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Abstract

SEASA is an array of detector stations housed by local schools in Stockholm designed for the
detection of the cosmic ray air shower particles. Each station consists of three plastic scintillator
detectors and employs a GPS timestamp to determine coincidences in multiple stations. During
this work, the first station for the SEASA project has been constructed and tested. The detectors
have been designed for extended outdoor operation. The software for data acquisition and storage
as well as for data analysis was developed. The station has been operated for over 55 days in total. 

It was found that the station’s counting rate is dependent on temperature and atmospheric pressure.
These effects were studied and corrected for. Event rate was studies as a function of detector
separation. The timing information on coincident events has been used to reconstruct the angle of
incidence of the air showers. The timing resolution and detector separations are limiting factors in
angular resolution, however it was found that at detector separation of the order of 15 m, the
station is capable of providing useful information on shower direction. 



4

Contents

1  Introduction 5
1.1  Cosmic Rays 5
1.2  Air Showers 6
1.3  Detection Techniques 6

2  The SEASA Experiment 7
2.1  The Detectors 8
2.2  The Electronics 9
2.3  Output of the Electronics 12
2.4  Data Acquisition 12

3 Results 14
3.1  Overview of Measurements 14

3.2  Calibration 14
3.2.1  137Cs Spectrum 14
3.2.3  Random Triggers 16

3.3  Temperature Dependence 16
3.3.1  Singles Rate and Temperature 17
3.3.2  Trigger Rate and Temperature 18
3.3.3  The Source of Temperature Dependence 18

3.4  Pressure Dependence 19

3.5  Coincidence Rate 21
3.5.1  Coincidence Rate as a Function of Detector Separation 21

3.6  Angular Reconstruction 22
3.6.1  Effect of the Discrete Timing Values 24
3.6.2  Angular Resolution and Detector Separation 27
3.6.3  A Method for reconstructing the original Angular Distribution 27
3.6.4  Effect of Timing Errors on Angle Reconstruction 28

3.7  Angular Reconstruction Using Shower Data 29

3.8  Pulse Length Analysis 32

4  Conclusions 34

Appendix 35
A  Scintillator and Wavelength Shifter 35
B  Altera Output 36
C  Data Storage and Analysis 37
D  Detector Construction 38
E  Programs and Data Files 39

Acknowledgements 40

Bibliography 41



5

1.  Introduction

1.1  Cosmic Rays 

The cosmic ray (CR) energy spectrum is shown in fig 1.1. This plot shows the flux of cosmic rays
per square meter, sterradian, second and GeV as a function of energy. The flux depends on energy
according to a power law – ~E-2.7 for energies below about 1016 eV, above this value, the
dependence becomes ~E-3.0, this point is known as the knee. There is a further change in gradient
of the curve at around 1019 eV – the ankle – where it becomes less steep once again. 

fig. 1.1 The cosmic ray energy spectrum

A power law dependence can be shown to be consistent with the mechanism of Fermi acceleration
– that is acceleration in a shockwave in the galactic medium, such as may be caused by a
supernova explosion. A shockwave of this type is accompanied by a step in the magnetic field. A
charged particle that crosses the shock-front multiple times will on average gain energy. The
spectral distribution of particles from this acceleration process follows a power law. There must
however be a limiting energy that may be achieved in this process – when a particle’s energy
reaches such level that its gyro-radius in the magnetic field of a given strength is greater than the
dimensions of the accelerating region, it will inevitably escape.

The presence of the knee in the spectrum indicates that two distinct type of sources are responsible
for acceleration of particles above and below it. The lower energy part may be described by the
supernova acceleration, but the origin of the higher energy particles is unknown, though many
theories exist. The most accepted of these is acceleration in active galactic nuclei, AGNs.

Below 1016 eV, it is not possible to trace particles to their source even if one records their arrival
direction on earth – the trajectories become completely scrambled by the galactic magnetic field,
since even at these energies, the gyro-radius in the galactic field is smaller than the size of the
galaxy. Above the knee, the particle should in principle point back to an AGN or some other
extreme object.

If the origin of cosmic rays with energies up to 1019 eV is perplexing, the nature of those above
this energy is a complete mystery. No known phenomena in the neighbourhood of our galaxy can
account for these, and yet their sources may not lie much further away. This is due to the
phenomenon known as the GZK cut-off. 
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Space is filled with cosmic microwave background radiation (CMB), the relic of the radiation
produced during the Big Bang. There are about 109 of these photons in a cubic meter of space, yet
normally, a cosmic ray particle will be oblivious to their presence. Things change however when a
cosmic ray proton has so much energy that in its own reference frame, the CMB photon’s energy
is sufficient to cause an excitation like the following:
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The excited state then decays by the two channels shown. Naturally, the resulting particles will
have to share the available energy, thus none will have an energy as great as the original one. This
is called the GZK cut-off. The reaction above is possible when the proton’s energy is greater than
~5⋅1019 eV. Such a proton is expected to be reduced to an energy below the cut-of over a distance
of 50 Mpc. Note that cosmic ray nuclei will be broken up by interaction with CMB at lower
energies. Particles with energies above the cut-off have been detected none the less, despite the
lack of known sources within range.

1.2  Air Showers

When CRs arrive at Earth, they interact in the atmosphere, provided that the CR-particles are not
deflected or captured by the Earth’s magnetic field – which is true for CRs above ~10 GeV. A
cosmic ray particle will interact with a nucleus in the atmosphere (primarily oxygen and nitrogen),
this is referred to as the primary interaction, and it typically occurs at the altitude of about 15-20
km. 

The primary interaction causes both the nucleus and the CR particle to fragment into a number of
hadrons, such as pions, kaons, protons, neutrons and light nuclei (as well as small numbers of
more exotic particles). Due to the conservation of momentum, these fragments continue along the
path of the original particle, with only a small spread in the transverse direction. Some will
fragment further and others will decay. Both charged pions and kaons decay into a muon and a
neutrino, while neutral pions decay into a pair of photons. The photons can initiate electromagnetic
cascades: produce electron-positron pairs, which in turn can produce more photons through
bremstrahlung. The process continues as long as there is enough energy to create more particles. It
is at this point that the phenomenon is known as air showers (or extensive air showers – EAS, in
case of events of the greatest magnitude). 

The particles in an air shower propagate through the atmosphere at a velocity close to the speed of
light, and may at a given moment be visualised as a disc (a segment of a sphere, to be more
precise) that expands as it travels towards the Earth’s surface. The density of the particles is by far
greater in the centre of the disc – the direction of the original particle, this region is called the
shower core. 

The total number of particles in a shower is approximately equal to the energy of the primary one,
expressed in GeV. So a 1019eV shower involves on the order of 10 billion particles. 
By the time a shower reaches the ground, it will be composed primarily of leptons – electrons,
muons and neutrinos and photons. These particles are spread across an area that for the largest
EAS’s is tens of square kilometers.

1.3  Detection Techniques

Due to these interactions in the atmosphere, no primary cosmic rays may be detected directly at the
surface. Balloon and satellite experiments have been used to detect particles before they interact
with the atmosphere. This approach is however only meaningful for the lower energy CRs – at
high energies, the flux becomes so small that no reasonably sized detector may acquire enough
events. The flux around the knee, for example, is of the order 1 particle per square meter per year. 
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In practice, the ultra high energy cosmic rays (UHECR) are detected using large arrays on the
ground, designed to detect a large number of secondary particles at the same time. Two distinct
techniques exist. One is based on direct detection of muons electrons and photons using scintillator
or water-Cherenkov detectors, spread over a large area. Such an array samples the air shower
particles at multiple locations. Models of the shower development are then used to reconstruct it’s
primary parameters.

