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Abstract. An extensive air shower (EAS) calculation scheme with simulation of sufficient number of events. The alter
based on cascade equations and some EAS characteristics fiwe is to use so-called “thinning” (Hillas, 1981) — multile)
energied0'*-10'" eV are presented. The universal hadronic sampling of secondary branches of the cascade wher
interaction modeNEXUS is employed to provide the neces- ignores the majority of secondary particles and follows
sary data concerning hadron-air collisions. The influence offate of a few of them introducing proper weights. Rec
model assumptions on the longitudinal EAS development ising greatly the simulation time, this procedure distorts f
discussed in the framework of theeXus andQGsJETmod-  tuations and comes up with some other problems (Kok
els. Applied to EAS simulations, perspectives of combinedal., 1999).
Monte Carlo and numerical methods are considered. But there exist effective methods to calculate EAS de
opment using the combination of MC and numerical t
niques. As all essential contributions to EAS fluctuati
come from the initial part of the cascade processi. e. fror
fluctuations due to the behaviour of the most energetic |
les, it is sufficient to employ explicit MC simulations ot

1 Introduction

The simulation of the extensive air shower development an . : .
the reliability of model predictions are of prime importance or pal’tIE|2€S V\fgh energies ak?ove some CUtBf,: — kEO
in studies of super-high¥ 10'° eV) energy cosmic rays. In- (k ~ 10771077, Ly is the primary energy). Contributio
deed, the reconstruction of primary particle characteristics bff secondary partlcle cascgdes of smaller energies m
measuring EAS characterictics implies the knowledge of theaccoupted for in average using ngmencal solutions of ¢
interaction model whereas the models used are phenomen<§pondlng cascade equgtlons. This approach was, for ¢
logical ones and their validity is open to question above theple’ successfully used in (K'almykov etal, 1997) as we
energy range attained by modern colliders (atiodt eV for by many other researcherg |n_ the Ias'_[ few decades.

equivalent fixed target energy). It should be noted that a con- R€cently a new hadronic interaction modetXus has

siderable gap exists between this upper limit and the energ?®en Proposed (Drescher, 2001) which has much more
region1020-102! eV which is presently the object of much heoretical basis than presently used models sucteas's

attention (see AUGER Collaboration (1999)). (Werner, 1989) oQGSGET (Kalmykov et al., 1997). Thi

It would not be an overestimation to say that the most pop-"€W model enables one to obtain more reliable predictio
ular technique to provide necessary theoretical predictions O§uper-h|gh energies but itis more complicated and th_en
EAS characteristics is the Monte Carlo (MC) method which MOr€ time-consuming. So the problem of the EAS sim
may be realized in two main variants. The first one (em- 0N Strategy assumes a greater importance.
ployed in the prograntoRSIKA (Heck et al., 1998)) uses I_n Fhls_paper we consider the calculations of EAS_ che
the direct MC simulation down to the lowest particle en- t€ristics in the framework of theeXus model and discus
ergies under consideration. Such an approach produces rd1€ EAS simulation strategy.
sults that can be easily compared with experimental data in-
cluding not only average EAS characteristics but their fluc- ] ) ]
tuations as well. But it proves to be very time-consuming2 Solving cascade equations in the framework of th
and this serious drawback prevented to use the direct MC NEXUS model

abovel0!” eV. Even at lower energies there are difficulties ) ]
The NEXUS model treats cross-section and particle prot
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tion strictly in both cases. Hard processes are introduced in at10'4-10'7 eV it is hardly possible to expect any significant
natural way without any unphysical dependencies. The set oflivergence in conclusions derived if one replaces one model
model parameters is adjusted so as to fit basic data in protorby another. It follows from Fig. 1 that the exponeny,, in
proton and lepton-nucleon scattering as well as in electronthe traditional fit

positron annihilation. All that ensures a much safer extrapo- -

lation to super-high energies when compared to other models Ney = Ke(uy B

but at the same time the necessity to accelerate EAS simula- ]
tions becomes more pronounced. does not differ more than by 0.02 for these two models. Cal-

Calculations of average EAS characteristics in the frame-cma,tlons have shawn _that only for hadrop qumbers (in case
work of the NEXUS model were carried out in (Bossard et of different cross-sections) expected deviations reho8-

al., 2001). Using the system of hadronic cascade equationg'm' _ . . .
(see Gaisser (1990)) one describes average hadronic cascadebg ut valr;atlons discussed may increase as energy increase
by the differential energy spectia,(E, X) of hadrons of abovel0™ ev.
typen with energyE at depthX. The corresponding system N(NlE)égs)/N(QGSJEﬂ
of integro-differential equations fok,, (£, X) may be re- ’
duced (after discretizing over energy) to the system of linear
differential equations that can be solved by standard meth- electrons
ods. Our approach is based on the same ideas as in (De- 110
denko, 1965; Hillas, 1965) but with some improvements (Kal- 2
mykov and Motova, 1986) which enable to avoid too small

steps when integrating over the depth. The system used in- 1o
corporates nucleons (and anti-nucleons), pions and kaons.

