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MEAN ARRIVAL TIME DISTRIBUTIONS OF EXTENSIVE AIR SHOWERS
AT ULTRAHIGH ENERGIES

This paper investigates extensive air showers by estimating the muon and electron mean arrival time distributions at
ultrahigh energies for various cosmic-ray particles. The Monte Carlo package AIRES (version 19.04.00) was used to
perform simulations at energies of 10%° and 10%° eV. The influence of primary particles (p, *Fe, and 60), energies, and
zenith angles (0°, 10°, and 20°) on the mean arrival time of muonic and electromagnetic shower disks created in an
extensive air shower was examined. Parameterized mean arrival time distributions were calculated for secondary
particles e”, e*, and p, created by proton, iron, and oxygen nuclei at energy 10%° eV in a vertical shower. A polynomial
function for these primaries in vertical showers was established using the results of this simulation. The results were
compared with the KASCADE-Grande experiment and Sciutto’s simulations at energy 102° eV and 0 = 0. In this work
the construction of a database that can be used to compute the arrival time of elementary particles is crucial in ultra-high
energy ranges through an analytic description between the time structure and the distance distribution.

Keywords: mean arrival time distribution, extensive air shower, AIRES, electromagnetic shower simulations.

1. Introduction

Cosmic rays (CRs) entering the atmosphere col-
lide with the nuclei of air molecules, creating se-
condary particles that contribute to the development
of extensive air showers (EAS). Three primary com-
ponents are shown: electromagnetic (e*, e-, and v),
muonic (u* and p’), and hadronic (mainly n*, 7° n,
p, K% and K°). Electromagnetic particles are the
most common, accounting for 98 % of total energy,
with the balance shared by the other components
(the muonic component accounting for 1.7 %). It is
difficult to analyze EAS at the highest energies be-
cause the environment forms part of the detector,
requiring the interpretation of indirect measure-
ments. An EAS is a complex series of interactions
with relatively high particle numbers for which only
limited data samples have been collected. From
these samples, the primary particle’s characteristics
can be determined using either simplified models or
intricate numerical simulations [1, 2].

Muons are necessarily highly energetic when
they reach the ground; if this were not the case, they
would have decayed during their trip. As a result of
their long radiation lengths, they undergo few inter-
actions along their paths from their points of origin
to the ground. Consequently, if muons are detected
in the signal, it can be concluded that the signal is
from the early portion of the shower front, which is
often used to determine the mean arrival time to be
employed in the direction reconstruction [3]. More-
over, muons have a significantly thinner lateral dis-
tribution than electrons, which always dominate
ground-level signals sufficiently far from the shower

axis. Therefore, it is critical to gain a better under-
standing of this time structure in this framework.
Additionally, faster simulation tools could be deve-
loped based on this information and, for specific
parameterizations, may be useful for analysis and
the creation of improved detectors [4].

When considering a complete shower simulation,
the front time structure depends strongly on the spe-
cific details of particle transport mechanisms. A
valuable analysis of the time structure of EAS at
very high energies using the AIRES code has been
given in [5, 6]. These EASs may be determined by
collecting samples of the particle shower disk at
ground level using detector arrays; quantifying the
number of muons is essential for reconstructing the
energy and identifying of primary particle [7].

Muons and electrons arrive at observation levels
at different times because of the further growth of
the EAS’s muonic and electromagnetic components.
Muons are typically formed at a higher altitude than
electrons, and they scatter significantly less. When
the radial distance of the shower core increases, this
disparity in arrival time rises. Numerous studies,
such as Pierre Auger Observatory (PAO) [8, 9]
KASCADE (Karlsruhe Shower Core and Array De-
tector) [10, 11], GREX/COVER PLASTEX [12],
and AKENO [13, 14], have explored the distribu-
tions of particle arrival times but have been limited
to small core distances. This research extends their
conclusions on the discrepancies in mean arrival
time of the muonic and electronic EAS components
to distances range 0 - 1500 m further from the center
of the shower, for vertical and inclined showers with
distinct primary particles.
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2. Mean arrival time profile

Most particles in the shower disk are characte-
rized by the general temporal aspects of the air
showers, specifically the electromagnetic particles
and the muons. A shower appears to an observer as a

—

disk of particles with a specific thickness that
spreads in the atmosphere along the shower axis at
the speed of light. Fig. 1 shows a cutaway view of
the situation at the vertical plane with a shower axis
just before the shower hits the ground [15].