The other method is the detection of air fluorescence – charged particles cause ionisation or
excitation of air molecules which then emit light of a characteristic wavelength. As the majority of
particles fall within the shower core, this method essentially determines the trajectory of the core,
thus providing information on direction. The intensity of fluorescence gives information about the
primary energy. Additionally, it is possible to locate the shower maximum – the altitude at which
the number of particles is the greatest. This is used to deduce the shower energy and the type of the
primary particle – proton or nucleus. This technique may be implemented on a satellite looking
down at the atmosphere as well as on the ground with telescopes looking up at the atmosphere. 

Most of the information on the UHECRs comes from two huge experiments – AGASA and Fly’s
Eye. AGASA (Akeno Giant Air Shower Array) is situated in Japan and uses the direct detection
approach. It consists of 111 scintillator detectors at 1 km spacing as well as 27 shielded muon
detectors. Fly’s Eye is an experiment in Utah, USA that detects air fluorescence. The light is
collected by large spherical mirrors and viewed by photomultiplier tubes. Fluorescence is mostly
emitted along the shower axis. To reconstruct its direction, two detector sights separated by 12 km
are used. Each specifies a plane in which the shower lies, thus when combined, the shower is
found to lie along the intersection of the 2 planes. More detailed information on these and
numerous other detectors is given by Rao and Steekantan. [1]

The biggest of all EAS detectors is currently under construction in Argentina and is called the
Auger Observatory. This will be a hybrid detector, using both techniques simultaneously (this is
particularly valuable since the two methods have never been calibrated against each other). There
will be 1600 water-Cherenkov detectors in a regular grid covering 3000 km2 as well as 4 stations
with 24 fluorescence telescopes. [14]

2.  The SEASA Experiment

The Stockholm Educational Air Shower Array (SEASA) is currently in the design and early
construction stage at the AlbaNova Physics Centre in Stockholm. The array consists of a number
of stations housed by local schools. While not placed in a regular grid, schools and high schools
are spread reasonably evenly throughout the city, when sufficiently many are equipped with
detector stations, they provide coverage of an area several kilometres across. 

Each station is equipped with three scintillator detectors connected to an electronic device that
processes and stores the signals from the detectors. The area of each detector is approximately
2600 cm2, and they will be placed about 10 meters apart (this is of course restrained by the
available space on the roof of each building). An event (or trigger) is defined as a coincident signal
in all three detectors. Such a trigger is saved along with a time stamp provided by a GPS receiver.
The data then becomes available through the internet to a central computer where coincident
events in multiple stations may be found. 

For a given station, the time differences provide a local shower angle. The GPS time is used to
provide the global angle. The number of stations triggered indicates the size of the shower and thus
provides an order-of-magnitude estimate of the energy of the primary particle that had started the
shower.

This work focuses on construction and testing of the first fully functional station. The studies
include calibration of the detectors,  the shower angle reconstruction, the correlation of the
detection rate with the atmospheric pressure, as well as the effect of temperature on the detectors.
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2.1  The Detectors

The detectors are constructed from a plastic scintillator Bicron BC-408. Charged particles such as
muons ionise the material, causing it to emit light of a characteristic wavelength, around 430 nm in
this case (blue-violet light). The scintillator is coupled to a wave length shifting material (WLS)
Bicron BC-482A. This is a similar plastic material that absorbs photons of wavelength around 430
nm and re-emits them at about 500 nm (yellow-green light). See appendix A for more details. This
material is in turn viewed by a photomultiplier tube (PMT), a Hamamatsu R5900U. This design
was conceived in order to maximise the light collection efficiency for a scintillator of a large area
with a single PMT.

The available scintillator is recycled from previous experiments and has been cut into bars about
150x13 cm and 1.2 cm thick. The WLS comes in bars with a cross-section of 15x15 mm. The
PMT is approximately a 30 mm cube in shape, with a sensitive window of 18x18 mm.

It has been shown in earlier studies [2], that the highest efficiency is achieved when the bars of
scintillator are placed alongside the WLS, as shown in fig. 2.2, provided that the scintillator is cut
into 50 cm bars. In addition, this set-up has the lowest sensitivity to the position of the original
ionisation, caused by a charged particle. A further advantage is that the original scintillators need
only to be cut once – into one piece 100 cm long and one 50 cm long. (some detectors will have 4
short pieces and others 2 long ones).

fig. 2.2 The detector. The four bars of scintillator are placed alongside the WLS which will be viewed by a
PMT at one end. The assembly is about to be covered with Tyvek.

A 0.3 mm air gap between the scintillator and WLS had been shown to be optimal for transmission
of light [2]. This is maintained by five layers of a copper tape, applied in small patches to the
scintillators. The end of the WLS is coupled to the PMT window by means of an optical grease.
This substance has a refractive index that matches that of the wavelength shifter, thus enhancing
the transmission of light. The PMT is attached to the WLS using an small aluminium casing, that
may be seen in fig. 2.3. This ensures that the fragile window will not be damaged should the WLS
move for any reason (the PMT will move with it). The entire assembly of the scintillators and
WLS is wrapped in at least two layers of highly reflective paper (Tyvek) and placed inside a
casing of black PVC. This plastic box provides both light as well as weather proofing. The box has
been covered by a layer of aluminium foil to minimise heating in direct sunlight.
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fig. 2.3. A detector during assembly. The scintillators have been fully covered with Tyvek and the PMT has
been attached.

fig. 2.4 One of the detectors and the GPS antenna on the roof of the Physics Centre.

A complete detector on the roof of the physics centre in fig. 2.4. The three cables coming out of
the box are the high voltage (800V) that powers the PMTs, the signal cable, a temperature sensor
is also built into this particular detector (the effect of temperature will be discussed later) – which
accounts for the third cable. There will be at least one temperature sensor per station in the future
designs. See appendix A for further details on construction and the materials used.

2.2  Electronics

A schematic of the electronics set-up is given in fig. 2.5 and a photograph in fig 2.6. The largest
board houses an Altera Apex programmable logic array. Attached to it is a small custom made
board containing, among other things, a slot for a GPS card (Motorola M12+), a 100MHz
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oscillator and two serial ports: one allows interfacing with the GPS and the other with the Apex
chip. The other board in the picture provides initial treatment and digitalisation of the signals from
the detectors. There are 8 channels on this board but 3 are enough for our purpose.

fig. 2.5 Schematic of the station. 

fig.2.6 The electronics. The detectors are connected to the front-end electronics on the left, the largest board
on the right houses the Apex logic array. The board in the middle of the picture is the adapter for the GPS

and the serial ports. The little board at the bottom of the picture is the pressure sensor. In the final design, all
necessary components will be integrated onto a single PCB.

When a photon enters the PMT window, there’s a chance that an electron will be ejected from the
photo-cathode and an electron cascade will be started in the dynode chain. This chance is
quantified by the parameter known as the quantum efficiency. The signal from a PMT is a negative
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pulse with a rise time of the order of 1 ns (fig. 2.7). Multiple photons (such as from a large energy
deposit, ~2MeV, by a muon)  will produce stronger pulses. The pulse amplitude varies between
several mV and several hundred mV. 

fig. 2.7 Typical shape of a PMT signal [10].

First, the PMT pulse goes through an integrator (Int. in the diagram). Here it is turned into a
positive pulse whose rise time is similar to that of the original one, the height is proportional to the
amplitude of the original pulse and the fall rate is constant. Next is the discriminator (Disc.) – here
the integrator pulse is compared to a certain threshold level (which may be manually adjusted with
a variable resistor), the output is a digital pulse whose length corresponds to the time over
threshold for the integrator. In the final stage, a flip-flop creates a 100 ns long pulse every time a
discriminator pulse arrives. 

Both the discriminator pulse (the one with varying duration) and the 100 ns pulse are used in the
SEASA set-up. The former provides some idea about the energy deposited in the scintillator and
the latter is used to acquire the timing information and define the coincidence window for the
events. The 6 wires connecting the front-end electronics and the Altera board correspond to these 2
signals for each of the 3 detectors.

