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Introduction

Cosmic rays (CR) are the matter particles coming from the outer space and
continuously bombarding the Earth atmosphere. They were first discovered
in 1912 by Austrian physicist Victor Hess [1], who during several balloon
flights observed that ionization of the air is increasing with the altitude.
This could not be explained with natural radiation from Earth’s crust. His
conclusion was that radiation has its source in the outer space. Robert
Millikan confirmed Hess discovery in 1925 and introduced the name “cosmic
rays”. Victor Hess received the Nobel Prize in Physics in 1936.

This discovery opened a new fruitful field of research in physics. In the
late 1920s it was discovered by Jacob Clay that cosmic radiation consists,
to some part at least, of charged particles. In the late 1930s the coinci-
dence of signals from separated detectors was observed. This measurement
lead to the development of the idea of an extensive air shower (EAS) [2]:
charged particles that are ionizing the atmosphere are particles of the cas-
cades generated by the interaction of high energy primary particles with air
nuclei.

In the late 1940s measurements obtained with detectors attached to high-
altitude balloons revealed the nature of primary particles. Most of them
occur to be hydrogen and helium nuclei and abundance of other elements is
very similar to that in the solar system.

Today the term “cosmic rays” refers to nuclei of elements, electrons,
positrons and photons. Their energies range from a few GeV to more than
1011 GeV and their flux decreases within this energy range by 32 orders of
magnitude.

Due to this steep energy spectrum direct investigations of CR are only
possible to an energy slightly above 1014 eV. At higher energies the CR
measurements become indirect, by means of studying the EAS phenomenon.

Large detector arrays have been built all over the world to study var-
ious components of EAS at different observation levels. Reconstruction of
shower parameters allows to infer the properties of primary cosmic ray par-
ticles: their masses and energies, possibly the mechanisms of their acceler-
ation and propagation, as well as to search for the sources of their origin.
However, this inference relies heavily on the computer simulations of EAS
development using the hadronic interaction models in the kinematical re-
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2 Introduction

gions not accessible for accelerator measurements. The KASCADE-Grande
EAS experiment, which is the experimental environment of the investiga-
tions presented in this work, is a classical example of such installations.

Due to the efforts of many research teams all over the world, especially
in the last few decades, our knowledge on CRs became quite substantial.
However, there are still many uncertainties and question marks. In the 2008
ASPERA 1 Road Map document “The European Strategy in Astroparticle
Physics” (updated in 2011) the investigation of the high-energy Universe
by studying CRs addressed by one of the six basic questions, finding the
answer to which has the priority in the research in Europe in the next 10 to
15 years. The question reads: “What is the origin of cosmic rays? What is
the view of the sky at extreme energies?” The other five topics cover search
for dark matter, gravitational waves, proton life-time and investigations of
neutrino properties.

These question marks exist not only at highest energies, but also in
the range covered by KASCADE-Grande, i.e. 1016 eV–1018 eV. The actual
shape of the energy spectrum and the primary mass composition there is a
hot topic of scientific investigations and discussions.

In the CR research with EAS technique it is important to measure
and analyze as many of the shower parameters as possible, what allows
to cross-check the obtained results of shower properties and the validity
of hadronic interaction models (a key aspect in CR research, as it will be
shown in the following). The KASCADE EAS experiment, a predecessor of
KASCADE-Grande, was therefore supplemented with a large streamer-tube
Muon Tracking Detector (MTD) in order to investigate shower properties
with the muon tracking technique, in addition to the standard investigation
with the scintillator array.

The investigation of the EAS longitudinal development, using the tracks
of shower muons registered in the MTD, in order to contribute to the devel-
opment of hadronic interaction models and to the determination of primary
mass composition was the goal of the presented work.

In Chapter 1 basic elements of cosmic ray physics in the KASCADE-
Grande range of energies are introduced. The energy spectrum of cosmic
rays and its features are described. A short characteristics of models that
can explain the shape of the spectrum is presented. General features of
extensive air showers are discussed and methods of their detection are shortly
introduced.

In Chapter 2 extensive air shower simulations in context of KASCADE-
Grande experiment are introduced. A short description of high energy
hadronic interaction models used in EAS simulations in KASCADE-Grande

1ASTroParticle ERA net – a network of national government agencies responsible for
coordinating and funding national research efforts in Astroparticle Physics within the
European Research Area (ERA) net scheme of the European Commission.
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is presented.
Chapter 3 contains the description of the KASCADE-Grande EAS ex-

periment. A short characteristics of each component is given. The proce-
dures used to reconstruct air shower parameters and obtained reconstruction
quality are presented.

Chapter 4 is devoted to the detailed description of the Muon Tracking
Detector. Its design, operation and procedure of track reconstruction is
presented.

In Chapter 5 selection of showers and muon tracks is described. General
criteria used in selection of showers and muon tracks applied to measured
and simulated data are given.

The following chapters contain results of the investigation of : the lateral
muon density distributions (6), pseudorapidity of EAS muons and its sensi-
tivity to the primary CR mass composition (7 and 8), and muon production
height (9). In each chapter the details of the analysis are presented (shower
and muon track selection), followed by results and conclusions.

The results of the thesis are summarised in chapter 10.
Appendices contain additional information and analysis results discussed

in chapters from 5 to 9.



Chapter 1

Cosmic rays and Extensive
Air Showers

Energetic cosmic ray particles entering the Earth atmosphere and initiating
there a cascade of photons, leptons, muons and hadrons are called primary
CR particles. All the other are secondaries. The properties of the primaries
carry the astrophysical and cosmological information. They are indirectly
inferred from the precise measurements of secondaries and involved theoret-
ical assumptions on the development of shower cascades. The observations
of secondaries in EAS, at the same time, allow to test and improve hadronic
interaction models describing this cascade development.

1.1 The primary energy spectrum of cosmic rays
The CR spectrum extends over wide range of energies, exceeding 1020 eV, an
energy larger by several orders of magnitude than the energies available in
the current and future accelerators. The flux changes from ≈ 1000 particles
per m2 per second at 109 eV to ≈ 1 particle per km2 per century at the
highest energies. The spectrum can be described by a simple power law:

dI/dE ∼ E−γ (1.1.1)

In Fig. 1.1.1 a differential cosmic ray all-particle spectrum multiplied
by E2.5, as measured by the indicated EAS experiments, is shown. One can
distinguish there several features. First, the spectral index γ changes from
2.7 to 3.1 at the energy ≈4 × 1015 eV forming a structure, known as the
Knee. Just recently first analysis of KASCADE-Grande data [3] resulted
in a knee-like feature at around 8 × 1016 eV caused by steepening in the
spectrum of heavy primary cosmic rays by ∆γ ≈ −0.2, known as the Iron
Knee. In the transition region from galactic to extragalactic origin of cosmic
rays a small kink in the spectrum at around 5− 7× 1017 eV, as indicated by
observations by Akeno [4] and HiRes [5] and named as Second Knee [6, 7].
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1.1. THE PRIMARY ENERGY SPECTRUM OF . . . 5

Figure 1.1.1: All-particle differential cosmic ray energy spectrum.

Then, at about 5×1018 eV a flattening of the spectrum is observed with the
index back to ≈ 2.7, known as the Ankle. At around 5×1019 eV a rapid
cut-off of the spectrum begins, predicted by Greisen-Zatsepin-Kuz’min [8,9]
(GZK cut-off ) resulting in a very scarce population of the events in the re-
gion above 1020 eV.

The main features of the CR spectrum are described by the Standard
Model of Cosmic Rays [10]. The CR originate in the explosions of super-
novae. In our Galaxy there are on average three such explosions per century.
To explain the observed cosmic ray flux only a few percent of the energy
generated in the explosion is necessary.

The fundamental process that explains how particles are accelerated is
called the Fermi acceleration. In 1949 [11] Fermi has shown that charge par-
ticles gain energy by multiple reflections from the “magnetic mirrors”, being
moving interstellar magnetized clouds. The gain in energy is proportional
to the cloud velocity squared, hence, this process is now called second-order
Fermi acceleration.

In 1977 [12], it was shown that Fermi acceleration by supernova rem-
nant shocks, the diffusive shock acceleration, is particularly efficient. In a
shock front the two regions with different characteristic of magnetic field
are created. A particle of matter may traverse a shock front several times.
When the particle is reflected at either side by a diffusive scattering it gains
energy proportional to the speed of the shock wave, therefore this process
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is called first-order Fermi acceleration. Both acceleration mechanisms lead
to a resulting power-law energy spectrum with the index around γ=2. Dur-
ing propagation the energy of CR particles changes in various energy-loss
processes, collisions and decays. This is the reason why the spectral index
observed at Earth is not γ=2 but γ=2.7.

The termination shocks of stellar or galactic wind are the other cosmic
sources which exhibit shock fronts [13,14]. Also interaction between a pulsar
and the atmosphere of the companion star in binary systems may exhibit
shock fronts [15]. It has been estimated that the mentioned objects are able
to accelerate cosmic rays up to 1016 eV and are contributing to the galactic
component of CR. Higher energies can be achieved when particles interact
with shock fronts in relativistic jets from Active Galactic Nuclei (AGN, [16]),
giant supernovae or polar caps of fast rotating pulsars. Some of these ob-
jects are considered as possible sources of extragalactic CR.

The Knee feature was first discovered in EAS measurements in 1958 [19]
and became a matter of many-decades-long research. Only 50 years later
it was found that the Knee in the cosmic ray spectrum is caused by the
steepening of the spectra of light primaries [17] (Fig. 1.1.2, top panel). Si-
multaneously, the KASCADE experiment has shown the individual mass
groups spectra [18] with a decrease of flux in the Hydrogen and Helium
spectra in the Knee region (Fig. 1.1.2, bottom panel). There are several
models interpreting this behaviour.
• One group of models gives an astrophysical explanation and relates the
Knee to the rigidity dependent properties of the magnetic confinement
of CR particles. Energy gained by the particles during acceleration
process is limited and proportional to the charge of the element. In
addition, particle Larmor radius (proportional to particle energy and
inversly to charge Z) becomes larger that the thickness of the galactic
disk, they start to escape from the Galaxy. The Knee position is then
rigidity dependent [17,18].
• Particle physics type explanations introduce new interaction mecha-
nisms, not considered by the hadronic interaction models in the devel-
opment of EAS, like new interaction channels and/or creation of new
heavy particles, see [20, 21]. A predicted consequence of those models
is that the position of the Knee should be mass number A dependent
(not charge Z dependent).
• A single, near and relatively young supernova remnant could be re-
sponsible for the shape of the spectrum around the Knee. Particles
accelerated in its shock wave are superimposed on a featureless cosmic
ray background from several distant sources [22].

Observation of the Iron Knee [3] favours the rigidity dependent Knee re-
sulting both from reaching the maximum energy of the galactic CR accel-
erators and the leakage from the Galaxy during the CR propagation to the
Earth [23].
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Figure 1.1.2: Top panel: the cosmic ray energy spectrum measured by EAS-
TOP and Macro for the light and heavy primaries separately [17]. The break in the
spectrum of light primaries is visible at the Knee energy. Bottom panels: the cosmic
ray energy spectrum of different primary mass groups obtained at KASCADE with
the unfolding method [18].

The shape of the cosmic ray spectrum above the Knee can be interpreted
by increasing contribution of particles reaching Earth from outside of our
Galaxy. Currently, two models are being investigated:

• According to the “Dip model” by Berezinsky et al. [24] the galactic
component breaks down around 1017 eV and extragalactic component
containing protons becomes dominant at ≈ 1018 eV. Protons are accel-
erated by relativistic jets (like in AGNs). The observed Ankle is caused
by the interaction of protons with the cosmic microwave background
(CMB).
• The “Hillas model” [25] predicts that the galactic component extends
up to 1018 eV and the transition to extragalactic component occurs at
the Ankle. He proposed in addition to the standard SNR component, a
component B of cosmic rays of galactic origin. This component would
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also experience a charge dependence of break-offs, but now shifted
to approximately ten times higher energy. As a result, the transition
occurs at the Ankle and the Second Knee would by a feature of compo-
nent B. In this approach the mixed composition of cosmic rays should
be seen up to E≈ 1018 eV.

The cut-off present at the high-energy end in the particle spectrum, and
now confirmed by Pierre Auger Observatory [26], is interpreted as a strong
suppression of cosmic ray flux due to the production of pions in the inter-
action of particles with CMB (GZK cut-off) or by reaching an upper energy
limit in the accelerating sources.

1.2 The mass composition of cosmic rays
Direct measurements of CR particles up to energy 1014 eV revealed their
mass composition. They consist of about 98% of hadrons and 2% of elec-
trons and photons. The hadronic component is composed of 87% protons
and 12% helium nuclei. The rest consists of fully ionized nuclei of heavier
elements. The relative abundance of the elements in CR and solar system
normalized to silicon is presented in Fig. 1.2.1. All elements present in cos-
mic rays are also present in the solar system. This suggests that CR are
ordinary matter being produced by nucleosynthesis in stars and accelerated
to high energies.

Cosmic rays contain less H and He than the solar system, which sug-
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Figure 1.2.1: Abundance of elements in cosmic rays as function of their nuclear charge
number Z at energies around 1 GeV/n, normalized to Si = 100 [27]. Abundance for nuclei
with Z628 according to Ref. [28]. Heavy nuclei as measured by ARIEL 6 , HEAO 3 ,
SKYLAB , TIGER , TREK/MIR , as well as UHCRE . In addition, the abundance of
elements in the solar system is shown according to Ref. [29]. From Ref. [23].

gests that relatively small amount of these elements (compared with their
estimated total abundance) is being ionized and accelerated in the place of
origin.
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Two groups of elements are more abundant in cosmic rays than in solar
system: Li, Be, B and Sc, Ti, V, Cr, Mn. This can be explained with the
spallation processes during propagation of the CNO group at lowers masses
and of Fe at higher masses.

Above 1014 eV the direct detection of CR is not possible because of the
low flux. That is why large detector arrays has been build all over the world
to study the CR using the phenomenon called extensive air showers (EAS).
Reconstruction of the shower parameters allows to study the CR mass com-
position either by relative abundances of several mass groups [18] or via
the quantity called the mean logarithmic mass 〈lnA〉. The 〈lnA〉 of the CR
particles can be estimated either from EAS electrons, muons and hadrons at
the observation level (Fig. 1.2.2) or measurements of the shower maximum
Xmax(Fig. 1.2.3).

There is large discrepancy in behaviour of the 〈lnA〉 derived from the
average Xmax and from measurements of electrons, muons and hadrons. In
Fig. 1.2.3 the 〈lnA〉 is decreasing up to the energy 4×1015 eV and then
above 3×1016 eV. In the intermediate energy range the 〈lnA〉 is increasing
with energy. This is not consistent with the behaviour of the 〈lnA〉 derived
from particle detector measurements (Fig. 1.2.2).

As further studies show (see [30, 31]), interpretation of the data with
other commonly used models of high energy hadronic interactions (QGSJetII,
SIBYLL) do not change the situation qualitatively. Observed discrepancies
can be reduced by introducing modifications (in case of QGSJet01 model:
reduction of the inelastic cross section and/or increasing values of the elas-
ticity of hadronic interactions).

In the next chapters of this thesis it will be shown that pseudorapidity
of EAS muons calculated from muon direction with respect to the shower
axis is a mass sensitive parameter and can be used to estimate the mean
logarithmic mass. In KASCADE-Grande experiment muon directions are
reconstructed with the Muon Tracking Detector with high accuracy. The
muonic component of EAS will be described in the next section. Here it is
important to point out that the muons carry information about high energy
interactions and development of the shower in the atmosphere, thus muon
tracking provides a cross-check of the results obtained with the charged
particle detector arrays.

1.3 Extensive Air Showers

When CR particles reach the Earth’s atmosphere they interact with its
constituents, mainly with Nitrogen and Oxygen nuclei. This leads to mul-
tiple production of secondary particles: mesons, baryons, hyperons, nuclei
fragments, etc. Secondaries with enough energy will continue their path
through the atmosphere and interact further, producing mainly pions and
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Figure 1.2.2: Mean logarithmic mass of cosmic rays derived from the measure-
ments of electrons, muons, and hadrons at ground level. The hadronic interaction
models QGSJET 01 and SIBYLL are used to interpret the measurements. From
Ref. [23].

Figure 1.2.3: Mean logarithmic mass of cosmic rays derived from the average
depth of the shower maximum. The hadronic interaction model QGSJET 01 is
used to interpret the measurements. From Ref. [23].

kaons. New particles in the cascade are being produced as long as the aver-
age energy per particle is above the specific energy threshold for production.
After reaching a maximum in the development, the number of particles in a
shower is decreasing and constituents of the cascade loose their energy.
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One can distinguish three main components of an extensive air shower:
hadronic, electromagnetic and muonic. General scheme of EAS develop-
ment is shown in Fig. 1.3.1. The hardonic component feeds the muonic and
electromagnetic components.

Figure 1.3.1: General overview of EAS components.

1.3.1 The hadronic component

Cosmic ray particles collide with constituents of the Earth’s atmosphere,
mainly with Nitrogen and Oxygen nuclei, after travelling a depth λ, with a
probability:

P (λ) = 1/λinte(−λ/λint) (1.3.1)

where, λint=A/(Nσ(E)) is a mean free path (≈90 g/cm2 for proton), A is a
mass number, N is Avogadro constant and σ(E) is a cross section.

In case of a proton with energy ≈1015 eV, the first interaction takes
place, on average, at ≈20 km above sea level, but some particles can reach
even 10 km deeper before the first collision. In case of heavy cosmic ray
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nuclei, like Iron, the first interaction takes place, on average, higher in the
atmosphere, because the cross-section for the interaction is larger.

