppressed, which in turn affects the signal quality. When
considering onlyasingle high-impedancefilter, the output signals are betterand
the noise is also reduced significantly. There is no significant difference in the
noise reduction when using a single high impedance high-pass filter and two
high impedance high-pass filter. Therefore, a single high impedance high pass

filteris decided to be used in further designs.

4.3.3 Addition of Impedance de-coupler

The main aim of adding this part is to transfer a voltage with high impedance
output to a circuit with low impedance input. It essentially does impedance
matching between two circuits. The outputs of the two boards need to be
supplied to a microcontroller unit in order to do the further manipulations
required to display the output in a user-friendly format. The ADC of the chosen
8 microcontroller however has an input impedance of about only 2 KOhm.
Hence, impedance matching is crucial. It makes sure that the signal source, i.e.
the boards are prevented from being affected by whatever currents that the
load at the ADC may produce. The figure below shows the circuit for the
impedance de-coupler added after the filter. Here, an additional resistor R2 was
also added as a pull-up resistor. As a consequence, the central frequency F.
changes to 2KHz which is still sufficiently far away from the frequency range of
the signals and thus does not affect the resulting signals.

We use a voltage buffer amplifier or voltage follower for this purpose as seenin
Figure 18. A voltage buffer amplifier has a high input impedance and a low

output impedance and has unit gain, which in turn makes sure that the output
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voltage remains the same. It thus serves the purpose of impedance matching

between the boards and the microcontroller.

c1 470
F LM35B
I 3

hpfinput, b
[hpfinp ]

v
GND

Fig 18. Circuit diagram for high-pass filter followed by Impedance de-coupler

The output signal when using an inverting op-amp as a buffer is shown in the
figure. In order to check if the circuit works fine, initially the input was supplied

by a function generator.

Fig 19. Output sign;Ts) of version 2 board using (a)inverting amplifgsz as buffer(b)non-
inverting amplifier as buffer [Y-axis = 50mV/div and X-axis = 100us/div]
A single pulse of sine wave was given as input to the circuit which is represented
asthe pink graphin Figure 19, (a) and (b). The blue line shows the output of the
filter and the green line shows the output from the de-coupler. The addition of
the filter suppresses the input signal as is seen in the analysis before. It is

observed that both the inverting amplifier and the non-inverting amplifier

gualitatively work well. Taking a closer look at the two graphs, the output signal
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with the filter and non-inverting amplifier as a buffer tends to suppress the
signal more. The output signal of the non-inverting amplifier is approximately
25mV higher than that of the inverting amplifier which is about a 50% increase
in signal strength. It can thus be concluded that the type of amplifier usedi.e.,
whether the amplifier used is inverting or non-inverting, plays a significant role
in the signal quality. The non-inverting amplifier as a buffer was selected for
further testing. The circuit was then supplied with the output of version 2 boards

as input.

(a) (b)
Fig 20. Output signal of version 2 board with filter and decoupler (a) top board (b) Bottom
board [Y-axis = 50mV/div and X-axis = 100us/div]
Figure 20 shows the output signals with filter and de-coupler to the top board
(@) and the bottom board (b) with the trigger applied for the top board and
bottom board respectively in order to compare genuine output signals. Figure

21 shows the same outputs in persistence mode run over approximately 10

minutes.

Fig 21. Output signal of version 2 board with filter and decoupler in persistence mode (a)
top board (b) Bottom board [Y-axis = 50mV/div and X-axis = 100us/div]
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It can be observed that the circuit works well and there is no degradation of the
signal as the voltage follower doesn’t affect the output signals of the filter as it
has unity gain.

To further analyse the noise levels and the signal, the FFT of the output was
taken. Thefigure below shows the spectrum of the output signalstakenoverthe

frequency range of 1MHz, 100Khz and 1Khz
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(c)
Fig 22. FFT for output signal for version 2 board with high impedance high-pass filter and
non-inverting amplifier as de-coupler having Y-axis with 10dB/div and X-axis having a span
of (a) 1IMHz (b) 100KHz (c) 1 KHz

It can be seen from Figure 22 that the output signals are very good. The
harmonics that were present in the low frequency ranges were completely
removed and the signals are much better. The circuit with all modifications

added proves to be good.
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Fig 23. Graph showing coincidence between top board (red), bottom board (yellow) and
Cosmo detector (pink and blue) with trigger on bottom board
[X-axis = 100us/div and Y-axis = 50mV/div]

A coincidence measurement between top board, bottom board and the Cosmo
detector is shown in Figure 23. The red line shows the waveform for the top
board, yellow line shows the waveform for bottom board and the blue line and
pink line shows the Cosmo detector signal in analog and digital form,
respectively. A trigger is supplied from the oscilloscope to channel 1 i.e. the
bottom board. A coincidence means that there is a signal generatedin the top
board, bottom board and the Cosmo detector which implies that a particle was

observedin all the 3 detectors.

