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Alborz-I as the first phase of the Alborz Observatory Array supposed to study the cosmic ray
spectrum around the knee at Sharif University of Technology campus, Tehran (1200 m a.s.l). In
this paper theoretical results obtained from study of the design features, performance, array re-
sponse and angular resolution of the Alborz-I consists of 20 plastic scintillation detectors each
one with surface area of 0.25 m? spread over an area of 40x40 m? are described. Using Monte
Carlo simulation of showers, the rate of detected events per day and the trigger probability func-
tion, i.e., the probability for an extensive air shower to trigger a ground based array as a function
of the shower core distance to the center of array are presented for energies around the knee and
zenith angles up to 60°. Moreover, the angular resolution of the array is estimated in the energies

of ~3x10'* eV, which contains the most rate of detected events by the array.
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1. Introduction

Air shower measurements can determine the arrival direction, energy, and mass of the primary
cosmic rays. Study of the primaries provides important information on their origins and accelera-
tion mechanisms and can also explain two observed bends in the cosmic ray spectrum.

Lowest and highest energies at which cosmic rays can be detected by arrays depend on the
distance between neighboring detectors and overall size of detector array respectively. Therefore
geometry and design of an array have an important role to extend the detectable energy range.
Geometrical effects of array layout on the number of detected events, trigger probability and an-
gular resolution are presented here by increasing distance between neighboring detectors and also
changing configuration of the array.

Dependence of the trigger probability of array on the primary particle energy (F) and shower
core distance from the array center (r) is studied by Monte Carlo simulations of showers convo-
luted with the array layout and detector response. The trigger probability, known as P(r,E), is also
presented as a fundamental parameter to compare different trigger conditions in the both proposed
rectangular and cluster layouts. On the other hand, the angular resolution of the array for different
trigger conditions and layouts is calculated using a chi-squared minimization algorithm by assum-
ing that the shower front can be approximated by a plane. Two different shower sets simulated by
CORSIKA [1] have been applied for these studies.

In this paper, the results from study of the array properties in particular the array layout, trigger
conditions, detector response and angular resolution are mentioned in the following sections.

2. The Alborz-I surface array

The Alborz-I as the first phase of the Alborz Observatory Array (AOA) is realized to measure
the flux, arrival direction and energy of the primary cosmic ray around the knee at Sharif University
of Technology (SUT), Tehran (35.72°N 51.33°E) at 1200 m a.s.l. It consists of 20 scintillation
detectors over an area of about 40 x40 m?2, and in the next phase, 10 WCDs will be added to it. The
used detectors are optimized by a series of experiments and simulations [2, 3].

Each scintillation detector is embedded in a station with a 5 mm cement ceiling and has a
pyramidal galvanized iron light enclosure with 1 mm wall thickness, housing a 50x50x2 cm?
NE102A scintillator. Scintillation light emitted due to passing a particle through the scintillator
(optical photon) is read out from tip of the light enclosure by a 5 cm PhotoMultiplier Tube (PMT,
9813B) for timing measurements.

Two different array configurations, one cluster and other a 5 x4 rectangular grid, are proposed.
As shown in Fig. 1, in the cluster layout, 5 out of 20 detectors arranged on an internal pentagon
with side length 5 m and the rest set on 5 surrounding triangles with the same side length 5 m which
are placed on the corners of an external pentagon with side length about 18 m.

3. EAS simulation

To more realistic estimate of the array properties, two different EAS sets which differ in the
distribution of energy and zenith angles, simulated by CORSIKA (version 6.9) using QGSJET-
II [4] and GHEISHA (E <80 GeV) [5] models, have been used. The energy deposition of reached
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Figure 1: Cluster layout of the Alborz-I array where 20 SDs will be deployed in a square area.

particles to the detectors, passing through the cement stations and the scintillation detectors, and
also the optical photons production are calculated using simulated air showers which are used as
input for detailed GEANT4 [6] simulations. Finally, the detector response is estimated according
to presumptions implemented in the CORSIKA inputs, interaction of particles with the detector
material, optical photon processes and the PMT response.

A shower set consists of 3600 extensive air showers with a composition of 88% proton and
12% alpha as primary particles have been simulated to reliable estimate of the trigger probability
function. In this set, air showers were simulated with zenith angles between 0° and 60° distributed
as o< sinf cos® d@, and the energy of primaries discretely distributed in a range between 10'2 eV
and 10'° eV in steps of 0.5 in logE. It’s worth noting that the cut-off energy of particles kinetic
energy is chosen 0.3 GeV for hadrons and muons, and 0.003 GeV for electrons and photons in the
CORSIKA and particles blow their energy threshold aren’t further tracked. For the both layouts,
the core position of any shower is uniformly distributed at ground. A wide square grid including
maximum number of 2809 square pixels (a 53x53 grid), each one with surface area of 49 m? is
considered to study events falling inside and outside the border of the array, while triggered the
array. Number of square pixels directly depends on the primary energy of the incident showers (or
shower particle disc size). But due to considerable uncertainties for estimation of the core position
and energy of the events falling outside the border of the array, events falling on the inner 5x5 grid
(which covers inside the array) are more important for future studies.

