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Abstract. The air shower simulation program CORSIKA
is used to study the cascades initiated by the highest-energy
cosmic rays. Due to different detection techniques of cur-
rent experiments, the shower simulation should provide all
necessary information on the production of fluorescence and
Cherenkov photons during the cascade development and on
the particle component reaching observation level. Addition-
ally, the amount of CPU time and disk space should allow
for the production of a large number of events to investigate
shower fluctuations and the dependence on primary param-
eters. With respect to these requirements, the present COR-
SIKA usage is summarized with special focus on the appli-
cation of particle thinning. A basic method to treat weighted
particles in the detector simulation is proposed. Extensions
concerning the fluorescence and Cherenkov light description
are discussed. First results on the distribution of the energy
deposit of charged particles in air showers, which is closely
connected to the fluorescence light production, are given.

1 Introduction

The Auger experiment (Auger Collaboration, 1997) begins
the exploration of the highest-energy cosmic rays with a pro-
totype installation. Parallel to first measurements, a large
data base of simulated extensive air showers (EAS) is pre-
pared using the CORSIKA code (Heck et al., 1998). Since
the detailed simulation of all produced secondary particles
(of the order of1013 secondaries in a1020 eV shower) is
impossible, thinning techniques are applied. Generation and
transport of individual fluorescence and Cherenkov photons
is also prohibited by the huge number of photons, exceed-
ing the particle number by more than 3 orders of magnitude.
Thus, to allow for a realistic simulation of fluorescence and
Cherenkov light CORSIKA is being extended to enable a de-
tailed mapping of the longitudinal cascade development.

In the first part of the paper, the current philosophy and
experiences for preparing a CORSIKA shower library are
described. Especially, aspects concerning the technique of
particle thinning are discussed. In the second part, the sta-
tus and first results of extracting information on fluorescence
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and Cherenkov light production are presented.

2 Shower generation

2.1 CORSIKA

CORSIKA is an open program package for performing a
complete 4-dimensional simulation of air showers with pri-
mary energies from sub-TeV to>1020 eV. For the treat-
ment of particle interactions, external state-of-the-art codes
are employed. Electromagnetic interactions are simulated
using a tailer-made version of the EGS4 code (Nelson et al.,
1985). Due to the large theoretical uncertainties in the de-
scription of hadronic interactions, different high-energy and
low-energy hadronic interaction models are to the user’s dis-
posal. For a recent model comparison, see Heck et al. (2001).

The usage of CORSIKA in connection with experiments
of completely different detection techniques and simula-
tion requests (e.g., arrays measuring the electromagnetic,
muonic, and hadronic component, Cherenkov and neutrino
telescopes,µ+/µ−-charge ratio measurements) guarantees
continuous critical checks, improvements, and extensions
both of the simulation code itself and, by comparing with
measurements, of the physics implemented. For the simula-
tion of the highest-energy cosmic rays, the LPM effect (Lan-
dau and Pomeranchuk, 1953; Migdal, 1956) and techniques
of particle thinning (see chapter 2.2) have been implemented
(Heck and Knapp, 1998). Three hadronic interaction mod-
els reach to the highest energies: QGSJET 01 (Kalmykov et
al., 1997; for the recent modifications, see Heck et al., 2001),
DPMJET II.5 (Ranft, 1999), and SIBYLL (Fletcher et al.,
1994; Engel et al., 1999). Cherenkov light production is pos-
sible. The energy deposit of charged particles is calculated
for the subsequent modeling of the fluorescence light pro-
duction.

2.2 Particle thinning

To keep the CPU times and particle output files in reasonable
limits, for the simulation of highest primary energies thethin
samplingoption is available in CORSIKA. When activated,
this option does not treat in detail all secondary particles, it
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samples “representative” particles which are followed further
on and weighted accordingly, while the bulk of particles is
discarded (Hillas, 1997). This thinning starts at a selectable
fraction of the primary energy. The additional use of an opti-
mum weight limitation for the particles leads to a much bet-
ter simulation performance (Kobal et al., 1999) in terms of
decreased additional (“artificial”) fluctuations, introduced by
thinning, and computing time. Especially, optimal thinning
includes different weight limits for the electromagnetic com-
ponent compared to the muonic and hadronic ones.

For illustration, let’s suppose a primary energy ofE0 =
1019 eV and an optimized thinning of10−6. Then, a de-
tailed simulation is performed down to particle energies of
1013 eV. Below this energy the thinning algorithm is em-
ployed until a weight limit is reached ofE0/GeV · 10−6 =
104 for electromagnetic particles and of102 for muons and
hadrons. Below these energies, i.e. about109 eV (e/γ) and
1011 eV (µ/had), again the detailed simulation starts un-
til simulation threshold.1 Using instead a thinning of10−7

withoutweight limits, particles with weights up to107 (e/γ)
and104 (µ/had) are produced. The latter method will suffer
from much larger artificial fluctuations. Also when compar-
ing the data output, it is evident that the typical file size of
'350 MB (per shower!) with optimized10−6 thinning yields
a much better shower representation compared to'20 MB
using10−7 thinning only.2 Thus, for achieving best perfor-
mance in terms of good data quality and small computing
time, the use of optimized thinning is of crucial importance.