Shower Disc

Density
Distribution
in Disc

Detector
(enlarged)

Fig. 1. Schematic illustrating the development of showers in the atmosphere [15].

The shower disk expands radially as the photon
and particle density decrease. The thickness of the
shower disk is finite due to two factors resulting in
the time dispersion of photons and particles. First,
the particles have a range of Lorentz factors
depending on their energies. Second, there are
differences in the path lengths of the particles’ and
photons’ trajectories, which are brought about by
multiple scattering processes (e.g., interactions, Cou-
lomb scattering, and transverse momenta) and geo-
magnetic deflection, which play an important role in
lateral dispersion of photons and particles distant
from the axis of shower’s [16].

In general, the mean arrival time t,(r;) of a parti-
cle (i) at a distance (r;) from the axis of the sho-
wers is given relative to an empirically determined
reference time t,, which is typically defined as the
arrival time of the shower core’s leading edge r =0;
this establishes the position known as the tangent
plane, which is orthogonal to the axis of the sho-
wers. The mean arrival time of particle t,(r;), which
is stated in terms of the time of arrival of the tangent
plane ty, in terms of delay in time =;(r,), within
related to that plane. This time is frequently used to
describe the global time t¥* (1) [17]

7 (1) =7 (1) —t(r=0). (1)

loc

The time delay () is determined according
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loc

to the local reference time t(r;), concerning a

curved shower enclosure’s front face at r;, then

o (1) =7(r)-%" (v). ¥

In practice, the reference time equals zero and is
established by the arrival of the first particle of the
shower t, at the detector situated at a distance r,

from a shower. Consequently,

@ (5) =t ()% (r=0). ®)

In simulations, a fictional spherical light front is
formed with the point of primary’s first impact with
an atmosphere and travels throughout space at light
speed. It monitors the time of all simulation particles
throughout the shower [17, 18].

The average delay in time at various distances
from the core r in the event is

Trz(%jzr (@)

where N is the total number of particles in the
distribution, the observable zr is a space-time
profile of shower disks [19].

3. Simulation of mean arrival time using AIRES

AIRES is an abbreviation for AIR-shower
extended simulations, which refers to the collection
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of programs and subroutines that can be used to
simulate EAS particles formed as a result of the
interaction at high-energy main CRs with the envi-
ronment and to govern all associated particles within
output data [20, 21]. AIRES models the whole
space-time particle propagation in a realistic envi-
ronment that incorporates atmospheric properties,
Earth curvature, and the Earth’s magnetic field.
When the number of the particles in showers is
excessively large, the statistical sample selection
(named thinning) is used. AIRES’s thinning algo-
rithms are equitable, in that statistical samples never
alter the average values of the output observables.
Various particles are considered in the AIRES simu-
lations, including gammas, electrons, positrons,
muons, mesons, pions, nucleons, antinucleons,
lambda baryons, and nuclei up to Z = 36. A primary
particle in an EAS may be a proton, an iron nucleus,
or any of the previously mentioned particles (e, e,
w, u', m, n'), with energy ranging from about
10° eV up to about 10% eV [22]. The present work
used the information of the surface detector (SD) of
the PAO which includes ground level (1400 m
above the sea level) with slant depth 1000 g/cm?, cut
energies for gamma, electrons, muons and meson are
80 keV, 80 keV, 10 MeV, and 60 MeV, respectively,
18 EAS were simulated using the Monte Carlo pro-
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gram AIRES version (19.04.00) using QGSJetll.04
interaction models for high-energy hadronic colli-
sions [23]. Three atomic nuclei were considered:
proton, iron, and oxygen, with energies of 10*° and
10% eV and zenith angles of 0°, 10°, and 20°. Also,
the energy of the thinning algorithm was set to
(¢, =107°), the mean arrival time simulations
accounted for various particles, including electrons,
positrons, and muons, created in the EAS.

