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Abstract

:

One of the main objectives of the CREDO project is to register cosmic-ray cascades in many distributed detectors in the search for so-called Cosmic-Ray Ensembles (CRE). This requires precise knowledge of the probability of detection of individual Extensive Air Showers (EAS) in a very wide range of energies and an analysis of their correlations. The standard approach based on detailed and extensive simulations is not possible for many such systems; thus, a faster method is developed. Knowing the characteristics of EAS from more general simulations, any required probability is calculated. Such probability depends on particle density at a given point, which is a function of the distance from the centre of the cascade, the energy, mass and the zenith angle of the primary cosmic-ray particle. It is necessary to use proper distribution of the number of secondary particles reaching the ground and their fluctuations. Finally, to calculate the total probability of EAS detection, the primary cosmic-ray spectrum and abundance of various particles in it have to be taken into account. The effective probability can be used to estimate the expected number of EAS events measured by a set of small detectors. In this work, results from several versions of calculations, with different complexity levels, are presented and compared with the first measurement performed with a test detector system. These results confirm that the majority of events observed with this small detector array are caused by cosmic-ray particles with very high energies. Such analysis can be also useful for the design of more effective systems in the future. Slightly larger systems of simple detectors may be used to distinguish cascades initiated by photons from those started from other primary cosmic-ray particles.
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1. Introduction


The main purpose of Cosmic Ray Extremely Distributed Observatory (CREDO) [1] is the search of Cosmic-Ray Ensembles (CRE)—groups of energetic cosmic rays correlated in time and space. They may appear if some number of high energy cosmic-ray particles of a common origin enter the Earth’s atmosphere at approximately the same time. Occurrences of correlated in time multiple Extended Air Showers (EAS) were reported in the past [2,3], but they are only hints of unusual events. One of the sources of CRE may be ultra-high energy photons, which, according to some models, can be generated within the Solar system [4]. The main motivation for this work is to provide information about capabilities of one of the methods of detection of EAS proposed for the CREDO project whose goal requires monitoring of cosmic rays and EAS on a global scale with the use of detectors, which can be used not only in laboratories by scientists but also in schools or outdoors by students and amateurs. It is a part of a long-range plan of creating a global network of cosmic-ray detectors for CREDO. This intended use enforces many limitations on considered detector arrays like low price, simple construction and thus easy installation, the necessity of being able to send data to a server, low energy consumption, and reliability. For now, the main source of data for this task is a mobile phone application called a CREDO Detector, which uses the smartphone camera as a detector [5]. One of the other proposed ideas is analysed in this work: several scintillator detectors connected in a coincidence system. When several devices give the signal at almost the same time, it may indicate an occurrence of a cosmic-ray cascade. Several different prototypes of such devices have already been constructed and tested with promising results [6,7]. To be confident that the registered signals are due to cosmic-ray showers, an analysis for each detector array like the one presented in this work is necessary. It is especially necessary to determine if, in a simple system, the frequency of events caused by background particles is sufficiently lower than those caused by EAS. The study presented in this work tries to provide tools to estimate if an analysed type of detector array can be reliable and efficient enough to be used successfully. The main advantage of this method is that, once analysis of simulations is finished, fast computations can be done to test various systems. Such theoretical information is necessary for each array before being used in a bigger network of devices to collect useful data.




2. Methodology


2.1. Simulations and Data


The study is entirely based on Monte Carlo data, obtained with CORSIKA (COsmic Ray SImulations for KAscade) [8], which is a widely used program for simulations of cosmic-ray cascades, initiated by various particles. It is able to use 50 types of particles, including leptons, hadrons, resonance states, corresponding antimatter as well as nuclei with the atomic mass up to 56. Particle tracking takes place in the atmosphere consisting of nitrogen (78.1%), oxygen (21.0%) and argon (0.9%), where primaries interact, decay, and produce secondaries. Earth atmosphere is divided into five layers which allow for describing differences in the air density at specific altitudes. The program provides secondary particles by their ID number, trajectory, Lorentz factor, time from the first interaction as well as their Cartesian coordinates [8].



In the presented study, simulations are performed using CORSIKA 7.7100 from October 2019 [9]. For hadronic interactions at high energies, the EPOS-LHC [10] model is used, which stands for the Energy conserving quantum mechanical multiscattering approach, based on Partons, Off-shell remnants and Splitting parton ladders. This model takes into account heavy-ion data obtained by RHIC and LHC, and it uses some corrections which allow for achieving high energies as well as consistent, accurate results. In order to simulate hadronic interactions at low energies, URQMD (Ultra-relativistic Quantum Molecular Dynamics) [11,12] routines are used. It is a universal tool, including various heavy-ion interactions, for instance fragmentation processes, collective flow or correlations between interactions.