However, special care must be paid to control and perhaps
a posteriori decrease the influence of artificial fluctuations
introduced by thinning. Also, it is not evident how to treat
weighted particles in a detector simulation. The statistical
uncertainty in, e.g., the particle number in a given area is

σN =
√
〈N2〉 − 〈N〉2 =

√√√√〈( n∑
i=1

wi

)2

〉 − 〈
n∑
i=1

wi〉2 (1)

for n particles with individual weightswi which represent
N =

∑
i wi particles. Denoting the average particle weight

for an individual event asW = 1
n

∑
i wi, from (1) we gain

σN =
√
〈n2W 2〉 − 〈nW 〉2 . (2)

This formula takes a very simple and easily understand-
able form when considering the particle weights to be con-
stant,W = const, and assuming that the fluctuations of the
number of “thinned” particlesn obey Poisson statistics, i.e.
σn =

√
〈n2〉 − 〈n〉2 =

√
〈n〉. Then from (2) we obtain

σN = W
√
〈n〉 =

√
W 〈N〉 . (3)

Thus, large weights result in huge artificial fluctuations ex-
ceeding by far the “natural” ones, which consist both of
shower-to-shower and of physical Poissonian fluctuations.3

1Usually 100 keV fore/γ and 100 MeV forµ/had.
2CPU times are only doubled for optimized10−6 thinning.
3Natural and artificial fluctuations in the Auger surface detector

are discussed in detail by Billoir (2001).

The artificial fluctuations reduce to the physical Poissonian
of the “real” particle numberN , σN →

√
〈N〉, only in the

limit W → 1.
To a posteriori decrease the artificial fluctuations, parti-

cles are collected from an areaAcoll much larger than the
detector areaAdet (typically of the order of 10 m2). The
weights then are rescaled according to the ratio of both ar-
eas,wnewi = wi · (Adet/Acoll). Limitations of this method
are given by the effect of smoothing over the collecting area
which contains both lateral gradients of densities, time delays
etc. (which, to some extent, can be accounted for), larger-
scale granularities and correlations of particles coming from
the same subshower. To keep the collecting area and such
effects small, again the use of optimal thinning is important,
since larger particle weights require a larger collecting area.
The approach used in the current Auger surface detector sim-
ulation and corresponding limitations are described by Bil-
loir (2000).

To avoid rescaled weightswnewi > 1 and duplication of
(perhaps “fractional”) particles for a detector simulation, the
following method might be appropriate. The collecting area
is chosen to be

Acoll = wmax ·Adet ⇒ wnewi ≤ 1 for all particles. (4)

Now, the interpretation of the weightswnewi ≤ 1 is the prob-
ability of the particle to be considered in the detector sim-
ulation. Optimal thinning with limitedwmax could assure
thatAcoll is reasonably small. In the aforementioned case of
optimal10−6 thinning withE0 = 1019 eV, a collecting area
of 104 · Adet would be sufficient fore/γ, for µ/had even
only 102 · Adet. Without optimal thinning the collecting ar-
eas typically are considerably larger even when particles with
weightswnewi > 1 are allowed (Billoir, 2000).

2.3 Shower Library

For the interpretation of the Auger data, a shower library is
prepared at the computing center of IN2P3 in Lyon (France).4

The typical production rate is 80−100 GB/week using simul-
taneously'30 Linux 750 MHz Pentium Processors. This
corresponds to roughly 2000 (200) highest-energy showers
of optimized10−5 (10−6) thinning per week. The files are
stored in a mass storage. Some shower information like the
longitudinal energy deposit, are kept in small size files on
local disk to allow conveniently some analyses.

Apart from simulation runs with specific parameter require-
ments, the current simulation strategy is twofold: Firstly,
showers of (different) fixed primary energy and zenith angle
are calculated with very good thinning quality of optimized
10−6 thinning. The energy - zenith angle combinations are
chosen to cover in particular the parameter ranges impor-
tant for the Auger Engineering Array. These showers, for
instance, might be used to obtain shower parametrizations.
Secondly, a non-discrete primary parameter distribution is
chosen. The primary energies follow a power law (differen-
tial index of -2.0) with zenith angles out to 60◦. To achieve

4See http://webcc.in2p3.fr/ for more information on CC-IN2P3.



524

distance to shower axis (m)

pa
rt

ic
le

 d
en

si
ty

 (
m

-2
)

electrons + positrons

muons

750 g/cm2

300 g/cm2

10
-2

10
-1

1

10

10 2

10 3
�

10 4

10 5
�

10 6
�

10 7

0
�

250 500
�

750 1000 1250 1500 1750 2000

Fig. 1. Particle densities ofe± andµ± for proton primaries ofE0 =
1019 eV at two different atmospheric levels.

high statistics for these showers an optimized10−5 thinning
is used. For both strategies different primary particles as pro-
tons, iron nuclei, photons, etc. are simulated and the statistics
is permanently increased.