In order to increase the statistics of simulated EASs and also to cover different zones of ground
with a constant probability in a uniform distribution, the core position of any shower is set in the
center of each pixel. Finally, the trigger probability of the array is estimated as a function of core
distance and energy for events falling at ground while fulfill the trigger conditions. As mentioned
above, a more detailed analysis of the detector response is carried out using GEANT4. Fig. 2 shows
the number of optical photons reached to PMT over a range of energies for all particles which
considered in the simulations. The range of energies are chosen according to energy distribution of
secondary particles obtained by CORSIKA.

Another set of showers includes 12000 proton and alpha showers, with the same previous
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Figure 2: Number of reached photons to PMT for different secondary particles. Energy ranges of more
than 97% gammas, electrons and positrons are blow 1 GeV, while for muons are commonly up to 50 GeV.
As can be seen, number of reached photons to PMT tends to the fix value for each particle at higher energies.

composition, distributed over a continuous energy range from 2x10'# eV to 4x10'* eV have been
generated to estimate the angular resolution of the array. This energy range is selected according to
the results of the first simulated showers set which reveal a significant number of recorded events
in this range in comparison with other bins of energy. In this set, the zenith angle of showers is
selected from 0° to 60° in steps of 5°.

4. Trigger probability function

The trigger probability of a ground based array depends on many factors such as: i) energy and
mass of the primary cosmic ray which initiates an air shower, ii) the type of the array detectors, iii)
the trigger condition used to detect air showers, iv) the array layout, v) the geometry of the incoming
shower, e.g., its incidence zenith angle and distance of shower core to the array center [7]. These
dependencies are shown by the trigger probability function, P(r,E), as a fraction of showers in the
energies of interest (E) which fulfill the trigger condition in different bins of shower core distance
from the array center (r), as
]\]Irigger(raE)
Nincident (I‘, E) .
In order to optimize the array size in a rectangular configuration, four different array sizes with
detector spacings of 1.5 m, 3.5 m, 7 m and 14 m are studied. However the surface area of the site
at the SUT campus lets the maximum detector spacing of 7 m but note that in the last phase, site of
the array will be extended. The trigger conditions are provided by randomly at least 4-fold (4 out
of 20), 6-fold (6 out of 20), 10-fold (10 out of 20) and finally fully triggering detectors. Because of
the small surface of detectors, two last trigger conditions can provide more satisfactory statistical

P(rE) = .1

sample of charged particles in the shower disc for future studies on the energy resolution and mass
composition. However, for the fully triggering condition the statistic of recorded events decreases
significantly. So, as discussed in the next section for the at least 10-fold condition, the angular
resolution accuracy improves significantly rather than at least 4-fold and 6-fold conditions. Thus,
in the rectangular layout, the analyses are presented on the at least 10-fold condition.
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Figure 3: Array trigger probability as a function of shower core distance to the array center (r) for the
10-fold condition and detector spacing of 7 m in the rectangular layout (left), and for triggering 5 out of 5 in
the central cluster and 3 adjacent triangles in the cluster layout (right) at energies ranging between 10'# and
10'® eV in steps of 0.5 in the logarithmic scale.

Beside the rectangular grid, a cluster layout is also studied. Through several implemented
trigger conditions, those conditions with full triggered central cluster and two or three or four
surrounding triangles, (i.e., 5 out of 5 in the central cluster and 2 adjacent triangles, 5 out of 5
in the central cluster and 3 adjacent triangles, and finally 5 out of 5 in the central cluster and 4
adjacent triangles) show higher efficiencies, as their trigger probabilities are approximately the
same. Therefore, these three trigger conditions are selected: randomly 10-fold, 5 out of 5 in the
central cluster, and finally 5 out of 5 in the central cluster and 3 adjacent triangles.

The simulation results has shown that the trigger probability is an increasing function of energy
and a decreasing function of distance from the shower core [8]. In Fig. 3 the trigger probability
for one of implemented trigger conditions in each layout is shown. As can be seen, the trigger
efficiency of the array will be saturated (~ 100%) for energies above 10'® eV and for the shower
core distances close to the array center.

A statistical error of the trigger efficiency is defined as the standard deviation of the trigger
efficiency at pixels of the square grid which are located at the same distance from the array center.
Due to very small achieved uncertainties, error bars are less than the symbol size and aren’t shown.