Electromagnetic interactions are usually simulated using an NKG [13,14] (Nishimura-Kamata-Greisen) option which provides a more analytical approach and does not require a full Monte Carlo. The main advantage is the reduction of simulation time, but, on the other hand, this option gives only general information about the electromagnetic component, mainly the total number of electrons at a specific altitude. Such properties like accurate location, momenta, and arrival time are lost. In the presented study, for more accurate treatment of electromagnetic subshowers, the EGS4 [15] model is used, which stands for Electron Gamma Shower system version 4. This approach results in significantly longer execution time but enables simulating all electromagnetic particles with needed information. It should be noted that CORSIKA in the described version uses EGS4 with some modifications, namely the mean free path is implemented referring to density changes at different altitudes, and the formula for ionisation losses in the atmosphere has also some corrections.



Monte Carlo samples are comprised of EAS with a wide range of primary cosmic-ray particle energies starting from 1 TeV. Cascades generated by particles with lower energies contain so few particles reaching the ground that they should be included in the flux of uncorrelated background. There are eighteen chosen primary energies, from 1 TeV up to 4000 TeV, which are adjusted to increase approximately logarithmically and including the integer powers of ten. CORSIKA simulations are repeated not only at different energies, but also for different primaries: protons, photons, alpha particles, and N, Si, Fe nuclei. First, the data set includes EAS perpendicular to the Earth surface (with zenith angle   θ =  0 ∘   ), and another data set is comprised of EAS reaching the surface at seven selected zenith angles, from   10 ∘   to   70 ∘   with a step of   10 ∘  . In the case of azimuthal angle  φ , in every case, it covers the whole range (  0 ∘  –  360 ∘  ). Energy cuts for secondary particles are chosen separately for hadrons (  0.3   GeV), muons (  0.3   GeV), electrons (  0.003   GeV) and photons (0.003 GeV). Such minimal values of energies were chosen for certain reasons. The number of muons produced in the showers, whose energy is lower than   0.3   GeV, is negligible. In the case of electrons and photons, this is approximately minimal energy for them to penetrate 1 mm of aluminium, which should correspond to the detector enclosure. In this work, all simulations and calculations were performed at a single altitude—sea level. In the future, dependence on altitude needs to be introduced, even if one may expect that the majority of CREDO detectors will be operating in the most populated areas, which are concentrated in the 0–200 m above the sea level range.




2.2. Data Analysis


The first step in the analysis is to characterise EAS using information extracted from simulations. The easiest way to do this, for the purpose of this study, is by defining the function of particle density  ρ , parameterised separately for different types of primary cosmic-ray particles. In this work, it has four parameters: the energy of the primary particle, E, the distance from cascade axis (i.e., extrapolated direction of the primary cosmic-ray particle), r, the zenith angle of the primary particle approach direction,  θ , and the total number of produced particles,   N  p a r t   , reaching the ground. For simplification, it was assumed that cascades are circularly symmetrical around the cascade axis. Another simplification was made about the time at which particles from EAS arrive on the ground. The time interval between the first and last particle that reaches the ground is of the order of 100s of nanoseconds. This is less than the coincidence time window in the test system, so any time differences within a cascade can be neglected. Each of the mentioned quantities was analysed more or less exhaustively, and pre-defined functions were fitted to data.



The particle density  ρ  function can be described as a product of several factors given by the following formula:


  ρ  r , θ , E ,  N  p a r t    =  ρ  n o r m    r  ·  F θ   θ  ·  F E   E , r  ·  F N    N  p a r t   , r   



(1)




where:




	
   ρ  n o r m    r   —is a function which defines the standard “profile” of the footprint of the cascade. It represents relation between particle density and distance from the centre of the shower. This function is fitted for vertical cascades of a chosen energy. It is assumed that particle density for cascades with different energies or other parameters are generally similar but need corrections which depend on parameters of the cascade considered. The following factors    F θ   θ   ,    F E   E , r   , and    F N    N  p a r t   , r    are normalised to unity for the “standard” cascade and provide correction to the particles density if the parameters of a cascade are different. Figure 1 presents the shape of this distribution for different types of particles in the shower.



	
   F E   E , r   —is a factor which defines how much the density of secondary particles is changing with the energy of the primary cosmic-ray particle. It affects not only the normalised density but also modifies the dependence on the distance r. The two-dimensional function presented in Figure 2 is smooth and can be easily parameterised.



	
   F N    N  p a r t   , r   —the number of particles produced in the shower which reach the ground level,   N  p a r t   , is strongly correlated with the (unknown) altitude at which the cascade started to form. Thus, depending on the actual development of the cascade at a given energy, not only the total number of particles fluctuates around average   〈  N  p a r t   〉  , but also the dependence on the distance r is slightly changing. This factor relates fluctuations in the total number of produced particles with a density profile of the EAS. Figure 3 presents the correction which needs to be applied to account for this effect.