4.3.4 Replacing the LM358 amplifier with an AD823 amplifier

All testing till now was done with the LM358 operational amplifierin the first
stage. Looking into the data sheet of the LM358, it is observed that the input
voltage range of the LM358 is,
Vin =0 to (Vsuppry — 1.5V)

=0to (4.5V-1.5V)

=0to3V
In our case, the supply voltage is 4.5V, so the voltagerange of LM358 is limited

to 0 to 3V. If the signal goes above 3V, then the output signal will be clipped or
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distorted. So, there is a voltage limit when using the LM358. In the future, the
addition of a microcontroller-based readout system is planned. Since the Atmel
SAM E54 is already in use within the division, it is currently favoured as the best
option for this purpose. The microcontroller has an Internal ADC which can use
an internal and external reference voltage. A voltage range of 0 to 3.3V
decreases the resolution when using an ADC. So, to increase the resolution and
to account for a better rail-to-rail amplification, a different op-amp with a wider
range was sought. A candidate replacement for the LM358 was the AD8628/29
which has a good rail-to-rail amplification. For a voltage supply of 0 to 5V, the
output voltage can go from 0 to 4.5V. The AD8628 contains a single op-amp
where as AD8629 consists of a dual op-amp enclosedin a single package. Since
the amplifierused in the circuit hastwo amplificationstages andthe AD8629ARZ
costsaround 2 Euros it is a good low-cost substitute for the LM358.

Initially, the new op-amp was tested on the version 1 board. The LM358 was
replacedwith the AD8629 in the version 1 boardand the figure below shows the

output signals.

(a) (b)
Fig 24. Output signals for version 1 board with LM358 replaced with AD8629 [X-axis =
50us/div and Y-axis = 50mV/div]

It can be observed from Figure 24 that the output signals are of poor quality.
There seem to be oscillations as well as high noise levels in the output signals.

Using AD8629ARZ instead of LM358 seriously degraded the output signal
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quality. Therefore, using AD8629ARZ proved to be a poor choice for this circuit.
Another low-cost and dual op-amp substitute suggested was the AD823. The
AD823 also has a highinput impedance as it has a FET input. The output voltage
forthe AD823 goes very close to the rail voltages. If the supply voltage is 5V, the
output voltage cangoto nearly 4.95V, i.e. really close to the supply voltage. So,
the version1 boardwastested with the new AD823 instead of LM358. The figure

below shows the output waveform thus obtained.

Fig 25. Output signal of version 1 board with LM358 replaced with AD823 [X-axis = 100us/div
and Y-axis = 20mV/div]

Figure 25 shows the output signal in persistence mode taken over about 5
minutes. It can be seen from the waveform that the output has good signal
quality and that signal and noise are clearly distinguishable. The new AD823
hence proved to be a goodsubstitute for LM358. The version2 boards were then
tested with the new AD823 IC and the results are then studied.

Figure 26 shows the output signal of the version 2 board with the LM358
replaced with the AD823 in persistence mode run over an interval of about 10
minutes. It can be observed that the version 2 boards also give a reasonable
output when using AD823 instead of the LM358. The circuit was tested with
different values of resistor-capacitor combinations in the feedback loop as

depictedin Figure 25 (a) and (b).
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(a) (b)
Fig 26. Output signals for version 2 board and Cosmo detector with LM358 replaced with
AD823 and (a) 1M resistance and 15pF capacitance in the feedback loop [X-axis = 100us/div Y-

axis = 20mV/div] (b) 10M resistance and 15pF capacitance in the feedbackloop [X-axis =
100us/div Y-axis = 50mV/div]

Looking closer into the graphs, the output signals when using 1M and 15pF goes
to about 80mV when run over an interval of 10 minutes and has higher noise.

The decay time of the output signal in Figure 26(a) is given by

T=RC

=(1*10°) * (15*10™?)s

=15 s
When using 10M and 15pF in the feedback loop, the output signal goes to about
100mV. The decay time from the graphis slightly more than that calculated but
not significantly different. Itcanbe observedthat the output signals have higher
voltages when using 10M and 15pF than 1M and 15pF in the feedback loop of
the amplifier. The noise is also low in this configuration. The decay time of the

output signalin Figure 26(b) is given by

T=RC
=(10*10°) * (15*10™%%) s
=150 ps
The output signals are significantly longer and wider with the 10M and 15pF in

the feedback loop. The testing of the new op-amp done so far did not use any
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filter circuit and impedance decoupling circuits. The next set of tests were done

with the filter and de-coupler stages.

4.4 Version 2 Board with AD823, Voltage regulator, filter and impedance

decoupler

The entire set up of the version 2 board with all the modifications is shown in
Figure 27. The high-pass filter circuit and the impedance decoupling circuit
which was tested previously was added on to the version 2 board as external
circuitry. A piece of aluminium foil covered with plastic was placed in between
the two boards one time, as there seemed to be some cross-talk due to
capacitive coupling. The foils were later removed as we concluded from the
analysis of the data that the small cross-talk between the two boards only

marginally affected the results.

Fig 27. Version 2 board setup with all modifications.

The bread board on the top of the version2 board is the filter and de-coupler
circuit and the one in the bottomiis the voltage regulator. In addition to these,
two batteries to bias the diodes as well as a 9V battery as power supply were
connected and placed inside the enclosure before taking the readings. It can be

seen that the entire set up is quite untidy. The outputs were tested with
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different combinations of resistor and capacitor in the feedback loop of the

amplifier (C8 and R8) and the resulting outputs are shown below.