The secondary hadrons produced in the first interaction (mainly neutral
and charged pions, kaons, baryons like protons and neutrons, and nuclear
fragments) that live long enough to undergo further interaction are a source
of new generation of secondaries. The consecutive interactions take place
creating a hadronic cascade. The number of hadrons increases with atmo-
spheric depth, reaches its maximum and then decreases exponentially. The
atmosphere provides an average thickness of 11 hadronic interaction lengths.

The secondary hadrons have relatively low mean transverse momenta, of
about 400 MeV/c, therefore, highly energetic hadrons create a shower core
of a radius of about 20 meters (called the shower axis) that propagates along
the direction of the primary particle.

The hadronic component being a source of other shower components
constitutes on ground about 1% of the total number of all secondary parti-
cles.

1.3.2 The electromagnetic component

The decay of the neutral pions contributes mostly to the electromagnetic
component of the shower. Neutral pions decay predominantly into two pho-
tons. Those photons have enough energy to create electrons and positrons
via pair production. Created leptons loose their energy via bremsstrahlung
process, creating photons. These two processes alternate leading to the
development of the electromagnetic cascades that develop as long as the
energies of the photons have large enough energy for pair production and
the probability of bremsstrahlung process is higher than the probability of
ionization losses for electrons.

The longitudinal development of the cascade induced by the photon of
energy E0 can be described by [32] :

Ne(E0, t) = 0.31√
β0
exp

[
t

(
1− 3

2 lg(s)
)]

(1.3.2)

where β0 = lg(E0/Ec), t is atmospheric depth, s = 3t/(t+2β0) is the shower
age. At the maximum of the shower development s=1. Before the maximum
s<1, and after s>1. A critical energy Ec is the energy at which the energy
loss rates due to ionization and due to bremsstrahlung are equal.

Created neutral pions feed the electromagnetic cascades with new par-
ticles. That is why the number of electrons, positrons and photons in the
shower grows rapidly making this component the most numerous in the
shower. The lateral spread is dominated by the multiple Coulomb scatter-
ing of the electrons that is characterized by Moliere radius rM, being equal
to 9.5 g/cm2 (∼100 meters at see level) for electrons in air.
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The lateral distribution function for a pure electromagnetic cascade in
a homogeneous atmosphere is well described by the Nishimura-Kamata
Greisen (NKG) formula [33]:

ρ(r) = C(s)
(
Ne

r2
M

)(
r

rM

)s−2 ( r

rM
+ 1

)s−4.5
(1.3.3)

where shower age 0<s<2 and C(s) is a normalization constant.

It is important to mention three additional components related to the
electromagnetic cascade of the shower:

• fluorescent light that is emitted isotropically by the nitrogen atoms (in
the wavelength of 300-430 nm range) being excited by EAS electrons;
• Cherenkov light, emitted in a narrow cone around the trajectory of the
ionizing particle (mostly electron or positron) that is travelling with a
speed greater than speed of light in air;
• coherent geo-synchrotron radiation (in the radio-frequency band) that
is emitted by the electrons and positrons propagating in the Earth
magnetic field.

1.3.3 The muonic component

The muonic component stems from decays of pions and kaons:

π± → µ± + νµ(ν̄µ) (≈ 99.99%)
K± → µ± + νµ(ν̄µ) (≈ 63.5%)

K± → π0 + µ± + νµ(ν̄µ) (≈ 3.2%)
K0
L → π± + µ± + νµ(ν̄µ) (≈ 3.2%)

High energy mesons not only can decay but also can strongly interact
with constituents of the atmosphere. The competition between the two
processes depends on the lifetime and energy of mesons, as well as the density
of the medium. At constant density the probability of interaction is rising
with increasing energy and chance of decay is reduced by the time dilatation.
This trend is amplified with increasing density of the medium in which
particles propagate.

The most energetic muons (E>100 GeV), that originate from the early
stage of EAS development can travel in straight lines from the place of origin
to the observation level and loose energy (∼1%) mainly through ionization
process. Those particles do not spread significantly because the scattering
is strongly suppressed compared to electrons. Low energy muons created
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Figure 1.3.2: Longitudinal profile of the hadronic, electromagnetic and muonic
component of the shower development. Primary particle was a proton with energy
1014 eV. Number of electrons with energies down to 3 MeV and muons and hadrons
down to 300 MeV as a function of atmospheric depth is presented [34].

in the late stage of the development of the cascade have a large chance to
decay before reaching the observation level.

µ± → e± + ν̄µ(νµ) + νe(ν̄e)

1.3.4 Development of EAS for different primaries

The basic shower development can be described with lateral and longitudi-
nal distributions. The way the number of secondaries changes as a function
of the atmospheric depth is reflected in the longitudinal development of an
air shower, while the lateral distribution describes the particle densities as a
function of the distance from the shower axis. These descriptions show dif-
ferent features of the shower, depending on the primary cosmic ray particle
mass A and energy E0.

Figure 1.3.2 shows an example of longitudinal development of all three
components of the shower that developed from interaction of 1014 eV proton
with air. As it was explained in previous section the number of electrons
and hadrons is decreasing fast after reaching the atmospheric depth of max-
imum development of the component (here ∼450 g/cm2 for electrons and
∼350 g/cm2 for hadrons). The number of muons is not changing signifi-
cantly.

The iron primary has greater chance to interact higher in the atmosphere
than proton (see chapter 1.3.1). As a consequence: all three components of
EAS are developing higher for iron then for proton primary. This is reflected
in the lateral and longitudinal distributions of electrons shown in Fig. 1.3.3a
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(a) (b)

Figure 1.3.3: Average lateral (a) and longitudinal (b) distributions for electrons of 50
simulated air showers for different energies and primaries [35].

(a) (b)
Figure 1.3.4: Average lateral (panel a) and longitudinal (panel b) distribution for muons
of 50 simulated air showers for different energies and primaries [35].

and 1.3.3b, and of muons in Fig. 1.3.4a and 1.3.4b. The distributions are
shown for the two types of CR primary and two energies.

At a given energy, the maximum number of electrons and muons is
reached at lower atmospheric depth for iron than for proton primary (see
Fig. 1.3.3b and 1.3.4b). After reaching its maximum the number of parti-
cles is decreasing. The electromagnetic cascade dies out faster because of the
larger content of low energy particles. The content of muons is decreasing
slowly due to energy loss for scattering and consecutive decay. The num-
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bers of particles at atmospheric depth of 1000 g/cm2 (significant for analysis
in the KASCADE-Grande experiment) depend on the cosmic ray primary
type. For iron initiated showers the number of electrons is smaller than
for proton primary while the number of muons is larger. This behaviour of
muonic and electromagnetic component helps to distinguish between iron
and proton initiated showers.

At a given observation level, the differences in EAS development are
reflected in differences in the lateral density distributions of electrons and
muons (Fig. 1.3.3a and 1.3.4a). The proton showers develop deeper in the
atmosphere and more electrons can reach the observation level. Electrons
from iron showers have to travel longer distance in the atmosphere, thus the
electron densities are smaller up to 400 meters. At larger distances, densities
for iron and proton are similar. The muon component develops differently
than the electromagnetic. The iron showers create more muons than proton
ones and more of them can reach the observation level, thus densities from
iron showers are larger than from proton initiated showers.

1.4 EAS detection techniques
To detect particle components of EAS various types of detectors are used:
plastic and liquid scintillators, streamer tubes, multi-wire proportional cham-
bers and water Cherenkov detectors.

In scintillators, a specific fraction of incident energy carried by striking
particles is absorbed and transformed into detectable photons that can be
converted to electric signals, e.g., by photomultipliers.

Streamer tubes and multi-wire proportional chambers are types of gas
detectors. The chamber is filled with a gas mixture and certain electric
field is created by applying high voltage. When ionizing particle is pass-
ing through the volume of the chamber ion-electron pairs are being created.
The ions and electrons drift then under the applied electric field to the elec-
trodes where they are collected. The gas detector can operate in various
modes that are depending on gas mixture and applied high voltage.

In water Cherenkov detector ionizing particles, travelling with a speed
larger than the speed of light in water, are a source of radiation emitted in
a narrow cone around the direction of propagation. This Cherenkov light
can be detected with photomultipliers. Depending on the geometry of the
detector it is possible to detect and distinguish between electrons and muons.

1.4.1 Arrays of particle detectors

As already mentioned the flux of cosmic rays decreases with energy very fast
and above 1014 eV direct measurements are not possible. The most efficient
method of investigation of cosmic rays above this energy is to study EAS
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with arrays of particle detectors. Such an array can occupy an area from
a few hundred square meters to thousands of square kilometers. The size
determines the upper limit of detectable primary energies, which can exceed
1020 eV.

Various types of particle detectors can be used in different organization
schemes. The most popular are single particle detectors, with or without
shielding, made of scintillators or water Cherenkov tanks, particle telescopes
under a shielding and calorimeters.

Experiments built as arrays of particle detectors have many advantages
over other organization schemes. They are relatively easy and cheap to
build, rebuild and extend to any size, providing the space and resources
are available. When equipped with dedicated detectors they can detect all
three particle components of EAS with high accuracy. The arrays can oper-
ate for a long time, day and night, and are moderately sensitive to weather
conditions. They can collect data even if part of the array is not working
correctly or is damaged. Also, the location of the array is not crucial for its
operation or data analysis, but it has to be noted that an array built at a
certain height above the sea level detects showers that are in a certain stage
of their development.

There are many experiments which where build according to this scheme,
like Haverah Park [36], AGASA [37], EAT- TOP [38], KASCADE [39] and
KASCADE-Grande [40].

1.4.2 Fluorescent light detectors

The air shower develops an electromagnetic cascade which is a source of
the fluorescent radiation. This radiation is detected with telescope - like
detector: the light is reflected from mirrors and hits a camera, made out of
photomultipliers.

This technique is efficient for showers that stem from cosmic rays with
energy above 1017 eV because such showers can produce enough photons
available for detection.

Today, it is common to use arrays of fluorescent telescopes that are view-
ing the same volume of the atmosphere where an EAS develops. With the
multi-telescope setup to is possible to estimate the energy and direction of
the shower with high accuracy.

A big advantage of the fluorescent detector technique over arrays of par-
ticle detectors is that it allows to obtain longitudinal profile of a shower
(Fig. 1.4.1). In the shower profile most important features of the cosmic ray
particle are reflected: its type, energy and arrival direction. These parame-
ters can be used to answer the most important questions about the cosmic
rays: their composition, energy and sources. Thanks to the development in
space science, it was possible to design fluorescent telescope that can operate
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Figure 1.4.1: Longitudinal profile of the ∼1019 eV shower as seen by the
Pierre Auger Observatory fluorescence detector [41].

above the atmosphere of the Earth. The telescope in JEM-EUSO [42, 43]
experiment will be mounted on the International Space Station and will be
able to detect inclined showers of the highest energies.

Detection of air showers with these detectors has its limitations. Tele-
scopes can operate only at moonless nights and perfect weather condition.
Dust and light pollution created by human activity also limits the possible
locations of such detectors. The fluorescent emission can be detected up to a
certain angle with respect to the shower axis. Radiation close to the shower
axis is dominated by Cherenkov emission that is considered as a pollution
and should be corrected for in a multi-telescope setup. That is why not all
showers are a source of valuable information. All of the described factors
limit the duty cycle to 10%.

1.4.3 Air Cherenkov light detectors

The air Cherenkov light detectors are very similar in construction and opera-
tion to the fluorescent light detectors. The only difference is that they detect
Cherenkov light coming from the shower axis. This technique occurs to be
specially useful in high energy gamma-ray astronomy but it is also possible
to study air showers with it. Arrays of Cherenkov light telescopes provide
information about total energy released by the cascade and position of the
shower axis. This technique has similar limitations as fluorescent light de-
tection. An example of EAS experiment using this technique is HEGRA [44].
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1.4.4 Radio-emission detectors

The coherent radio emission that is accompanying EAS cascade originates
from electrons and positrons bent in Earth’s magnetic field. This was con-
firmed by LOPES [45] and CODALEMA [46] experiments.

Currently, detection of radio emission for the purpose of EAS studies
is being developed in KASCADE-Grande (LOPES) and PAO (AERA [47])
experiments. Various types of antennas and in various configurations are
being tested to develop a low cost, self-triggering system which is able to
deliver precise information about the most energetic showers. Detection of
geo-synchrotron emission is efficient for showers above 1017 eV.

The array of radio antennas can operate for long periods of time, 24 hours
per day and, as in case of arrays of particle detectors, it is little sensitive to
weather conditions or malfunction/damage of a part of the array.

1.4.5 Hybrid detector systems

Development of the all mentioned above detection techniques and detectors
made it possible to combine different detectors into one EAS experiment.
A good example of such a setup is Pierre Auger Observatory [41], where an
array of water Cherenkov tanks is combined with four stations of fluorescent
light telescopes. The hybrid technique provides valuable information about
shower development on many levels and allows to cross-check hadronic in-
teraction models that are used to understand what is measured in particle
detector arrays.

The cross-check and cross-calibration between different components of
the experimental setup is a useful tool for checking and correcting for sys-
tematic errors in measurements.



Chapter 2

Simulations of EAS

To draw specific conclusions about cosmic rays from their indirect investiga-
tion it is very important to know how they interact with the atmosphere and
how the EAS develops. This knowledge is obtained by means of computer
Monte Carlo simulations. The details of the high-energy interaction mod-
els are not known at energies and kinematic region that are most valid for
the evolution of the particle cascade and their parameters must be extrap-
olated within assumptions of the model. Interaction of the primary cosmic
ray particle and their secondaries are described by the high- and low-energy
hadronic interaction models. The information about particles in the cascade
is stored and can be compared with the measurement from the experiment.

Comparing featuers of the simulated showers with the measurements it
is possible to estiamate the mass composition and energy of the primary
particle from the measured data and to test the quality of the hadronic in-
teraction models at energies not available in the man-made colliders.

In this chapter a short overview of the Monte Carlo EAS simulations with
CORSIKA [48] code and model testing in context of KASCADE-Grande ex-
periment is given. Short characteristics of the commonly used high-energy
interaction models are included at the end of the chapter.

2.1 The purpose of the EAS simulations

The arrays of particle detectors, like KASCADE-Grande experiment, mea-
sure energy deposits from EAS particles above defined energy threshold at
a certain distance range from the shower core, and arrival time at the ob-
servation level. The results from many showers deliver information about
average parameters of the detected showers.

To derive from this data information about the mass composition and
energy of the cosmic rays it is essential to know how the air showers develop
in the atmosphere and the ranges of their characteristic parameters at the
observation level.

20
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Figure 2.1.1: Predicted energy flow at LHC. Model predictions are compared with the
acceptance of of the central CMS and the forward CASTOR [49] and TOTEM detectors.
The left hand panel shows the transverse energy flow which is the typical quantity
measured in high energy physics experiments. The right hand panel shows the total
energy flow which is the quantity of direct relevant to air shower simulations. From
Ref. [50].

The evolution of the electromagnetic shower is well described by quan-
tum electrodynamics up to the highest energies, but the most important pro-
cesses, being a driving force of EAS development, the high-energy hadronic
interactions, are still not well known. To describe the development of the
air shower it is necessary to treat hadronic collisions on a general ground
to minimize the bias, predict the inelastic hadron-nucleon interaction cross-
section and energy lost for production of secondary particles (inelasticity).
The interaction parameters are extrapolated from the results of collider ex-
periments where the energies are many orders of magnitude smaller that
those in EAS and from low to high rapidity y region (typically y .5 in col-
liders and y >5 in EAS, see Fig. 2.1.1).

On the other hand, the details of hadronic final states like production
of short-lived resonances, contribution of high p⊥ hadrons or particles with
small inclusive cross-sections have negligible influence on lateral or longitu-
dinal development of the shower.

In collider experiments various types of particles and ions interact with
each other (pp̄, pp , pA, ion-ion) in a stable environment at cms energies
from a few hundred GeV (RHIC) to 14 TeV (LHC, to be achieved) per
nucleon, which corresponds to laboratory energy range from ∼1013 eV to
1017 eV.

At the LHC experiments for the first time the forward region of the
high-energy interaction will be available from the measurement in LHC-
forward (LHCf), TOTal Elastic and diffractive cross section Measurement
(TOTEM) and Zero Degree Calorimeter (ZDC) detectors.
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The LHCf experiment is designed to measure energy and transverse mo-
mentum spectra of gamma-rays and neutral hadrons in pseudorapidity range
η >8.4 up to an energy of 7 TeV. The design of this experiment is described
in [51], and preliminary results are in Ref. [52].

Figure 2.1.1 shows an example of predictions of peudorapidity distribu-
tion of secondary particles in pp collisions in LHC. The transverse energy
flow and the total energy flow in inelastic proton-proton collisions at LHC
with the CMS, CASTOR [49], and TOTEM [53] detector acceptance ranges
are compared. Only the dedicated LHCf experiment will fully cover the
pseudorapidity range of interest to EAS physics.

The TOTEM experiment is dedicated to measurement of the total and
elastic cross-section in proton-proton collisions and of the elastic scattering
in pseudorapidity range 3.1> η > 6.5 and | η |>10. Design documentation
can be found in [53], preliminary results in [54].

The ZDCs are installed on both sides of the interaction points in ATLAS,
ALICE and CMS experiments. They are designed to measure the energy
carried by the non-interacting nucleus travelling at zero degree with respect
to the beam direction in heavy ion collisions [55].

In the EAS simulations the development of the air shower depends on
assumptions of the interaction cross sections and multiplicity of particle
productions in inelastic processes. For example: the primary cosmic ray
particle can interact and develop particle cascade high in the atmosphere
when interaction cross section and particle multiplicity are high. When the
interaction cross section and particle multiplicity are low, primary particles
interact and develop particle cascades deep in the atmosphere. Both show-
ers will give different particle numbers at the observation level, leading to
different conclusions about mass and energy of the primary particles when
compared with the measured data.