4, Results and discussion

Fig. 2 shows the simulated mean arrival times of
e, €', and p as a function of R, which is the distance
from intersection of the shower axis with the Earth’s
surface, produced using AIRES for three primary
particles (iron, oxygen nuclei, and protons) and ener-
gies 10* and 10?° eV. In hadronic showers, the prima-
ry distinction is the presence of a slow electromagne-
tic component that becomes increasingly noticeable at
significant distances from the shower center.

The statistical uncertainties are shown as the
error bars, propagating the correlation between the
arrival time of electronic and muonic showers with
R(m), and the systematic uncertainty can be shown
by SD.
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Fig. 2. Mean arrival time distribution of 7, e*, and p as a function of distance from a core vertical shower
for various primary particles and energies. (See color Figure on the journal website.)
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Fig. 3. Mean arrival time of €7, e*, and p as a function of the distance from the core shower for various primary particles
and energies for 6 = 0°, 6 = 10°, and 6 = 20°, the statistical uncertainties are shown by error bars. (See color Figure on

the journal website.)
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For each simulated EAS event, a number of EAS
observables have been reconstructed: the electro-
magnetic shower size, the muon content, the shower
age, and in particular the temporal parameters of
muon arrival time distributions and their changes
with distance from the shower axis. It can be
observed that at R =500 m, the total shower vari-
ance (which is unity for the normalized residuals at
all core distances and zenith angles) may be com-
pletely explained by sampling fluctuations. How-
ever, sample variations are inadequate to account for
overall changes for core lengths more than 500 m.
This suggests that the muon disc thicknesses of vari-
ous EAS varied substantially.

The relative time distinction between average
arrival times for muons and electrons rises as the
distance from the shower core increases. The
disparity between mean arrival times of the shower
fronts increases from the initial value above
R =1000 m. The average arrival times are later as
the energy level increases. Muons arrive before elec-
trons over a core distance of R = 500 m which is true
with the both energy values; the increase in the
arrival time with increasing energy results from
differing statistics regarding particle arrival time
distribution. An EAS with higher energy has a larger
spread of particle arrival times at long core distances
for the specific particle type.

As evidenced by the thickening of the shower front
with the primary energy, the tail seems to be more
pronounced for EAS of higher than of lower energy.
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This is because of the EAS’s greater extension at
higher energies. There is a discrepancy in the arrival
time of muons and electrons with observation level
because electromagnetic and muonic components
have dissimilar shower development. On average,
muons are formed higher in the atmosphere and are
scattered considerably less than electrons, their
descent trajectories are nearly straight lines.

Fig. 3 shows the simulated mean arrival time of
e, e', and p as a function of R using the AIRES
program for three primary particles (protons, iron,
and oxygen nuclei), at energies 10'° and 10% eV
with zenith angles 0°, 10°, and 20°. The dependence
of the time profile of the shower disk on the zenith
angle has been examined.

Additionally, for inclined showers, due to the
electromagnetic component of a shower, at ground
level, these particles dominate the signal every-
where, being produced by the disintegration of two
neutral pions, which are absorbed at high altitudes in
the atmosphere [2]. In contrast, the radial component
of relative shower-to-shower variations appears to
be more uniform and diminishes with increasing
incident angle. This could result from higher path
lengths for inclined showers, resulting in greater
Coulomb scattering of electrons. The number of
muons in EAS determined from PAO data is 1.5 to
2.2 times greater than expected in calculations. The
precise difference is determined by the zenith angle
(see analytic approach [24]).
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Fig. 4. Mean arrival time of electron-positron and muon for primary particles p, Fe, and O
with primary energy 10%° eV for inclined showers. (See color Figure on the journal website.)