The inclusive spectra of secondaries of typgroduced in
interactions of primaries of type: were calculated using 0.90 -
the MC technique and a special smoothing procedure was | |
applied to eliminate the influence of statistical fluctuations. 14 15 16 17
Other EAS characteristics (electron and muon numbers) were lg Eo, eV

computed as functionals from, (E, X) (see Bossard et al.

(2001)). The method employed enables to obtain average

EAS characteristics within- 1% accuracy. As the num- Fig. 1. NEXUStq QGsJETratio for electron anq muon r'1umb'ers at
ber of discretized energies is propotionalltof the com- sea level vs. primary energy. 1—cross-sections are identical, 2—
puting time appears to be quite negligible when compared®™0SS-Sections are different.

to the direct MC approach. It is worth noting that in some

cases the knowledge of the average EAS behavior is quifemes(NEXUS)—Xumax(QGSIE, g/cm?
sufficient to analyze experimental data or to compare predic- 30 . .
tions of different models. Thus calculated shower maximum

depthes were compared with experimental data to obtain the
information on the primary mass composition near the knee 5 | |
(see Bossard et al. (2001)).
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3 Comparison of NEXUS and QGSJET predictions

Some dependencies of EAS characteristics on the depth for
a set of primary energies were presented in (Bossard et al.,
2001). Itis also of interest to compare the predictions of
the NEXUS and QGsJETmodels as the latter one was fre-
quently used in calculations at super-high energies. The re-
sults of this comparison are shown in Fig. 1 for electron andrig. 2. Difference ofNEXUS andQGSJETShower maxima vs. pri-
muon (£, > 1GeV) numbers at sea level and in Fig. 2 for mary energy. 1—cross-sections are identical, 2—cross-sections are
shower maxima. Label 1 corresponds to the assumption thatifferent.

only inclusive spectra of hadrons are different whereas cross-

sections are the same as in thesJeTmodel (see Kalmykov It may be also of interest to explore how the distribution
et al. (1997)). Label 2 marks results obtained with different of the projectile energy between hadrons and gammas influ-
cross-sections. (TheeXus model predicts higher values of ences on EAS characteristics. Fig. 3 demonstrate$us
cross-sections at energies abagé* eV.) As there is no es- model predictions for some EAS characteristics at sea level.
sential discrepancy betweerssJETandNEXUS predictions  The value of K, incorporates results of® and, decays

| |
14 15 16 17
lg Eo, eV
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and also some minor contributions. The influencefof  the distribution tails.

enhancement is rather well pronounced for hadrdns ¢ A number of additional blocks may be introduced to

50 GeV) and muons but may be neglected for electrons. Itvide calculations of necessary EAS characteristics (e. g

is essential to note that there are practically no variations obrescence and cherenkov light).
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and time delays. The results must be tabulated. It is essen-
tial to generalize cascade equations and their solutions from
one-dimensional case described in (Bossard et al., 2001) to
full three-dimensional cascades. In doing so one can em-
ploy the results of the standard ajoint equation approach (see
Lagutin (1993)) to treat electron-photon cascades.

The second block is the explicit MC simulation of the high
energy part of the cascade (for particles with energigs <
E < Ep) using theNeEXUs model. It is important that one
may neglect scattering angles and employ one-dimensional
procedure adsy,, is sufficiently high. The calculation of
EAS components for individual showers is realized by sum-
ming up all partial contributions. As a rule these contribu-
tions should be obtained by interpolation from the tables but,
in principle, it is possible to solve cascade equations for ran-
dom initial conditions representing individual showers.

It is also possible to employ pretabulated MC results for
low energy cascades (below some vallyg,, < En.). These
cascades should be simulated as in ¢tliRSIKA program.
The comparatively small time needed for simulations of low
energy cascades could ensure necessary statistics of individ-
ual histories and thus achieve precise enough description of