The parameters of the theoretical interaction models, based on certain
assumptions about constituents of the particles and their interactions, are
tunned to describe the collider data as precisely as possible. The interac-
tion models with those parameters are then used to simulate the EAS. The
results are compared with measurements of the ground based experiments.
Any discrepancies between the measurement and the simulated EAS are
used to improve the description of the shower development, thus to improve
the hadronic interaction model. This is a long iterative process but it is
essential for the interpretation of measured EAS data and the development
of the interaction models at energies that are unreachable in accelerator ex-
periments.
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2.2 EAS simulations in the KASCADE-Grande ex-
periment

EAS simulations are performed with the Monte Carlo code specially de-
veloped for the KASCADE experiment: the COsmic Rays Simulation for
KASCADE (CORSIKA) [48]. This software is desiged to simulate in detail
the development of the EAS in the atmosphere, reproducing correct fluctu-
ations around the average values of the observables. All processes that have
noticeable influence on the quantities of the EAS are included.

The CORSIKA code covers 50 types of particles and nuclei up to A=56.
All these particles can be tracked until they undergo reactions with air nuclei
or they decay, until they reach predefined observation level or their energy
falls below predefined energy threshold. In particle decays all decay branches
down to the 1% level are taken into account.

The interactions within EAS are described by high-energy and low-
energy hadronic interaction models. In CORSIKA it is possible to choose the
combination of models. Available high-energy hadronic interactions models
are: QGSJet [56–60], EPOS [61], SIBYLL [62], DPMJET [63], VENUS [64],
NEXUS [65] and HDPM [66]. Low energy hadronic interactions can be de-
scribed by FLUKA [67,68], GHEISHA [69] or URQMD [70,71] models. The
electromagnetic interactions can be treated with EGS4 [72,73] model or an-
alytically described with the NKG function [74].

The shower can be initiated by various types of the high-energy cosmic
ray particles and the transition energy between high and low-energy interac-
tion models can be set by user. Normaly it is 200 GeV when using FLUKA
or 80 GeV with GHEISHA.

Currently CORSIKA is used by many air shower experiments all over
the world.

Parameters of particles reaching observation level of the experiment
are a starting point for simulation of the response of the detector array.
In the KASCADE-Grande experiment the detector response is simulated
with GEANT [75] based Cosmic Ray Event Simulation (CRES) software.
Hadronic interactions within the detector are simulated with FLUKA code.

CRES contains description of all detectors in the KASCADE-Grande ex-
periment, their location, geometry, type and technical features (time delays
etc.). Information about particles crossing the observation level from COR-
SIKA is correlated with detector position and the energy released in the
detector is calculated. CRES output contains the same type of parameters
as obtained with measured data. The simulated data are stored in the same
format as the data from the measurement and in the following step of the
analysis they can be processed with the same software as measured data.

General scheme of the data analysis in KASCADE-Grande experiment
is shown in Fig. 2.2.1.
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Figure 2.2.1: General scheme of the data analysis in the
KASCADE-Grande experiment.

From the particle densities measured in the detector array various EAS
observables and their distributions are reconstructed. Independently, the
EAS simulations are performed with the CORSIKA.

The CORSIKA output of the simulated EAS that stem from predefined
type of cosmic ray particle, energy range and angle range is analyzed with
CRES software and then reconstructed with KRETA, using the same rou-
tines as measured data. The KRETA output from the simulations and
experimental data contains the same EAS observables. Both sets of data
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are analyzed with dedicated software.
Reconstruction of the shower parameters from the measured data and

simulation with the same software routines can improve EAS simulations by
further development of the interaction models. Evolution of the air shower
is sensitive to a number of parameters and one can try to predict how they
should be changed in EAS description to achieve better agreement with
the measurement. However, these parameters are not independent from
each other; tuning a model of interest is done in a long, iterative process
of introducing small changes into a model and comparing the results with
the measurements. Any change in the description of hadronic interactions
should give correct description of the collider data and the development of
the air showers. As the interaction models improve and the discrepancies
between simulations and the measurement are becoming smaller, it is pos-
sible to use this model as a reference in comparison with other models that
use different approach in describing the interactions. A good example of
this approach to model testing can be found in [76] where KASCADE data
and QGSJet simulation are used to test the EPOS model.

Figure 2.2.2 shows the inelastic proton-air cross-section as a function of
energy, estimated by measurements and predicted by interaction models in
1997 and 2008 (from Ref. [77]). Constant cross-check between measurements
and simulations helps to develop interaction models and leads to better de-
scription of the data. Currently developed models describe the available
low-energy data very well. Differences are visible in high-energy range but
they are significantly lower in 2008 than in 1997.

2.3 Short characteristics of high energy hadronic
interaction models used in KASCADE-Grande

The QGSJet-II model is based on the Pomeron phenomenology [78]. The
hadronic multiple scattering processes (Gribov’s reggeon approach [79, 80])
are described as multiple exchanges of independent microscopic parton cas-
cades - Pomerons. For the soft low-virtuality cascades a phenomenological
’soft’ Pomeron amplitude is employed, whereas semi-hard scattering pro-
cesses are treated as exchanges of ’semi-hard’ Pomerons, the latter composed
of a piece of QCD parton ladder ’sandwiched’ between two soft Pomerons
[57, 81]; the soft Pomerons and the ladder describing correspondingly the
low and high virtuality parts of the underlying parton cascade. The non-
linear parton effects are treated as Pomeron-Pomeron interactions, based
on all order re-summation of the corresponding Reggeon Field Theory dia-
grams [82,83].

SIBYLL 2.1 [62] also employs the Pomeron formalism to describe soft
processes, while semi-hard ones are treated in the framework of the ’mini-jet’
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Figure 2.2.2: Inelastic proton-air cross-section as a function of energy estimated
by various experiments (symbols) and predicted by various modes and their versions
(curves) in 1997 and 2008. From Ref. [77].

approach [84]. The differences between the mini-jet approach and ’semi-
hard’ Pomeron approach are discussed in [85, 86]. The treatment of non-
linear effects in that model is based on the parton saturation [87]. On the
other hand, non-linear effects are neglected for the ’soft’ interaction compo-
nent.

The EPOS 1.99 model employs the soft and semi-hard Pomeron scheme
and takes into account energy-momentum correlations between multiple re-
scatterings [61]. The description of non-linear effects is based on an effective
treatment of lowest order Pomeron-Pomeron interaction graphs, with the
corresponding parameters being adjusted by comparison with RHIC data.
A big advantage of the model is an excellent calibration to available collider
data. A special feature is the explicit treatment of projectile and target rem-
nants, leading to a better description of baryon and antibaryon production
than in the other models used for cosmic-ray analysis.



Chapter 3

The KASCADE /
KASCADE-Grande EAS
experiment

KASCADE (KArlsruhe Shower Core and Array DEtector) [39] is an EAS ex-
periment located at Karlsruhe Institute of Technology (KIT) Campus North
(former Forschungszentrum Karlsruhe) in Germany (49◦ N, 8◦ E, 110 m a.s.l.
≈1023 g cm−2 ).

The main goals of the experiment, taking data since 1996, have been to
study in detail the cosmic ray energy spectrum, mass composition and to
identify point sources in the energy range from 3×1014 eV to 1016 eV. The
basic approach of KASCADE is to measure a large number of parameters
for each individual shower: electron and muon numbers, the lateral distri-
butions of electromagnetic and muonic components and the number, energy
and spatial distribution of hadrons in the shower core. To study cosmic rays
above the energy of 1016 eV it was necessary to extend the area of the KAS-
CADE experiment. This was done with an array of 37 scintillator detector
stations, called Grande [40] and put into operation in 2003.

With an area of 0.5 km2 the KASCADE-Grande experiment is able to
detect efficiently extensive air showers that stem from cosmic ray particles
with energy up to 1018 eV. The Grande Array provides information about the
all-charged particle component while the KASCADE Array supplies the in-
formation on muons and electrons separately. Investigation of the 3×1014 eV
to 1018 eV region of the energy spectrum aims to answer the questions about
the origin of the Knee, the question of galactic-to-extragalactic CR transi-
tion and of other features of the spectrum, like “the Iron Knee”, predicted
by cosmic ray models.

Another important goal is the development of the high energy hadronic
interaction models in an energy range and kinematic region not accessible to
man-made accelerator experiments. Comparing the multi-observable mea-
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surements of KASCADE-Grande with the Monte Carlo simulations of EAS
and detectors it is possible to draw conclusions about the validity of the
interaction models in the ultra-high energy range.

3.1 Detector components of the experiment
The KASCADE-Grande experiment is composed of the KASCADE Array
and Grande Array, the Central Detector (CD) with Hadron Calorimeter,
the Muon Tracking Detector (MTD) and the Piccolo Array. The layouts of
KASCADE and KASCADE-Grande are shown in Fig. 3.1.1 and Fig. 3.1.2.
This multi-detector setup was designed to measure all three components of
EAS. The electromagnetic component is measured with an array of scintil-
lator detectors, the muonic component by shielded scintillators and tracking
chambers at four energy thresholds, and the hadronic component in a sam-
pling calorimeter. A short description of the experiment components can be
found in Tab. 3.1. The KASCADE Array and Grande detector stations are
connected with the Grande Data Acquisition station (DAQ) located in the
centre of the Grande Array.

Figure 3.1.1: Layout of the KASCADE experiment. Note the
location of the MTD within the Array.
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Figure 3.1.2: Layout of the KASCADE-Grande experiment indicating
locations of its all components. An example of a trigger hexagon cluster is
also shown.

3.1.1 The KASCADE detector Array

The KASCADE Array (Fig. 3.1.1) is composed of 252 detector stations
with a spacing of 13 meters, organized on a square grid 200×200 m2 in 16
clusters. The stations are grouped in 12 outer clusters with 16 detectors
each, and 4 inner clusters with 15 detectors each. The 192 stations located
in the outer clusters contain 2 unshielded liquid scintillators, sensitive to
charged particles and photons, and 4 shielded plastic scintillators that serve
as muon detectors. Each station in the inner clusters contains only 4 un-
shielded charged particle and photon detectors. The details of the design of
the detector station in the outer cluster is shown in Fig. 3.1.3. Extended
information about the design and operation of the array can be found in [39].

Array of charged-particle/γ detectors

Each charged-particle/γ detector in the KASCADE Array (shown in detail
in Fig. 3.1.3 as e/γ because electrons dominate the sample) consists of a
circular stainless steel vessel container of 1 meter diameter, filled with 5 cm
of a liquid scintillator. The light collection cone and 3 inch photomultiplier
(PMT) is mounted on top of it. The volume above the scintillator is filled
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Table 3.1: Components of the KASCADE-Grande experiment

Detectors Detected EAS Area Energy
particles threshold

KASCADE Array:
Liquid scintillators e/γ+µ 490 m2 5 MeV
Plastic scintillators µ 622 m2 230 MeV
Grande Array:
Plastic scintillators e/γ+µ 37×10 m2 5 MeV
Central Detector:
Ionization chambers h 9×304 m2 50 GeV
Plastic scintillators µ 208 m2 490 MeV
Streamer tubes µ 247.5 m2 2.4 GeV

MWPCa µ 2×129 m2 2.4 GeV
Plastic scintillators e 23 m2 5 MeV

MTD:
Limited streamer tubes µ 4×128 m2 800 MeV

Piccolo:
Plastic scintillators e/γ+µ 80 m2 5 MeV

a Multi-Wire Proportional Chambers

with argon to prevent oxidation of the scintillator. The cylindrical geometry
helps to achieve homogeneous response and time resolution of 0.77 ns. The
linear dynamic range of the PMTs reaches 2000 particles per m2. The energy
resolution is ≈ 8% at 12 MeV. The energy threshold for a charged-particle/γ
is 5 MeV.

Array of muon detectors

The muon detectors in the Array (shown in details in Fig. 3.1.4 ) consist
of plastic scintillators under absorber, made out of 10 cm of lead and 4 cm
of iron (what corresponds in total to 20 radiation length). The shielding
eliminates most of the particles from electromagnetic component of EAS
and results in an energy threshold of 230 MeV for vertical muons. There are
four quadratic segments (90×90 cm2 each) of 3 cm thick plastic scintillator.
The light signal emitted in the two neighboring segments is collected by the
wavelength shifter bar and read out by one of the four 1.5 inch PMTs. The
time resolution of the muon detector was estimated to be ≈2.9 ns. The
obtained energy resolution is ≈10% at 8 MeV.
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Figure 3.1.3: Sketch of the fully equipped detector station in the
KASCADE Array.

Figure 3.1.4: Schematic layout of the muon detector in the Array.

3.1.2 The Grande detector Array

The detector Array which constitutes the Grande extension to KASCADE
(see Fig. 3.1.2) is composed of 37 detector stations measuring the electro-
magnetic component of the shower. Containers with the hardware are dis-
tributed all over the Campus North and occupy an area of 700×700 m2.
Three Grande stations are located within the KASCADE Array.
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Grande detectors are organized in 18 clusters on a hexagonal grid with
a mean spacing of 137 meters. Each station contains 16 plastic scintillators
(10 m2 of total area) in 4×4 configuration (Fig. 3.1.5). The scintillator mod-
ule is closed in a pyramidal metal case for protection from external light.
The scintillation light is detected with PMT mounted at the top of each
pyramid. All modules are equipped with high gain PMTs that generate
a signal when particle density is in range 0.03–200 particles per m2. To
avoid saturation in case of high particle densities, the inner four modules
are equipped with low-gain PMTs giving signal when particle density is in
the range 200–3000 particles per m2. An extended description can be found
in [40].

All 37 Grande stations are connected to the Grande-DAQ via 700 meter
long cables. Here, the stations are electronically connected into 18 hexagonal
trigger clusters, each consisting of one central and six surrounding stations,
except the cluster 15, which is composed out of 6 detector stations only. The
trigger signal is created when 7-out-of-7 stations in the hexagon are fired.

Inputs for the Grande DAQ are: the shaped detector signals, logic and
timing signals from the 37 stations, the time-stamp signals (1 Hz and 5 MHz)
and the KASCADE trigger from the KASCADE components.

3.1.3 The Central Detector

The Central Detector (CD) is located in the centre of the KASCADE Array.
Its main task is the measurement of hadron densities in EAS core and the
energies of individual hadrons.

The main part of the detector is the hadron sampling calorimeter that
covers an area of 320 m2. It is constructed from 8 layers of warm- liquid
ionization chambers separated by 9 layers of casted iron slabs. The total

Figure 3.1.5: Schematic diagram of a Grande detector station.
Modules with low gain PMTs are marked in dark yellow.
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calorimeter thickness is equivalent to 11.5 nuclear interaction lengths and
absorbs hadrons with energies up to 25 TeV. A detailed description of the
calorimeter can be found in Ref. [88].

On top of the CD the top-cluster and top-layer are mounted. The top-
cluster is composed of 25 plastic scintillators. Its purpose is to fill the gap
in the centre of KASCADE Array. The top-cluster together with top-layer
are also used to investigate the electromagnetic cores of low energy EAS.

Underneath the third absorber plane, a layer of plastic scintillators serves
as timing facility and source of trigger for all components of the CD. It covers
an area of ≈205 m2 and detects muons with energy above 490 MeV.

In the basement of the CD the muon chamber system is installed for
measurement of muons that accompany the hadrons. It is a combination of
multi-wire proportional chambers and a layer of limited streamer tubes that
improves the reconstruction of muon tracks. It covers an area of 129 m2 and
can detect muons with energy above 2.4 GeV.

More information about the Central Detector can be found in [39,88–90].

3.1.4 The Muon Tracking Detector

The Muon Tracking Detector (MTD) is installed in a concrete tunnel 1.7 me-
ter below the level of Array detectors in the northern part of KASCADE.
To select muons with energy above 800 MeV and to eliminate the influence
of the electromagnetic component of the shower the tunnel is covered with
a shielding made out of soil, iron plates and concrete. The MTD consists
of 16 muon telescopes made out of limited streamer tubes. This detector is
presented in detail in chapter 4.

3.1.5 The Piccolo Array

In cases when the shower core is located within the Grande Array, far away
from KASCADE, it is possible that the trigger signal from Grande would
be too late for the muon detectors in the CD and the MTD. To provide an
efficient trigger also in such cases a small trigger array, called Piccolo, was
build. It is composed out of eight stations, each containing 10 m2 of plastic
scintillators, sensitive to charged particles with energy above 5 MeV. More
details about the design and operation can be found in Ref. [40].

3.2 The reconstruction of EAS

Each extensive air shower is characterized by a number of observables: ar-
rival direction, core position, slope of lateral distribution function (shower
age s), total number of charged particles Nch, muons Nµ and electrons Ne
(called shower sizes). The aim of the reconstruction procedure is to derive
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those parameters from energy deposits and timing information in scintilla-
tion counters. For this purpose the KASCADE Reconstruction of ExTensive
Air showers (KRETA) code was developed, which later has been adapted
for the analysis of Grande Array data.

KRETA reads the raw data (digitalized integrated anode signals of each
station and arrival time of the first particle there), performs the calibration
and reconstructs the basic observables. The results are being stored as his-
tograms and vectors of parameters.

In the following we shall focus on the description of reconstruction al-
gorithms used for an event where the Grande Array, KASCADE Array and
the MTD are taking part in an event.

3.2.1 Reconstruction of arrival direction

To obtain the arrival direction of registered EAS the shower transit times
measured by Grande detectors are used. The information about the arrival
times of the first particle are compared with expected one from a theoretical
shower front structure through a minimization of χ2 procedure.

Theoretical shower front is obtained with CORSIKA air shower simu-
lations and GEANT based simulations of the detectors in the experiment.
Outputs of the fitting procedure are the zenith and azimuth angles that
identify the orientation of the shower axis and arrival time of the particles
in the shower core.