The GPS card is a Motorola M12+ [9]. It produces 2 output signals. One is a pulse per second
(PPS) and the other a long string of information containing timing and positioning data, as well as
some information about the satellites being used. The PPS arrives at a turn of a second. It is
generated using an internal 100 MHz oscillator in the GPS and thus its accuracy is limited to 10 ns
(the period of the oscillator). The card is however capable of calculating time with even greater
precision – to about 5 ns. This additional accuracy is provided by a byte in the data-string called
the saw-tooth correction – a number between –15 and +15 ns that predicts the error of the
following PPS.

The Apex chip is programmed using the Quartus II software that interfaces with the chip using a
JTAG protocol. The processor performs logical operations on the input digital signals (zeroes and
ones, or lows and highs) to produce a desired output. Apart from the above-mentioned pulses from
the detectors, the chip accepts the 100 MHz  oscillator signal, the PPS and the timing information
from the GPS, data from the temperature and pressure sensors. The output is a standard RS232
(serial port) signal at baud-rate 9600. 

Coincidences are determined by the Altera through the condition that the 100 ns signals from each
detector should be asserted at the same time, so naturally the coincidence window is 100 ns. In
case of a coincidence, a counter is started for each channel, that counts at a rate of 200 MHz (using
both rising and falling edges of the 100 MHz signal). The counters are stopped when the next PPS
arrives. Combined with the previous timing information (minutes, seconds etc.) this provides a
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time-stamp accurate to 5 ns. Since the rate of the 100 MHz oscillator is not absolutely constant, the
number of oscillations between each two PPS’s is counted, this can then be used to calibrate the
timing. The time in nanoseconds can be calculated according to the following formula.

( )trig
cal

ststtime +
−+=

9
9 1010

where st is the saw-tooth correction, cal is the calibration value (number of 100 MHz edges, both
rising and falling in one second) and trig is the number of oscillations from the coincident hit to
the end of the second. An inherent limitation of this system is that it is unable to detect more than
one trigger during the same second. We will later see that the trigger rate is of the order of 1 per
minute, so this limitation is not significant. In addition to this, all the signals from each detector
are counted continuously. The increment of these counters in a unit time indicates the single
particle detection rate. This information allows to study the flux of secondary CR particles as well
as determine the detectors’ relative efficiency.

2.3  Output of the Electronics

The Altera processor generates an output message every second just after a PPS. This message
could be of two different formats: a request or a trigger. Both are 42 bytes long and contain the
same header with the current date, time, temperature, pressure, calibration value, saw-tooth
correction and number of tracked satellites. In addition there is information specific to each type of
message. 

Normally, a request is transmitted. This contains the current values of the counter for the non-
coincident signals for the three detectors. By recording it at regular time intervals, one may
determine the number of particles detected per unit time, or singles rates.

If there has been a triple coincident event – a trigger, this message is replaced by another one that
transmits the trig values for the event, in addition, the pulse lengths for the signals in each detector
are transmitted. A trigger message is repeated every second, replacing the request, until the
computer gathering the data sends an acknowledgement – the capital letter “A”, in this case the
logical processor will revert to sending requests. During normal operation, the computer should be
able to acknowledge as soon as it receives the trigger for the first time. Further details on this are
given in appendix B. 

A second serial port is used to initialise the GPS – the GPS must be instructed to deliver the
desired timing information to the Altera, it doesn’t do this by default. This is accomplished
through the Motorola WinOnCore software running on the PC. Once the initialisation is complete,
the serial cable is disconnected and the GPS continuously delivers the needed data.

2.4  Data Acquisition 

During this work, a PC running Windows 2000 was used to collect the data. The computer was
running a Matlab program that recorded the triggers as well as request every 5 minutes. The data
was stored into 2 files – one for triggers and one for requests – in form of a matrix (.tab-files). The
columns of this matrix contain the values of each parameter, a row represents a single event.

In the final design, the PC will be replaced with a much more compact Developer Board from Axis
[13], fig. 2.8. This device runs a type of Linux, it has a 16 Mb flash memory that is used as a hard
drive, 2 ethernet ports, one USB port, 2 serial ports and a parallel port. When connected to a
network the board appears just like a regular Linux computer, files may be copied through telnet or
ftp. A C-language program will run on this board performing the same task that the Matlab
program does. The second serial port is used to initialise the GPS. Furthermore, the board will use
the parallel port to upload a programming file into the Altera. This is necessary in case of a power
failure, also the programming may be updated from the central server over the internet. 
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fig. 2.8 Axis Developer Board. The RS232 cable is connected at the right side of the board. On the left are the
ethernet and the power cables. The row of pins at the bottom edge is the LPT1 port. 
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3.  Results

3.1  Overview of Measurements 

In total, approximately 55 days worth of data was collected. The trigger rate and angular resolution
were investigated in 5 separate measurements, in which the detector separation was changed while
keeping all other parameters constant. The data from each of the measurements was systematically
analysed by a number of Matlab programs. The analysis includes the following studies:

• Statistics on raw timing data
• Temperature dependence of the count rates
• Pressure dependence of the count rates
• Singles count rates as a function of time
• Coincident count rates as a function of time
• Distribution of time between triggers and triggers per hour
• Distribution of singles rate per unit time
• Angle reconstruction
• Analysis of pulse lengths for the triggers

A list of data files as well as programs used in the analysis is given in appendix E.  

3.2  Calibration

As described earlier, the air shower particles that reach the ground are primarily muons, electrons
and photons. Simulations have shown [3] that muons generally arrive directly from early
interactions in the shower, and so carry a large energy – 10’s of MeV to 100’s of GeV, with an
average energy around 1 GeV. Electrons and photons are mostly produced in electromagnetic
cascades and carry smaller energies, they also travel in a less direct path from the primary
interaction. The energies of the electromagnetic particles ranges from below 1 MeV to the
maximum of 1 GeV. 

When an EAS hits the ground both muons and electrons will trigger the detectors [3]. Both types
of particles will at this point be minimum ionising particles (MIPs) and will lose energy primarily
by ionisation. It is this ionisation that the scintillators detect. A MIP muon or electron is expected
to deposit 1.8 MeV per 1 cm of plastic scintillator that it traverses [15]. The scintillators have a
thickness of 1.2 cm, thus a MIP will deposit approximately 2.2 MeV, provided its passage is
perpendicular to the scintillator A low energy electron can stop in the scintillator thus depositing
all of its energy. In order to ensure that the detectors trigger on every signal above 2.2 MeV, the
threshold should be set somewhat lower.

The detectors are large and have a light collection efficiency which depends on the location of
particle hits. The light emitted in the scintillator may only reach the PMT through the WLS, for a
hit close to the WLS, more light will be collected. Additionally (and perhaps more importantly),
there is light attenuation along the WLS.

3.2.1  137Cs Spectrum

A 137Cs source was used to perform the calibration of the detectors. 137Cs emits photons of 662
keV, so this corresponds to the maximum energy deposited in a detector. It is however more likely
that a photon Compton scatters inside the scintillator and then escapes. 

The prototype electronic system for the SEASA station allows the threshold values of the
discriminator to be adjusted, since this has to be done manually, obtaining a complete spectrum is
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unrealistic. Fortunately, it was possible to use the electronics board used in the PAMELA satellite
experiment [4], that was being tested in the same room at the time. This board is designed to
obtain data from scintillator detectors equipped with the same model of PMT, and uses the same
arrangement of the front-end signal processing as the SEASA electronics does. The board is
equipped with a digital-to-analogue converters (DACs) for each channel that allow the threshold
values to be set by a computer in the range 0 to 1 V with a step of 4mV. This feature will be
included in the final design of the SEASA electronics. 