	
   F θ   θ   —is a factor which relates the secondary particle density with the zenith angle of the primary cosmic-ray particle. Considering only geometrical effects for a flat detector on the ground, it should decrease as   c o s ( θ )  . However, the way in which the angle of incidence modifies particle density on the ground is more complicated, as it is affected by the varying thickness of the atmosphere. This was analysed only briefly, assuming that, for fixed energy, the density changes the same way as the total number of particles reaching the ground. Figure 4 and Figure 5 present this relation. A function fitting this dependence and the   c o s ( θ )   dependence from simple geometrical considerations are the two alternatives considered in the analysis.








Details about forms of used functions are presented in Appendix A.1. All of the previously defined relations were fitted separately for different types of primary cosmic rays and for three components of shower particles: muons, electrons+positons and photons, with minimal energies the same as described in Section 2.1. Other types of secondary particles were ignored due to their negligible contributions. This division was chosen because of different properties of these particle types and resulting from their different behaviour in various types of detectors and the process of cascade development. Figure 6, Figure 7 and Figure 8 compare   ρ ( r )   distribution of different components of EAS for different primary cosmic rays.



Even for a fixed energy of the primary cosmic-ray particle, the number of particles,   N  p a r t   , reaching the ground may vary significantly, depending on details of cascade development. In Figure 9 and Figure 10, the examples of distributions of the number of muons and electrons are presented, respectively. By analysing simulated data, one can see that, for muons produced in an EAS, the distribution of their number can be described by a Gaussian function. For electrons and photons, the shape of such distribution is very different. Fortunately, in this case, the logarithm of the number of produced particles happens to fit Gaussian distribution. Both of its parameters  μ  and  σ  are functions of the energy of primary particle as described in more detail in Appendix C. Furthermore, in place of the distribution of the number of particles, the functional form   f ( N , E )   is used. The results of such fits are shown in Figure 9 and Figure 10. In the counting of the number of particles, for the purpose of the calculation of the probability of detection of an EAS, it is sufficient to consider only those which are within some range of distances from the cascade centre. At large distances, the chance of detection becomes negligible, and the determination of the limit is described in detail in Appendix B.



Knowing all properties of various cosmic-ray cascades described in this section, it is possible to go to the next step—analysis of signals which EAS can leave in a certain type of detector.




2.3. Background Estimation


The first task of the analysis is the evaluation of the flux of background particles and probability of fake signals i.e., not caused by an EAS. In this study, only those cascades which originate from cosmic-ray particles with energy of at least 1 TeV are considered as EAS. At lower energies, the number of secondary particles becomes so low that the probability of detecting more than one of them in a small detector system becomes negligible, thus it was assumed that they are included in the uncorrelated background. This study focuses on the scintillator detectors, which for the simplification are flat, placed horizontally on the ground and are characterised by only four parameters. The first of them is the area of the detector A, while the thickness is assumed to be negligible. The second is the measurement time   δ T  , defined as the time interval after a particle hits the detector during which any other particles can not cause a second signal. Other two quantities are efficiency  η  of the detector and frequency of fake signals   f f   which can be caused, for example, by the noise in the electronics. These last two properties should be determined experimentally for each detector type, and the efficiency may depend on the energy and type of the particles entering the detector. In this work, the background includes both uncorrelated, single cosmic-rays which come from all directions with constant flux indicated as   I  b g    and fake signals.



For infinitely short measurement time   d T  , the probability of at least one signal from any background source to happen is   d T ( η · A ·  I  b g   +  f f  )  , but, for any longer time   δ T  , the correct formula is:


   P  b g   = 1 − exp  − δ T  η · A ·  I  b g   +  f f     



(2)








2.4. Cosmic-Ray Energy Spectra


To evaluate the possibility of registering a signal from an EAS in a detector system, one needs to know the spectrum of primary cosmic-ray particles including high-energy photons. In this work, rather than account for all possible particle types, six representative groups are analysed: protons, four for nuclei and photons.



The frequency with which they enter the Earth’s atmosphere is denoted as    j i   E    and depends only on the energy E of the primary particle and its type i. For protons and nuclei, it is described by a simple power law:


   j i   ( E )  =  j  0 , i    E  − γ    



(3)




where   j  0 , i    is a constant for a certain type of primary nuclei, and the slope parameter  γ  has one of two different values below and above the energy region called “the knee”.