3.2.2 Charge particle shower size and the slope of lateral
distribution

In order to reconstruct the shower size the energy deposit in the scintilla-
tors is converted into the number of charged particles. This is performed
by applying a lateral energy correction function (LECF), which corrects for
the energy dependence of the stopping power and the energy release orig-
inating from photon conversion in the detector or its surroundings. This
function is derived from CORSIKA and detailed GEANT simulation of the
detectors. The dependence of the LECF on the distance to the shower core
is described by equation 3.2.1 and shown in Fig. 3.2.1. The constant value
above 450 meters corresponds to the mean energy deposit of vertical muons.
The LECF shows the energy deposit in MeV per charged particle.

LECF(r) =
{

e(1−0.1r) + 7.51 + 0.02r + r25.5 · 10−5 + r35.4 · 10−8 r 6 450
LECF(450) r > 450 (3.2.1)

The charged particle shower size Nch and the slope parameter of the
lateral distribution function – age s – are calculated by means of a maximum
likelihood procedure comparing the measured lateral distribution function
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Figure 3.2.1: The LECF for Grande detectors

(LDF) with a theoretical one. The expected LDF is a modified NKG [32,33]
lateral distribution function of charged particles:

ρch(r) = Nch · fch(r) = Nch · C(s)
(
r

r0

)s−α (
1 + r

r0

)s−β
(3.2.2)

where r is the distance from the shower core, and

C(s) = Γ(β − s)/(2πrr2
0 · Γ(s− α+ 2) · Γ(α+ β − 2s− 2))

The values of the parameters, α = 1.5, β= 3.6, r0 = 40 meters, are obtained
with CORSIKA simulations [91].

3.2.3 Muon shower size–Nµ

In order to obtain the lateral distribution of muons the energy deposits in
the KASCADE muon detectors are first converted to particle numbers by
means of a conversion function. The conversion function is given by the
equation (3.2.3) and shown in Fig. 3.2.2.

Edep(r)
muon =

(
7.461 + e(1.762−0.0166·r) + 0.0002886 · r

)
MeV (3.2.3)

The lateral distribution of muons is fitted with a function based on the
one proposed by Lagutin and Raikin [92, 93], where Nµ is set to the recon-
structed mean muon number Nrecµ .

ρµ = Nµ · fµ(r)

= Nµ ·
0.28
r2

0

(
r

r0

)p1 (
1 + r

r0

)p2
(

1 +
(

r

10 · r0

)2
)p3

(3.2.4)
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Figure 3.2.2: Muon LECF: average energy deposit per muon in
KASCADE muon detectors as a function of the detector distance
to the shower core.

The parameters p1 = -0.69, p2 = -2.39, p3 = -1.0, r0 = 320 meters are found
by means of CORSIKA simulations using the QGSJet01 model.

The reconstructed muon number Nrecµ is obtained from the maximum
likelihood estimation assuming the locally detected muons to fluctuate ac-
cording to a Poisson distribution:

N rec
µ = Σk

i=1Mi

Σk
i=1(fµ(ri) ·Ai · cosθ)

(3.2.5)

where Mi is the number of particles measured at a core distance ri in one of
the k detectors with sensitive area Ai, θ is the zenith angle of the shower,
and f(ri) is the lateral distribution function (3.2.4).

3.2.4 Iterative procedure of the event reconstruction

To obtain the best determination of the shower observables the following
iterative procedure is applied:

1. Shower parameters are estimated analytically: the coordinates of the
shower core are being found as the barycenter of charges measured by
the detectors.

2. The core position is being moved over a 7×7 grid with 8 meter spacing.
In each position of the shower core slope s and charged particle shower
size Nch are fitted. The position providing the minimum χ2 is chosen
as a starting point.
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3. The arrival direction is found as described in chapter 3.2.1.
4. The lateral distribution of charged particles is fitted with the maximum

likelihood procedure, using equation (3.2.2) with Nch and s as free
parameters.

5. The lateral distribution fit is performed again with shower core coor-
dinates as free parameters.

6. The steps 3 and 4 are repeated, to obtain the final values for the arrival
direction, Nch and s.

7. The number of muons Nµ is obtained with the procedure described in
chapter 3.2.3.

8. The electron size Ne = Nch −Nµ is calculated.

3.2.5 Trigger and reconstruction efficiency

The trigger and reconstruction efficiencies are determined using Monte Carlo
simulations of EAS and detector response. Only showers that fulfill quality
conditions with a shower core within defined fiducial area and with properly
reconstructed shower sizes are taken into account. Details on the work for
the definition of these cuts can be found in Ref. [94]. The behaviour of
the total (trigger and reconstruction) efficiency is shown in Fig. 3.2.3 as a
function of the reconstructed total number of charged particles Nch and the
primary energy E0.

The full efficiency is reached for energies above ≈107 GeV. Looking
at the efficiency as a function of Nch, one can notice that iron initiated
showers reach full efficiency earlier. This is due to the fact that for lower en-
ergy showers the geometrical structure of the Grande Array requires already
muons for triggering these events.

Figure 3.2.3: Trigger and reconstruction efficiency for different primaries versus
reconstructed shower size (left panel) and simulated primary energy (right panel). The
points for proton and iron assumption are slightly shifted for a better visibility [40].
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Figure 3.2.4: The event selection for the comparison
of Grande and KASCADE data. Green dots display core
positions of some events. Position of the Grande and KAS-
CADE stations are marked as red and blue squares.

3.2.6 Reconstruction accuracy

One of the methods through which the reconstruction accuracies can be de-
rived is comparison with a reference experiment. In case of the KASCADE
Grande experiment the Grande Array can be compared with KASCADE
where the detector sampling fraction is 15 times larger than in Grande.
Therfore, the resolutions in KASCADE are expected to be much better
than in Grande so that the reconstructed KASCADE observables may be
regarded as reference ones in the comparison between the two arrays. The
differences of the shower parameters reconstructed by Grande and KAS-
CADE are analysed for a subsample of Grande showers, having core location
common to the fiducial areas for both arrays (Fig. 3.2.4) where the shower
size covers the range between Grande full efficiency threshold lg(Nch) > 5.8
and the KASCADE highest reconstructable size lg(Nch) < 7.2.

For the charged size accuracy the following distribution (Fig. 3.2.5)
is taken into account:

δNch = NG
ch −NK

ch

NK
ch

(3.2.6)

where NGch and NKch are sizes obtained for Grande and KASCADE, respec-
tively. The relative accuracy of charged size of a shower is of 10% - 15%.

The core position accuracy is derived from the distribution of core
differences (see Fig. 3.2.6):

δr =
√

(xG − xK)2 + (yG − yK)2 (3.2.7)
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Figure 3.2.5: Top panel: example of the distribution of δNch for
6.4<Nch <6.5. Bottom panel: accuracies and fluctuations on the shower size,
obtained as the mean values and the RMS of δNch (3.2.6). Large fluctuations in
the RMS at larger shower sizes is due to small statistics. [40]

where xG, yG and xK , yK are the x, y coordinates of the reconstructed core
position of Grande and KASCADE, respectively, and defined by a condition
that 68% of the events have deviations less than it. As it is visible on
the right panel of Fig. 3.2.6 the core position accuracy improves from 8 to
5 meters with increasing Nch.

The arrival direction accuracy is derived from the distribution of the
angle between KASCADE and Grande reconstructed arrival directions (see
Fig. 3.2.7) and defined by 68% of the events having deviations less than it.

δα = arcos(cos(θK) · cos(θG) + sin(θK) · sin(θG) · cos(φK − φG) (3.2.8)

where φK , θK and φG, θG are zenith and azimuth angles of the same
shower reconstructed by KASCADE and Grande, respectively. The accu-
racy exhibits week dependence on shower size with the minimum at about
lg(Nch) = 6.4, being basically constant at the level of ≈0.8◦.
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(a) (b)
Figure 3.2.6: Panel (a): example of δr distribution of the core position com-
pared to a ’Rayleigh’ probability distribution in the interval 6.3 < lg(Nch) < 6.4.
Panel (b): the core position accuracy as a function of charged particles shower
size. [40]

(a) (b)
Figure 3.2.7: Panel (a): example of δα distribution of the arrival direction
compared to a ‘Rayleigh’ probability distribution. Panel (b): the arrival direction
accuracy as a function of charged-particle shower size. [40]

Since muon numbers are only reconstructed from KASACDE muon de-
tectors, their uncertainties can only be derived from EAS simulations. In
this analysis showers initiated by different primaries (H, He, C, Si and Fe) in
equal abundances, with E−3 power law spectrum, up to 40◦ in zenith angle
and shower cores randomly distributed over the Grande Array were consid-
ered. Showers were reconstructed with CRES and KRETA software. Only
those which fulfill trigger efficiency condition lg(N true

µ ) >5.0 were taken into
account. Fig. 3.2.8 shows the result of the analysis: the median of relative
deviation of the reconstructed to the true muon number as a function of the
true muon number (panel (a)) and as a function of the distance of the shower
core to the centre of the KASCADE Array (panel (b)). The errors bars, that
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(a) (b)
Figure 3.2.8: Muon reconstruction quality derived from Monte Carlo simula-
tions. Panel (a): median of relative deviation of the reconstructed to the true
muon number as a function of the true muon number. Panel (b): median of
relative deviation of the reconstructed to the true muon number as a function of
the distance of the shower core to the center of the KASCADE Array. Error bars
represent the quantiles at 84% and at 16%.

represent quantiles at 16% and 84%, between which 68% of the distribution
is contained. For the muon numbers above lg(N true

µ ) >5.6 (∼5×1016 eV)
the deviation of the reconstructed muon number is less than 5% with statis-
tical error on an event-by-event basis of 10% (panel (a)). The uncertainty
of the reconstructed muon number increases with increasing distance from
the KASCADE centre from approximately 20% at 100 meters to 60% at
600 meters (panel (b)). The lateral distribution function fitted to measured
local densities does not reflect the true values of the densities. This leads
to over- and underestimation of the total muon number to about +10% and
-10% at large and small distances to the shower core, respectively.

3.2.7 An example of an EAS event

In Fig. 3.2.9 an example of an EAS event is shown. The registered by KAS-
CADE and Grande Array energy deposits in charged particle detectors are
presented in the left pictures (top and middle panels). The energy deposits
in muon detectors in the KASCADE Array are shown in the left bottom
picture. From this information the electron and muon shower sizes and the
position of the shower core can be estimated. In the example the shower core
is located in KASCADE Array: 66 meters to the West and 49 meters to the
South of the centre of KASCADE, the electron shower size Ne is 9.5×106,
the muon shower size Nµ is 1.2×105. The relative arrival times of the par-
ticles in charged particle detectors registered by KASCADE and Grande
Array are shown on the right pictures (top and middle panels). The relative
arrival times of the particles in muon detectors in the KASCADE Array are
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shown in the right, bottom picture. This information is used to estimate ar-
rival direction of the shower (here the shower came from South-West (zenith
angle=33.1◦ and azimuth angle=226◦ in geographical coordinate system).

Figure 3.2.9: KASCADE-Grande event-display, on the left the energy deposit, on
the right the arrival time, measured by KASCADE Array e/γ-detectors (top panel),
KASCADE Array muon detectors (bottom panel) and Grande detectors (middle
panel).



Chapter 4

The Muon Tracking Detector

The Muon Tracking Detector is designed to reconstruct directions of muons
in EAS detected by KASCADE and Grande detector arrays. The detector is
a setup of streamer tube (ST) muon telescopes located in a concrete tunnel
under the soil-iron-concrete absorber. Directions of muons reconstructed
with the muon telescopes allow to investigate the mean muon production
hight (MPH), pseudorapidity of muons, muon densities and their multiplic-
ities.

4.1 Design of the MTD

The MTD is located in the northern part of the KASCADE Array (as shown
in Fig. 3.1.1). Its components are placed in the 5.4×2.4×44 m3 concrete
tunnel buried under absorber made of iron plates separated with soil. This
shielding is an equivalent of 18 radiation lengths and absorbs most of the
low-energetic electromagnetic particles, thus enhancing the identification of
the tracks from muons with an energy larger than 800 MeV. The centre of the
MTD tunnel is 54.65 meters away from the centre of the KASCADE scin-
tillator array which supports the detection of muons with some transverse
momentum with respect to the hadrons detected in the hadron calorimeter.

The MTD tunnel houses 16 muon telescopes (called detector towers)
made out of steamer tubes, (ST). The streamer tubes are grouped in detec-
tor modules. Each telescope is made out of four modules, three horizontal
and one vertical (Fig. 4.1.1). The middle module is located 1.7 meter below
the level of the KASCADE scintillator array. Total area for detection of
vertical muons is 128 m2.

An extended description of the design, performance and tests of the
MTD can be found in [95,96].

43
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Figure 4.1.1: Cross-section of the MTD.

4.1.1 Streamer tube chamber design

The ST chambers are made of comb profiles of high resistivity PVC with
very-well defined conductivity. The chamber is covered with bakelite sheet
closing the electric field around the anode wire when a negative high voltage
is applied to the cathode profile.

The ST chamber houses 16 anode wires in two cathode comb profiles,
extruded for eight parallel ST cells, 9×9 mm2 in cross-section and 4 meters
in length each. The tolerance of the ST cell geometry is better that 0.1 mm.
Anode wires are made out of copper-beryllium alloy, 100 µm in diameter,
tempered and smoothed by evaporating ≈0.3 µm of silver which helps to
reduce the dark current. The wires are supported by spacers every 500 mm.

To the each comb profile end-pieces were glued, which carry printed
circuit boards, onto which the anode wires are soldered. The comb profiles,
together with the mounted wires, were slid into PVC envelopes, which were
sealed off with endcaps exhibiting connectors for anode wires, high voltage
(HV) and gas. Two neighboring ST wire cells are combined on the adapter
board giving four wire signals out of one 8-cell comb profile. Details of the
ST chamber design are shown in Fig. 4.1.2 and its main technical parameters
are summarized in Tab. 4.1. The ST chambers are filled with a gas mixture
containing: 54% of carbon dioxide, 30% of isobutan, 14% of argon and 2%
of ethanol. The cathode voltage is of the order of 4.7 kV.
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Figure 4.1.2: Detailed view of an opened ST chamber with in-
stalled adapter board.

Table 4.1: ST chamber design parameters

PVC profile resistivity 105 Ω/2
Bakelite cover resistivity 1011 Ω cm
Anode wire diameter 100 µm
Anode wire tension 3 N at 20oC
Wire sagging between spacers 42 µm
ST chamber dimensions 13×166.6×4000 mm3

4.1.2 Detector module design

A detector module of the size 2×4 m2 is made out of 12 ST chambers. The
ST chambers are contained between two layers of a rigid polyester foil, 75 µm
thick, with evaporated aluminum strips with a pitch of 20 mm. Strips in the
top layer are perpendicular to the wires while strips on the bottom layer are
oriented at an angle of 30◦ with respect to the wires. The electrical contact
with strips is achieved by screwing a broad zinc-coated washer together
with the polyester foil onto a rigid PVC board. Further adapter boards are
soldered onto the silver-coated screws for enabling connection to the readout
electronics (Fig. 4.1.3).

The ST chambers with the strip foils are sandwiched between the two
layers of high-density styrofoam and are resting on a thin, 0.7 mm, rigid
steel structure (Fig. 4.1.4). In a detector tower wires in horizontal modules
are spaced vertically by 820 mm.
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Figure 4.1.3: Scheme of the MTD module design. The PVC
boards for fixing signal outputs from wires and strips are shown.

4.1.3 Gas supply system

The streamer tubes are supplied with argon-isobutan-carbon dioxide-ethanol
gas mixture1. From a temperature stabilized container located outside the
MTD these gases flow to a gas mixer, where membrane valves allow a fine
tuning of the pressure of each gas component. The gas composition is
checked with gas flow meters after each membrane valve and before the
mixer. From the mixer the gas is distributed into 16 channels using 16 nee-
dle valves. Each channel is connected to one detector tower; gas runs in
series through all chambers of the top, middle, bottom and vertical mod-
ules (240 dm3 per module). With a gas flow rate of 0.5 dm3/h the gas is
exchanged in the full detector volume after about 20 days.

4.1.4 Readout and data acquisition electronics

The chain-type readout system is used, being divided into three levels:

• Front-End electronics (FE)
• Splitter Boards (SB)
• Streamer Tube Acquisition System (STAS) controllers

The Front-End electronics, made in 32-channel architecture, is mounted
on the detector modules. Each module requires three wire boards and nine
strip boards to convert analog signals from wires and strips, that exceed
predefined threshold, into binary information (hit/no-hit) that is used in
track reconstruction. This conversion is done with circuts combining the

1see chapter 4.1.1
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Figure 4.1.4: Scheme of the detector tower. Positions of the
detector modules within the tower are shown.

discriminator and one shot functions. The output of the one-shot is a log-
ical pulse 4÷6 µs long, depending on the time-over-threshold value of the
input pulse [96]. A logical “OR” of all 32 discriminator output pulses on
board (DIGOR) is used internally for loading shift register when a coinci-
dence with an external trigger occurs. It is also available for external use
outside the board (e.g. for triggering purposes of other devices).

A coincidence with external trigger must occur within the time when the
pulse is present at the one-shot output, in order to register a hit. This con-
dition is always met for KASCADE Array generated triggers, for which the
MTD was originally built. The MTD operation in KASCADE and Grande
enviroment is discussed in chapter 4.2.2.

In addition, an analog sum (ANOR) of the combined wire signals for
4 ST chambers (one board) delivers additional information about the hit
pattern [95].

When the trigger condition is fulfilled, this binary information is loaded
into 32-bit long shift register. The FE boards of two module combinations
(bottom+middle and top+wall) are connected in series and connected to
the dedicated Splitter Board, forming one 768-bit long shift register.