Fig. 4 shows the mean arrival time of €7, e, and p
for primary particles p, Fe, and O at the primary ener-
gy 10%° eV with a fixed zenith angle. It can be seen
that there is no discernible difference in the shower
time profiles of the three primary particles. A qualita-
tive comparison makes it clear that the distribution of
the proton primary is fuzzier as the shower front
thickness increases at almost all core distances. This

ISSN 1818-331X SAJEPHA ®I3KA TA EHEPTETUKA 2024 T.25 Ne4

Figure illustrates intra-shower oscillations in arrival
times, with the proton primary showing more signifi-
cant fluctuations than other primaries.

4.1. Mean arrival time parameterization

One can directly examine the behavior of the pa-
rameters of the fitting functions or, even better, the
behavior of empirically quantifiable pulse shape pa-
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rameters that can be specified in terms of the function
parameters. To describe the behavior of the mean
arrival time, a parameterized formula was obtained
for mean arrival time distributions with a distance
range 0 - 1500 m from the shower axis by fitting the

Monte Carlo simulation results to a polynomial:

1(R) =K, + KR+ K,R* + K;R?,

®)

where t(R) is the mean arrival time of ¢, e*, and p, R
is the distance of secondary particles from the shower
core with a range 0 - 1500 m, and Ko, K1, K2, and Ks
are coefficients that depend on the primary and
secondary particles produced by EAS. The values
obtained for these coefficients are shown in the Table.

Coefficients of polynomial function Eqg. (5) obtained to parameterize of AIRES simulation
for p, %Fe, and 0 primary particles at the energy 10%° eV at vertical EAS

Primary | Secondary Coefficients E=10%,0=0 R? D
particles particles Ko K1 Ko Ks

ee* 15411.3 —29789.3 21560.4 —6941.6 0.922 600.6
P u 25923.2 —46528.5 31104.6 —9203.8 0.985 398.5
s6Fe ee* 28950.8 —53405.5 36778.5 —11233.5 0.955 605.3
u 14139.2 —26414.9 18437.8 —5713.8 0.994 389.7
160 ee' -39109.4 66359.0 —41159.7 10993.8 0.928 532.9
u 3066.5 —6913.0 5747.7 —2103.0 0.995 410.5

Fig. 5 shows the results of mean arrival time
simulated using the AIRES system (symbols)
compared with the results obtained using Eq. (5)
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Fig. 5. Mean arrival time distribution simulated with AIRES (symbols) compared with the results obtained
using Eq. (5) (solid lines) for p, *6Fe, and 0 primaries with energy 10° eV in vertical showers.
(See color Figure on the journal website.)
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4.2. Comparative analysis of the experimental data
produced by the KASCADE-Grande experiment
and Sciutto’s simulations

EASs initiated with primary cosmic ray particles
at energy between 100 TeV and 1EeV were
measured by the KASCADE-Grande experiment
[25], which combined a Piccolo trigger array, a
Grande detector array, and an original KASCADE
experiment [26].

Fig. 6, a shows the parameterized mean arrival
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time distribution obtained using Eq. (5) (dashed
lines) compared with the experimental results from
KASCADE (solid lines) [27]. In this Figure, a pro-
ton might initiate an EAS with energy 10?° eV. The
parameterized form of a shower front used in the
reconstruction of the direction of the shower differs
from its true form, according to the simulations,
which causes a difference between the actual and
estimated arrival timings of the shower core. This
discrepancy is quantified in terms of the size of the
electron shower.
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Fig. 6. a — Comparison of the parameterized mean arrival time distribution obtained using Eq. (5) with the experimental
results from KASCADE for a primary proton at energy 10% eV in vertical EAS for e~ and e* secondary particles.
b — Comparison of the parameterized mean arrival time distribution obtained using Eq. (5) from the AIRES simulations
(dash line) and Ref. [22] (solid line), for a primary proton at energy 102 eV. (See color Figure on the journal website.)

