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Abstract: Reliable cosmic-ray measurements require a thorough understanding of the
detector used. It is especially important when detectors are very simple like the scintillator
detectors considered in this work, which provide only information about the amplitude of
the signal generated by a detected particle. Arrays of these devices can work in coincidental
setups to detect Extensive Air Showers caused by high-energy primary cosmic rays. Due to
their low cost and simple design, they can be used as elements of large detector networks
needed for the search for global correlations in the cosmic rays. To be able to interpret
data collected by those arrays, extensive simulations of such detectors are necessary to
determine their efficiency of detection of different types of particles. This work presents
the results of analysis of such simulations performed using the Geant4 software (v1.1.2).
The analysis results lead to the conclusion that detectors feature almost maximal (close to
100%) efficiency for the detection of cosmic-ray muons and electrons with momenta greater
than 0.03 GeV/c. Their sensitivity to low-energy electrons and photons is lower but not
negligible and has to be properly taken into account during the interpretation of collected
data.

Keywords: cosmic rays; CREDO; scintillator; simulations; Geant4

1. Introduction

The study presented in this article aims to estimate usefulness of simple flat scintil-
lator detectors for measurements of cosmic rays (CRs) by registering secondary charged
particles and photons created in the atmosphere in a phenomenon called an Extensive Air
Shower (EAS). EASs are results of interactions of primary CRs coming from space into
the atmosphere. While single EAS events have been studied for years by numerous large
observatories around the globe [1-3], little is known about large-scale correlations of cosmic
rays [4,5]. The detection of such correlations in the form of Cosmic-Ray Ensembles (CREs) is
the goal of the Cosmic Ray Extremely Distributed Observatory (CREDO) [6]. Such studies
require a large network of detectors collecting cosmic-ray data. For this purpose, devices
that are possibly inexpensive and easy to build in large numbers are needed [7,8]. A good
candidate is a small plastic scintillator detector based on the Cosmic Watch design [9].
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However, as such a device provides limited information, it is necessary to study its capabil-
ity and efficiency in the detection of single EAS. This work aims to provide quantitative
and practical knowledge about the potential performance of a class of cosmic-ray detectors
based on plastic scintillators. The methods of analysis used in this analysis are similar to
those commonly used in this field [10,11], but the properties of such simple detectors have
not been sufficiently studied yet. This study aims to estimate the sensitivity of detection
for several types of particles from EASs with various momenta and to determine how it
depends on the inclination angle of cosmic-ray particles, the parameters of the device, and
different shields. To achieve this goal, computer simulations of particles hitting detectors
of specific designs were performed. Details of the simulations are discussed in Section 2;
the Geant4 software and the simulated detector are presented in Section 3. Then methods
of estimation of the electronic signal produced by the detector are described. At the end,
final results and conclusions from this analysis are presented.

2. Geant4 Software

To simulate interactions of secondary cosmic-ray particles with elements of the detec-
tor, dedicated software called Geant4 was used [12-14]. It allows users to track particles
through different media simulating all possible physical processes like scattering, hadronic
interactions, scintillation, decays, etc. The user is able to define the geometry of an experi-
ment and fully control values of many parameters of materials. However, like every tool,
Geant4 has some limitations, as it is not designed to simulate signals in the electronics of
sensors. Therefore, the electronic response is calculated according to the documentation of
the elements used. In this work, version 11.1.2 of Geant4 was used as it can produce output
files in the very convenient ROOT format [15].