During the readout cycle, the data from the register are shifted out via
the bus into the CAEN C267 STAS controller. Four controllers are needed
to handle information from 16 detector towers. One CAMAC crate con-
tains STATS controllers. A VME crate houses trigger electronics, controller
for CAEN HV System, ADC for monitoring temperature, gas pressure and
flow rate, and a Transputer-based VME controller for communication via
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optic links with the central host in the KASCADE acquisition system. The
VME crate communicates with the STAS controllers via CES 8210 CAMAC
Branch Driver.

4.2 Operation of the MTD

4.2.1 Operation of a streamer tube chamber

A streamer tube is a gas detector operating in limited Geiger-Müller mode.
Its anode wire raised to a high voltage is placed a few milimeters from the
cathode and operates in a quenching gas mixture (e.g. argon+isobutane).

When a fast charged particle passes through the filling gas in a region
between the anode wire and the surrounding high-resistivity cathode it pro-
duces ion pairs (Ar+ + e−). The electrons drift rapidly towards the anode
wire, in vicinity of which the electric field increases (approximately as 1/R ),
causing them to accelerate. At a distance from the wire, small compared
to other lengths involved, these electrons start a chain reaction (avalanche):
they ionize and recombine with argon ions. This leads to increase of the
number of electrons and emission of UV photons that are able to further
interact with gas molecules.

Growing avalanche is reducing the local electric field due to space charge
created with fast moving electrons and slow, heavy ions of the gas molecules.
The streamer is formed. Within a few nanoseconds large number of elec-
trons is reaching the anode wire depositing their charge in a very small
region which begins to propagate as a wave along the wire in both direc-
tions. The charge deposited on the anode wire is able to induce opposite
charge locally on all nearby conductors. In case of the MTD this charge is
induced in aluminum strips located above and below the streamer tube (see
chapter 4.1.2).

Production of new ion-electron pairs is stopped by a virtue of quenching
gases like isobutane. These heavy molecules can exchange charge and energy
with argon ions and interact with electrons and UV photons without cre-
ation of new electrons. The absorbed energy is turned mainly into rotation
and vibration of the molecule.

Detailed description of the operation principles of the gas detectors can
be found in Ref. [97].

4.2.2 Event handling

The MTD is triggered by a custom-made Trigger Unit (TU) being an adapted
version of TU from KASCADE Array [98]. Two trigger modes are possi-
ble: internal and external. In the internal triggering mode a multiplicity of
DIGOR signals from wire boards of all towers is used.

The source of the external trigger are KASCADE/Grande components
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like the KASCADE Array (for showers above 1014 eV), Grande Array (for
showers above 1016 eV), the Top Cluster and Trigger Plane from the Central
Detector, and the Piccolo.

For a shower generating only triggers in Grande Array (mostly showers
far away from KASCADE centre) the delay of the trigger signal reaching
the MTD becomes comparable with the length of the one-shot pulse in the
frond-end electronics. This creates inefficiency in muon registration in such
showers.

The Trigger Unit is responsible also for generation of the Time Label
(TL) for each event, with a precision of 200 ns. The TL information is used
by the acquisition software to build an air shower event.

Whenever a trigger condition is fulfilled in the TU, the TVC receives
an EVENT signal and a NIM-pulse is generated. The TVC locks the TU
to inhibit more triggers and reads out the TL and trigger registers. The
NIM-pulse is split and fed into the START inputs of all STAS modules that
send a LOAD signal. The data from the comparators are moved into the
shift-registers of the front-end boards. Then, clock pulses are used to shift
the data along the chain into the memory of the STAS. When this is fin-
ished, the first STAS in the CAMAC crate generates a Look-At-Me (LAM)
signal which is fed into an external interrupt input of a CAMAC Branch
Driver to generate a VME-interrupt. This interrupt causes a high priority
process of the TVC to scan all STAS and ADC modules for LAM signals
and to transfer the data into the memory of the TVC. When the transfer is
completed the TU is unlocked and a low priority process preprocesses the
data and sends them, via a second TVC over TCP/IP, to the central event
builder.

The high priority Data Acquisition Program (DAQ) [99,100] coordinates
the experiment control, time and event handling and data storage. It uses
routines on the TVC to initialize the hardware: the VME and CAMAC
crates, the TU, the STAS controllers and the ADC modules.

In some cases, when high energy showers hit the ground close to the de-
tector the data acquisition system saturates. The trigger is created but the
number of particles reaching the MTD is high enough to create overlapping
clusters. The information about these clusters is representsd by a single,
long string of data. STAS Controllers have a limit of alowed data size. If
this string of data is longer than 512 words it is automatically rejected by
the acquisition system and information about the muon tracks is lost. As a
result in a shower some of the muons are missing. In extreme cases, when
all STAS Controles are in saturation, in the data there is no muons in the
shower and the shower is rejected by shower selection criteria.
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4.2.3 Reconstruction of the muon directions

General description of the reconstruction of EAS can be found in chapter
3.2. Here, the algorithm of the reconstruction of the muon directions from
the hit information will be described.

From the raw data the information about signals on wires, diagonal
and perpendicular strips is retrieved and converted into positions of each
wire and strip. The cluster sizes along the wires and strips (in cm) are
reconstructed for each detector module. The position, where the particle
crossed the module is estimated as the centre of the cluster and becomes
the position of a hit.

Muon directions can be reconstructed from three or two hits. The three
hit tracks are reconstructed first. In a first approach the algorithm is looking
for hits that are aligned, parallel to the shower axis (determined in the
KASCADE-Grande Array), in three modules. The quality of the track is
described with the Q parameter that behaves like χ2:

Q2 =
3∑
i=1

D2
tr(Hiti)
AHITi

(4.2.1)

where Dtr is the distance in space between the hit and the track coordinate
and AHITi is the area of the hit (wire cluster size × strip cluster size). The
track quality Q is not a standard χ2 because the reciprocal of the area of
the hit is used as a weight of the square of the hit-track distance. The track
quality cut Q<2.5 efficiently rejects accidental tracks without reducing sig-
nificantly the particle track sample.

Using all possible hits for three hit tracks, the information about them
is stored in a data bank. The procedure is then repeated for two hit tracks
but only for hits that are not involved in three hit tracks. The hits that do
not fit to any track are ignored.

At high muon densities clusters may overlap and not all tracks are re-
constructed, or are reconstructed with poor quality. This reconstruction
inefficiency occures when showers fall too close to the MTD. At extreme
cases none of the muon tracks is reconsturcted. The minimun distance to
the shower core where there is still the full reconstruction efficiency increases
with shower energy.



Chapter 5

Selection of the experimental
data

5.1 Selection of showers

The investigation being a subject of this work is based on over 45 million
showers registered by KASCADE-Grande experiment from November 2003
to 3rd June 2009.

Selection criteria for showers in KASCADE-Grande were a subject of
extended investigation. After detailed studies of the performance of the
Grande Array a set of conditions, superimposed on measured and recon-
structed shower parameters, was developed to obtain highest reconstruction
accuracy and to minimise systematic errors.

In the MTD analysis only showers with muon tracks are taken into ac-
count. In addition showers selected for the MTD analysis fulfill the following
conditions:

1. the highest energy deposit is recorded by a central detector station of
a trigger hexagon (Fig. 3.1.2);

2. at least 12 stations have a signal above the discriminator threshold
(i.e. provide a valid TDC-count);

3. the ratio between the detected and the total reconstructed number of
particles is above a given threshold [94];

4. all Grande and KASCADE detector stations are active during the
event;

5. shower zenith angle is less than 18◦;
6. shower age: - 0.39 < s < 1.49

All analyses in this thesis, where only KASCADE-Grande data have been
used, are done for showers with reconstructed primary energy E0 above
1016 eV, where KASCADE-Grande has full efficiency (Fig. 3.2.3).

The MTD registration is fully efficient in a certain distance range to
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the shower core. Close to the core reconstruction efficiency is affected (see
Chapter 4.2.2 and 4.2.3). At larger distances, where muon density becomes
anyway smaller, the registered number of muons (and, consequently, show-
ers with at least one muon) is further reduced by trigger inefficiency effects
(see Chapter 4.2.2). This leads to the core distribution of showers available
for the investigation in the MTD as shown in Fig. 5.1.1. Most of the showers
are located within 192400 m2 of standard KASCADE-Grande fiducial area

Figure 5.1.1: Shower core distribution over the fiducial area
used in the MTD analysis (solid-line rectangle). The stan-
dard fiducial area (dashed-line rectangle) used in KASCADE-
Grande EAS analyses is shown for comparison.

around the centre of the Grande Array (dashed-line rectangle). To improve
statistics in the MTD analysis it was necessary to extend fiducial area to
319000 m2 (-550 m<x<50 m, -580 m<y<20 m, solid-line rectangle) what
increased the number of showers with muons (without any other condition)
from 1676393 to 2977697. This extension, however, has no influence on the
quality of reconstructed showers used in the MTD analysis.

The numbers of showers before an after applying cuts described above
are given in Appendix A in Tab. A.1.

Whenever the analysis is performed in energy bins the energy is calcu-
lated with the formula based on linear combination of electron and muon
sizes:

lg(E[GeV ]) = 0.313 · lg(Ne) + 0.666 · lg(Nµ) + 1.24/ cos(θ) + 0.580 (5.1.1)

This formula was obtained by means of a linear regression analysis based
on CORSIKA showers for five different primaries [101].
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To stay up-to-date with the development of the KASCADE-Grande ana-
lysis of the EAS the analysis from chapters 6 to 8 was repeated for the
recently developed formula (5.1.2) for the energy of the showers:

lg(E[GeV ]) = [aH + (aFe − aH) · k] · lg(Nch) + bH + (bFe − bH) · k

k = lg(Nch/Nµ)− lg(Nch/Nµ)H
lg(Nch/Nµ)Fe − lg(Nch/Nµ)H

(5.1.2)

The formula is based on the number of charged particles, obtained with
KASCADE and Grande arrays, and number of muons, obtained with KAS-
CADE muon detectors (see Ref. [102] for details). The energy assignment is
defined as E = f(Nch,k), where Nch is the size of the charged particle com-
ponent and the parameter k is defined through the ratio of the sizes of the
charged (Nch) and muon (Nµ) components. The main aim of the k variable
is to take into account the average differences in the Nch/Nµ ratio among
different primaries with the same Nch, and the shower-to-shower fluctua-
tions for events of the same primary mass. The coefficients a, b, c, d are
obtained through the fits to the scatter plots (Nch, Nch/Nµ) and (Nch, E)
in the region 6 < lg(Nch) < 8, which means ∼100% trigger efficiency, and
up to the energy for which the simulated statistics is sufficiently high.

To distinguish the energy formulas (5.1.1) and (5.1.2), the terms “Ne for-
mula” or “Erec0 ” will refer to formula (5.1.1), and terms “Nch formula” or
“ENch” will refer to the formula (5.1.2) if not stated otherwise. All results
obtained with Nch formula are presented only in the appendices B, C and
D. All examples presented in the following chapters are obtained using Ne

formula, if not stated otherwise.

5.2 Selection of muons
Standard set of parameters used in the description of muon directions ob-
tained with the MTD contains characteristics of each hit (hit parameter
array) used to calculate direction, coordinates of the point where the muon
track crosses the plane of the KASCADE scintillator array (track position),
azimuth and zenith angles of the track, and the track pattern (patt3 for
3-hit tracks and patt2 for 2-hit tracks), describing which modules were in-
volved in the track reconstruction. Top, middle, bottom and wall modules
are assigned to number 1, 2, 3 and 4, respectively. For example, pattern 124
means that track was reconstructed out of hits in the top, middle and wall
modules. In the following analysis only tracks with patterns 123, 124, 423
for 3-hit and 12, 23, 13, 14, 24, 42, 43 for 2-hit ones are taken into account.

The direction of a muon is reconstructed from the hits in detector mod-
ules. To select high quality tracks it was necessary to investigate dimension
of each hit along wires (x axis – wire cluster size) and perpendicular strips
(y axis – strip cluster size) and the hit area, being a product of those two.
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When a muon is accompanied by other particles, very often passing through
the module they create large clusters, at least in one module, and the most
penetrating particles create hits in the last module. Muon direction based
on large clusters is not as accurate as the one based on small clusters and
should be eliminated from the analysis. That is why for the analyses based
on muon directions hits with the wire cluster size restricted up to 5 cm and
with the strip cluster size up to 10 cm are taken into account, only. Addi-
tionally, the area of the last hit in a track must be smaller than the area of
other hits used to reconstruct that track.

Due to the reconstruction inefficiency effects it was necessary to restrict
the muon-to-shower-axis distance Rµ, calculated from shower core position
and shower direction obtained with Grande Array and the track position in
the shower coordinate system, to be larger than 100 meters.

The following list summarises the conditions for muon track selection:
1. patt3= 123,124, 423;
2. patt2= 12, 23, 13, 14, 24, 42, 43;
3. 100 m < Rµ < 700 m;
4. wire cluster size ≤ 5 cm;
5. strip cluster size ≤ 10 cm;
6. hit area in the last hit used to reconstruct the track is the smallest

one.
In Tab. A.1 the numbers of muon tracks before and after applying cuts
described in this chapter are listed.

5.3 Analysis of the simulated data

EAS were simulated with CORSIKA. In a standard KASCADE-Grande
simulations QGSJet-II or EPOS are high-energy (HE) hadronic interaction
models and FLUKA is the low-energy (LE) interaction model. Showers were
simulated for H, He, C, Si and Fe primaries with the spectrum ∼E−2 in the
energy range from 1014 eV to 1018 eV and in the zenith angle range 0◦ –
42◦. These simulations will be called “the standard set of simulations”.

There are also available special simulations, where showers have energy
up to 3.16×1018 eV or zenith angle up to 70◦, or showers are distributed over
different area than the standard 1.5 × area-of-the-Grande-Array. These sim-
ulations will be called “the special set of simulations”.

Numbers of showers available for the analysis and number of recon-
structed muon tracks are summarised in Tab. A.1.

In the following text, “QGSJetII” refers to QGSJet-II-2 version of the
HE hadronic interaction model, “EPOS” refers to EPOS 1.99 version of the
HE hadronic interaction model. “FLUKA” refers to FLUKA2002.4 version
of LE hadronic interaction model used in combination with QGSJetII, and
FLUKA2008.3 in combination with EPOS, if not stated otherwise.
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It takes several weeks of computing time on a large, powerful computer
farm (available at KIT) to simulate with CORSIKA one set of EAS for a
single primary particle and one high-energy model. To increase the number
of showers available for comparisons with the experimental data each simu-
lated shower is used then several times. The core position of the shower is
randomly distributed 10 times over an area 1.5 times larger than the area
of the experiment, and detector responses are simulated. Obtained set of
data is then processed with KRETA in the same way as it is done with the
experimental data.

In the standard simulation set, due to the location of the MTD within
the experiment and relatively small detection area, as well as the higher
muon energy threshold, the number of events with muon tracks was too
small for statistically significant comparisons of the experimental and sim-
ulated data. To overcome this problem and to lessen the bias in parameter
values created by multiple use of CORSIKA simulated showers a special set
of proton and iron initiated showers was created with QGSJetII+FLUKA
model combination. Showers were simulated only up to 20◦ in zenith angle
and each shower was in the detector simulations used 5 times only over the
fiducial area used in the MTD analysis. This increased the number of simu-
lated events for our analyses significantly (see Tab. A.1). These simulations
will be called “the special MTD set of simulations”.

One would require similar set of simulations (preferably special MTD
ones) for the EPOS+FLUKA model combination to be able to test with the
MTD data also these models. However, due to simulation priorities in the
KASCADE-Grande collaboration, only standard set, one set of special (with
high energy showers) and a fraction of special MTD set of simulations were
available for the analysis (Tab. A.1). Therefore, only very general conclu-
sions on the quality of EPOS in reproducing the MTD data were possible.

The simulations are performed with the slope of the energy spectrum
equal to -2 to increase the number of high energy showers. Analysis pre-
sented in this work is done in the energy range above the Knee, that is where
the all-particle CR spectrum is described with the spectral index γ ≈ −3.1.
To match the slope of the spectrum of the detected and simulated showers
muons from each simulated shower are weighted with the energy dependent
factor1.

In the following analysis, the selection of simulated showers and muons
is identical as for the measured data, and is done with the reconstructed
parameters. Additionally, all simulated showers fulfill the “software trigger”
condition that at least 10 stations in the outer clusters of the KASCADE
Array have signal from charged/γ detectors above the threshold. This con-
dition is an equivalent of trigger condition present in measured data.

1 The factor is (Etrue/106)−1.1 where Etrue is the true energy of a simulated shower
in GeV.



Chapter 6

Lateral muon density
distributions

The lateral distributions of particle density are one of the most important
shower characteristic of EAS reconstructed from the response of ground
based detector arrays and they are a starting point for the investigation of
energy and mas composition of cosmic rays. Their shape reflects the longi-
tudinal development of particle cascade in the atmosphere. When compared
with simulations, it is a powerful tool that helps to cross-check and improve
our understanding of the development of each particle component of a shower
and provide valuable information about the performance of the detectors.
The design of the KASCADE-Grande experiment allows to obtain lateral
distributions of all three components of EAS on an event basis at different
energy thresholds [103].

In this chapter the lateral muon density distributions obtained for the
first time with the tracking detector in a wide range of distances from the
shower core are presented. The results from the MTD are compared with
lateral distributions obtained with KASCADE Array and simulations, in
four primary energy ranges.

6.1 Data selection and analysis

The selection of showers was performed with the standard set of cuts de-
scribed in Chapter 5.1. The lateral density distributions of muons were
obtained with all muons which direction was reconstructed from the two
and three hit tracks that fulfill all selection conditions (Chapter 5.2) but
conditions on cluster sizes of the hits and their relation (conditions 4, 5 and
6 in the list).