The threshold voltages were scanned while the source was placed on the detector. This produces
an integral spectrum as the detector triggers on every signal above the threshold. The source
spectrum is obtained by differentiating the integral spectrum. This was done twice for each
detector – once with the source close to the PMT (~10 cm from the PMT-end of the detector) and
once with the source at the other end (~90 cm from the PMT). The results are shown in figure
3.2.1. 
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fig.3.2.1 137Cs spectrum for the 3 detectors. The high signal for the lowest voltages is the electronic noise.
The Compton edge is seen for each detector. The spectra with the source both close and far from the PMT

are shown. 

No photo peaks are seen, however the Compton edge is distinguishable in each case. The energy
of the Compton edge is given by [6]:
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where hν is the photon energy. For the 662 keV photons, EMAX is 478 keV.

The plots in fig. 3.2.1 indicate that an energy of 478 keV corresponds to approximately 70, 50 and
40 mV for detectors 1, 2 and 3. A MIP, 2.2 MeV would then correspond to about 320, 230 and 185
mV.

The thresholds were finally set at the values: 160, 100 and 75 mV for detectors 1, 2 and 3
respectively in order to ensure that all MIPs are detected and to achieve a count rate close to the
expected ones. The muon flux is about 1 per cm2 per minute and the electron flux is about 35% of
that [5]. The area of the detectors is about 2600 cm2, so the expected count rate if all the particles
are detected is 3500 per minute or 17500 per 5 minutes. During the tests, the count rate varied
between 10000 and 20000 per 5 minutes (the variation will be explained later).

The difference between the detectors, depends primarily on the fact that the PMTs’ quantum
efficiencies are not the same – a different percentage of the photons hitting the window initiate a
signal. In addition, the quality of the materials may also be a factor. The first detector was
constructed with freshly cut scintillators and WLS, while the other 2 used the scintillator-WLS
assemblies from earlier built detectors that were glued together. Both the scintillator and the WLS
are very sensitive materials and form small cracks along the surface easily. These cracks may act
to absorb some of the light hindering total inner reflection, thus lowering the overall light output.



16

3.2.3  Random Triggers

Generally it is desirable to detect as many particles as possible. Yet setting the thresholds too low
and thus increasing the count rate also increases the probability of accidental triggers – that is
situations where there signals happen to arrive within the coincident window by chance and not
because they belong to the same shower. 

What is the probability of an accidental trigger? The coincidence window is 100 ns or 10-7

seconds. If one of the detectors is hit at any time during a given second, an arbitrary hit at another
detector during the same second has a 10-7 chance of coinciding with the first one, the third
detector has the same chance, so 10-14 is the chance that all three coincide. This reasoning could be
repeated for each hit during a second, so the accidental coincidence rate is 31410 fr −= , where f is
the number of counts per second. At the setting used, the singles rates where always below 100 per
second, so 810−<r . In other words, an accidental trigger is expected once every 3 years.

3.3  Temperature Dependence

It was found that the counting rates of all of the detectors were strongly temperature dependent.
This dependence was present in all tests without exception. The count rate is lower at higher
temperature. The detectors were laid out on the roof with no shade, the maximum daily
temperature variation reached 40 degrees, once spring came. Since the detector housing is pitch-
black, and so is the roof, this was not very surprising. To counteract this, a layer of aluminium foil
was attached to the top and sides of the detectors. This measure reduced the maximum daily
variation to 25 degrees. Temperature is measured by a single sensor built into detector #3.
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fig. 3.3.1 Average counts against temperature, logarithmic scale. The difference in statistics contributing to
different points causes the difference between the size of the error bars.
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A plot of counts against temperature is shown in fig. 3.3.1 for data from a measurement where
pressure was approximately constant and temperature varied by over 20 degrees (measurement 3,
see appendix E). This makes it suitable for setting the temperature correction parameters. In this
figure, average counts are plotted for each temperature value (temperature is measured with an
accuracy of 1 °C). The corresponding plot for the coincidence rate is shown in the bottom right
frame. All of the plots are in a log-log scale.

For the singles count rates at the individual detectors, a clear relation to temperature is seen. A
linear approximation for this relation was obtained using the least square method, as is shown by
the fitted lines in the plots. The behaviour of the temperature dependence for the three detectors
appears to be different, particularly for detector #1, this will be addressed later. The coincidence
rate shows a much less pronounced dependence.

A linear relation in a log-log plot indicates a power-law dependence of the variables. A correction
of the signal rates was performed according to a power law using the following formula:

p

ref
cor t

tNN 









= (3.2)

where tref is a reference temperature which was set at 293 K, or 20°C, so the format of the
corrected data is: count rate at 20°C. p is the slope of the linear fit in fig. 3.3.1. 

3.3.1  Singles Rate and Temperature

An example of this correction may be seen in fig 3.3.2. We see that the correction works
reasonably well for detectors 2 and 3 – the variation the count rate is greatly reduced. However for
detector 1 the correction seems to fail. 
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fig 3.3.2 The singles rate corrected for the temperature dependence. The top plot show the time variation of
the singles rates. In the middle plot, the rate have been corrected for the temperature. Temperature variation

is shown in the bottom plot. Note the daily temperature variation. 
The powers fitted for this plot are  p = -6.18, -2.19, -1.87 for detectors #1, #2, and #3. These values were

used to correct all subsequent measurements.
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The 1 detector is clearly much more dependent on temperature – it has much larger amplitude of
the variations in the count rate. This in itself is not a problem for the correction method, however
the shape of the curve is different also, not just the amplitude. The count rate starts to fall at the
same time for all detectors, this coincides with the rising temperature. The increase in the count
rate begins also at the same time – when temperature is falling. Here is where the behaviour
differs: the first detector’s count rate is restored sooner than that of the other two. The third
detector’s rate is corrected well while it is dropping but poorly while it is rising. 

This indicates that detector #1 cools off quicker than the other two. In fact, there is a reason for
that. The construction of the detectors is not identical. As described in appendix D, the
light/weather proofing of the lid of the detector housing is achieved by a sheet of rubber. For the
first detector, a frame of rubber was used along the edges of the box, in the other two the middle of
the frame was not cut out – the entire sheet was used, since that provided a more secure protection.
The rubber is 3 mm thick and the lid is 5 mm thick. Thus detectors 2 and 3 have a better
temperature insulation.

3.3.2  Trigger Rate and Temperature

The trigger rate, expressed in the number of coincident events per hour, was corrected by the same
method, but the dependence here was much weaker. In figure 3.3.1 we see that the event rate and
temperature are only slightly correlated. Fig. 3.3.3 shows the trigger rate and its correction for the
same measurement. Clearly, any temperature effects if present are below the statistical variation in
the rate. The range between the mean plus one standard deviation and minus one standard
deviation are shown with horizontal lines.
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fig. 3.3.3 Coincidence rate corrected for temperature. The first plot shows the uncorrected trigger rate, the
second – the corrected one. There is no significant difference. In both plots, the interval of one standard

deviation is shown by horizontal lines. The temperature variation is given in the third plot.

3.3.3  The Source of the Temperature Dependence

The origin of the temperature dependence has as of this writing not been determined. During the
construction of the final detectors, an approximately 24 day measurement was performed with a
first prototype detector. This detector had an identical scintillator and WLS assembly, it was
attached to the top of a plastic board, and the entire construction was placed into a rubber container
for light and weather proofing. This detector showed a similar variation with temperature. Thus the
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temperature dependence is clearly an inherent characteristic of the design or of at least one of the
components. According to their respective datasheets, the main parts of the detectors – the PMT
[10], scintillator [11] and the WLS [12] have a negligible temperature dependence in the range of
interest. 