Fig. 6, b contrasts AIRES simulation results with
the mean arrival time data from [22] (solid line).
This Figure demonstrates good agreement between
the results of [22] and AIRES simulation of the e
and e* secondary particles initiated by a proton at
10% eV in a vertical EAS 6 = 0°.

5. Conclusion

To investigate the difference between the de-
pendence of the muonic and electromagnetic com-
ponents’ arrival times on core distance, the mean
arrival time and its variance distributions were used
to estimate the typical time profile of muonic and
electromagnetic shower disks. With distances
R > 1000 m from a core, the muonic component
often reaches the ground before the electromagnetic
component; this is because of the additional path

length and geometrical delays due to the muons’
sub-luminal velocity.

In addition, a polynomial parameterization equa-
tion was established for a R < 1500 m distance range
from the axis of a shower in vertical showers. This
can be used to determine the mean arrival time dis-
tribution for various secondary particles with ultra-
high primary energies (10%° - 10?° eV). It has been
validated against simulations performed with the
AIRES system.

For the majority of relevant distances and all
zenith angles, the obtained results agree with those
obtained by direct simulations sufficiently well to be
useful for practical applications.

The authors thank Mustansiriyah University in
Baghdad, Irag and AIRES system creators for their
support in this work.
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PO3MIOALI CEPEJHBOT'O YHACY INTPUBYTTS IMPOKUX ATMOC®EPHHUX 3JINB
TP HAIBUCOKHX EHEPTTAX

VY craTTi AOCTIHKYIOTECS IUPOKI aTMOC(hEpHI 3TUBH Yepe3 OLIHKY PO3MOALTY CEPEIHBOr0 4acy NpUOYTTS MIOOHIB i
CJICKTPOHIB TPHM HAABHCOKHX CHEPrisiX U PI3HUX YaCTHHOK KocMiuHMX mnpomeHiB. Ilaker Monrte-Kapmo AIRES
(Bepcisn 19.04.00) BUKOPUCTOBYBaBCS I BUKOHAHHs MOjIeNtoBanHs npu eHeprisx 101° i 10% eB. Byno nocnimkeno
BIUIMB MeEPBMHHUX 4acTUHOK (p, *°Fe i 10), enepriii i senitTaux yrtie (0°, 10° i 20°) Ha cepenmiii 4ac mpuxomy
MIOOHHHX 1 €JIEeKTPOMAarHiTHUX KOMIIOHEHT, YTBOPEHHX Y IIHUPOKili aTMOCcQepHiii 3nmuBi. Po3paxoBano mapameTpu3oBaHi
cepelHl pO3MOJiIY yacy MPHOYTTS /sl BTOPUHHUX YACTHHOK €, €7 Ta [, CTBOPEHUX MPOTOHAMH Ta SApaMu 3aiisa i
kucHio npu eneprii 10'° eB y Beprukanbhiii 3nusi. [ToniHoMianbHa QYHKLIS A1 9aCOBUX PO3HOLIIB y BEPTHKAILHUX
3nMBax Oyja BCTaHOBJEHA 3 BHMKOPUCTAHHSM pe3yJbTaTiB IbOTO MOJENIOBAHHS. Pe3ylbTaTH NOPIBHIOBATIHMCS 3
excriepumenToMm KASCADE-Grande ta mozemosannam Illytro npu eneprii 102 eB i 0 = 0. V wniif po6oTi nobymosa
0a3u aHUX, IO MOXKe OyTH BHKOPHCTaHA A OOYMCIEHHS 4Yacy NMpPUOYTTA €JIEeMEHTapHHUX YACTHHOK HaJIBUCOKUX
€Hepriii, 1 aHaIITUYHUIT ONKC 3aJIKHOCTI Yacy MpuOyTTs BiJ BIACTaHI Maiu BUpilIabHE 3HAYECHHSI.

Kmiouosi  cnosa: cepennii po3moai dacy mnpuOyTTs, Imupoka armocdepHa 3muBa, AIRES, MmonemoBaHHs
€JIEKTPOMArHITHOI 3JTMBH.
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