The geometry of an exemplary shower event is shown in Fig. 6.1.1.
The vertical shower hits the ground in Grande Array. The core position,
direction and other parameters are reconstructed with the information from

56



6.1. DATA SELECTION AND ANALYSIS 57

Figure 6.1.1: Distance between the muon track and shower axis
Rµ is divided into 30 m bins. In each bin number of muon tracks
and area of the MTD are calculated.

arrays of charged particles and muon detectors. To obtain the lateral distri-
butions of muon registered in the MTD the following procedure was applied:

1. For each shower, the distance Rµ was divided into 30 m-large radial
bins around the reconstructed shower core position.

2. In each distance bin, the number of muons was calculated using posi-
tion of the middle hit in 3-hit tracks or extrapolation of the position
of the hit to the level of the middle module in 2-hit tracks.

3. The calculation of the area of the detector in each distance bin is done
in a following way. In a standard set of data taking two neighbouring
wires are combined. With perpendicular strip they create a 2 cm×2 cm
cell that is a basic detection area in the module. With the positions of
wires and strips, location of each cell is calculated and its size added
to detector area contained in the particular Rµ bin. The area was
corrected for the zenith angle of a shower multiplying it by a cosine of
this angle.

The number of reconstructed muon tracks may be distorted by the data
acquisition and/or trigger inefficiencies (Chapter 4.2). As a result, one can
obtain no tracks in a distance bin where the size of the detector area there,
and the registered muon density in the neighbouring bin make the zero-
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track registration highly improbable. Therefore, it was necessary to impose
an additional condition on the way of calculating the area in each distance
bin. For the muon density calculations only the area in distance bins where
at least one muon track was reconstructed was taken into account. Such an
approach is equivalent of the case of having different active detector area for
each shower. Without this condition the detector area without muons would
be accumulated and calculated density of muons would be biased towards
lower values.

The number of muon tracks in each distance bin was corrected for the
reconstruction efficiency ε. The calculation of the track reconstruction effi-
ciency is based on the assumption that 2-hit tracks are the 3-hit tracks with
one hit missing and all modules are equally efficient in creating a hit. This
assumption leads to the following formula [104]:

ε = 1
1 + Ntr2

3·Ntr3

(6.1.1)

where Ntr2 and Ntr3 are two and three hit tracks, respectively.
In the reconstruction procedure 2-hit and 3-hit tracks are not indepen-

dent, therefore it was necessary to introduce a proper correction factor K
given by the formula:

K = 1
3 · ε3 + 2 · ε2 (6.1.2)

The density in each distance bin was calculated as a sum of all muons
from all showers corrected for reconstruction efficiency being divided by
detector area in that distance bin corrected for zenith angle (AMTD).

ρi =
∑Ns
k=1(Nk

tr2 +Nk
tr3) · K∑Ns

k=1A
k,i
MTD

(6.1.3)

where i is distance bin number, Ns is number of showers, Ak,iMTD is detector
area in ith distance bin for kth shower.

6.2 Results and discussion
The MTD results, being based on muon counting, obtained for the first
time at these energies and for such large distance range, are presented in
Fig. 6.2.1 by full and empty circles. These distributions are compared with
lateral density distributions based on number of muons reconstructed out of
energy deposits in shielded plastic scintillators in the KASCADE Array. Pre-
liminary results were presented at the European Cosmic Ray Symposium in
2008 [105], the International Cosmic Ray Conference [106] and DPG Spring
Meetings [107,108].

In Fig. 6.2.1 the lateral muon density distributions are presented in
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Figure 6.2.1: Lateral density distributions of muons from the MTD in four
energy bins. Lines are fits to the muon density distributions obtained with the
MTD (solid lines, points used in the Lagutin fit are marked with full symbols)
and muon density distributions obtained with the KASCADE Array of shielded
plastic scintillators (dashed lines).

four energy bins calculated with the Ne formula (5.1.1) 1 from 1016 eV
to 1.6 × 1017 eV and in muon-to-shower-axis distance range from 100 to
700 meters. For better visibility, the KASCADE Array muon distributions
are represented by fits, only (dashed lines).

Lateral density distributions are fitted with Lagutin-like function (3.2.4)

1Results obtained for the energy bins calculated with the Nch formula are in Ap-
pendix B.
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given by the formula:

ρ(r) = Nµ ·
0.28
r2

0

(
r

r0

)−0.69 (
1 + r

r0

)−2.39
(

1 +
(

r

10 · r0

)2
)−1

(6.2.1)

In this analysis the fitted parameters are r0 and the scaling factor Nµ of
the distribution. The results of the r0 fits are presented in Tab. 6.1.

In all energy bins the separation in measured muon density between
MTD-muon and KASCADE-Array-muon density distributions corresponds
to the values expected from simulations for the two muon energy thresholds
(800 MeV and 230 MeV).

In Fig. 6.2.1 the experimental MTD-points used in the fits are marked
with full symbols. As we see, in all energy intervals the MTD-muon distri-
butions can be fitted with the function (6.2.1) only in a limited and different
muon-to-shower distance range. To discuss the observed deviations of the
experimental points from the fit-lines at small and large distances Fig. 6.2.2
has been constructed. There, the lateral muon density distributions are pre-

Table 6.1: Results of the fits of the lateral density of muons in energy range 1016 eV–
1017 eV.

lg(Erec0 [GeV ]) 〈Erec0 〉 KASCADE MTD
range [107 GeV] r0[m] χ2/NDF r0[m] χ2/NDF

7.0 - 7.3 1.340±0.001 402±9 20/10 345±3 190/10
7.3 - 7.6 2.689±0.005 280±10 49/10 300±4 260/10
7.6 - 7.9 5.34±0.02 260±15 18/10 243±7 53/11
7.9 - 8.2 10.41±0.06 306±27 46/10 207±14 18/10

sented in the first and the last analysed energy bin and the uncertainty of
each density point is multiplied by a factor 10 to show the changes of the
shower and muon statistics discussed in the following text.

In the first energy bin, the MTD distribution can be fitted with Lagutin
function in the distance range from 100 meters to 450 meters, thus being
compatible with the KASCADE distribution in this distance range. At
larger distances the MTD distribution is rising as well as the uncertainty
of the density values. In the last energy bin, the MTD distribution can
be fitted with Lagutin function in the distance range from 280 meters to
640 meters, thus being compatible with the KASCADE distribution in this
distance range. In distances outside this range the MTD distribution is
lower (<280 meters) or higher (>640 meters) than predicted by the Lagutin
function, and the uncertainties of the densities are increasing.

The shape of the MTD muon density distributions at large distances
is caused by the changes in the population of showers with muon tracks,
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Figure 6.2.2: Lateral density distributions of muons from the
MTD in the first and the last energy bin; the error bars of each
point are multiplied by factor 10. Lines are fits to the muon density
distributions obtained with the MTD (solid lines) and muon density
distributions obtained with the KASCADE Array of shielded plastic
scintillators (dashed lines).

reconstructed with the MTD, in that distance range. With rising Rµ dis-
tance, the number of showers that stem from lower-energy, light-primary
CR is decreasing because these showers cannot create an efficient trigger in
KASCADE or Piccolo Array due to the low density of charged particles in
EAS cascade2. In that case the information about the tracks of muons from
the MTD is lost (see Chapter 4.2.2). On the other hand, the showers initi-
ated by low-energy, heavy primary are able to create efficient triggers and
information about muon tracks can be recorded. The density of particles is
rising due to the larger number of reconstructed muon tracks from heavy
showers.

The behaviour of the MTD density distributions at small muon-to-shower
distances is influenced by the saturation of data acquisition system and/or
limited track reconstruction efficiency (see Chapters 4.2.2 and 4.2.3). The
reconstructed number of muon tracks is decreased while the determination
of the detector area is not affected, thus the muon density is decreasing.

The influence of the shower population and its behaviour with the dis-
tance and energy is confirmed by the investigation of lg(Nµ)/lg(Ne) ratio
used in 〈lnA〉 investigation and the behaviour of the lateral pseudorapidity
distribution, both discussed in Chapter 8.

2see Chapter 1.3.4 about dependence between CR primary, its energy and content of
particles within EAS cascades



62 CHAPTER 6. LATERAL MUON DENSITY . . .

Figure 6.2.3: Lateral muon density distributions obtained with
the MTD measurements (solid symbols) and CORSIKA simulations
(open symbols) in four energy ranges.

In Fig. 6.2.3 the comparison of the MTD-muon density distributions
with the results for H and Fe initiated showers simulated with CORSIKA
(QGSJetII+FLUKA) is shown. In all energy bins presented distributions
are in good agreement with each other within error bars. However, in the
distance range up to 200 m (clearly visible in the 3rd and 4th energy bin)
the densities from simulations are higher than densities from the measure-
ment. This is due to the idealised description of the MTD in CRES (see
Chapter 2.2) that “fails” in reproducing the detector behaviour in extreme
cases when saturation of the data acquisition occurs.

It is important to notice that directions of muons that originate from
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showers that are closer than 200 m or farther than 400 m are of acceptable
quality and are useful for calculation of other parameters like pseudorapidity.
Selection of muons, applied to other presented investigations, is motivated
by other physics questions than behaviour of muon densities.



Chapter 7

Pseudorapidity of muons in
EAS

In KASCADE-Grande EAS experiment, combining information about sho-
wer direction, obtained with detector arrays, with information about muon
directions, obtained with muon tracking detector, it is possible for the first
time to investigate pseudorapidity of high-energy hadronic interactions in
forward kinematic region in energy range not accessible for man-made ac-
celerators.

Pseudorapidity was devised to describe particle interactions in the ac-
celerator experiments and is expressed by a function of an angle between
the direction of produced particle and the direction of the beam. It is a
high energy approximation of rapidity, the quantity that is related with the
energy and momentum of the particles created in the interaction. In EAS
experiment, the shower axis is equivalent of the beam and muons are par-
ticles carrying information about the particles that stem from HE hadronic
interactions being essential for the development of EAS. Muon tracks in an
air shower are, in general, not coplanar with the shower axis, thus for inves-
tigation of the angle between the muon track and shower axis a concept of
radial and tangential angles was developed. With these two observables it
is possible to investigate the muon momentum components in the shower.

In this chapter, the radial and tangential angles will be introduced. Re-
sults of the pseudorapidity investigation, derived from these two angles, in
terms of model testing will be presented.

7.1 Radial and tangential angle

The MTD is able to reconstruct the directions of EAS muons with high
accuracy. Combining this information with very accurate estimation of the
shower core position and arrival direction it is possible to describe arrival pa-
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Figure 7.1.1: Definition of radial (ρ) and tangential (τ) angles.

(a) (b)
Figure 7.1.2: Tangential angle (panel (a)) and radial angle (panel (b)) distribu-
tions of muons for two muon energy thresholds. Muons stem from Hydrogen initi-
ated, vertical showers with energy 1016 eV simulated with CORSIKA using QGSJet-
II-2+FLUKA2008.3. Distributions normalised to the total number of particles in distri-
bution with lower energy threshold.

rameters of EAS muons in terms of radial (ρ) and tangential (τ) angles [109].
Both angles are defined in Fig. 7.1.1. The radial angle and tangential an-
gle are angles between the shower direction and the orthogonal projections
of the track onto the radial and tangential plane, respectively. The radial
plane is defined by the position of the detector and the shower axis. The
tangential plane is the plane parallel to the shower axis at the position of
the detector and perpendicular to the radial plane. Typical distributions of
radial and tangential angles are shown in Fig. 7.1.2.

The radial angle is dominated by the transverse momentum of muon
parents (Fig. 7.1.3), mostly K and π mesons. The tangential angle is domi-
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Figure 7.1.3: Radial angle of muons as a function of pT of parent
hadrons. Muons stem from Hydrogen initiated, vertical showers
with energy 1016 eV simulated with QGSJet-II-2+FLUKA2008.3.

nated by the amount of muon scattering in the atmosphere and absorber or
detector material, together with a possible displacement of the muon pro-
duction place from the shower axis. Distribution of this angle is symmetrical
around zero and becomes narrower with increase of muon energy as muons
with higher energy exhibit less scattering on their path from place of origin
to the detector (Fig. 7.1.2a). The radial angle carries information about the
transverse momentum of the parent hadrons and similar narrowing of the
radial angle distribution with increase of the muon energy can be observed
(Fig. 7.1.2b).

The behaviour of the angles with the muon-to-shower-axis distance Rµ is
a consequence of lateral distribution of energy of the EAS muons. The mean
radial angle is increasing with the Rµ as the muon energy is decreasing and
lower energy particles are scattered more on their way to the observation
level.

Radial and tangential angles are parameters used to calculate the pseu-
dorapidity and mean production height of muons in a shower [110].

7.2 Pseudorapidity
The rapidity is defined by

y = 1
2 ln E + pz

E − pz
= ln

(
E + pz
mT

)
= tanh−1

(
pz
E

)
(7.2.1)

where E is an energy of a particle, mT is its transverse mass given by

mT = m2 + p2
x + p2

y (7.2.2)
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and pz is particle momentum along z-axis (usually the beam direction).
When p�m rapidity y may be expanded to obtain pseudorapidity η:

y = 1
2 ln cos2(θ/2) +m2/4p2 + . . .

sin2(θ/2) +m2/4p2 + . . .
≈ − ln (tan(θ/2)) ≡ η (7.2.3)

where cos(θ) = pz/p. The η defined in such a way (right side of equation
(7.2.3)) is approximately equal to the rapidity y for p�m and θ � γ−1.
The pseudorapidity can be used when it is possible to measure angle of the
particle with respect to the beam but not its energy and momenta.

Figure 7.2.1: Muon track described in terms of the muon mo-
mentum, see text for explanation of the dependence between radial
and tangential angles and components of the muon momentum.

Using simple trigonometry (depicted in Fig. 7.2.1) and substituting tan-
gent for an angle, which is correct within 5% error up to 0.4 radian, one can
write the following expressions for τ and ρ:

τ ≈ PB
PD = pT

p‖
× sin(POB) (7.2.4)

ρ ≈ PB
PD = pT

p‖
× cos(POB) (7.2.5)

Let us define the new parameter ζ as follows:

ζ ≈
√
τ2 + ρ2 = pT /p‖ (7.2.6)
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which is valid for τ ≤ 0.4 radian, and ρ ≤ 0.4 radian. In EAS experiment,
reconstructing direction of showers and directions of muons and calculating
ρ and τ , by means of ζ one gets the possibility to investigate the muon
momentum space and muon rapidities. Substituting momentum for the
total energy, which is allowed above 1 GeV without significant error, one
can express rapidity y and pseudorapidity η using parameter ζ as follows:

y = 1
2 ln E + pz

E − pz
= 1

2 ln
√

(ζ2 + 1) + 1√
(ζ2 + 1)− 1

(7.2.7)

η = ln
2× p‖
pT

≈ − ln ζ2 (7.2.8)

As simulations show, the shape of muon pseudorapidity distribution on
ground follows the shape of distribution of their parent hadrons rapidity
[111] (Fig. 7.2.2). This close relation is specially interesting in context of
the development of high-energy interaction models because investigating
pseudorapidity of muons we have an insight into interactions from which
originate their parent particles.

Figure 7.2.2: Simulated pseudorapidity of EAS muons on ground
compared with rapidity of their parent hadrons, from Ref. [111].

7.3 Shower and muon selection

Showers selected for this analysis fulfill general conditions for showers and
muon tracks described in Chapter 5.1 and 5.2 for measured data and Chap-
ter 5.3 for simulations. Additionally, to restrict the error of pseudorapidity
calculated from ρ and τ angles it is necessary to introduce another condition
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on these angles:

− 0.5◦ < ρ < 23◦ ∧ |τ | < 23◦ (7.3.1)

which is a results of applied method (see Chapter 7.2) and finite accuracy of
the reconstruction of the angle. Condition −0.5◦ < ρ helps to include into
the analysis muon tracks with small ρ that were reconstructed with negative
angle due to finite angle reconstruction accurracy.

To test interaction models efficiently, it is important to investigate the
optimal conditions (muon-to-shower distance, radial and tangential angle
cuts) that select muons from the data that in EAS simulation stem from
interactions described by the model which is investigated. Here, the results
of this investigation with use of showers simulated with CORSIKA will be
presented. Analysed vertical shower were simulated with QGSJet-II-2 and
EPOS 1.99, both with FLUKA 2008.31.

Investigation of Rµ range

In EAS, muons that originate from low energy interactions, exhibit stronger
scattering, thus at the observation level are spread at larger muon-to-shower-
axis distance than high energy muons and have larger radial and tangential
angles. Restricting angles and Rµ distance it is possible to select muon
sample that is enriched in muons that stem from high energy interactions
simulated with high energy hadronic interaction model. This is straight-
forward conclusion from dependence of the tangential and radial angle with
energy (see Fig. 7.1.2). Additionally, with CORSIKA simulations it is possi-
ble to estimate what is the influence of angle cuts onto the number of muons
that stem from high and low hadronic interactions.

The results of investigations of the lateral distributions of muon
number in rapidity distribution that stem form high-energy and low-energy
hadronic interaction models is depicted in Fig. 7.3.1. Presented distribu-
tions are obtained with vertical showers, initiated with H and Fe primaries
with energy E0=1016 eV. Showers were simulated with QGSJetII+FLUKA
(panel 7.3.1a) and EPOS+FLUKA (panel 7.3.1b) model combinations.