The energy spectrum of cosmic rays was extensively studied by various experiments over the last several decades [16,17]. However, at energies above several dozens of TeV, the exact shape of the spectrum for different types of nuclei is not so well known, due to difficulty in identification of the primary particle type. High energy cosmic rays are studied mostly in experiments carried on the surface of the Earth, which can easily distinguish EAS caused by photons and those caused by protons or nuclei, but determination of the mass of the nuclei is impossible or very difficult. Thus, in this study, five groups of primary nuclei are used: protons, p, helium nuclei   H e  , light nuclei represented by nitrogen N, medium represented by silicon   S i  , and the heaviest nuclei represented by iron,   F e  . Flux rates for other nuclei are added to those of the representative nuclei which are closest in mass. The cosmic-ray spectrum can be divided into two regions, below the “knee” and above it. While the location in energy of the “knee” for different nuclei is not well known, it is commonly accepted that it moves to higher values for heavier nuclei. One can assume that the slope parameter  γ  has the same values for all nuclei while the positions of the “knee” for different nuclei groups may be treated as free parameters, adjusted to reproduce the well known energy spectrum for all cosmic-ray particles [16]. Spectra estimated this way for five groups of primary cosmic-ray nuclei are presented in Figure 11. The simple functional representation is convenient in the calculations described in the next section.



In the case of photons, it is hard to define a diffusive gamma rays flux because most of them originate from some point-like sources scattered over the entire sky. However, even if gamma ray frequency is different in different regions of the sky, for longer measurement time, the flux is observed on the Earth averages. A rough spectrum for photons can be obtained if some ratio of frequency of high energy photons to the total flux of cosmic rays is presumed [18]. In this work, it was assumed that, for energies of about 1 TeV, there is about 1 high energy photon per 10 nuclei, and this ratio drops to   1 :  10 4    at   E =  10 6    TeV [16]. A comparison of gamma rays and other cosmic-ray spectra is shown in Figure 12.




2.5. Signal Estimation


Considering any individual cosmic-ray cascade, the probability of registration of a signal in a single detector from at least one particle is:


  P = 1 − exp  − η · A · ρ  r , θ , E ,  N  p a r t      



(4)




where the secondary particle density depends not only on the parameters explicitly mentioned, but also on the primary cosmic-ray particle. In a general case, the probabilities   P j   for each device j may be different because the properties of detectors are not always identical but also because the particle density in the locations of the detectors may be different. For detection of an EAS, it is necessary to require the coincidence of a few signals in systems consisting of several devices. The general formula for probability of registering k signals in n detectors is the following:


  Q  (  P 1  , . . . ,  P n  , n , k )  =  ∑     A ⊂ { 1 , . . . , n }       | A | = k        ∏  j ∈ A    P j     ∏  j ∈ { 1 , . . . , n } ∖ A    ( 1 −  P j  )   ,  



(5)




where all combinations of k detectors from n detectors are considered. However, if the detectors are identical and the distances between them are very small, the probability P for each of them may be treated as the same. In this case, the probability of a multi-signal event with k signals registered by a system of n devices is described by binomial distribution:


  Q  ( P , n , k )  =   n k    P k    ( 1 − P )   n − k    



(6)







To evaluate the expected number of events caused by Extended Air Showers during some period of time, an integration over distribution of the number of produced particles,   N  p a r t   , area around the devices,  ϕ  and r, zenith angles,  θ , and all energies of primary cosmic-ray particles, for all types of them, must be performed. In general, if the distances between devices are not negligible, particle density from the shower for each one of them is different. In such a case, integration over the area around the array could be performed using Cartesian coordinates on a plane x and y. Then, knowing the exact positions of each detector, the distance to the shower axis r for each of them is calculated and used to obtain particle density  ρ  and probability P. When small detectors are placed very close together, as in the test system, all detectors can be treated as placed at exactly the same location, and Equation (6) can be used. Then, the assumption that cascades are circularly symmetrical reduces the integral over the surface and can be reduced to the integral over radial distance, while the integration over azimuthal angle is reduced to the factor   2 π r  . The integration over the distance of the cascade from the detectors, r, is limited by certain radius   r  m a x   , which was mentioned previously and is better described in Appendix B. Limits of the integral over the number of particles in the shower,   N  m i n    and   N  m a x   , are taken from   N  p a r t    distributions as    N  m i n   =  〈  N  p a r t   〉   ( E )  − 3  σ N   ( E )    and    N  m a x   =  〈  N  p a r t   〉   ( E )  + 3  σ N   ( E )   . Considered energy range starts at    E  m i n   = 1   TeV and ends at    E  m a x   =  10 7    TeV above, for which the cosmic-ray flux is too small to expect any such EAS in a reasonable measurement time. The expected number of events for each primary cosmic-ray particle type is thus computed as:


    〈 N  n , k  〉  i  =  ∫   E  m i n     E  m a x     ∫ 0  π 2    ∫  0   r  m a x     ∫   N  m i n     N  m a x    T Q  n , k , P  2 π  r  j  E  f  ( N , E )   d N  d r  d Ω  d E  



(7)




where T is the time during which the measurement is performed, P is a function of all variables which are integrated and   f ( N , E )   represents the probability distribution that N secondary particles from a cascade with the energy E reach the ground, and i denotes the type of the primary cosmic-ray particle.