The thermal expansion of some components has been considered. The scintillators and the WLS
are based on the same material, and so have the same thermal expansion coefficient. The
aluminium casing holding the PMT is very small, besides, the effect was observed on the first
prototype where the PMT was attached with only tape. The expansion of the box is another
possibility, but again, the first prototype had no box of this type. It is possible that the scintillators
expand in a non-uniform fashion, and thus bending. This would cause the air gap between the
wavelength shifter and scintillator to change, affecting the efficiency of light transmission. 

Another possibility is that the dependence is somehow related to humidity inside the detector. The
detectors are designed to be hermetic, however upon examination of detector 1 following the
measurements, a significant amount of moisture was found inside. Variations in temperature
would cause the relative humidity to change. Why this would cause the observed effect is however
unknown. 

3.4  Pressure Dependence

The second environmental parameter measured by the station is the atmospheric pressure. While
the temperature dependence is a detector specific effect, the pressure dependence is a well-known
phenomenon, that affects the cosmic muon (and electron) flux directly. Atmospheric pressure is
essentially the weight of a column of air above an area divided by the area, and so represents the
thickness of the atmosphere that a particle must travel through to reach the ground. 

A primary CR particle has the highest probability of interaction when pressure reaches 80-100
hPa, this pressure typically lies at the altitudes 15-20 km. The secondary particles must traverse the
rest of the atmosphere – the ground pressure is ~1000 hPa. Naturally, if pressure is higher, the
particles will lose more energy before reaching the ground. 

For muons, there is an additional effect. As pressure changes, the altitude at which the primary
interaction occurs will move up or down by a distance of the order of 1 km. Since the muon’s
lifetime, combined with the Lorenz boost is typically just enough to reach the Earth’s surface, this
difference in distance will affect the number of muons that decay before reaching the surface. 

The atmosphere is however a highly complex system. The variation of pressure measured at the
Earth’s surface does not necessarily follow that at a higher altitude exactly. For instance, a fast
fluctuation observed at the surface may be completely absent at the altitude of 15 km. Of course
the only pressure the station is able to measure is at the Earth’s surface. Nevertheless, some
correlation is seen between the count rates and pressure. The coincidence rate is plotted against
pressure in fig. 3.4.1. The dependence of the singles rate is largely obscured by the temperature
effects and was not considered further.
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fig. 3.4.1. Trigger rate as a function of pressure. The data is from measurement 4, since there was a
significant variation in temperature. The large difference in error bars is due to different number of events

contributing to different points. A total of 190 hours were used for this plot.

A simple linear correction was used:
( )refcor PPaNN −−= (3.3)

where Pref was set to 1020, so the result has the format of trigger rare at pressure 1020 hPa. a is the
slope of the line fitted as in fig 3.4.1 and is equal to –0.27. The result of the correction is shown in
fig. 3.4.2. The effect is small and not immediately apparent, however after the correction, the
trigger rate points are generally grouped closer to the interval of one standard deviation. This
correction is essential for comparison of trigger rate at different detector separations, since
pressure varied between the measurements.
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fig. 3.4.2. The coincidence rate for measurement 4. The first plot is the uncorrected rate, the second one is
corrected for both temperature and pressure.
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3.5  Coincidence Rate

Coincident events, or triggers, occur at random times with a constant probability, that only
depends on the station’s efficiency to detect CR air shower. For this type of process, the intervals
between events must be distributed according to an exponential distribution, that has the following
probability density function [8]

mxe
m

xf /1)( −= (3.4)

where m is both the expectation value and the standard deviation. 

The number of events per unit time must be distributed according to the Poisson distribution,
whose probability function is [8]

( ),...3,2,1
!

)( == − x
x

mexp
x

m (3.5)

This is a discrete function because the number of events during a given time may only be equal to
an integer. The expectation value and the variance are given by m. 

The compliance of the trigger rate to these statistics has been investigated. The time between
triggers has been plotted in fig. 3.5.1(top). The number of triggers per hour, corrected for both
temperature and pressure, is plotted in fig. 3.5.1(bottom). The appropriate distributions whose
expectation values are equal to the means of the data are shown in the same plots. The means and
standard deviations of both the data and the theoretical ones for each distribution are also shown.
The data agrees with the theoretical distributions.
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Fig. 3.5.1. (Top) Time between triggers and the corresponding exponential distribution. (Bottom) Triggers per
hour and the corresponding Poisson distribution. The data is shown as crosses where the horizontal line is

the size of the bin and the vertical one shows one standard deviation. 

3.5.1  Coincidence Rate as a Function of Detector Separation

Five measurements were performed at a constant threshold settings while varying the distance
between detectors. Detector #3 remained in the same position throughout the measurements, while
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the other two were moved in such a way that the triangle remained equilateral and oriented in the
same way. The five distances were 3, 6, 9, 12 and 15 meters and run lengths were 119, 96, 113,
191 and 409 hours (measurements 1-5). The station was finally left at the greatest separation for a
longer measurement. 

Pressure tends to vary on the time scale of several days, thus the measurements were taken during
different pressure conditions. Due to that, it is not appropriate to compare the trigger rates directly.
The corrections were performed as described earlier. 

The results are presented in the following table and figure 3.5.2 for data without corrections, with
only the temperature correction and with both temperature and pressure corrections. 

Distance, m triggers/min trigger/min corrected for
temperature

trigger/min corrected for
temperature and pressure

3 45.55 42.70 43.24
6 41.91 38.00 39.22
9 36.57 33.94 36.85
12 36.99 35.50 33.93
15 34.42 32.88 30.90

As expected, the trigger rate decreases with the detector separation, as the station loses sensitivity
to lowest energy showers. It is likely that the stations set up in schools will have different detector
separation. This data, combined with the relative singles rates, may be used to compare the
efficiencies of the stations. An additional effect of the detector separation is the resolution of the
angular reconstruction. This is discussed in the following section. 
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fig. 3.5.2. Trigger rate as a function of detector separation. Both the uncoreected data and data corrected for
temperature and pressure effects are shown.

3.6  Angular Reconstruction.

For each coincident event, the individual timings at each detector are saved. The time is given to 5
ns. Note that for a single station this precision has nothing to do with the GPS accuracy, it is
instead determined as the number of oscillations of the same 200 MHz clock. The coincidence
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window is 100 ns so the timings for the detectors can at most differ by 20 units. This information
may be used to roughly determine the arrival angle of the shower. 

Strictly speaking, the shower front is a segment of a sphere with a radius of about 15 km. On the
scale of a single detector station, ~10 m across, this can be described as a plane. Errors originate
primarily from the discrete timing information and the shower front thickness – particles travel at
different velocities and so will deviate from the plane.

Making the plane assumption, it is possible to triangulate the direction of the shower using the
following formulas [3]. If the detectors are at the co-ordinates (Ax, Ay), (Bx, By), and (Cx, Cy), and
defining TA = tAc, TB = tBc, and TC = tCc, where ti are the timings at each detector.
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The azimuth angle φ and the zenith angle θ are then given by
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The co-ordinates may be chosen in any number of different ways, however the method will only
work properly if no two co-ordinates are the same. In other words, none of the triangle’s sides may
be parallel to either of the co-ordinate axes. (Otherwise the fractions will be equal to 0 or infinity
for all timings.) 

fig.3.6.1 The layout of the detectors with respect to the chosen co-ordinate frame. The co-ordinates of the
detectors are A, B and C, the distances d1, d2 and d3 are defined as in this diagram.
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It was chosen to place the detectors as shown in fig. 3.6.1. The sides of the triangle are likely to be
different, depending on available space on the roofs of the buildings. It is however desirable that
they are as equal as possible, otherwise the angular resolution will be not be symmetric. The co-
ordinates are given by
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where γ is given by 
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3.6.1  Effect of the Discrete Timing Values

Because the timing values are restricted to integer multiples of 5 ns, only certain values of the
angles may be reconstructed. To investigate the effect of this limitation on the angular resolution, a
simulation was performed. 
A set of 100 000 shower directions was randomised with a flat distribution in φ and θ normally
distributed around π/6, or 30° as shown in fig. 3.6.2. The normal distribution was chosen for the
ease of programming. We will see later that this has a similar shape to the real distribution. 
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fig.3.6.2 Randomised angular distribution in θ and φ.