2.1. Detector Geometry and Composition

The considered detector is based on the Cosmic Watch design which comprises a plastic
scintillator with the dimensions 5 cm x 5 cm X 1 cm and a Silicon Photomultiplier (SiPM)
attached in the middle of the largest side of the scintillator. Such a device is sufficient
to detect most muons and the majority of electrons from cascades initiated by cosmic-
ray particles. The geometrical description of the detector in the simulation also includes
reflective coating, light isolation, and shielding, as presented in Figure 1. The idea of adding
shielding is to reduce the background of low-energy particles that do not originate from
EASs. Those can be single cosmic-ray particles reaching the ground without producing an
extensive cascade or particles from radioactive decays in the air.
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Figure 1. A schematic presenting the detector’s geometry. Shielding of the thickness z is placed at a
distance d above the scintillator.
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Everything was simulated in a standard air environment and all elements had sizes,
shapes, and compositions similar to those in the Cosmic Watch design [9]. The main compo-
nent of the detector is a plastic scintillator of the BC408 type, with a wavelength of maximum
emission around 425 nm. On the bottom side, in its centre, a 6 mm x 6 mm x 1 mm SiPM
(C-series, MICROFC-60035, Onsemi, Scottsdale, AZ, USA) is mounted. This model has the
largest surface among single SiPMs in this price range and it is the most sensitive to light in
the emission range of BC408. The scintillator is wrapped in aluminium foil with reflectivity
equal to 88% serving as a mirror that keeps photons inside. Then it is covered by a layer of
a black tape for additional isolation from external light. Scintillation photons are emitted in
all directions along the path of particle that passes through it and then they scatter from
the reflective coating, filling more or less the whole volume of the scintillator. There is also
some Cherenkov light emitted in a cone around the passage of charged particles but in
the case of plastic, it is negligible in comparison to that from scintillation [16]. The photo-
multiplier is separated from the scintillator by a layer of Vaseline (petroleum jelly) which
serves as a medium helping photons to reach the SiPM. Without petroleum jelly, a layer
of air with a significantly different refractive index would make the internal scattering of
those photons more probable and that would reduce the detector’s sensitivity. Vaseline, on
the other hand, has a refractive index similar both to that of the scintillator and that of the
material of the SiPM. The photomultiplier registers only photons within certain range of
wavelengths: from 300 nm to 950 nm. For most elements of the detector, the value of the
refractive index is approximately constant in this wavelength range. Only aluminium and
iron have refractive indexes that vary significantly within this regime (Figure 2).
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Figure 2. Values of refractive index of iron and aluminium as function of photons” wavelength A [17].
Refractive index of iron is applied to stainless steel as it is its main component.

The values of all important parameters used to characterise detector elements in the
simulations are listed in Table 1.
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Table 1. Values of parameters used in simulation of standard setup of scintillator detector [17,18].
Parameters of scintillation are named as in Geant4 version 11.1.2.

Parameter Scintillator Al Black Tape SiPM Vaseline
Foil
Density [g cm 3] 1.032 2.7 1.28 2329 0.82
Thickness [mm] 10 0.14 0.36 1 0.6
Composition H, C Al H,C,Cl Si H,C,N
Ratio of elements 11:10 1 3:2:1 1 15:15:1
Refractive index 1.58 Figure2 1.54 1.59  1.467
Absorption coefficient [cm~']  0.001 966,850 0.069339 - 0.0173
Attenuation length [cm] 210 - - - -
Scintillation yield [MeV ] 11,136 - - - -
Scintillation yield 1 0.27 - - - -
Scintillation constant 1 [ns] 2.1 - - - -
Scintillation constant 2 [ns] 14.2 - - - -
Resolution scale 1.0 - - - -

The sensitivity of the results to variations in these parameters is discussed in Section 4.
Several different configurations of shields were also tested. The following materials that can
be used in a realistic design were considered: aluminium, iron, glass, and steel. In the sim-
ulations, shielding material of the thickness z was placed between the detector and the
source of particles at the distance d from the scintillator. Dependence on the thickness of
those shields as well as the distance between them and the scintillator were also studied to
find an optimal setup. The values of the studied parameters are presented in Table 2.

Table 2. Values of parameters used in the simulations for considered types of shields [18].

Parameter Stainless Steel Aluminium Iron Glass

Density [g cm 3] 1.032 2.7 1.28 2.329

Thickness [mm] 0.5,1.5 1.5 15 5

Composition Fe, Cr, Ni, C Al Fe O, Na, Si, Ca

Percent of elements [%] 70.67,20,9.25,0.08 100 100 45.98,9.64411, 33.6553, 10.7205
Refractive index Figure 2 Figure 2 Figure2  1.51

Absorption coefficient [em™1] 1,643,500 966,850 1,643,500 0.0021033

Distance from scintillator, d [cm] 0.5,3,6 3 3 3

3. Estimation of Sensitivity

The performance of detectors is characterised by their sensitivity, 7, which is the proba-
bility that when a particle of certain type and momentum, p, reaches the detector, the result-
ing electric signal generated by the SiPM is strong enough to be registered by the electronics.
To estimate sensitivity, not only results from simulations but also properties of the hard-
ware, namely the photomultiplier and further electronics, have to be taken into account.