The most convenient distance range to investigate high-energy interac-
tion models is up to 100 meters from the shower core where muons that
originate from these interactions dominate in the rapidity distribution over
muons from low-energy interactions. However, this distance range has to
be excluded from the MTD analysis due to problems with data acquisition
saturation and problems with reconstruction of muon tracks (see discussion
of lateral density distribution of muons in Chapter 6.2). In the more suitable

1 For the purpose of this section the models will be referred to as “QGSJetII” or
“EPOS” with “FLUKA”.
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(a) (b)
Figure 7.3.1: Lateral distributions of relative number of muons that stem from particles
simulated with HE (QGSJetII in panel (a) and EPOS in panel (b)) hadronic interaction
models and LE hadronic interaction model (FLUKA) relative to the total number of muons
in rapidity distributions. Distributions obtained from vertical showers initiated by H and
Fe primary of energy 1016 eV. The radial and tangential angle of muons is restricted by
condition (7.3.1).

Figure 7.3.2: Influence of radial and tangential angle cut on ra-
pidity distribution of muons from vertical, H initiated showers with
energy 1016 eV simulated with QGSJetII+FLUKA. See text for ex-
planation.

distance range, from 200 to 500 meters, e.g. for proton showers, the number
of muons that stem from interactions simulated with QGSJetII is changing
from ∼35% to ∼30% and EPOS model nearly in the same range from ∼33%
to ∼27%.

Selecting distance range it is necessary to consider not only content of
muons that stem, in simulated showers, from high-energy interactions but
also the changes of the population of heavy and light shower with the Rµ
distance and shower energy. Details of this investigation will be presented
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Figure 7.3.3: Example of influence of radial and tangential an-
gle cut on rapidity distribution of muons from vertical, H initiated
showers with energy 1016 eV simulated with QGSJetII+FLUKA.
The influence of the angle cuts are presented separately for low and
high energy interaction model. See text for explanation.

in Chapter 8.1. The final result is that the pseudorapidity distributions are
analysed in energy dependent distance range not closer then 250 meters and
not farther then 520 meters.

Investigation of angle cuts

In Fig. 7.3.2 and 7.3.3 the shapes of rapidity distribution for two radial and
tangential cuts are shown. The distributions are normalised to the total
number of muons in combined η distribution (N23) obtained with condi-
tion (7.3.1). After the angle cuts the distribution obtained with low-energy
muons is changed significantly (left slope), the number of muons with low
rapidity is reduced, thus the mean η of the distribution if shifted towards
higher values.

In Fig. 7.3.3 the distributions of muon rapidity obtained with low and
high-energy interaction model is shown separately to show the change in the
shape of the distribution when applying two ρ and τ cuts. All distributions
are normalised to combined number of muons in rapidity distribution under
condition (7.3.1). Here, the number of muons is ∼14% in FLUKA distribu-
tion and ∼3.5% in QGSJetII distribution smaller after applying the stronger
angle cut (dashed distributions) and the mean value of rapidity is 5% higher
for FLUKA and 1.1% higher for QGSJetII distributions. The shape of the
FLUKA distribution is changed: most of the muons with y<2.5 are elimi-
nated and number of muons with 2.5<y<3.5 is reduced. In the QGSJetII
distribution only number of muons with y<2.5 is reduced.
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Applying even stronger cuts on ρ and τ would decrease the number of
muons that stem from low-energy interactions but this would decrease the
statistics of muons significantly and pseudorapidity distributions would be
distorted by shower-to-shower fluctuations2. The radial and tangential angle
condition

− 0.5◦ < ρ < 8◦ ∧ |τ | < 2◦ (7.3.2)

provide enough statistics to limit influence of the shower fluctuations in data
and simulations.

7.4 Tests of interaction models with pseudorapid-
ity distributions

(a) (b)
Figure 7.4.1: Pseudorapidity distributions (normalised to integral) from data
and H and Fe initiated showers simulated with QGSJetII+FLUKA (panel (a))
and EPOS+FLUKA (panel (b)). Muons from showers with zenith angle up to
18◦ and lg(Erec0 [GeV ]) >7.0 , collected from Rµ range of 250-370 meters.

An example of η distributions for measured showers with θ<18◦ and
lg(Erec0 [GeV ]) >7.0 compared with simulated results for two primary parti-
cles H and Fe, are shown in Fig. 7.4.1. In Fig 7.4.1a simulations employed
QGSJetII+FLUKA model combinationin CORSIKA and in Fig. 7.4.1b –
EPOS+FLUKA. The data distribution is compared with distributions from
H and Fe initiated showers (θ < 18◦). The same distributions together with
the distributions from other energy ranges and for Nch formula are in Ap-
pendix C.

The pseudorapidity distributions from simulations reproduce general
2 Investigated condition −0.5◦ < ρ < 8◦ ∧ |τ | < 0.7◦ decreased the number of muons

in data by factor 2 compared to condition (7.3.2), reducing the quality of the distributions.
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shape of the data distribution well, the data are bracketed by simulations
in nearly all investigated η bins. The mean value from data distribution is
between mean values from simulated distributions (taking into account the
errors of the mean values).

As simulations show, for η >4.0, the muon sample contains mostly muons
that stem from HE interaction model. Muons with lower η are predom-
inantly from interactions simulated with low-energy hadronic interaction
model but high-energy hadronic interaction model provides input particles,
thus low pseudorapidity region reflects the behaviour of the latter. Com-
paring data and simulations in η >4.0 range it is possible to draw some
conclusions about high-energy hadronic interaction model. In Fig. 7.4.1a
the behaviour of QGSJetII model is presented: the data are between proton
and iron results but closer to proton than expected from investigation of
CR mass composition in this energy range (see Ref. [18]). The investiga-
tion of pseudorapidity distribution in view of model tests is closely related
to the mean logarithmic mass investigation (see Chapter 8). In case from
Fig. 7.4.1a one would expect that in this energy range data would be closer
to iron than to proton distribution. The observed discrepancies indicate
that in simulations with QGSJetII muons have larger mean pseudorapidity
than observed experimentally. For the case of EPOS model (Fig. 7.4.1b)
the very limited available shower statistics in simulations, and hence, large
effects of shower-to-shower fluctuations prevent formulation of any similar
statement about this model. One can only state, that the general shape of
the pseudorapidity distribution seems to be reproduced by EPOS correctly.

In all investigated energy ranges (presented in Appendix C) pseudora-
pidity distributions from data and simulations behave as described above.
However, with increasing energy the number of muon tracks is decreasing
and the shape of the distributions and their mean pseudorapidity values are
affected by the shower-to-shower fluctuations.



Chapter 8

Primary mass sensitivity of
mean muon pseudorapidity

Estimation of the mass composition of cosmic rays is one of the main goals
of the KASCADE-Grande experiment. From classical EAS observables,
electron and muon numbers, reconstructed with high accuracy in the ex-
periment, using unfolding procedures it was possible to reconstruct energy
spectra for five elements representing different mass groups of cosmic ray
particles. The analysis was done twice using simulations with two differ-
ent high energy hadronic interaction models (QGSJet01 and SIBYLL 2.1).
In both cases the Knee-like features are visible in the spectra of the light
elements that is shifted towards higher energy with increasing elemental
number. Detailed descriptions of this investigation can be found in Ref. [18]
and [112].

However, when the determination of mass composition of cosmic rays in
terms of individual mass group spectra, like in KASCADE, is not possible,
one can try to estimate the mean logarithmic mass of detected showers from
available parameters. The mean logarithmic mass is defined with formula:

〈lnA〉 =
∑
i

riAi (8.0.1)

where ri is relative fraction of nuclei with mass Ai. Assuming the super-
position model, the mean logarithmic mass can be calculated from pseudo-
rapidity derived from the direction of EAS muons with respect to the shower
arrival direction with the formula:

〈lnA〉 = 〈η〉DATA − 〈η〉H
〈η〉Fe − 〈η〉H

· ln(AFe) (8.0.2)

where 〈η〉DATA, 〈η〉H , 〈η〉Fe is the mean pseudorapidity from the measure-
ment and simulated H and Fe primary initiated showers, respectively.
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Investigation of mass composition with 〈lnA〉 with η has some restric-
tions. Firstly, the hadronic interaction models used in CORSIKA simula-
tions for this study should reasonably well describe the data. It means that
experimental values for 〈η〉 should be in-between the values for simulated H
and Fe showers. Secondly, the mean value of muon pseudorapidity should be
linearly dependent on 〈lnA〉. Investigation of these restrictions is presented
in Chapter 8.2.

8.1 Selection of shower events

The selection of showers for the analysis is described in Chapter 5.1. In-
vestigating the primary mass composition with air shower data one has to
check first whether the selection of the data is free from any bias towards
light or heavy composition. In the case of analysis using the MTD data, we
require having at least one muon track in every selected shower. The trigger
and reconstruction efficiency in the MTD depends on the muon-to-shower
distance (see Chapter 4.2.2). Therefore, it was necessary to investigate the
mass sensitive parameter muon-to-electron-size-ratio and lateral pseudora-
pidity distribution in order to select the muon-to-shower distance range for
this analysis.

As other investigations show, proton and iron initiated showers can be
distinguished by its lg(Nµ) to lg(Ne) ratio [113]. With the increase of the
primary mass this ratio also increases [114]. Example of lg(Nµ)/lg(Ne) lat-
eral distribution is given in Fig. 8.1.1. To avoid bias towards heavy or light
primary in 〈lnA〉 investigation it was necessary to choose limited Rµ range
where showers have constant lg(Nµ)/lg(Ne). Distance ranges for each anal-
ysed energy range are presented in Tab. 8.1.

Table 8.1: Rµ distance ranges for each analysed energy range.

lg(Erec0 [GeV ]) Rµ [m]
7.0-7.3 250-370
>7.0 250-370
7.3-7.6 280-400
7.6-7.9 280-430
>7.6 280-430

The selection of distances was supported also by investigation of lateral
distribution of mean pseudorapidity. In Fig. 8.1.2 experimental lateral dis-
tribution is compared with simulations for two primary particles (H and
Fe). Separation of H and Fe initiated showers is clearly visible, as well as
the possibility of 〈lnA〉 investigation in the selected distance range.
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Figure 8.1.1: Example of lg(Nµ)/lg(Ne) lateral distribution ob-
tained with showers with at least one muon track. Showers fulfill
condition 7.3< lg(Erec0 [GeV ]) <7.6. In a distance range between
red lines the ratio is considered to be stable.

Figure 8.1.2: Lateral distribution of muon pseudorapidity. Mea-
sured data (circles) are compared with QGSJetII+FLUKA simula-
tions of H (triangles) and Fe (squares) initiated showers. Separation
of H and Fe showers is clearly visible in wide Rµ range.
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8.2 Data analysis and results

For the determination of mean logarithmic mass the muon tracks that fulfill
the following conditions are used:

1. Rµ distance is in a range where lg(Nµ)/ lg(Ne) is constant in investi-
gated shower energy bin (see Tab. 8.1);

2. -0.5◦ < ρ < 23◦ and |τ | <23◦;
3. general muon track conditions described in Chapter 5.2.

Investigation of the mean logarithmic mass is based on the mean value of
pseudorapidity obtained from its distributions in the 1016 eV - 1017 eV decade
of primary energies. The energy of each shower is estimated with the Ne
formula (5.1.1)1 and the mean logarithmic mass is calculated with formula
(8.0.2).

Before calculating the mean logarithmic mass with pseudorapidity it
is necessary to check whether this parameter depends linearly on primary
mass. Examples of such investigation for two primary energy ranges are
shown in Fig. 8.2.1. There, the mean pseudorapidities obtained for H, C
and Fe primary initiated showers are plotted as a function of their known
lnA. Dependence 〈η〉 = f(lnA) for H, C and Fe has been fitted with a
straight line (red dashed), where, e.g. for the Fig. 8.2.1a, the direction
parameter is 0.050±0.004 and the free parameter is 3.31±0.01. Fit to H
and Fe primaries is shown as a blue line2. This straight line is, in fact, a
graphical representation of expression (8.0.2), where the Carbon primary
plays the role of data. The calculated values of 〈lnA〉, CCALC, are within
errors compatible with the true value for Carbon. The relatively large error
bars in pseudorapidity of Carbon and corresponding CCALC are due to the
significantly lower number of simulated showers for this element3, comparing
to the number available for H and Fe primaries.

The analysis was done in five energy ranges (with mean energy from
1.3×1016 eV to 7.15×1016 eV) and QGSJetII+FLUKA and EPOS+FLUKA
model combinations. The results of the calculations are presented in Tab. 8.2.
In Fig. 8.2.2 ,the two values of calculated 〈lnA〉 from this table are shown
on the 〈η〉 = f(lnA) linear relation, obtained with the simulated 〈η〉 values
for H and Fe initiated showers.

In case of the QGSJetII model, simulated showers contain muons with
too high pseudorapidity comparing to the measured values, thus calculated
〈lnA〉 is lower than expected from other investigations in this energy range.

1Results of investigation where the energy of each shower is estimated with the Nch
formula (5.1.2) are presented in Appendix D.

2 The red and blue line is described with the same values of parameters up to fifth and
third place after the coma for direction and free parameter, respectively.

3 Simulations of shower initiated by this primary is available only in the standard and
special sets of simulations
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(a) (b)
Figure 8.2.1: Example of the linearity investigation of the 〈η〉 = f(lnA) depen-
dence in two energy ranges. The values of the mean pseudorapidity of Hydrogen,
Carbon, and Iron are marked as black triangles. The 〈lnA〉 calculation obtained
with Carbon pseudorapidity distribution (CCALC). The red dashed line repre-
sents the fit to the points obtained from simulations (H, C and Fe), the blue line
is the fit to H and Fe. Panel (a) and panel (b) show the results for two energy
ranges.

(a) (b)
Figure 8.2.2: Example of the results of the 〈lnA〉 investigation. Mean pseu-
dorapidity as function of logarithm of mass for two elements and data based on
QGSJetII+FLUKA model combination in two energy ranges.

On the other hand, the EPOS model delivers lower rapidity muons, but due
to the low number of particles available for the analysis the obtained results
indicate only general trend of the 〈lnA〉 behaviour in this case.

The shift of 〈lnA〉 towards heavy elements is clearly visible for both
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model combinations. This behaviour confirms the KASCADE-Grande result
that contribution of heavy cosmic ray particles above the Knee region is
rising with energy [18].

In Fig. 8.2.3 some of the results of the MTD analysis are compared with
the results of the experiments that are able to investigate Xmax of EAS by
measurement of Cherenkov or fluorescent light. Observed rise of 〈lnA〉 with
energy is consistent with other experiments results, but the values are lower
due to model deficiency discussed above.

In Fig. 8.2.4 results of my analysis are shown together with the values
of 〈lnA〉 of cosmic rays derived by experiments measuring numbers of elec-
trons, muons and hadrons at the ground level. The inconsistency with these
experiments is clearly seen.

The results of this analysis obtained with energy calculated with Nch
formula (5.1.2) are presented in Appendix D.

This compatibility of the MTD results rather with the results obtained
from measurements of the light generated during shower development than
the ones measured on ground (e.g. electron/muon ratio) is a consequence
of the fact that the mean muon pseudorapidity measured on ground level is
also a signature of longitudinal shower development.

Preliminary or partial results from this investigations of longitudinal
shower development and 〈lnA〉 were presented on several international con-
ferences [115–117].

Just recently, my investigation of muon pseudorapidity has been used
to find a correlation with the lateral slope of radio signals generated by air
showers, registered by LOPES experiment. This is the first experimental ev-
idence for the sensitivity of the EAS radio signal to the longitudinal shower
development, i.e. to the primary mass [118].
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Chapter 9

Muon production height
studies

Muon tracking allows to measure the composition sensitive profile of a
shower in the Knee region, where it is not possible by the fluorescence tech-
nique. Muons have never been used up to now, with sufficient accuracy and
large statistics, for the reconstruction of the longitudinal development of the
EAS hadron component of individual showers due to the difficulty of build-
ing large area ground-based muon telescopes. It has become possible to do
it only now by investigation of muon production heights with the MTD in
KASCADE-Grande. The investigation has been based on the MTD’s high
reconstruction accuracy of muon directions and a very accurate determina-
tion of shower core positions by KASCADE and Grande scintillator arrays.

In this chapter the experimental investigation of the hadronic cascade
in EAS using tracks of muons measured at the KASCADE-Grande exper-
iment is presented. Those tracks are used to reconstruct muon production
heights. The method of the investigation and the sensitivity of this quantity
to the mass and energy of CR primary particle is shown. The validity of
hadronic interaction models used in Monte Carlo simulations of muon pro-
duction height is discussed. These investigations were one of the subjects
of the current thesis. Their results served as starting point to the more
detailed study of the primary CR composition derived with the mean muon
production heights in the two decades of primary energy spectrum around
the ‘Knee’. This task, being outside the scope of this thesis, was a collabo-
rative effort of several people, with some author’s participation. Therefore,
only final result of this spectrum will be shown at the end of this chapter
for completeness.

The full and detailed final results of muon production height investiga-
tion with the MTD in KASCADE-Grande can be found in [119]. Prelim-
inary and partial results, obtained with the active author’s participation,
were presented on many international conferences [120–124].
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9.1 Reconstruction of muon production height
In our analyses we used an approach, where the muon production height hµ
is being determined along the shower axis. For this purpose in the shower
coordinate system the following relation can be used:

hµ = Rµ/ tan(ρ) (9.1.1)

In the formula (9.1.1) it is assumed that muons are created at the shower
axis, which is not always the case. Usually they are created some meters
away from the axis due to the transverse momenta of their parent mesons.
However, for the investigation of mean muon production heights the assump-
tion of relation (9.1.1) gives acceptable deviations from the true values what
will be shown below, based on simulations.

Muon production height has been studied in the primary energy range
1015 eV -1017 eV. In the energy range from 1015 eV to 1016 eV analysis was
done with showers registered by the KASCADE array. There, to ensure a
nearly full azimuthal symmetry of the measured muons, events with muon-
to-shower distance Rµ from 40 m to 80 m were selected (the location of
the MTD is shifted by 54.65 m to the north from the KASCADE centre).
In addition, this selection lowers the influence of the geomagnetic field on
the mean muon directions. Below 40 m the punch-through effects forbid a
valuable muon tracking and above 80 m the highly asymmetric azimuthal
event distribution (see Fig. 6.3 in Ref. [125]) is difficult to correct for.