(a) (b)
Fig 28. Output signals of version 2 board with filter, impedance decoupler and LM358
replaced with AD823 with 10M resistance and 6.8pF capacitance in the feedback loop [X-
axis= 100us/div and Y-axis = 50mV/div] (a) Output signal (b) Output signal in persistence mode

(a) (b)

Fig 29. Output signals of version 2 board with filter, impedance decoupler and LM358
replaced with AD823 in persistence mode with (a) 10M resistance and 15pF capacitance in
the feedback loop [X-axis = 100us/div and Y-axis = 50mV/div] (b) 1M resistance and 25pF
capacitance in the feedbackloop [X-axis = 100us/div and Y-axis = 20mV/div]

Figure 28 and 29 shows output signals of version 2 board with LM358 replaced
by the AD823 and filter as well as impedance de-coupler circuit. The testing is
done using three different capacitance and resistance combinations in the
feedback loop of the amplifier (R8, C8) — 10 MOhm and 6.8 pF (decay time, =
RC =68 ps), 10 MOhm and 15 pF (decay time, t=RC= 150 ps) and 1 MOhm and
25 pF (decay time, t= RC = 25 us). Figure 28 shows the output signals with
10MOhm and 6.8 pF in the feedback loop of the amplifier. It can be observed
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that we get reasonable output with an output signal of about 100mV. The noise
signalsand the outputsignals are distinguishable and the circuit works fine using
this configuration, but there is still significant noise in the output.

Lookinginto the output waveforms obtainedwith 10MOhmresistance and 15pF
capacitancein the feedback loop of the amplifier is used (Figure 29 (a)), the
output signal is about 50mV when run in persistence mode for about 5 minutes.
It can be observed that the noise level is much less than that with a 10 MOhm
resistance and 6.8pF capacitanceinthefeedbackloop. Presumably, highersignal
values would have been visible using 10MOhm resistance and 15pF capacitance,
if the output signals in persistence mode was run for a longer time.

It can be observed from Figure 29 (b) that the output signals are approximately
equal to 50mV, when 1 MOhm resistance and 25pF capacitanceis used in the
feedback loop. The signal quality degrades and the noise is much higher when
this configuration is used. From the above analysis, it can be concluded that
10MOhm and 15 pF resistance and capacitanceinthe feedbackloop of amplifier
has good signal quality as well as low noise level and 10MOhm and 6.8 pF
resistance and capacitance inthe feedback loop has high output signals as well
as high noise, whereas 1IMOhm and 25pF resistance and capacitance in the
feedback loop degrades the signal quality with higher noise levels. Hence the
coincidence measurement was carried for Silex version 2 board using 10MOhm

and 15pF in the feedback loop.

4.5 Calculations

a) Energyloss, primary charge and photodiode data

These calculations give an approximate idea of the expected output
signal. The main source of energy loss for a muon that is passing through

matteris ionisation. The minimum energy loss in silicon is given by
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Eioss = 1.66 MeV/(g/cm?)
The density of Silicon, ps = 2.33 g/cm? and thickness d = 0.01 cm (which
was measured)
The energy that is available to create electron- hole pairs is given by,
Egeposit = 1.66 MeV/(g/cm?) * 2.33 g/cm® * 0.01 cm

= 38.678 keV
The energy required to create an electron — hole pair in Silicon is
approximately 3.6 eV. Therefore, a muon passing through 100 um of
Silicon will create a measurable charge of approximately 11000 electrons.
The charge, Q=11000 * 1.6*10™*°

=1.76 *10™ C

The capacitorthatis used in the amplifier stage is selected to be 15pF in

the version 2 board. Hence, the voltage Vis

Q 176%¥1071°
V15pF: = T,

S = =0.14mV.

The board was also tested with 10pF and 6.8pF in the feedback loopand

the voltages are given as

Q 176¥1071°

Viopr= — = =0.17mV.
10PF™ ¢ ™ q10+10-12
Q 1-76%¥10715
V, =—=—-7 =0.25mV.
6-80F— ¢ T 6.8+10-12

When this signal passes through the second amplifier stage which has a
gain of 56, the total voltage
Vispe= 0.14 * 56
=8.2mV.
Viope= 0.17 * 56
=9.52mV.
Ve.gpr=0.25* 56
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=14 mV.

The expected output voltage of version 2 board with 15pF capacitance in
the output is about 8.2mV. From Figure 29 (a), the output signal is about
50mV for version 2 board with 10MOhm and 15pF in the feedback loop.
This is much more than the expected output signal. The output signal
variesdue to fluctuationsin the energy loss. To obtainthe graph, a trigger
was applied to the board, which was set to select large signals and there
are also signals not associated to muons, which tends to be largerthan
genuine muon signals like alpha decays from radioactive contaminations
in the diode material.

Rise time

Rise time is defined as the time taken by a signal to rise from 10% to 90%
of the signal peak. To calculate therise time, the averagedand normalised
signal obtained from the coincidence measurement is considered and is

show in Figure 30.1%2
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Fig 30. Averaged and normalised signal for version 2 board (22!
The x-axis consists of 250 samples, which is equal to a total span of 1ms.
The time duration for one sample is
T=1ms/250
=4us
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For the signal to rise from 10% to 90%, it takes approximately 3to 4
samples. Therefore, consider the number of samples as 3.5. The rise
time is obtained as
Trise = T10% tO Toou
Trise = 3.5 * 4ps

=14ups

4.6 Silex Version 3 Board

The third version of the Silex detector was designed in the year 2020 as part of
this Thesis and is the latest version of the boards which is currently under active
testing. All modifications incorporated into version 2 board which were
elaborateduponin the previous sectionalong withotherchanges, improvedthe
signal quality in this version of the board. The design of this board is explained

in the next chapter.
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CHAPTERS
Version 3 Board Design

5.1 Block Diagram

The block diagram for the top board and the bottom board are shown below, in
Figure 31 and 32. It can be observed that both the top board and bottom board
are the same, except that there is an additional voltage regulator circuit in the
bottom board and the top board has additional batteries to supply the bias
voltage for the diodes on both the boards.