As hadronic interaction model, QGSJET 01 is employed
because analyses, though at smaller primary energies, have
shown that this model provides the best overall description
of EAS data (see, e.g., Antoni et al., 1999).

3 Fluorescence and Cherenkov light treatment

Two problems arise when treating fluorescence and Cheren-
kov light, observable by optical telescopes, in an air shower
simulation: Firstly, a realistic transport description has to
take atmospheric conditions as ozone or aerosol concentra-
tions into account which vary with time. Thus, to allow a
reuse of a (time-intensive!) air shower simulation, informa-
tions on the light production are given. The atmospheric
transport is subject to a separate program. Secondly, the
number of optical photons exceeds by orders of magnitudes
the particle number and prohibits an individual considera-
tion. A method to account for this is the extraction of detailed
information for a limited number of levels of the cascade de-
velopment (longitudinal mapping).

In the following, for vertical showers ofE0 = 1019 eV,
particle distributions are compared at atmospheric depths of
300 g/cm2 and 750 g/cm2 (close to shower maximum).5 In-
sights into the light production can already be gained by in-
vestigating the emitting particles (chapter 3.1). More di-
rectly, the energy deposit of charged particles (for fluores-
cence, chapter 3.2) and the Cherenkov routines available in
CORSIKA can be used (chapter 3.3). Apart from the pos-
sibility to study the shower physics of highest-energetic cas-
cades in general, the technique of longitudinal mapping might
help to look for suitable parametrizations and/or provide in-
formation in each single shower for a realistic fluorescence

5Optimal10−6 thinning, average of 8 proton and 4 iron induced
showers, respectively.
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Fig. 2. Angular distribution (area normalized to one) ofe± for pro-
ton and iron primaries ofE0 = 1019 eV at two different atmo-
spheric levels.

and Cherenkov light treatment.

3.1 Emitting particles

In figure 1, particle lateral distributions are displayed. The
particle number increase withX (atmospheric depth) can be
seen. As expected, the muon lateral distribution is flat com-
pared to that ofe±. The shape especially of thee± lateral
distribution depends only weakly onX which is related to
the smaller amount of matter per unit length at smallX. The
angular distributions ofe± are given in figure 2. With in-
creasingX, larger angles are more frequently. About 13.2 %
(17.1 %) of the particles have angles> 30◦ at 300 g/cm2

(750 g/cm2). The distributions for iron and proton primaries
resemble each other. Finally, from the energy spectra shown
in figure 3, the reduction of the average energy ofe± and of
the number of high-energye± with increasing depth is vis-
ible. For iron primaries, the earlier development leads to a
higher particle number at 300 g/cm2, and the smaller energy
per primary nucleon results in less high-energetice±.

3.2 Fluorescence light

The production of fluorescence photons is closely connected
to the energy deposit of charged particles in air (Kakimoto et
al., 1996). CORSIKA tabulates the energy deposit of the dif-
ferent particle components as a function ofX, usually in lay-
ers of thickness 5 g/cm2 (adjustable). In this approximation
of a shower as a 1-dimensional line, the subsequent calcu-
lation of the fluorescence production is possible, taking into
account temperature and pressure dependences etc. of the
fluorescence yield (Kakimoto et al., 1996). To study the real
size and the time-dependent signal of a shower as seen in the
fluorescence light, figure 4 shows the development of the lat-
eral energy deposit generated bye±. Similar to the results of
figure 1, the shapes do not depend significantly on the depth.
While at smallerX, due to the earlier development, the en-
ergy deposits from iron primaries exceed on average those
from protons, they resemble each other at larger depths for
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Fig. 3. Kinetic energy spectra ofe± for proton and iron primaries
of E0 = 1019 eV at two different atmospheric levels.

distances out to a few 100 m.

3.3 Cherenkov light

With enabled Cherenkov option, CORSIKA calculates the
number and emission direction of the Cherenkov photons in
the chosen wavelength interval produced by the individual
particles (which might have weights). The photons can be
grouped to bunches of adjustable size (analogous to particle
weights) with a common emission direction for the bunch.
The idea currently followed is to activate the Cherenkov rou-
tines in CORSIKA for several small atmospheric layers
(thickness of the order 1 g/cm2). In these layers, correlated
properties of the produced Cherenkov light are extracted, e.g.
emission angles as a function of distance to shower axis.

4 Summary and outlook

The features of CORSIKA with respect to the simulation of
the highest primary energies, and first experiences in prepar-
ing a mass production have been discussed. Special attention
was paid to the question of particle thinning. Using weight
limitation in terms of optimal thinning leadsa priori to re-
duced artificial fluctuations.A posteriori, it is expected to al-
low a better reduction of artificial fluctuations and an elegant
method to treat particle weights in a detector simulation. In
this method, the rescaled weights are≤ 1 and are interpreted
as accepting probabilities. Further and more quantitative in-
vestigations are needed.

Currently, CORSIKA is extended to allow a detailed map-
ping of the longitudinal shower development. In particular,
this aims to provide the necessary informations on fluores-
cence and Cherenkov light production. Thus, subsequently a
realistic propagation of the light through the atmosphere and
a detector simulation can be carried out.
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