These directions were then converted into timings using the inverse of the formulas (3.6, 3.7)
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The timings tA, tB and tC were rounded down to the nearest 5 ns and the angles were reconstructed
again. Figure 3.6.3 shows such reconstruction for detectors at the vertices of an equilateral triangle
with a side 15 m (which is the greatest possible separation on the roof of the Physics Centre)
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fig.3.6.3. Angular distribution reconstructed during the simulation.

Clearly only specific values of the angles are now allowed. The φ reconstruction shows a
particularly interesting behaviour: a large number of angles are reconstructed to the directions
perpendicular to each side of the triangle (in both directions). These are the 6 large spikes in the φ
plot. The θ values are sparse, but the original Gaussian is still recognisable. The discrete θ values
are not all equally likely: some of the peaks in the θ plot are about half the size of the other ones.
These features are recurring for all detector separations and numbers of simulated showers.

Another way to visualise this data is to plot the angles in a polar plot as in fig.3.6.4 that represents
a hemisphere viewed by the station. The structure of the histogram in fig. 3.6.3 may be at least
qualitatively explained by the polar plot. There are certain directions along which a lot of points lie
on a straight line, as well as circles around the origin which include many of the points. 
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fig.3.6.4. Polar plot of θ and φ reconstructed during the simulation. θ is given in radians.

The error caused by this operation was obtained as the difference between the original angles and
the reconstructed ones and is plotted as a function of the reconstructed angles θ and φ, as in fig.
3.6.5. Using this figure, it is possible to estimate the mean and the spread of the error for each
given allowed value of a reconstructed angle. With the exception of the high values of θ, the mean
errors are close to 0. The behaviour of the φ error is reminiscent of the φ plot in fig. 3.6.3 The
largest spikes in fig. 3.6.3 correspond to the largest spread of errors. 
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fig. 3.6.5. Error as a function of angle for θ and φ. The mean error is shown with a dot and the bars represent
one standard deviation.

The overall errors are plotted in a histogram in fig. 3.6.6. The means and the standard deviations of
the distributions are marked. The means are 0.2145° for θ and -0.0098° for φ. The standard
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deviations are 2.8047° for θ and 6.8443° for φ. Note that the mean errors are close to 0 in this plot.
Large errors in θ for large angles seen in fig. 3.6.5 have a small effect due to low statistics in this
region. 
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fig.3.6.6. Error in the reconstructed angle that arises from discretization. The means and the intervals
containing one standard deviation are also shown.

3.6.2  Angular Resolution and the Detector Separation

The errors in θ and φ and their standard deviations are shown in the following table for the
detector separations that were used in testing.

Separation mean error in θ  mean error in φ std. deviation, θ std. deviation, φ
3 5.1025 -0.071687 9.93616 19.372
6 1.4251 -0.09827 6.86456 14.4899
9 0.60807 -0.028932 4.66785 10.5284
12 0.33307 0.032847 3.5033 8.2672
15 0.2145 -0.0098 2.8047 6.8443

The mean errors are acceptable for all but the smallest separations. The spread of errors, quantified
by the standard deviations is quite significant even at 15 meter separation. Clearly it is an
advantage to place the detectors as far apart as possible for the purpose of accurate angle
reconstruction. 

The real precision will be provided by multiple stations, which will be separated by hundreds of
meters or more. The angular resolution of the individual stations will be sufficient to roughly
determine the angle of a shower, thus verifying that the triggers at different stations belong to the
same shower.

3.6.4  A Method for Reconstructing the Original Angular Distribution 

In figure 3.6.3 the original distributions of the angles θ and φ are visually recognisable, however it
is difficult to compare the with the original distribution because the different discrete values
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collect different numbers of the original points and are unevenly spaced. A way to re-obtain a
smooth distribution is needed. Simply increasing the bin size in the histogram to the point where
the discrete nature of the data becomes obscured is not acceptable because this bin size would need
to be well over 10 degrees, and very few features may be seen. 

Another way to smooth the distribution is to add a random number between 0 and 5 ns to the
timing data thus making the data continuous. This operation naturally increases the error of the
reconstruction for any particular angle, however the distribution as a whole becomes far more
evident. 

In the simulation described above, uniformly distributed random numbers were added to the
timing data after it has been rounded to the nearest 5 ns. The results are shown in fig. 3.6.7. The
original distribution is also plotted for comparison. 
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fig.3.6.7. Angles reconstructed with an addition of random number to the timings. the reconstructed data
points are shown with crosses. The original simulated data is shown with a solid line.

The reconstructed distribution becomes slightly more spread than the original one, nevertheless,
this method is useful in the analysis of the real shower data.

3.6.5  Effect of Timing Errors on Angle Reconstruction

A further source of errors in shower angle reconstruction is timings returned by the electronics.
Systematic errors may be caused by any differences in the signal pathway, such as the lengths of
the cables from the detectors to the electronics or the cables from the front-end electronics to the
Altera board. Such an error would manifest itself as an apparent anisotropy in the shower
directions. This effect has also been investigated in the simulation. 

A constant error was added to the timings of one of the detectors. The angular reconstruction
produced is shown in figure 3.6.8, where it is clearly seen that the distribution is no longer
symmetric. To correct for this, the means of the timings for each detector were subtracted from the
actual timings, thus forcing all timings to have the same mean value. In case with a constant error
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to one of the detectors, this correction is equivalent to a subtraction of the error from the timing of
that detector. The distribution as in fig. 3.6.7 was re-obtained.
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fig. 3.6.8 Simulated angle reconstruction with a constant timing error. In this case, an error of 5 ns was added
to the timing of the third detector. Here the smoothing of the distributions, as described above was used, the

features are not evident in a histogram with discrete values.

Should a similar irregularity be found in the real data, it is possible that a systematic error in one or
two of the timings is present, and may be corrected for in this way.

3.7  Angular Reconstruction Using Shower Data

The angular distribution of air showers can be described by the following distribution [7]
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where the parameter n lies between 8 and 10. 

For the study of the angular distribution, data from measurement 9 was used. This is a
measurement at the greatest detector separation of 15 meters, 409 hours long in total, with 14021
coincident events, making it the longest continuous run at constant settings. The angle
reconstruction yielded results shown in fig 3.7.1.
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fig. 3.7.1.  Angular reconstruction for measurement 9.

The distribution in φ appears to be asymmetrical. This is more clearly seen in the same
reconstruction but now using the smoothing method described in 3.6.4. 
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fig. 3.7.2. Smoothed angular distribution. The expected distributions (3.10) are fitted using the χ2 method.
n = 4.7.  χ2 for the θ distribution is 6.34 per degree of freedom, χ2 for the φ distribution is 6.10.

The φ distribution clearly is not uniform in figure 3.7.2. The timing correction described in 3.6.5
was used as shown in fig. 3.7.3. The φ distribution is significantly improved, the θ distribution is
almost unaffected. In this correction, the timings of detector 2 were adjusted by +3.1355 ns and the
timings of detector 3 by +0.4160 ns.
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fig. 3.7.3. Angular distribution with the timing correction. For the θ distribution, n = 4.7.  χ2 for the θ distribution
is 6.00 per degree of freedom, χ2 for the φ distribution is 2.64.