Amplifier

Amplified
sigrjal filtered
*NoIse | High-pass Impedance

current

PIN- DIODE

Filter . de-coupler low
impedance impedance
9V power 4.5V
supply Voltage
USB supply| Regulator
Fig 31. Block diagram for bottom board
12V
Battery
Amplified
i signal filtered
curen +noise | ni signal
o gh-pass Impedance
PIN- DIODE Amplifier Filter high de-coupler low
impedance

impedance impedance

Fig 32. Block diagram for top board

The main parts of both the top board and the bottom board are the PIN-diodes,
Amplifier circuit, high-pass filter and impedance de-coupler. These blocks were
finalized after a series of tests that were conducted in the previous sections. In

the block diagram for the bottom board of the Silex version 3 design (Figure 31),
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the voltage regulator converts the 9V voltage supply from a battery down to
4.5V, which is required for the safe functioning of the boards. If a USB power
supply is used, the voltage supply can be anywhere between 4.8V and 5.3V 1
201 and hence, the use of a voltage regulator is essential in this case as well. The
voltage regulator is responsible for supplying the 4.5V power to both the top
board and the bottom board. The first main block in this design are the PIN-
diodes. When a muon hits the PIN-Diodes, they generate charges which produce
a current output. These output signals are then fed into an amplifier circuit
which amplifies and gives measurable output voltage signals. The resulting
amplified signals have high noise content in the low-frequency range as well as
highimpedance. The low frequency noise components are eliminated when fed
into a high-pass filter. The output of the high-pass filter has high impedance and
is then decoupled using an impedance de-coupler circuit to generate a low-
impedance output signal, which matches the low-impedance input levels
required by the ADC to be used.

The flow of the design for the top board (Fig 32) is the same as explained above.
The bias voltages for the diodes were supplied using 12V batteries, which are
added onthe top boardand then givento the bottomboardthough connectors.
The next step in designing the version 3 board was implementing the circuit
diagram corresponding to the block diagram. The design of the version 3 board
was implemented using the software KiCAD ™% and is explained in the next

section.

5.2 KiCAD

The entire design of the version 3 board was done using the software KiCAD,
which is a free and open-source software used forelectronic design
automation (EDA). KiCAD facilitates the design of schematics (circuit diagram)

for electronic circuitsand can be used for its conversioninto PCB layouts. KiCAD

Max-Planck-Institut fir Kernphysik | 42




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

also includes additional tools to create a bill of materials, artworks, Gerber files,

and 3D views of the PCB and its components !

12]

The flow chart illustrating the various steps involved in designing a printed

circuit board using KiCAD is added in the appendix. The main steps involved in

the designing are

a)

b)

Schematic

The first and foremost step is to draw the circuit diagram or the schematic.
Once a project is created and opened, one can start drawing the circuit
diagram in the schematic editor, ‘Eeschema’, in KiCAD. All the required
components can be selected from the icon ‘place symbol’ in the toolbar. In
case the components are not available, one can add the library for the
required component by using the ‘manage symbol libraries’ button. The
connections between the components can be created using the wire symbol
available in the toolbar. Once the schematic is complete, the next step is to
annotate the components.

Annotation

All the components that are used in the circuit should be named
appropriately and should have unique identifiers. This step can be done
automatically in KiCAD using the ‘annotate schematic symbols’ iconin the
toolbar. It automatically assigns numbering for all the components while
making sure that there is no repetition and hence makes it easier to identify
all the components. Lastly one checks forany errors in the circuit using the
‘Performelectricalrule check’ icononthe toolbarbefore proceeding further.
Assigning footprints

Once it is confirmed that there are no errors in the schematic, the next step
in designing a printed circuit board is to assign footprints to each and every

component in the circuit. For this purpose, the ‘Assign PCB footprints to
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schematic symbols’ icon should be used. The required footprint should be
selected from the list of footprints. If the required footprint is not available,
one can add new footprints manually by accessing the ‘footprint editor and
adding the new footprint. In this project, the footprint was assigned
according to the availability and function of the components used.
Generate netlist

Generating the netlist is one of the most important steps in PCB designing.
A netlist is a text file that contains all the necessary information about each
component within the circuit, including footprint information and details
regarding the pin connections. The netlist needs to be added into the PCB
editorin order to generate the PCB layout. The ‘Generate Netlist’ icon in the
toolbar enables us to perform this step.

PCB layout

Once the netlist is available, one can move to the main part of PCB design,
i.e. creating the PCB layout. By making use of the ‘pcb layout editor’ or ‘run
Pcbnew’ icon in the toolbar, one will be redirectedto a new page Pcbhnew,
in which one needs to import the generated netlist. All the components will
now be visible on the page along with lines showing the connections
between them. The components can be rearranged in an optimal way
according to the required dimensions of the board and the required layers
can be applied. The connections between all the components need to be
done manually by placing tracks of the necessary width. Once all the
connections are made within Pcbnew, one needs to make sure that there
are no errors by using ‘Design rule checks’ icon and with that, the design of
the board is complete. The resulting layout of the printed circuit board can

be further viewed in 3-Dimension using the ‘3-D viewer’ iconin the toolbar.
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f) Create Gerber files
Once the PCB is complete, one can generate Gerber files for each layer using
the ‘Gerber’ iconin the toolbar of Pcbnew. The Gerber files created need to
be send to a PCB manufacturer, who uses the files to manufacture the board.
g) Generate Bill of Materials
The final step in the design for printed circuit board is the generation of the
bill of materials which can be done using ‘generate the bill of materials’ icon

in the toolbar.