3.1. Calculation of Signal’s Amplitude

Photomultipliers produce signals when they are hit by photons of relevant wave-
lengths. They have their own internal sensitivity to photons of different wavelengths,
called Photon Detection Efficiency (PDE). It is a function of overvoltage which is the differ-
ence between the applied voltage, Vs;pp1, and the minimum voltage required for an SiPM
to work as a light sensor. It is called breakdown voltage, Vj,(T), which is device-specific
and slightly depends on temperature, T. The PDE (A) for the SiPM analysed in this work is
presented in Figure 3.
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Figure 3. Photon Detection Efficiency, PDE, as a function of photons” wavelength, A, for V,, = 245V
and three different values of Vg;py,.

Geant4 simulations provide the number of scintillation photons of certain wavelengths
that reach the SiPM, N;,. The effective number of photons registered by the photomultiplier,
Nreg, is a convolution of PDE and the spectrum Nph:

950
Nyeg = PDE(A)N,y,(A) dA, 1)

where A is photons” wavelength in nanometers. Integration was performed between 300
and 950 nm as the BC408 plastic scintillator produced photons only in this range.

The SiPM is a matrix of many small microcells which are basically Geiger-mode
photodiodes in series with an integrated quench resistor. In a cell hit by a photon appears
an output voltage, AV, that can be calculated as

G(Vsipm, Vir, T) - q
C 7

AV = )
where G(Vsipp, Vi, T) is called gain which is also a function of overvoltage and tem-
perature, g is the elemental charge of the electron, and C is the capacitance of such a
microcell [19].

Knowing the effective number of photons that are registered by the SiPM, one can
calculate how many microcells are activated and thus estimate the total amplitude of the
produced signal. There are two more quantities to be taken into account, the number of
cells, M, and the percentage of the surface that they cover, c,. The values of these parame-
ters, along with the gain, G, and the capacitance, C, are available from the documentation
of the photomultiplier but are also listed in Table 3.

Table 3. Values of parameters used to calculate amplitude of signal produced in detector at
VSiPM =294Vand T = 21°C.

V,, [V] G C [pFI AV [V] M ¢y [%]
245 3.10° 3400 0.00014 18,980 64
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In the end, the amplitude of the produced signal is calculated using the following for-

mula [19]: N
Vs = AV-c,,-M<1—exp <— Ar/ig» 3)

To estimate the sensitivity of the detector, a large number of events had to be simulated

and the percentage of those events that produced signals with sufficiently high amplitude
had to be counted. The threshold for this amplitude is determined by an electronic circuit
that further processes this signal [20]. The average amplitude of signals from an SiPM is of
the order of a few tens of mV and in a real detector it has to be amplified first. In this work
it was assumed that such amplification was linear and could be described by a single factor,
kamp. The electronics required some minimal amplitude of input signals, V,. For the
currently developed prototype, Vi, =~ 1 V and k4pp ~ 45 and these values were used
to obtain results presented in the next section. Noise in the electronics was much lower,
about 10 mV. Even if such noise signal occurred before the amplifier and was processed by
it, it should not have passed the threshold. The considered SiPM in this mode produced a
signal that had a rising time around 10 ns and its length was of the order of hundreds of ns.
In this analysis it was assumed that the signal shape was not affected by the amplifying
circuit and the only quantity important for the detection of the signal was its amplitude
at the peak. The statistical approach gives the formula to calculate the sensitivity of

the detector: (k v V)
n . >
y = Amp - Vs i) (4)
Mg

Its uncertainty is

n(k - Vg >V,
Ay = \/ (kamp - Vs th)l (5)
i

where n(kapp - Vs > Vi) is the number of particles that caused a signal with sufficiently
high amplitude and n,; is the total number of simulated particles.