The expected, the distribution in θ has a very low tail – almost no showers reach the Earth’s
surface from low elevations. The reason for this is that the particles have to travel a much longer
distance in the atmosphere and are attenuated by it. By contrast, the reconstructed distribution
shows a significant number of showers with angles up to 90 degrees. This is not unexpected. The
plane shower front assumption is not completely correct, a spread in particle velocities can cause
additional increase in the timing differences, and the angle reconstruction algorithm interprets this
as a larger angle. Because of this, the fitted function is shifted to the right (n is low). A better fit is
obtained when only the showers with low θ are considered. Fig. 3.7.4 shows the distribution (3.10)
fitted to the values of θ < 45. The fit is now much better as indicated by the χ2. 
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fig. 3.7.4. θ distribution fitted for θ < 45, n = 6.0.  χ2 = 1.72.
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3.8  Pulse Length Analysis

For each coincident event, the output signal of the discriminator, the pulse length, has been
recorded. This digital signal’s length varies depending on the amplitude of the PMT pulse. The
Amplitude of the PMT pulse in turn depends on the number of photons collected by the PMT and
this is proportional to the energy deposited in the scintillator. The statistics on the pulse lengths are
shown in fig 3.8.1. This data is obtained from the coincident events only.
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fig. 3.8.1. Pulse lengths of the three detectors.

How the pulse length is related to the amplitude of the original pulse is not well known. The signal
first passes through the integrator, where it is inverted and amplified. The integrator signal is then
compared to a set threshold in the discriminator, the pulse length is then the time that the integrator
signal is above the threshold. Exactly how the signal is transformed during these stages is not
known, thus it was decided to measure the original PMT signal amplitude and the corresponding
discriminator pulse length using a digital oscilloscope.  The following data was collected using
detector 1, as shown in fig. 3.8.2.

The relation is evident for pulse lengths below 34 units (170 ns). above this value no apparent
relation is seen. Note that the events with these large pulse lengths are very infrequent and
collecting a large number of them was not possible. No PMT pulses were recorded below
approximately 30 mV because these were not accepted by the discriminator threshold setting (160
mV). In the region of pulse length between 0 and 34, the following relation between the pulse
length L and the PMT pulse amplitude P, was found to fit the data well (see the solid line in
fig.3.8.2). 

( )20020.00537.00837.3exp LLP ++= (3.11)

It is expected that an exponential relation cannot continue indefinitely because the integrator’s
amplification is limited by the supplied voltage of 5 V. From the data collected it is however
impossible to deduce any specific dependence.



33

0 10 20 30 40 50
0

200

400

600

800

1000

1200

1400

1600

1800

pulse length, units of 5 ns

pu
ls

e 
he

ig
ht

, -
m

V

fig. 3.8.2. Relation between the discriminator pulse length and the PMT pulse amplitude.  

The relation (3.11) was used to deduce the PMT pulse heights for the range where it is applicable,
the result is shown in fig. 3.8.3 for the range corresponding to pulse length  from 0 to 20 units. 

The amount of energy deposited in the scintillator is expected to comply to the Landau distribution
[6]. The data, however, is not well described by the Landau function. It is possible that the
observed spectrum is in fact a superposition of Landau distributions contributed by the signals
from parts of the detectors at different distances to the PMT. It is also possible that there is a
substantial contribution from two or more particles triggering the detector. This would manifest
itself as an additional spectrum with double the mean energy. These aspects have not been studied
in this work.
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fig. 3.8.3. Calculated PMT pulse heights using relation (3.10).
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4  Conclusions

The first detector station of the SEASA project has been constructed and installed on the roof of
the AlbaNova Physics Centre. The scintillator detectors are read out through a wavelength shifter
with a PMT. The signals are processed using a programmable logic array where coincidences are
found. The impact times of the individual detectors are recorded using a common clock with an
accuracy of 5 ns. A GPS provides the timestamp which allows the time of coincident events to be
compared to that of other stations and thus identify large air showers.

Software has been developed for Matlab that is capable of quick and detailed analysis of data
collected by the station. Both single hits in the detectors and three-fold coincidences were
analysed. It was found that the detectors have a temperature dependence. An expected air pressure
dependence was also observed. Algorithms were designed to compensate for both effects, this
allows the singles and trigger rates of different measurements to be compared. 

Angle reconstruction for the showers has been studied. It was found that the station is capable of
providing a rough measure of the shower direction. The discrete nature of the timing information
provided by the electronics introduces an error into the angle reconstruction that has typical
standard deviation of 2.8 degrees in the zenith angle and 6.8 degrees in the azimuth angle
separation of 15 m. The mean errors are close to zero. For some reconstructed angles however, the
errors are significantly larger. A decrease in the separation severely limits the resolution. By
contrast, the trigger rate increases with lower separation. 

At this time, the constructions of components for the second detector station is underway. This
second station will be installed at the other end of the main Physics Centre building. Prior to that,
it would be interesting to operate both stations at the same location with the detectors of each
station placed on top of each other. This will allow both stations to trigger on the same air showers
and in some instances to be triggered by the same particles. The timing accuracy of the GPS’s and
the entire electronics set-up may then be confirmed. It may become necessary to correct for any
systematic errors in the timings.

Once the station is moved to the other end of the building, the detection of much larger air showers
will become possible. The data analysis software must at this point be expanded to include data
from more than one station. In addition to the shower angle reconstruction by each station
individually, a 1-dimensional angle reconstruction will be possible using the data from both
stations. A third station placed on the roof of one of the other buildings in the area will provide the
full angle reconstruction.

Further studies concerning single stations may still be of interest. Particularly, the relation of pulse
length data to the actual energy deposit in the scintillator has not been fully understood. It may
also be prudent to verify the integrity of the detectors and their housings after long exposure to the
elements. 
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Appendix A:  Scintillator and Wavelength Shifter

Both the scintillator and the WLS are based on polyvinyltoluene. This plastic has following
characteristics:

Density 1.032 g/cm3

Refractive index 1.58
Coefficient of linear expansion 7.8⋅10-5

Light output temperature dependence At +60°C = 95% of that at +20°C; 
Independent of temperature from -60°C to +20°C

The scintillator is Bicron BC-408 it has the emission spectrum shown in fig A.1. It has the signal
rise time 0.9ns and decay time 2.1ns. [12]

A.1 Emission spectrum of BC-408

The WLS is a Bicron BC-482A, its emission and absorption spectra are shown in fig A.2 and the
following properties. [13]
Decay time 12 ns
Light attenuation length 400 cm
Absorption peak 420 nm
Emission peak 494 nm

A.2 Absorption and emission spectra of BC-482A
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Appendix B:  Altera Output

The messages are transmitted through a serial port configured to use 1 stop-bit, no parity bit, baud
rate 9600 no flow control and no terminator character, with all types of formatting disabled. All
data is transmitted in form of bytes – 8-digit binary numbers. In decimal form, a byte represents a
number between 0 and 255. These may also be interpreted as characters according to the ASCII
table. All values outside this range must be represented with 2 or more bytes. For example, to code
for year 2004 one needs 2 bytes, 7 and 212. 7*256 + 212 = 2004. 

The Altera processor generates one of the two possible output strings – a request or a trigger, each
42 bytes long. The first 23 bytes are the same in both cases while the rest differ. The following
table shows what each byte means.