5.3 Circuit Diagram

The first step in the design of a printed circuit board is the implementation of
the circuit diagram or the schematic as explained in the previous section. The
schematic for the version 3 board is elaborated in this section. The schematic of
the version 3 board is mainly consisting of three sheets, namely the diodes

sheet, amplifier sheet and the filter_decoupler sheet.
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Fig 33. Schematic for bottom board
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Fig 34. Schematic for top board

Note: the enlarged images of all the schematics are included in the appendix

The schematic of the bottom board, consists of four connectors and an
additional circuitwhichis the voltage regulator circuit otherthan the three main
sheets. The three sheets shown in the circuit will be elaborated later on. The
voltage regulator usedin the circuit is an LT3045 chip. The circuit for the voltage
regulator was identified from the data sheet of LT3045 and the modifications
added were according to the performance requirements asrecommendedinthe
data sheet. The main modifications to the basic voltage regulator circuit in the
data sheet are explained below. The polyfuse and the transient voltage
suppression diode (D1) is added at the input in order to provide over-voltage
protection. If there are voltage fluctuations and excessive voltage is supplied,
then the diode shorts itself such that the excessive voltageis grounded, thereby
preventing any of the following components from being damaged. Taking a
closerlookinto thevoltage regulatorcircuit, itcanbe seen thata 4.7uF capacitor
is used in the input pins of LT3045 (pin 1,2,3)along withR1,R2 and L1. Together,
they function as a filter circuit *®'”1 which removes noise componentsin the
voltage supply. The 4.7 uF capacitoralso functions as a bypass capacitor as the
battery’s output impedance increases with frequency which might result in a

voltage drop of the input supply. The SET pin (pin 8) is the regulation set-point
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for the LT3045. The LT3045’s output voltage is determined by VSET = ISET
* RSET. Adding a capacitance of about 22uF improves output noise, power
supply rejection ratio (PSRR) and transient response. Pin 10, 11 and 12 are
responsible for supplying load to the output and require an output capacitance
of at least 10 uF for stability.

The connector J10 in the circuit was placed as an alternative to supply input
voltage directly from the USB to the board. The connectorJ4in the Figure 33 is
the output connector pins (output of both the topboard and the bottomboard).
In Figure 34, there are 4 additional batteries. The batteries BT1, BT2 are 9V
batteries and BT3, BT4 are 12V batteries which are used to supply the bias
voltage to the diodes. As per the design only either the 9V or 12V batteries can
be mounted at the same time. The connectorsJ1-J7andJ2in Figure 33 and 34
are used to supply (a) the 4.5V power supply to the top board, (b) bias voltage
from the 12V/9V batteries to bottom board and (c) the top board output to
connector J4 in the bottom board. The J2 connectors are female connectors
which require extra wires to connect both boards whereas J1-J7 are spring

connectors that do not require additional wires.

5.3.1 Diodes sheet
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Fig 35. Schematic of diode sheet of bottom board
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Figure 35 shows the schematic of diode sheets of the bottom board. It includes
50 PIN-diodes connected in parallel which are used to detect the incoming
cosmic ray muons. As the number of diodes increases, the area for muon
detectionincreases. Hence, the circuit accommodates a maximum of 50 diodes
which equates to a detection area of approximately 4 cm?. The resistors R17 to
R26 are placed as switches, which can be removed in order to test the board
with a lower number of diodes. The schematic of the diodes sheet for the top

boardis the same as that of the bottom board.

An important parameter to be consideredin the designis the dark current. The
dark current depicts the charge generated in the PIN-diode detector when no
outside radiation is reaching the diodes. The capacitor C7 in Figure 36 blocks the
dark current from entering the amplifier circuit and is thus, only prevalent in the
diode sheet. In order to calculate the dark current, the voltage across the
resistor R27 was measured using a digital volt meter (DVM) and was obtained
as,

V27 = 0.04 mV

R27=4.99 kOhm

The dark current, 4o is given by,

Vkay  0.04%1073
Ligrk = =
R27  4-99x103

=8.016 nA

The dark current that is obtained as a result of 50 PIN diodes and is calculated
to be 8.016 nA. Thus, the dark current generated by a single diode is

approximately equalto 0.2 nA.

5.3.2 Amplifier sheet

The circuit diagram of the amplifiers used in the version 3 board is the same as
that used in version 2 board and is depicted in Figure 36. It can be seen that it

consists of two stages of amplifier. The only extra addition in this circuit are test
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points in the output of first amplifier stage and the second amplifier stage. A
capacitorwasalsoaddedinthe feedbackloop of the secondamplifier stage. This
capacitor was added justin case one needed to test different time constants in

the second stage amplifier and is currently not used.
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Fig 36. Schematic of Amplifiers sheet of bottom board

It can be seen that the amplifier used for the Silex detector consists of two
amplifier stages. The outputs from the anode and cathode of the PIN-diodes are
fed into a junction field effective transistor (JFET). Each PIN-diode has a
capacitance of about 15pF and the 50 diodes together generates a capacitance
equal to 15pF * 50 = 750pF, which has a significant effect on the noise