3. Results


This section presents the results of calculations for a system of four simple CosmicWatch [20] detectors that were used in the test of EAS measurement [21]. All parameters which were assumed for these detectors are described in Appendix D, but the most important information is that the system consisted of four devices placed very close to each other, and the duration of measurements was one week. The most precise description of these data should be obtained when the particle density is calculated using all correction factors present in Equation (1). In order to see how important each of these corrections is, several models with simplifications are presented, in which other forms of   F θ   and    F N   (  N  p a r t   , r )    are used. These two functions are modified as they are least precisely determined from the simulations. In addition, a very crude model based solely on dependencies found in published papers is also considered:




	
Model 1—the basic version which uses functions fitted to results of simulations and presented in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5;



	
Model 2—in place of   F θ   dependence obtained from the fit, the simple geometrical correction    F θ  = c o s  ( θ )    is used, in order to estimate how large change related to the zenith angle dependence may be expected;



	
Model 3—in place of complicated version of    F N   (  N  p a r t   , r )    a simple linear approximation is used:



   F N   (  N  p a r t   , r )  =  F N   (  N  p a r t   )  =  N  p a r t   /  〈  N  p a r t   〉   ,



which changes the normalisation but does not modify the dependence on r;



	
Model 4—uses both simplified versions of the functions    F θ  = c o s  ( θ )    and linear version of    F N   (  N  p a r t   )   ;



	
Model 5—uses particle density defined as a function of distance r and the number of particles which reach the ground   N  p a r t    only—a commonly accepted approximation for muons [17], described in details in Appendix A.2. As the appropriate function for electromagnetic component of EAS is not available in [17], the same functional form as for muons is used (even if it is obviously not accurate). The particle density is then modified by a scaling factor    F  t h e t a    ( θ )  = cos  ( θ )    described earlier.








Models 2–5 must not be treated as alternatives to Model 1, their assumptions are less accurate and they were introduced to show how large modifications of results may be expected. Comparison of results of calculations for the background and in these models is presented in Table 1. The numbers for background were obtained using the probability from Equation (2) to find probabilities of appropriate coincidences which are then multiplied by the number of possible measurement times   δ T   during the whole measurement period of one week. The expected number of single signals (i.e., events with a registered signal in only one of the four detectors) from the background is much larger than that from high-energy cascades considered in the calculations, but already probability of a coincidence of two out of four detectors is much smaller in the case of background than for calculations in any model considered. It is also clear that the change of assumptions regarding the form of   F θ   or    F N   (  N  p a r t   )    are important as they may change the results by a factor of more than 10. In addition, a simplified model of primary particles spectrum was used (presented in Section 2.4). Composition of primary cosmic-rays was measured in satellite experiments precisely for energies in the range from 1 to 100 TeV [22,23], and some structures in the spectra were found. As these structures were not precisely reproduced in the cosmic-ray spectra used in the model, the possible systematic modification of presented results was tested by increasing and decreasing the cosmic-rays flux by a factor of 2 in this energy range. The maximal difference in the number of expected events is around   30 %   for two-fold coincidences,   6 %   for three-fold coincidences, and less than   1 %   for four-fold coincidences.



The numbers presented in Table 1 can not be directly compared to the results of measurement [21], as the calculations did not take into account all conditions in which this measurement was performed. In particular, the detectors were working inside the building close to a window. Muons are able to penetrate through the roof and walls, while the electromagnetic component of the shower is largely stopped there, so the electrons and photons are able to reach the detectors only if they enter through the window. To mimic this behaviour in the model calculations only,   1 / 6   cascades with   θ >  15 ∘    had an electromagnetic component included. Factor   1 / 6   comes from taking angular width of the window   ϕ =  60 ∘   . This is a crude approximation of the experimental conditions, but allows for comparing results of modified calculations with the measurements in Table 2. Such correction was not applied for the background, as it is not clear what the ratio is of muons to electrons and photons in it; thus, only the numbers from Table 1 were repeated as the upper limits. The standard Model 1 gives a similar number of   k = 2   coincidences but predicts an order of magnitude larger number of   k = 3   and   k = 4   coincidences. Other models deviate even more from experimental measurements, which is not a surprise, as, in their assumptions, more simplifications are included. Differences of this size can be anticipated as little is known about the efficiency of detectors for different particle types. The discrepancies clearly indicate that some properties of the detectors do not agree with model assumptions.