3.2. Mapping Detector

Particles can hit different regions of a detector and this has a significant impact on
the number of scintillation photons that reach the SiPM [21]. It is important to keep in
mind that scintillators have some thickness, which means that particles may also hit their
sides when they do not come directly from above. In those cases the distance they traverse
within the scintillator is shorter but some of them can still produce detectable signals. The
impact of this effect depends on inclination angles, 6 and ¢, from which particles arrive
and on the shape of the device. Thus, one has to consider in simulations not only particles
that hit the top surface of the scintillator but also those that are distant from it. For a flat
wavefront of particles coming from the same direction, this causes an effective increase in
the area of the detector’s surface, A,sf, as presented in Figure 4.

Detector

I
I
I
I
|
[
r tan(6) X
(a

Figure 4. Cont.
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r tan(6)

Detector

r tan(6) cos(¢)
(b)

Figure 4. Effect of increasing of detector’s effective area with greater inclination angle of particle
wavefronts: (a) side view; (b) top view.

A common way to characterise cosmic rays is by the local number of particles per flat
unit of area. Therefore, it is useful to know the surface of the projection of the shape of the
scintillator into a plane parallel to the top of the detector. In the case of a cuboid detector of
the dimensions x X y X 7, this increase can be described using the following formula:

Aerr(0,9) = Ao+ (Ising|x + |cosply) - 7 - tan®, (6)

where Ay is the area of the surface of the simulated scintillator at 8 = ¢ = 0°. This
formula is valid for 6 < 90°.

Another important effect is that particles can scatter and even produce secondary
ones through interaction with material above the scintillator, especially with the shield.
This means that some of the particles that miss the detector if there is nothing above it can
produce a signal because they change their trajectory or the detector is hit by products
of their interactions. Due to this and the previously described geometrical effect, it was
necessary to simulate particle beams in an area that not only covered the top surface of
the detector but also its surroundings. To study this, beams of 100 particles on a grid were
simulated, to create maps of the detector’s geometry projection on a plane placed on the
top of the scintillator. Exemplary maps for the setup with a 1.5 mm steel plate placed 3 cm
above the detector are presented in Figures 5 and 6.

o 1(x,y) for p = 0.100000 GeV/c 100 n(x,y) for p = 0.100000 GeV/c o o n(x,y) for p = 0.100000 GeV/c 100

y [em]
.

L,
|
888338

n[%]

y [em]

LI
88538338

n[%]

y [em]
SRR S S

' -“.-."i
|
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[ S N S
2 4 6 S 4 20 2 4 s % -4 -2
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Figure 5. Maps of the sensitivity to muons (left), electrons (middle), and photons (right) of
p = 01GeVatf = ¢ = 0°for a detector placed at 4 = 3 cm behind a 1.5 mm steel
plate. The value of each point was calculated from a beam of 100 particles aiming at the x and y
coordinates of a plane placed on the top of the scintillator. Dotted lines represent the border of
the scintillator while the solid square indicates the position of the SiPM.
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y) for p = 0.003375 GeV/ y) for p = 0.011391 GeVi y) for p = 0.025629 GeV/
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Figure 6. Maps of the sensitivity to electrons of different momenta at = ¢ = 0° for a detector

placed atd = 3 cm behind a 1.5 mm steel plate: p = 0.003375 GeV (left); p = 0.011391 GeV
(middle); and p = 0.025629 GeV (right). The value of each point was calculated from a beam of 100
particles aiming at the x and y coordinates of a plane placed on the top of the scintillator. Dotted lines
represent the border of the scintillator while the solid square indicates the position of the SiPM.

From these maps, the effective sensitivity for the whole detector was calculated, 77.¢y.
This value was estimated using the following formula:

Neff = ALO//S’?(X/y) ds, @)

where Ay = 25cm?, S is the whole simulated area, and 7(x,y) is local sensitivity for
particles that are aimed at a small fragment, ds, of the area S. In the performed simulations,
ds was a 0.25 cm x 0.25 cm square. In the presented parametrisation, where integrated
efficiency was divided by the constant Ag without including an additional effective area
from the sides of the non-flat scintillator, the effects described above may have resulted in
an effective sensitivity, 77,77, larger than 100%, especially for large theta.