131 3s shownin the figure

performance of the circuit. The JFET is bootstrapped
in order to improve the noise generated as a result of the large capacitancein
the diodes. The signal coming from the JFET undergoes two stages of
amplificationgiving aneasily measurable voltage output. Bothamplifying stages
use inverting op-amps. The circuit diagram and the working of the amplifiers

sheet is also the same for the top board and is included in the appendix.
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5.3.3 Filter decoupler sheet

The final sheet in the schematics for the top and bottom board of version 3
board is the filter_decoupler sheet. It consists of the filter circuit and the
impedance de-coupler circuit which was implemented and elaborated on in

Section4.3.2and 4.3.3.
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Fig 37. Schematic of filter_decoupler sheet of bottom board

The filter circuit used is the same high-impedance high-pass filter which was
tested as a modification to the version 2 board. It is responsible for the removal
of noise in the low-frequency range. The impedance decoupling circuit is also
the same with the only difference being the addition of an AD8628ARZ. The
AD8628ARZ is used as an alternative for the LM358 that was previously used.
The same issue, which was explainedin section 4.3.4, is valid in this case as well.
The voltage range of the LM358is limited to 0 to 3V. If the signal goesabove 3V,
then the output signal will be distorted and when used with the ADC, the
resolution decreases. Also, we require only a single op-amp in the impedance
de-coupler. Hence, the AD8628ARZ as an alternative op-amp was selected due
to its good rail-to-rail voltage and for containing a single op-amp within the
package as is required by the circuit. The main changein the circuit from that

used in version 2 board is the addition of two Zener diodes in the output of filter
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and the decoupler stages. This is to provide protection to the following
components against high voltages that might appear in the circuit. Since the
output of the filter_decoupler circuit will be supplied to the ADC, the Zener
diode prevents any high voltage outputs from reaching the ADC. In case a high
output voltage appears, the Zener diode acts as a short and prevents the ADC
from being damaged. The schematic for the filter_decoupler sheet for the top

boardis again the same.

5.4 Assigning footprints

Once the circuit design was implemented, footprints were assigned to each and
every componentin the circuit. Most of the component footprints were selected
depending on the availability of the components within the lab. The preferred
footprint size for all the capacitors and resistors was 0603. This indicates that
the component has dimensions (0.06 inches * 0.03 inches). Few elements were
available in the lab only with footprint size 0805. The footprint for the input
capacitance (C3) in the voltage regulator was set to 1205 as it prevents the
circuit from being damaged when there are voltage fluctuations since it can
withstand up to 25V from the power supply. The footprint for the components
that were not available were added using the footprint editor. Once assigning
the footprint was complete, the netlist for the entire circuit was generatedin
order to proceed further in to laying out the printed circuit board of version 3

board.

5.5 PCB Layout

The main step in designing the version 3 board is the conversion of the
schematic into a PCB layout. The netlist generated was imported into PCBnew.
All componentswerefirstarrangedto fit within the dimensions of the top board

and the bottom board. The dimension should be 120 mm * 100,3 mm or very
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slightly lower than this for the bottom board in order to be placed accurately

within the enclosure. Figure 38 shows the PCB layout of the bottom board.
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Fig 38. PCB layout of version 3 bottom board

The top board needs to be slightly smaller than the bottom board. The
dimensions for the final PCB was 119.38 mm * 99.57mm for the bottom board
and 114.30mm * 76.2mm for the top board and edge cuts were placed at these

borders. The PCB layout of the top boardis shownin Figure 39.
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Fig 39. PCB layout of version 3 top board

The thickness of the new board is fixed to 0.8 mm in order to match with the
trace thickness around the diodes, such that we get 50 Ohm trace impedance.

The main constraint to be considered while placing the components on the top

Max-Planck-Institut fir Kernphysik | 52




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

board and the bottom board was that the diodes on the top board and the
bottom board should be placed exactly opposite to each other. These criteria
needed to be fulfilledin order to check for coincidences. KiCAD has an option to
control the placement of the components using Python. To ensure that the
diodes were exactly facing each other, they were placed using a placement
script. The entire script was written in Python and then imported into KiCAD.
The exact position and the number of diodes in each row were as given in the
placement script.

The placement script has functions to place the components in vertical rows,
horizontal row and to set its orientation. There is also a function to get the list
of diodes (D1 to D50). In the design of the version 3 board, it was decided to
arrange 10 diodes in each rows. Therefore, a total of 5 rows with 10 diodes in
each row was to be placed. The labels of each of the 10 diodes were loaded into
a variable, and each of the variables were given into the function to place
components in horizontal rows thereby arranging the diodes within the variable
in a horizontal row. The orientation was also set for each of the variables. The
same parameters were used in placing the diodes in the top board as well
making sure that the diodes in the top board and the bottom board face each
other exactly.

Another point to be considered was the placement of the JFET. The JFET should
be placed such that it is almost equi-distant from the diode outputs. The
connectionsto the JFET were thus createdin astar-like way. It wasalso essential
to place L1 as faraway from anything on the output side of the linear regulator
as possible, since the traces are prone to inductive coupling via the magnetic

field that L1 produces.
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Another majorchange wasthe additionof a cut out regionaroundthe amplifier
inputs. This was done in order to ensure minimal loss of charge to capacitive
coupling to the bottom side of the board.

The size of the track to make the connections were set to 0.25mm. The
connections between the diodes and the connections for the voltages were
assigned a track width of 0.7 mm which corresponds to animpedance of about
50 Ohmfora 0.8 mm thick board.

Texts were added on to the backside of the PCB which consist of general
information about the board and how to use it. Once the tracks were connected
completelyandthe board was complete, the printed circuitboard can be viewed
in 2-Dand 3-Dand is shownin 2-Din Figure 38 and 39.