Common part Trigger Request
1 @ 24 T 24 R
2 @ 25 trigger 3 25 count 3
3 H 26 trigger 3 26 count 3
4 a 27 trigger 3 27 count 3
5 month 28 trigger 3 28 count 3
6 day 29 trigger 2 29 count 2
7 year 30 trigger 2 30 count 2
8 year 31 trigger 2 31 count 2
9 hour 32 trigger 2 32 count 2
10 minute 33 trigger 1 33 count 1
11 second 34 trigger 1 34 count 1
12 saw-tooth 35 trigger 1 35 count 1
13 # of tracked satellites 36 trigger 1 36 count 1
14 calibration value 37 pulse length 3 37 -----unused-----
15 calibration value 38 pulse length 3 38 -----unused-----
16 calibration value 39 pulse length 2 39 -----unused-----
17 calibration value 40 pulse length 2 40 -----unused-----
18 temperature, K 41 pulse length 1 41 -----unused-----
19 temperature, K 42 pulse length 1 42 -----unused-----
20 pressure
21 pressure
22 -----unused-----
23 @

Note that bytes 1-4 and 23 are always the same, these are used to identify the beginning of the
string. Byte 24 identifies the string as either a request or a trigger. “Trigger #” stands for the
number of 200MHz oscillations from a coincident event to the next PPS. “Count #” is the current
state of the counter for all signals for a detector.
The last 6 bytes in a request string are actually the pulse lengths of the last trigger, these are
entirely irrelevant at this point, however, it is convenient – for the reasons of programming – to
work with a string of a constant length (it makes it easier to place in a matrix). 
This scheme may be revised in the future, should new pieces of information become necessary.
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Appendix C:  Data Storage and Analysis

As the data arrives in form of strings of a constant length, it is convenient to place it in a matrix,
where a row is a single string corresponding to a particular event and a column collects all the
information of the same kind (for example a certain column would contain the saw-tooth
correction for all the events). Such a matrix is conveniently recorded using a simple text file where
each value is written as text, the elements of a row are delimited by the tab character, each row
ends with the carriage-return character (the extension commonly given to these files is .tab). This
file may then be viewed in a text editor (Microsoft’s WordPad for example) where it will appear as
the matrix with lined-up columns.

While the .tab-files are easily viewed unprocessed, they may also be loaded into Matlab using the
dlmread function. Once loaded, the rows or columns of the matrix may be processed as required.
Matlab is generally highly optimized for vector and matrix operations, and so is well suited for the
task. The size of the matrix to be read is limited by the computer memory, however the amount of
data is rather small and so easily manageable. For example, a week-worth of data from a single
station generates approximately 600-700kB of data. Thus if in the future, when many stations are
in operation, the data should be grouped into files a week long, there will be no difficulty in
analyzing data from all stations at once.

The C program that takes care of the data acquisition on the Linux board, records the necessary
data – a request on the first second of every fifth minute and all the triggers. This program does so
by running a while-loop where each cycle receives a single 42-byte message. It records the
messages in a.tab as described above. Apart from the data, it also records the number of the loop in
which that data was recorded (effectively, the number of seconds the program has been running so
far). This is done in order to identify the times at which the program was stopped and restarted.

The resulting file is then processed by the Matlab function from_c.m, this calculates the physical
data from the separate bytes in a.tab (some of the bytes are already the required values – such as
the date, which is always coded for by a single byte, in other cases several bytes must be
combined). This processing also determines the singles-rate by subtracting the counter values from
those of the next request. A trigger may arrive at a time scheduled for a request, in this case the
interval between two consecutive requests will be doubled (or more, should there be more than 1
of such situations following each other), in this case the count rate is divided by the appropriate
number, so the result always has the format of “# counts per 5 minutes”. The time in seconds
between two requests is saved in the column period.

The result is two files – requests.tab and triggers.tab that contain matrices of request and trigger
events. These are then analyzed using rec_all.m

The data in the columns in these 2 files is arranged according to the following table
Common part triggers.tab requests.tab
year time 1 count 1
month time 1 count 2
day time 3 count 3
hour w 1 period
minute w 2
second w 3
calibration cycle
saw-tooth
# satellites
temperature, K
pressure, hPa
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Appendix D:  Detector Construction

This section will be of interest to those who may endeavour to build new detectors, or further
understand the behaviour of the ones already built.

The detector housing was assembled from PVC, 12 mm thick plating was used for the bottom and
the sides while the top is 5 mm thick. The material was cut by the supplier, holes for screws were
drilled in the workshop in the Physics Centre. The outer dimensions of the box are 114x31 cm, the
height of the sides is 25 mm, but in the future this must be changed to at least 28mm. An 80x80
mm cavity, 8 mm deep was milled out under the position of the PMT and a gap was made in the
adjacent side for the cables.

First the bottom and the sides were assembled. A black acrylic compound was used for water/light
tightening. The surest method is to first apply an excessive amount of the acrylic along the
junction sites, then place the parts in their final positions and tighten the screws. The same
compound was also used to fill any gaps or holes It is generally used for weather-proofing things
like window frames or other building parts, so hopefully it will endure for years to come. 

Ones the box was ready, the detector parts were laid out in it. First, two layers of Tyvek, which
would later be wrapped around the top of the scintillators, then the scintillators themselves and the
WLS are placed inside. The 0.3 mm air gap between them is maintained by 3 layers of copper tape
applied in small parches (~10x10 mm) to the  to the scintillators. One long side of the boxes is
equipped with 4 adjustment screws. These push the scintillators and together through small
aluminium plates, thus fixing the assembly together. Length-wise, the scintillators were fixed
using some stiff foam plastic. 

The PMT is attached by means of an aluminium frame that on one side tightens on the PMT with 2
screws and on the other – on the WLS. The idea here is that the PMT is only attached to the WLS,
and so if that shifts, the PMT will follow, otherwise the 0.8mm thick window on the PMT could be
damaged. The optical interface is achieved by an optical grease. 

To fill the remaining space over the detector elements, some soft foam plastic was used. Then a
layer of 3 mm rubber was glued down with the above-mentioned acrylic (in detector #1only a
frame of rubber was used). At this point the detector should be weather-proof. Finally, the lid is
screwed down. If a detector needs to be opened for some reason, the rubber sheet may be cut (as
far away from the edges as possible) and then rejoined using tape or glue. Obviously, light-
tightness of the detector must be checked after replacing the lid. 

Aluminium guards were attached around the cables exiting the detectors, and the cables were
fastened to those. Finally some aluminium foil was taped on top and sides to reflect the sunlight. 

Checking for light leaks. 
The worst of the light leaks may be found by scanning along the suspicious areas with a flash light
in a darkened room while observing the signal from the PMT on an oscilloscope. The oscilloscope
should be set on a very low threshold (~-5mV) to trigger on essentially any noise, and the screen
brightness lowered so that the signal is barely visible. The signal will become much brighter when
a hole is illuminated. 

For a final test, the oscilloscope screen was continuously observed while the detector was covered
in a light tight paper and then uncovered several times. No changes in the signal were visible.
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Appendix E:  Programs and Data Files

Files
This section lists the files containing the data obtained during this work as well as the final
versions of the programs used to analyse it. 

The following table contains the list of directories for containing the requests.tab and triggers.tab
files containing the different measurements. Additionally, the first and last time index of the
requests are given in case the files are mixed up. 

Directory/measurement # detector separation, m start time end time
3-fold-coin/1 3 04.04.14, 09:32 04.04.19, 9:01
3-fold-coin/2 6 04.04.19, 9:15 04.04.23, 15:07
3-fold-coin/3 9 04.04.23, 15:36 04.04.28, 9:16
3-fold-coin/4 12 04.04.28, 9:55 04.05.06, 9:20
3-fold-coin/5 15 04.05.06, 11:35 04.05.24, 8:01

Programs
Most of the programs for data analysis were summarised in rec_all.m The program has more
comments than can be written here. Type ‘help rec_all’ in the Matlab command window to get
started.
sim_ang_rec.m was used to simulate the angular resolution.
tst4.m was used for data acquisition (it also used the function interp.m – no, not Matlab’s interp)
from_c.m converts data obtained by the Linux data acquisition system into the analysable format. 
plot_calib.m plots figure 3.2.1, it uses data files det13_calib.tab, det12_calib4.tab,
det1_calib_colim.tab
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