It was also studied how changing the considered area around the system, decreasing   r  m a x    in integral in Equation (7), modifies final results. It was found that it has little impact as only a relatively close occurrence of an EAS, within    r  m a x   ≈ 25   m around the devices, has a chance of causing a coincidence signal. However, it is not a surprise that the effective area in which such small detector system can register a typical EAS is small. Larger showers are naturally more likely to cause events with a greater number of coincidences, but they are also far less frequent. With these kinds of calculations, it is possible to depict how many of the total number of expected events should be caused by cascades of certain energy. In Figure 13, it can be seen that cascades with energy below 10 TeV produce mostly single signals, while the coincidences with signals in all four detectors are most probably due to cosmic-ray cascades with energies between   10 3   TeV and   10 5   TeV.




4. Photon Cascades


The system of four detectors with a small area is sufficient to detect cosmic-ray cascades, but does not provide much information on their properties. It is obvious without any calculation that systems consisting of more elements allow for detecting cosmic-ray cascades more efficiently and may provide more information on the primary cosmic-ray particle. Multiple coincidences of signals in more than four detectors indicate higher energy of the observed EAS. An interesting opportunity may be provided if some of the detectors in the system can detect electromagnetic components of the shower while the others are sensitive to muons only. Such methods were used to distinguish gamma-rays from cosmic-rays in many experiments like CASA-MIA [24] and KASCADE [25]. In the case of the presented exemplary array, it may be achieved by appropriate shielding of some devices, such that electrons and photons are stopped before reaching the scintillator. As it can be seen in Figure 6, the number of muons in cascades initiated by primary photons is one order of magnitude lower than in cascades with the same energy but initiated by other primary cosmic-ray particles. Quite the opposite, the number of electrons/positrons (Figure 7) and photons (Figure 8) is the largest in the photon initiated cascades. A signature of a photon EAS would be thus observation of many signals in elements detecting electromagnetic components and a lack of signals in those sensitive to muons only. Such system would need detectors larger than CosmicWatch, and the design of optimal setup of the system requires additional studies which may be performed in the future using methods described in this work.




5. Conclusions


The analysis of simulations from the CORSIKA program for different incoming cosmic-ray primary particles in a wide range of their energies enables determining how the particle density observed on the ground changes with the distance from the centre of the cascade for several cascade parameters. Such complicated multi-dimensional dependence can be approximately factorised using several functions which are fitted with analytical formulas. Integration of the particle density function over the cosmic-ray spectrum allows for calculating the probability of registering a signal from an EAS in the detector. This method was applied to a system of four small detectors and compared with results of measurements [21]. It was found that, even if uncertainties of the calculations are still large, the hypothesis that Extensive Air Showers were observed was confirmed. This ensures that small and not sophisticated, therefore inexpensive, systems may provide valuable measurements and can be successfully applied within the CREDO project. Slightly larger and more complex, but still relatively small detector systems may provide identification of cascades initiated by high energy cosmic-ray photons.
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Appendix A. Versions of ρ Function


Appendix A.1. Fitted Factors


Here, the functions used to describe factors in Equation (1) are presented. Two of them,   ρ ( r )   and    F θ   ( θ )   , are functions of only one parameter so fitting them is not a big issue. In the case of other two factors, the    F E   ( E , r )    and    F N   (  N  p a r t   , r )    fitting procedure was performed in two stages. Firstly, their dependence on only E or   N  p a r t   , respectively, for different fixed distances r, was fitted and then parameters of such one-dimensional functions were treated as some functions of r. Forms of all functions are listed in Table A1, where parameters denoted as A, B, C, a, b, c, etc. have different values in each function.
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Table A1. Forms of functions used to define factors in   ρ ( r , θ , E ,  N  p a r t   )   relation.






Table A1. Forms of functions used to define factors in   ρ ( r , θ , E ,  N  p a r t   )   relation.










	Factor
	Form of the Function
	Form of Parameters Functions





	   ρ ( r )   
	   exp ( A + B  r C  )   
	-



	    F θ   ( θ )    
	   A   ( cos  ( B  ( θ + C )  )  )  D    
	-



	    F E   ( E , r )    
	   A  ( r )  ·  E  B ( r )     
	   A  ( r )  = a ·  r b    



	
	
	   B  ( r )  = a ·  r b    



	 
	 
	 



	    F N   (  N  p a r t   , r )    
	   A  ( r )  + B  ( r )  ·  N  p a r t   + C  ( r )  ·  N  p a r t  2    
	   A ( r ) = b + a · l o g ( r )   



	
	
	   B ( r ) = b + a · l o g ( r )   



	
	
	   C ( r ) = b + a · l o g ( r )   









Appendix A.2. Approximation of ρ in Model 5


The simplified Model 5 is based directly on measurements and uses an approximation of  ρ (r) derived for muons [17]. There is no data on the function appropriate for electrons, positrons and photons, so also for them the same function was used. Model 5 is introduced to show how sensitive the calculations are to different assumptions in the models. Formula (A1) gives the number of particles per square meter:


  ρ  (  N  p a r t   , r )  =   1.25  N  p a r t     2 π Γ ( 1.25 )      1 320    1.25    r  − 0.75     1 +  r 320    − 2.5    



(A1)




where  Γ  is the gamma function,   N  p a r t    is the number of produced particles and r is the distance from the centre of the shower.