The Gerber fileswere then createdandthe boards were manufactured using the
files. The bill of the materials were also generated and is attached in the
appendix.

Figures 40 and 41 shows the top board and the bottom board of the version 3
design that were manufactured. The boards were soldered with all the

coponents and the final boards are representedin the figure.

Fig 40. Final PCB for Bottom board
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Fig 41. Final PCB for Top board

5.6 Board Set-Up

The board set up for coincidence measurement is as shown below. The 12V
batteries are connnected to the top board and the USB power supply is applied
to the bottom board. The spring connectors between the top board and the
bottom board facilitate the availablity of the 12V bias voltage and power supply
to be accessed by both boards. The output of the top boardis also givento the
bottom boards J4 connector pin in order to make both signal ouputs available
onone side of the stacked boards. When stacked together, the boards are kept
in place using screws. The boards are then placed inside an enclosure which is
grounded. The entire boardset up utilizes asfew wires as possbile, whichmakes
the entire set up much more organized than the version 2 board set up. The
enclosure in which the boards are placed is then closed to avoid light from
reaching the PIN-diodes. The set up is placed on top of the scintillator boxes of
the CosMO detector right above the scintillator material in order to ensure the

detection of coincidences.
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Fig 42. Board Set up (a) top board and bottom board arranged to do the coincidence
measurement (b) bottom board and top board placed in the enclosure

5.7 Outputs and Observations

The output pins of the top board, bottom board and the Cosmo detector are
connected to the oscilloscope to obtain the output signals. The output signals
were tested with different combinations of resistors and capacitors in the
feedback loop of the first amplifier stages. The combinations that were tested
are (a) 1 MOhm with 6.8 pF, 10 pF, 15 pF (b) 10 MOhm with 6.8 pF, 10 pF, 15 pF
and (c) 20 MOhm with 6.8 pF, 10 pF and 15 pFin the feedbackloop. Athourough
analysis was conducted by my colleague, Priyanka Kesavadas, using the data
obtained from the coincidence measurements. In conclusion of this analysis the
20M resistor and 10pF capacitor combination in the feedback loop was found to
provide the best performance.

A muon passing through 100 of Silicon will create a measurable charge of
approximately 11000 electrons, which is equal to 1.76 * 10" C. (same as in

Section4.5). The voltage,

1-76x10715
Vzgz—_12 =0.17mV
C 10%10

When this signal passes through the second amplifier stage which has a
gain of 56, the total voltage
V=0.17 *56 =9.52 mV
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(a) (b)
Fig 43. Output signals for version 3 board with 20Mohm resistance and 10pF capacitance in

the feedback loop of amplifier with signal on (a) Bottom board (b) Top board
[X-axis = 10us/div and Y-axis = 50mV/div]

Figure 43 shows the output signals obtained using version 3 board with 20
MOhm resitance and 10pF capacitance in the feedback loop. The yellow graph
represents the output signal for bottom board and the red graph shows the
output signal for the top board. The Figure 43 (a) is obtained when the trigger is
applied to the bottom board and Figure 43 (b) is obtained when the triggeris
applied to the top board.

It can be observed from the output signal that it has good signal quality and that
the circuit works fine. The output signal is about 60 mV and is clearly
distinguishable from the noise. The output signal varies from the expected
9.52mV due to fluctuations in the energy loss. The trigger applied causes large
signals to be selected and there are also signals not associated to muons which
are larger than genuine muon signals. The noise levels are also much lower than

in the previous board design.

Fig 44. Graph showing coincidence between top board (red), bottom board (yellow) and
Cosmo detector (pink and blue) with trigger on bottom board [X-axis = 100us/div and Y-axis =
50mVv/div]
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Figure 44 shows a coincidence between the top board, the bottom board and
the CosMO detector when a trigger is applied to the bottom board. An output
signal is generated when a particle passes through the detector. A coincidence
means that a particle likely passed through all the three detectors, i.e., the
particle passed through the top board, bottom board and the Cosmo detector
aswell.

The noise level in the output can be analysed by taking the spectrum of the
output signal.

Figure 45 shows the FFT of the output signals of version 3 board. It can be
observed that there are no noise components in frequency range of 100 KHz
and 1 KHz. A noise of about 20dB is visible in lower frequency levels in Figure

45 (a) but is much lower than the previous version 2 board.

MMMWW (»»” "

(a) (b)

WWWWWWMWWWMWWWWM%W

(c)
Fig 45. FFT for output signal of Silex version 3 board having Y-axis = 10dB/div and X-axis
having a span of (a) 1IMHz (b) 100KHz (c) 1 KHz