4. Results

The final results are presented in the form of the relationship between sensitivity and
the momentum of the studied particle, 7,¢7¢(p). In appropriate figures distributions of
particles in a vertical EAS according to CORSIKA (Version 7.71, EPOS LHC-R model of
high-energy interactions and URQMD 1.3cr model of low-energy interactions) simulations
are also shown [22].

For the best performance, a detector should have high signal-to-background ratio,
and in the case of the detection of cosmic rays, background consists of all terrestrial
sources of radiation that can produce signals in such device. In this work, only muons,
electrons, and photons were studied. Along with anti-muons and positrons which behave
identically in such detectors, they account for 98% of all particles from EASs that reach
the ground. Since there are no common terrestrial sources of muons, the background
consists only of electromagnetic particles. The intensity of environmental gamma and beta
radiation becomes negligible above py, = 3 MeV [23,24]. This value is also highlighted
in appropriate figures as the terrestrial background limit. Therefore, the detector should
have the highest possible sensitivity for p > py, and very low for p < py, to obtain the best
signal-to-background ratio.

The main results presented here focus on the case with a 1.5 mm steel plate placed 3 cm
above the detector because such a setup is planned for the prototype in construction.

4.1. Muons

In the case of muons, the results are unsurprising. The scintillator detects them easily,
even if they traverse a short path through it which happens frequently when the muon
enter at a large zenith angle. Sensitivity is fairly constant, at 100% for muons with 8 = 0°,
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and increases to around 150% for muons with § = 60° due to the registration of additional
muons which enter the scintillator not from top but from the side (Figure 7).

18
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Figure 7. Sensitivity to muons as a function of their momentum for different inclination angles and
1.5 mm steel shielding 3 cm above the detector. The gray histogram shows the distribution of muons
in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA. Different horizontal
lines represent 7,rr = 100% - A,¢¢ (6, ¢)/ Ao.

It is worth noting that the distribution of muon momenta ends above the CORSIKA
simulation threshold at 0.3 GeV since most of those with lower momenta decay before
reaching the Earth’s surface. For muons, neither the type of shielding nor the distance from
it to the scintillator affect 77,¢¢(p) so results with different values of those parameters are
not presented here. However, the sensitivity changes if other modifications of the standard
setup, described in Table 1 and Section 2.1, are considered: doubling the thickness of
Vaseline, Vaseline replaced by air of the same thickness, the reflectivity of the aluminium
foil reduced to 80%, refractive indexes increased by 10%, scintillation parameters increased
by 10%, and doubling the thickness of the aluminium foil and the black tape.

The type of medium between the SiPM and the scintillator has the most significant
impact, which confirms that the gap between the scintillator and the SiPM has to be filled
with an appropriate medium, not just air. Another important parameter is the reflectivity
of the aluminium foil that envelopes the scintillator. The impact of those changes to the
standard setup on the sensitivity is presented in Figure 8. Effects of changes in the rest of
studied parameters are negligible; therefore they are not presented.

120 co oo o8
}' ®¢ o0 o ) ° ° ° (1)
'3 A SR P e
100 *
o 5
80 o p
S : ?
Sef % :
< e | o Standard setup S
40} <. ' ) o
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-Z: o RRC .o
D A Reflectivity = 80% e
20} Q:
¥is | S
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0 1 1 1 1 1 1 11 1 O

10~ 1
p [GeV/c]

Figure 8. Sensitivity to muons as a function of their momentum for different values of internal
parameters of the device at 8 = 30° and ¢ = 45°. The gray histogram shows the distribution of
muons in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA. The red dashed
horizontal line represents 77,7 = 100% - A,¢f(30°,45%)/ Ap.
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4.2. Electrons

Sensitivity to electrons, as expected, is also very high at large momenta, but for the
standard setup it drops to O for p less than the limit of terrestrial background equal to
0.03 GeV as the low-momentum electrons are stopped in the shield (Figure 9).