In addition to the trigger probability function, number of triggered events per day in different
bins of energy (N(E,E + AE)) for the implemented trigger conditions and different array layouts
can be calculated by a convolution of the trigger probability function P(r,E) and differential flux
of primary cosmic rays ®(E) (per area, time, solid angle and energy) (Eq. (4.2)),

- (E+AE
N(E,E+AE) = // P(r,E)®(E) dS a’E/a’Q/dt 4.2)
SJE
where the intervals are selected according to the default initial conditions in the simulations. §
is the surface of a square grid which considered to study showers arriving inside and outside of
the array while triggered it. The primary spectrum, ®(E), in the knee region is determined with
the Tibet air shower array which is located at an almost ideal atmospheric depth for this energy
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log(E/eV)

Hm) —573 13 135 14 145 15 15.5

1.5 4501330 3497297 35417572 74370090 63271289 4700134, 1397138

133 316 029 271 240 28

3.5 --- 116175 2669738 756115020 6241777% 4663738 1391738
143 718 257 239 28

7 --- 1283113 575710 607171530 4772153 140715,
33 267 180 219 28

14 --- --- 20175 2453755 5006°)%5 448873 ] 141375

Table 1: Number of events in different bins of energy for 10-fold triggering and different detector spacing
(I) in the rectangular grid.

: . log(E/eV)

T dit

rigger condition 33 ” 45 T =
10 out of 20 1411717 54024848 60721332 467915 140612
central cluster 386770 1324238 17431107 1618112 572+16

central cluster & 3 adjacent 11173,  7407]35 1488790 14847113 5457¢
triangles

Table 2: Number of events for different trigger conditions in the cluster layout.

range [8]. In Table 1 the energy distribution of triggered events per day is listed for different array
sizes in the rectangular layout and for 10-fold condition.

A similar analysis for the different trigger conditions in the cluster layout is also performed.
As can be seen in Table 2, the maximum rate of triggered events happens in 3x10'# eV, similar to
the rectangular grid with detector spacing 7 and 14 m. It should be noted that the errors are due to
systematic uncertainties of the cosmic ray spectrum which is used in the Monte Carlo simulations
to estimate the rate of triggered events per day.

5. Angular resolution

The angular resolution of the Alborz-I is discussed by considering the second shower set in-
cluding 12000 showers distributed over a continuous range from 2x 10'# eV to 4x10'* eV with 0
between 0° and 60° in steps of 5°. This energy range is selected according to receiving maximum
number of events in E=3x10'4 eV.

The arrival direction of a shower is determined by an optimized fit of a plane to the arrival
times of particles reached to the detectors. Using a chi-squared minimization algorithm the angular
resolution of the array for different trigger conditions and layouts is calculated. The angular resolu-
tion is directly related to the accuracy of timing measurement. Therefore to provide more realistic
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Figure 4: Azimuth angle resolution (left) and zenith angle resolution (right) as a function of primary’s zenith
angle in the rectangular layout for the 10-fold condition.

results, the uncertainty on the timing measurement is implemented in the simulation and core posi-
tion of showers are randomly distributed at all over the array surface. The uncertainty on the timing
measurement by the Alborz-I instruments is obtained by series of coincidence experiments as

Oinstr = V Gdet.2 + Gelec.2 ~ 3.92 ns, (5.1

where oy, and o0, are the detector and the electronic uncertainties, respectively.

Fig. 4 shows that the angular resolution is an increasing function of the array size and although
the angular resolution improves for the detector spacing 14 m, but there is a small difference be-
tween 7 m and 14 m detector spacing. In addition, as mentioned above, the site of array limits
detector spacing to 7 m. As illustrated in Fig. 5, the angular resolution improves significantly in the
cluster layout in comparison with the rectangular grid with triggering 10-fold and detector spacing
7 m. Through the three selected trigger conditions in the cluster layout, those which include fully
triggered central cluster show almost the same angular resolutions. The errors represent statistical
uncertainties, however, as mentioned above the systematic uncertainties which are due to the time
resolution of the array instruments is included in the analysis.

6. Conclusion

Monte Carlo studies based on the CORSIKA program have been performed on the Alborz-I
array characteristics. The trigger probability function, angular resolution and energy distribution
of recorded events per day have been estimated for two layouts and different trigger conditions.

The results show the primary energy and core location dependences of the trigger probability.
As can be seen, the saturation (P(r, E)~ 100%) will be happened for E>10'6 eV.

In the rectangular layout, four different trigger conditions and four array sizes were considered.
Study on the angular resolution showed that it obviously improves as the array size and number of
triggered detectors increase. But limitation in the surface area of the array and on the other hand,
the significant decrease in recording events for fully triggering of the array (20-fold triggering
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Figure 5: Azimuth angle resolution (left) and zenith angle resolution (right) as a function of primary’s zenith
angle for the cluster layout.

condition) made us consider the results for detector spacing 7 m and the triggering of at least

10-fold as default conditions to compare with the results of the pentagon layout.

In the pentagon layout, the implemented trigger conditions which include fully triggered cen-

tral cluster together with some of the adjacent triangles yield approximately the same efficiency for

each primary energy. The angular resolution of the pentagon layout also improves significantly in

comparison with the rectangular grid with 7 m detector spacing and 10-fold trigger condition.
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