The backgroundnoisein the spectrumis much lowerwhen comparedto version

2 board spectrum. The peaks or harmonics that appeared in Silex version 2
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board which was observed as a result of ambient light entering the enclosure is
also not present in the lower frequency ranges. The design thus proves to be

much better than the previous board versions.
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Fig 46. Averaged and normalised signal for version 3 Board (22
Figure 46 shows the averaged and normalised (20M resistance and 10pF
capacitanceinthe feedback loop) signal obtained from the coincidence
measurement. The x-axis consists of 250 samples, whichis equalto a
total span of 1ms.
The time duration for one sample is
T=1ms/250
=4us
For the signal to rise from 10% to 90%, it takes approximately 2 samples.
The rise time is obtained as
Trise = T10% tO Tooy
Trise =2 * 4us
=8us
The rise time of version 3 board (8ps) is lesser than that of version 2

board (14us) which indicates that the signal rises faster in version 3

board.
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CHAPTER 6

CONCLUSION

A cosmic ray muon detector, named Silex is developed in order to make it
accessibleto general publicatlow cost. The shortcomingsof the version2 board,
from which this Master Thesis began were resolved. In order to improve the
signal quality, a high-pass filter circuit was implemented along with an
impedance decoupling circuit for impedance matching. The high-pass filter
removesthe low-frequency noise componentsandchanging theop-ampin both
amplifier stages further stabilizes the performance of the board. All changes
and modifications to the version 2 board were incorporated into the design of
the new Silex version 3 board. The version 3 board produces output signals with
very good signal quality and significantly less noise. The various changes
incorporated into the design further improved the signal quality. The output
signalis clearly distinguishable fromnoise. It canthus be concluded that the new
version 3 board for the Silex detector was a success. The next step that is to be
taken in the development of the Silex detector is the addition of a
microcontroller unit to make it accessible to the general public as a product. The
detector can then be introduced to schools and offices ata price tag of about

100 Euro, which makes it feasible for general public.
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APPENDIX

1. Code for placement of diodes on the board

# general settings
add_reload_button = False
module_name ="place"

# genericimports
import pcbnew
from pcbnew import FromMM, wxPoint

# Add the reload button to the menu
if add_reload_button:

import sys

import wx

import wx.aui

# get the path of this script. Will need it to load the png later.
importinspect

import os

filename = inspect.getframeinfo(inspect.currentframe()).filename
path = os.path.dirname(os.path.abspath(filename))
print("running {} from {}".format(filename, path))

def findPcbnewWindow():
windows = wx.GetTopLevelWindows()
pcbnew = [w for win windows if w.GetTitle()[0:6] == "Pcbnew"]
if len(pcbnew) !=1:
raise Exception("Cannot find pcbnew window from title matching!")
return pcbnew|[0]

pcbwin = findPcbnewWindow()
top_tb = pcbwin.FindWindowByld(pcbnew.ID_H_TOOLBAR)
def MyButtonsCallback(event):
# Removes the old button and then reloads the module
#In the hope that the dev changed something
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top_tb.DeleteTool(itemid)
top_tb.Realize()
reload(sys.modules[module_name])

bm = wx.Bitmap(path +'/icon.png', wx.BITMAP_TYPE_PNG)

itemid = wx.Newld()

top_tb.AddTool(itemid, module_name+" module reloader", bm, "Reloads
the placement script"”, wx.ITEM_NORMAL)

top_tb.Bind(wx.EVT_TOOL, MyButtonsCallback, id=itemid)

top_tb.Realize()

# places componentsin a vertical row
# all measurements are in mm
# The components must be given as a list of strings, e.g. ["'D4", "R2", "C12"]
# They are then placedin a vertical row from the point x_start, y_starton
# And ateachstepy step
def place_vertical_row(references_list, x_start,y start,y_step):
pcb = pcbnew.GetBoard()
foriin range(len(references_list)):
# get the part
part = pcb.FindModuleByReference(references_list[i])
# set the parts position
part.SetPosition(wxPoint(FromMM(x_start), FromMM(y_start +y_step*i)))

def place_horizontal_row(references_list, x_start,y_start, x_step):
pcb = pcbnew.GetBoard()
foriin range(len(references_list)):
# get the part
part = pcb.FindModuleByReference(references_list[i])
# set the parts position
part.SetPosition(wxPoint(FromMM(x_start + x_step * i),
FromMM(y_start)))

# apply the changes in the editor

#pcbnew.Refresh()
# Sets the orientationin degrees for a list of components
def set_orientation(references_list, orientation_degrees):

Max-Planck-Institut fir Kernphysik | 67




Board Designfor a Citizen-Science Cosmic Ray Muon Detector

pcb = pcbnew.GetBoard()

foriin range(len(references_list)):
# get the part
part = pcb.FindModuleByReference(references_list[i])
# set the parts position
part.SetOrientationDegrees(orientation_degrees)

# apply the changes in the editor
#pcbnew.Refresh()
# Gets the reference labels for multiple diodes,
# This works in the same way as range(start, stop, step)
# gets multiple numbers. Just with the Diode labels.
def get_diode_labels(start, stop, step=1):
diodes = list(range(start, stop, step))
diodes = map(lambda x: "D"+str(x), diodes)
return diodes

list_of diodesl=get_diode_labels(2,12)

list of diodes2=get diode_labels(12,22)
list of diodes3=get diode_ labels(22,32)
list_ of diodes4 =get _diode_labels(32,42)
list_ of diodes5=get diode_labels(42,52)

place_horizontal row(list_of diodes1, 43.18,42.23,5)
place_horizontal_row(list_of diodes2, 43.18, 52.23, 5)
place_horizontal_row(list_of diodes3, 43.18, 62.23, 5)
place_horizontal_row(list_of diodes4, 43.18, 72.23, 5)
place_horizontal row(list_of diodes5, 43.18, 82.23,5)

#diodes_to_reorient =get_diode_labels(2, 7)
set_orientation(list_of diodes1, 90)
set_orientation(list_of diodes2,90)
set_orientation(list_of diodes3, 90)
set_orientation(list_of diodes4, 90)
set_orientation(list_of diodes5, 90)

# show changes in the editor
pcbnew.Refresh()
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Fig : PCB Layout for top Board
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