............................................................................................... -6
150F — —}— —————— s & _EEEESN
0o o0ow oo o000 o0 v
........ L o BOQO0®OO00OO0 <
........................ : 4
__ 100 k=
~ 3
s [T T & 000000 L 3
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50 I A 6=30° ¢=45 5
[ 6=60% ¢=0° |I, ES
| ——— Terrestrial R R
| background limit m 6=60° ¢=45
0 --J.------- I T I i 1 0
1073 1072 107" 1
p [GeV/c]

Figure 9. Sensitivity to electrons as function of their momentum for different inclination angles
and 1.5 mm steel shielding 3 cm above detector. Gray histogram shows distribution of electrons in
vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA. Different horizontal lines
represent 17,¢r = 100% - Aof7(0,¢)/ Ao.

The value of momentum at which this decrease in the sensitivity starts depends on
the zenith angle of electrons. At greater angles the effective thickness of the shield is larger;
thus, electrons with higher momenta are also stopped in it. The presence of the shield leads
also to another effect. The electrons passing through it undergo multiple scattering which is
most significant at low momenta and, in addition, may interact by knocking other electrons
or emit photons.

The scattering means that some electrons may miss the scintillator, but on the other
hand some of those that are not expected to be detected are registered. The net effect is a
decrease in sensitivity. On the other hand, the additional particles created in the shield may
reach the scintillator and produce a signal even if an electron passes so far that it has no
chance to be directly registered, as can be seen in Figure 10.

n(x,y) for p = 0.012656 GeV/c 100 n(x,y) for p = 0.012656 GeV/c 100 n(x,y) for p = 0.012656 GeV/c 100
- CHE R =

90 by y b k% 90

80 —80

70 70
= 60 5 = — 60
5 50 & 5 5 50 &
> 0 = IS a0

8-6-4-202 4 6 8 10
x [em]

Figure 10. A presentation of sensitivity to electrons for the shield placed at different distances, d,
above the scintillator: 0.5 cm (left), 3 cm (middle), and 6 cm (right). Sensitivity was estimated for
electrons with p = 0.012656 GeV /c? for 8 = 30° and ¢ = 45°. Value of each point was calculated
from a beam of 100 particles aiming at the x and y coordinates of a plane placed on the top of the
scintillator. Dotted lines represent the border of the scintillator while the solid square indicates
position of the SiPM. The black arrow shows the direction of the primary cosmic-ray particle.
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The larger is the distance of the shield from the scintillator is, the more distant electrons
have a chance to be indirectly detected. This, in the case of detector array with sensors
placed very close, may cause false double-signal events from a single electron. To reduce
this effect the shielding should be placed as close as possible to the scintillators. The results
presented in Figure 11 suggest that shielding to provide the best signal-to-noise ratio for

electrons should be a dense metal plate thicker than 1 mm.

As for muons, the only internal parameters of the device that have a significant impact
on effective sensitivity are the reflectivity of the aluminium coating and the type of medium

between the scintillator and the SiPM (Figure 12).
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Figure 11. Sensitivity to electrons as a function of their momentum for different shielding configura-
tionsatf® = 30° and ¢ = 45°: (a) different shields’ materials and thickness, z; (b) different distances,
d, between the device and 1.5 mm steel shielding. The gray histogram shows the distribution of
electrons in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA. The red

1

dashed horizontal line represents 77,7 = 100% - A,¢(30°,45°)/ A.
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Figure 12. Sensitivity to electrons as a function of their momentum for different values of internal
parameters of the device at § = 30° and ¢ = 45°. The gray histogram shows the distribution
of electrons in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA. The red
dashed horizontal line represents 17,rr = 100% - A,f¢(30°,45°)/ Ao.

4.3. Photons

The behaviour of photons is more complicated. First of all, the detector is much
less sensitive to gamma particles than to muons or electrons. The sensitivity is on a level
between 5% to 30% depending on the inclination angles 8 and ¢. Following the geometrical
acceptance of the scintillator, the sensitivity increases with the zenith angle (Figure 13).