Appendix B. Distance rmax nalysis


In all models, it is assumed that cascades are circularly symmetrical, thus it is sufficient to determine the maximal distance from its centre to define the area that is covered by particles from the shower. Obviously, even if some fraction of particles may be found very far from the axis of the cascade, the detection of an EAS at very large distances becomes less and less probable. It is thus reasonable to parameterise the particle density to some maximal distance,   r  m a x   , especially as uncertainty of such parameterization is very large at large r. In order to define   r  m a x   , the radius within which some fraction of all secondary particles is contained,   R  p r c   , was studied. It was found that the most appropriate values of this fraction are 95%, that the value of   R  p r c    is a function of the EAS energy and it can be fitted as    R  p r c    ( E )  = A ·  E B    (Figure A1). One can see that the values of   R  p r c    are decreasing with the energy of the cascade. This is due to the fact that the secondary particles produced in an early stage of the cascade are emitted at smaller angles when the primary cosmic-ray particle has larger energy. In addition, the later secondary interactions have the same feature, thus the fraction of particles near the cascade axis is larger at higher energies. This way, even if the absolute number of particles at large radius r is growing with the energy, the mean values of r and also   R  p r c    are decreasing.
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Figure A1. Average distance from the centre of cascade   R  p r c    within which 95% of particles produced in the shower initiated by protons are contained. 






Figure A1. Average distance from the centre of cascade   R  p r c    within which 95% of particles produced in the shower initiated by protons are contained.
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Appendix C. Parameterisation of the Distribution of the Number of Particles


The Gaussian parameterization was found to describe both the distribution of the number of muons and the distribution of the logarithm of the number of electrons or photons. It has two parameters ( μ  and  σ ) which are functions of energy of the primary cosmic-ray particle E. The examples of calculated values of   μ ( E )   and   σ ( E )   for muons are shown in Figure A2 and Figure A3. In order to obtain the probability function   f ( N , E )  , used in Equation (7), the parameters of the Gaussian functions for muons are described as functions of the energy of the cascade with a form    10 A  ·  E B   . In the case of the electromagnetic component of EAS, where the x-axis represented   l n (  N  p a r t   )  , functions   μ ( E )   and   σ ( E )   are approximately linear on a logarithmic-linear scale, thus logarithmic functions   A + B · l o g ( E )   are used. However, in Figure A4 and Figure A5, it can be seen that the energy dependence is more complicated than simple linear approximation, thus extrapolation to higher energies may be inaccurate. This aspect needs additional study in the future.
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Figure A2. Values of Gaussian distribution parameter  μ  (for muons) for different energies of the vertical cascades and protons as the primary cosmic-ray particles. 
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Figure A3. Values of Gaussian distribution parameter  σ  (for muons) for different energies of the vertical cascades and protons as the primary cosmic-ray particles. 
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Figure A4. Values of Gaussian distribution parameter  μ  (for electrons) for different energies of the vertical cascades and protons as the primary cosmic-ray particles. 
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Figure A5. Values of Gaussian distribution parameter  σ  (for electrons) for different energies of the vertical cascades and protons as the primary cosmic-ray particles. 






Figure A5. Values of Gaussian distribution parameter  σ  (for electrons) for different energies of the vertical cascades and protons as the primary cosmic-ray particles.



[image: Universe 08 00425 g0a5]






Appendix D. Detector System Configuration


The tested system [21] comprises four identical scintillator detectors with the active area A = 25 cm   2   each and the coincidence time   δ T   = 2 × 10    − 6    s. The detectors were placed within a distance of less than half a meter from each other near windows in a building, but the geometrical details are not precisely specified. Unknown is the rate of signals from background particles   I  b g   , which depends on sensitivity of the devices to different particle types, and, in addition, it can fluctuate [17]. Quantities like efficiency  η  and rate of signals from other sources   f f   are also not known; thus, in this study, their values were chosen arbitrarily. Efficiency is  η  = 95% starting from 0.3 GeV for muons and 0.003 GeV for electrons and photons, and the fake signal rate is 0.1 s    − 1    All values of parameters of the tested system [21] used in the model calculations are presented in Table A2.
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Table A2. Parameters of the considered system.






Table A2. Parameters of the considered system.