50' I
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Figure 13. Sensitivity to photons as a function of their momentum for different inclination angles
and 1.5 mm steel shielding 3 cm above the detector. The gray histogram shows the distribution of
photons in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA.

Simulations with different types of shields proved that the sensitivity can be increased
by using a thicker and denser shield. A larger distance from the shield to the scintillator
or variation in the material between the scintillator and the SiPM has a smaller impact
than that in the case of electrons. This is confirmed by the visualisation of the performed
simulations in Figure 14 where the spread of the positions of photons is smaller than that
for electrons in Figure 10.
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Figure 14. Maps of sensitivity to photons for the shield placed at distances, d, above the scintillator:
0.5 cm (left), 3 cm (middle), and 6 cm (right), respectively. Sensitivity was estimated for photons with
p = 0.012656 GeV/c? for § = 30° and ¢ = 45°. The value of each point was calculated from a
beam of 100 particles aiming at the x and y coordinates of a plane placed on the top of the scintillator.

Dotted lines represent the border of the scintillator while the solid square indicates position of the

SiPM. The black arrow shows the direction of the primary cosmic-ray particle.

As in the case of electrons, the conclusion is that the best option is to use sufficiently
thick shielding right above the detector (Figure 15).
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Figure 15. Sensitivity to photons as a function of their momentum for different shielding configura-
tionsat@ = 30° and ¢ = 45°: (a) different shields’ materials and thickness, z; (b) different distance,
d, between the device and 1.5 mm steel shielding. The gray histogram shows distribution of photons
in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA.



Appl. Sci. 2025, 15, 6652 14 of 17

Again, the only internal parameters of the device that have a significant impact on
effective sensitivity are the reflectivity of the aluminium coating and the type of medium
between the scintillator and the SiPM (Figure 16).
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Figure 16. Sensitivity to photons as a function of their momentum for different values of internal
parameters of the device at§ = 30° and ¢ = 45°. The gray histogram shows distribution of photons
in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA.

4.4. External Factors

The relationship between sensitivity and some external factors of detector construction
are also studied in this work. The first one is the temperature, T, of the SiPM [25]. It is
estimated according to information in the documentation of the considered photomultiplier
model. The dependences found are similar for each considered particle type so only results
obtained for photons are presented in Figure 17. Unsurprisingly, cooler detectors works
better than the overheated ones, especially for photons with the lowest energies. This
highlights how important proper cooling during measurements is.
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Figure 17. Sensitivity to photons as a function of their momentum for different temperatures, T,
and different values of k4p;p at 0 = 30° and ¢ = 45°. The gray histogram shows the distribution of
photons in a vertical EAS initiated by 1000 TeV CR protons simulated with CORSIKA.
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Another factor to be considered is the value of the amplification, kqpp. It can be
easily adjusted with the use of a potentiometer in the amplifier circuit. The results of some
exemplary values for photons are also presented in Figure 17. Even if the threshold for the
acceptance of signals is fixed in the electronics, it can be adjusted through the modification
of the amplification of the primary signal.

5. Conclusions

The simulations of the proposed scintillator detector indicate that it is sensitive to
almost all muons from EASs and for electrons with momenta greater than 0.03 GeV/c.
Sensitivity to photons is much lower; it is ~5% for vertical X-rays and rises up to 30%
for highly inclined gamma photons with energy of 1 GeV or greater. These efficiencies
were obtained for properties of the SiPM as provided by the manufacturer and under
assumptions of perfect reflective coating and optical gel. The performance of real devices
may be worsened by imperfections on the surface of the scintillator, the lower reflectivity
of the aluminium foil, or worse transparency in optical gel. It is also not obvious if the
electronics will properly process the smallest signals from the SiPM. The testing of a
prototype should thus include various measurements. Efficiency for low-energy electrons
and photons may be tested using radioactive sources. Measurements of cosmic-ray flux as
a function of zenith angle will allow the estimation of efficiency for muons. The validity of
the simulation results can be verified using measurements of secondary cosmic rays for
various shieldings. Tests with beams from accelerators would also be strongly beneficial.
Further simulation studies should also consider a top-bottom coincidental setup of two
scintillator detectors where signals in both of them are required.
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