	Parameter
	n
	A
	   δ T   
	   I  b g    
	  η  
	   f f   



	Value
	4
	25 cm   2  
	  2 ×  10  − 6     s
	163 s    − 1    m    − 2   
	   95 %   
	0.1 s    − 1   
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Figure 1.   ρ ( r )   distribution of muons, electrons & positrons and photons from cascades initiated by protons with energy E = 4000 TeV, arriving at the zenith angle  θ  = 0   ∘  , as a function of the distance to the shower axis, r. 
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Figure 2. Scaling factor    F E   ( E , r )    normalised to unity for    E  n o r m   = 4000   TeV as a function of the distance r and energy E, obtained for vertical cascades initiated by cosmic-ray protons. 
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Figure 3. Scaling factor    F N   (  N  p a r t   , r )    as a function of the distance r and the ratio of the number of secondary particles reaching the ground and the average number of them for given energy,    N  p a r t   /  〈  N  p a r t   〉   , obtained for vertical cascades initiated by protons with the energy   E = 4000   TeV. 
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Figure 4. Normalised relation    N  p a r t    ( θ )  /  N  p a r t    ( 0 )    with fitted scaling factor    F θ   ( θ )    (red solid line) for muons in cascades initiated by protons. It shows how the number of secondary particles which reach the ground changes with an increasing angle of incidence of primary cosmic-ray particles. The dashed line represents the   c o s ( θ )   function. For clarity of the picture, only selected energies are shown. 
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Figure 5. Normalised relation    N  p a r t    ( θ )  /  N  p a r t    ( 0 )    with fitted scaling factor    F θ   ( θ )    (red solid line) for electrons in cascades initiated by protons. It shows how the number of secondary particles which reach the ground changes with an increasing angle of incidence of primary cosmic-ray particles. The dashed line represents the   c o s ( θ )   function. For clarity of the picture, only selected energies are shown. 






Figure 5. Normalised relation    N  p a r t    ( θ )  /  N  p a r t    ( 0 )    with fitted scaling factor    F θ   ( θ )    (red solid line) for electrons in cascades initiated by protons. It shows how the number of secondary particles which reach the ground changes with an increasing angle of incidence of primary cosmic-ray particles. The dashed line represents the   c o s ( θ )   function. For clarity of the picture, only selected energies are shown.
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Figure 6.   ρ ( r )   distribution of muons in cascades initiated by different primary cosmic-ray particles with energy   E = 4000   TeV. 
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Figure 7.   ρ ( r )   distribution of electrons/positrons in cascades initiated by different primary cosmic-ray particles with energy   E = 4000   TeV. 
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Figure 8.   ρ ( r )   distribution of photons in cascades initiated by different primary cosmic-ray particles with energy   E = 4000   TeV. 
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Figure 9. Probability distribution of the number of muons in cascades initiated by protons with energy   E = 1000   TeV. The line is the fitted Gaussian function. 
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Figure 10. Probability distribution of the logarithm of the number of electrons in cascades initiated by protons with energy   E = 1000   TeV. The line is the fitted Gaussian function. 
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Figure 11. Parameterised differential energy spectrum for representatives of primary cosmic-ray nuclei used in this work. 
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Figure 12. Parameterised energy spectra of all cosmic-ray nuclei [19] (dashed line), sum of energy spectra of five representative nuclei used in this work (orange line) and the energy spectrum of gamma rays [16]. 
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Figure 13. Percent of events per energy range for different number of coincidences k for considered system. This plot was made for model nr 1 with window modification included. 
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Table 1. Number of events with k = 1–4 signals in the system of four detectors expected from the background and predicted by different models for the measurements during one week, with the assumption that all particles from each cascade can reach the detectors.






Table 1. Number of events with k = 1–4 signals in the system of four detectors expected from the background and predicted by different models for the measurements during one week, with the assumption that all particles from each cascade can reach the detectors.





	k
	Background
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5





	1
	1,168,000
	131,100
	257,300
	159,050
	219,600
	147,100



	2
	   0.169   
	779
	4414
	29.5
	164
	315



	3
	   1.1 ×  10  − 8     
	170
	1067
	6.1
	33.1
	125



	4
	   2.6 ×  10  − 16     
	78
	541
	3.9
	20.2
	132
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Table 2. Number of events with k = 2–4 signals in the system of four detectors measured during one week and compared to the expectations from the background and predictions from different models, with the assumption that electrons and photons from a cascade can reach the detectors only if they enter into the building through a window.






Table 2. Number of events with k = 2–4 signals in the system of four detectors measured during one week and compared to the expectations from the background and predictions from different models, with the assumption that electrons and photons from a cascade can reach the detectors only if they enter into the building through a window.





	k
	Events
	Background
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5





	2
	94
	<0.169
	130
	736
	5.39
	27.9
	53



	3
	2
	<  1.1 ×  10  − 8    
	28.5
	178
	1.03
	5.55
	21



	4
	1
	<  2.6 ×  10  − 16    
	13
	90
	0.66
	3.37
	22
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