In the primary energy range from 1016 eV to 1017 eV showers reg-
istered with the Grande Array were used, with muons in Rµ range from
250 m to 360 m to avoid extended punch-through and, for large distances,
trigger efficiency problems. For KASCADE (Grande) selections a combined
Array-MTD analysis is only reliable above shower size lg(Ne) ≥ 4.8 (6.0)
and lg(Nµ) ≥ 4.1 (5.5).

The zenith angle of investigated showers was restricted to be smaller
than 18◦ and the mean muon production height was calculated in the al-
titude range up to 12 km along the shower axis, where the majority of
muons with energy on ground above 800 MeV are produced ( e.g. about
90% of muons, according to CORSIKA simulations, in 1016 eV proton in-
duced showers). The value of 12 km was chosen because already at this
altitude, and for the selected distance range of investigated muons to the
shower core, the uncertainties in the ρ angle values become comparable to
the values themselves.

In Fig. 9.1.1 an illustration of angular relations between muon track and
the shower axis is given. The track of the muon produced from pion decay
at some point away from the axis, as well as the reconstructed direction of
this muon in the MTD, are shown. The difference between muon direction
at production and on ground is mainly due to the multiple Coulomb scat-
tering of the muon in the atmosphere. The hµ calculated with the radial
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Figure 9.1.1: An illustration of angular relations between muon
track and the shower axis. The difference between the true and the
reconstructed hµ values is shown.

angle differs from the true one by ∆hρµ, as shown in the Fig. 9.1.1.
One can expect this difference being smaller if one could correct for this

multiple scattering. However, the amount of scattering is not known. It can
be restricted by applying radial and tangential angle cuts: 0◦ < ρ < 8◦ and
|τ | < 0.7◦. The τ cut, according to Monte Carlo simulations, enriches the
sample with high-energy muons, above a few GeV [126], having smaller av-
erage scattering angles (στ ≈ 0.2◦) and smaller bending in the geomagnetic
field, which improves the determination of the correct production height.

Limitation of radial angle values to 0◦ < ρ < 8◦ and, in addition, consid-
ering for the analysis only tracks with cluster sizes along the wires and at the
strips not larger than 10 cm and 16 cm, respectively, eliminate tracks not
belonging to shower muons or originating in the absorber above the MTD.

It was checked with Monte Carlo simulations that up to 12 km altitude
and in a distance range 40-80 m between a muon and the shower core, sub-
traction of the absolute value of τ from ρ when calculating hµ - formula
(9.1.2) – brings the reconstructed average value of hµ closer to the true one.

hµ = Rµ/ tan(ρ− |τ |). (9.1.2)

In Tab. 9.1 comparison of differences between mean values of true muon
production height and values calculated with the both formulas are pre-
sented. The systematic mean muon production height error, in % of the
true value, is given for the two fixed primary energies and the two primary
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Table 9.1: Dependence of the systematic mean muon production
height errors (in % of the true value)

1 2 3 4
Primary E0[eV] ∆hρµ ∆hρµ(cor)

H 1015 -3.1% +2.1%
Fe 1015 -7.3% -3.5%
H 1016 -1.8% +4.2%
Fe 1016 -5.0% -0.5%

species. Presented results for muons with energy above 800 MeV are ob-
tained with CORSIKA simulated showers (500 showers for 1015 eV and 158
showers for 1016 eV) using QGSJet01 and GHEISHA model combination. In
all investigated cases, the calculated mean muon production height differs
from the true value by a few percent but the use of formula (9.1.2) gives
indeed some improvement of the accuracy. Therefore, in this work the for-
mula (9.1.2) has been applied.

The analysis is based on 3-hit tracks only. Together with the track qual-
ity parameters discussed in [95] this results in the number of muon tracks
uncorrelated with a shower being below 1%.

Summarising, the following selection criteria were used for showers and
muons in this analysis:
Shower cuts:

1. Showers with 3-hit tracks;
2. Shower zenith angle less than 18◦ ;
3. Shower age 0.2 < s < 2.1 ;
4. Electron shower size lg(Ne) > 4.8.

Muon cuts:
1. 0◦ < ρ < 8◦ and |τ | < 0.7◦;
2. 40 m < Rµ < 80 m for KASCADE analysis;
3. 250 m < Rµ < 360 m for Grande analysis;
4. Maximal cluster sizes: 10 cm (wires) and 16 cm (strips);
5. Hit pattern: patt3=123.

9.2 Muon production heights in showers induced
by light and heavy primary masses

In investigation of primary mass sensitivity of any shower parameter the
most straightforward approach is to study the behaviour of this parameter
in heavy and light primary CR induced showers. As shown in [113,125] the
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FLUKA2002.4 code. At higher lg(Nl ) – the lowest panel in Fig. 7 –
contribution from higher interaction energies in this region in-
creases. This suggests that low-energy interaction model FLUKA
describes thedata well. Muons produced above %3.5 km have par-
ent mesons predominantly created at interaction energies larger
than 200GeV, which are modeled in simulations by the QGSJetII
code. We observe here that the high-energy model has problems
in describing the data.

Thecomparison revealsmoremuonsat high production heights
in the simulations (the distributions are shifted to the right). This
excess of muons in the simulations at high altitudes with respect
to the data may indicate that muons produced higher up have
too high an energy and do not decay, surviving to the observation
level, what is not observed in the measurements. The same effect
will occur when the simulated mesons have too small an energy
in the region of the first or second interaction, and would decay
earlier than in reality. Shifting the maximum of shower develop-
ment in themodels deeper in the atmosphere will act in thedirec-
tion of reducing the observed discrepancy with the data.

Simulation results shown in Fig. 7 are similar to the ones ob-
tained with the older QGSJet01 model, which predicted the mean
hl values shifted slightly up by %150m.

In Fig. 8 experimental values of the mean muon production
height hhl i as a function of lgðNtr;0

l Þare shown. A good separation
between light and heavy enriched primary CR particles is seen.
The dependence on lgðNtr;0

l Þsuggests that production heights cor-
rected for an appropriate elongation rate will exhibit a clear
remaining dependence on the CR particle mass. Mean muon pro-
duction heights for light and heavy mass enriched showers exhibit
aheight differenceof about 12%,which is 3–4 times thesystematic
error quoted in Table 2.

Shaded bands show how hhl i changes when the boundary be-
tween ‘heavy’ and ‘light’ is moved by ±0.01 in the lgðNtr;0

l Þ=lgðN0
eÞ

ratio, which is 10–20%of the peak position difference in the distri-
butions of this ratio for proton and iron primary induced showers
[31].Oneobserves that the light sample is moresensitive to such a
change giving a broader band, what can be explained by larger
fluctuations in the shower development than in case of showers
initiated by heavy CR primaries.

6. Mean muon production depth vs. electron and muon shower
sizes

In the previous section (Figs. 6–8) the muon production height
was shown to depend on the mass of the CR primary and its

Fig. 7. Muon production height distributions along the shower axis hl for light
(open circles) and heavy (full circles) enriched shower samples and a shower core
distance range 40–80 m, and shower zenith angles h<18° compared to CORSIKA
simulations employing QGSjetII +FLUKA models for proton (H) and iron (Fe)
primaries.Here lgðNl Þ%lgðNtr;0

l Þþ 0:5 (seeSection 3). Linesconnect thedatapoints
to guide the eyes.

Fig. 8. Experimental values of the mean muon production height along the shower
axis hhl i vs. lgðNtr;0

l Þ for light and heavy primary mass enriched showers and a
shower core distance range 40–80 m, and shower angles h<18°. The bands
bracketing the data points represent variations for the lgðNtr;0

l Þ=lgðN0
eÞ ratio from

0.73 to 0.75.

Fig. 6. Radial angle distributions (left panel) and muon production height distri-
butions hl along the shower axis (right panel) for light and heavy CR primary mass
enriched showers and for different lgðNtr;0

l Þintervals. Shower coredistances range is
40–80 m,and shower anglesh<18°.Linesconnect thedatapoints to guidetheeyes.

W.D. Apel et al./Astroparticle Physics 34 (2011) 476–485 481

Figure 9.2.1: Radial angle distributions (left panel) and muon production
height distributions hµ along the shower axis (right panel) for light and heavy
CR primary mass enriched showers and for different lg(N tr,0

µ ) intervals. Lines
connect the data points to guide the eyes [119].

electron size lg(Ne) and muon size lg(N tr
µ ) provide an opportunity to sepa-

rate light from heavy primary initiated showers. The ratio of the corrected
for their shower angle dependent attenuation parameters lg(N tr,0

µ )/ lg(N0
e )

turned out to be sensitive to the mass composition of primary CR. In KAS-
CADE analysis the border value of this ratio was 0.74.

Showers with lg(N tr 0
µ )/ lg(Ne0) >0.74 and lg(N tr 0

µ )/ lg(Ne0) 60.74 were
classified as initiated by heavy and light primaries, respectively.

Fig. 9.2.1 shows the distributions of the radial angle and muon produc-
tion height (left and right panel, respectively) for the selected distance range
40-80 m for different primary energies ( expressed in terms of muon size).
With the increase of the muon number radial angle distributions are shifting
towards higher values and both quantities show increasing mass sensitivity
(light and heavy distributions are better separated).

At high energies large muon production altitudes are predominantly
created by heavy primaries. Distributions become narrower, differently for
light and heavy components, what is an indication of a decrease of fluctua-
tions in the 〈hµ〉 parameter with increasing primary energy.

In Fig. 9.2.2 experimental values of the mean muon production height
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FLUKA2002.4 code. At higher lg(Nl ) – the lowest panel in Fig. 7 –
contribution from higher interaction energies in this region in-
creases. This suggests that low-energy interaction model FLUKA
describes thedata well. Muons produced above %3.5 km have par-
ent mesons predominantly created at interaction energies larger
than 200GeV, which are modeled in simulations by the QGSJetII
code. We observe here that the high-energy model has problems
in describing the data.

Thecomparison revealsmoremuonsat high production heights
in the simulations (the distributions are shifted to the right). This
excess of muons in the simulations at high altitudes with respect
to the data may indicate that muons produced higher up have
too high an energy and do not decay, surviving to the observation
level, what is not observed in the measurements. The same effect
will occur when the simulated mesons have too small an energy
in the region of the first or second interaction, and would decay
earlier than in reality. Shifting the maximum of shower develop-
ment in themodels deeper in the atmosphere will act in thedirec-
tion of reducing the observed discrepancy with the data.

Simulation results shown in Fig. 7 are similar to the ones ob-
tained with the older QGSJet01 model, which predicted the mean
hl values shifted slightly up by %150m.

In Fig. 8 experimental values of the mean muon production
height hhl i as a function of lgðNtr;0

l Þare shown. A good separation
between light and heavy enriched primary CR particles is seen.
The dependence on lgðNtr;0

l Þsuggests that production heights cor-
rected for an appropriate elongation rate will exhibit a clear
remaining dependence on the CR particle mass. Mean muon pro-
duction heights for light and heavy mass enriched showers exhibit
aheight differenceof about 12%,which is 3–4 times thesystematic
error quoted in Table 2.

Shaded bands show how hhl i changes when the boundary be-
tween ‘heavy’ and ‘light’ is moved by ±0.01 in the lgðNtr;0

l Þ=lgðN0
eÞ

ratio, which is 10–20%of the peak position difference in the distri-
butions of this ratio for proton and iron primary induced showers
[31].Oneobserves that the light sample is moresensitive to such a
change giving a broader band, what can be explained by larger
fluctuations in the shower development than in case of showers
initiated by heavy CR primaries.

6. Mean muon production depth vs. electron and muon shower
sizes

In the previous section (Figs. 6–8) the muon production height
was shown to depend on the mass of the CR primary and its

Fig. 7. Muon production height distributions along the shower axis hl for light
(open circles) and heavy (full circles) enriched shower samples and a shower core
distance range 40–80 m, and shower zenith angles h<18° compared to CORSIKA
simulations employing QGSjetII +FLUKA models for proton (H) and iron (Fe)
primaries.Here lgðNl Þ%lgðNtr;0

l Þþ 0:5 (seeSection 3). Linesconnect thedatapoints
to guide the eyes.

Fig. 8. Experimental values of the mean muon production height along the shower
axis hhl i vs. lgðNtr;0

l Þ for light and heavy primary mass enriched showers and a
shower core distance range 40–80 m, and shower angles h<18°. The bands
bracketing the data points represent variations for the lgðNtr;0

l Þ=lgðN0
eÞ ratio from

0.73 to 0.75.

Fig. 6. Radial angle distributions (left panel) and muon production height distri-
butions hl along the shower axis (right panel) for light and heavy CR primary mass
enriched showers and for different lgðNtr;0

l Þintervals. Shower coredistances range is
40–80 m,and shower anglesh<18°.Linesconnect thedatapoints to guidetheeyes.

W.D. Apel et al./Astroparticle Physics 34 (2011) 476–485 481

Figure 9.2.2: Experimental values of the mean muon production
height along the shower axis 〈hµ〉 vs. lg(N tr,0

µ ) for light and heavy pri-
mary mass enriched showers. The bands bracketing the data points rep-
resent variations for the lg(N tr,0

µ )/lg(N0
e ) ratio from 0.73 to 0.75 [119].

〈hµ〉 as a function of lg(N tr
µ ) are shown. A good separation between light and

heavy enriched primary CR particles is seen. The dependence of both com-
ponents on lg(N tr,0

µ ) (dependence on primary energy) suggests that mean
production heights corrected for an appropriate elongation rate will exhibit
a clear remaining dependence on the CR particle mass. Mean muon pro-
duction heights for light and heavy mass enriched showers exhibit a height
difference of about 12%, which is 3–4 times the systematic error quoted in
Tab. 9.1.

The sensitivity of the heavy/light separation on the chosen separation
value 0.74 was checked. Shaded bands in Fig. 9.2.2 show how 〈hµ〉 changes
when the boundary between heavy and light is moved by ±0.01 in the
lg(Nµ)/ lg(Ne) ratio, which is 10–20% of the peak position difference in the
distributions of this ratio for proton and iron primary induced showers [125].
A broader band observed for light sample can be explained by larger fluctu-
ations in the shower development than in case of showers initiated by heavy
CR primaries.

9.3 Test of hadronic interaction models with muon
production heights

In Fig. 9.3.1 the muon production height distributions of Fig. 9.2.1 are
compared to Monte Carlo simulation results for proton (triangles) and iron
(squares) primaries. The CORSIKA simulations were using QGSJetII and,
for interaction energies below 200 GeV, FLUKA2002.4 hadronic interaction
models. Identical cuts for data and simulations were used and the slope of
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FLUKA2002.4 code. At higher lg(Nl ) – the lowest panel in Fig. 7 –
contribution from higher interaction energies in this region in-
creases. This suggests that low-energy interaction model FLUKA
describes thedata well. Muons produced above %3.5 km have par-
ent mesons predominantly created at interaction energies larger
than 200GeV, which are modeled in simulations by the QGSJetII
code. We observe here that the high-energy model has problems
in describing the data.

Thecomparison revealsmoremuonsat high production heights
in the simulations (the distributions are shifted to the right). This
excess of muons in the simulations at high altitudes with respect
to the data may indicate that muons produced higher up have
too high an energy and do not decay, surviving to the observation
level, what is not observed in the measurements. The same effect
will occur when the simulated mesons have too small an energy
in the region of the first or second interaction, and would decay
earlier than in reality. Shifting the maximum of shower develop-
ment in themodels deeper in the atmosphere will act in thedirec-
tion of reducing the observed discrepancy with the data.

Simulation results shown in Fig. 7 are similar to the ones ob-
tained with the older QGSJet01 model, which predicted the mean
hl values shifted slightly up by %150m.

In Fig. 8 experimental values of the mean muon production
height hhl i as a function of lgðNtr;0

l Þare shown. A good separation
between light and heavy enriched primary CR particles is seen.
The dependence on lgðNtr;0

l Þsuggests that production heights cor-
rected for an appropriate elongation rate will exhibit a clear
remaining dependence on the CR particle mass. Mean muon pro-
duction heights for light and heavy mass enriched showers exhibit
aheight differenceof about 12%,which is 3–4 times thesystematic
error quoted in Table 2.

Shaded bands show how hhl i changes when the boundary be-
tween ‘heavy’ and ‘light’ is moved by ±0.01 in the lgðNtr;0

l Þ=lgðN0
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ratio, which is 10–20%of the peak position difference in the distri-
butions of this ratio for proton and iron primary induced showers
[31].Oneobserves that the light sample is moresensitive to such a
change giving a broader band, what can be explained by larger
fluctuations in the shower development than in case of showers
initiated by heavy CR primaries.

6. Mean muon production depth vs. electron and muon shower
sizes

In the previous section (Figs. 6–8) the muon production height
was shown to depend on the mass of the CR primary and its

Fig. 7. Muon production height distributions along the shower axis hl for light
(open circles) and heavy (full circles) enriched shower samples and a shower core
distance range 40–80 m, and shower zenith angles h<18° compared to CORSIKA
simulations employing QGSjetII +FLUKA models for proton (H) and iron (Fe)
primaries.Here lgðNl Þ%lgðNtr;0

l Þþ 0:5 (seeSection 3). Linesconnect thedatapoints
to guide the eyes.

Fig. 8. Experimental values of the mean muon production height along the shower
axis hhl i vs. lgðNtr;0

l Þ for light and heavy primary mass enriched showers and a
shower core distance range 40–80 m, and shower angles h<18°. The bands
bracketing the data points represent variations for the lgðNtr;0

l Þ=lgðN0
eÞ ratio from

0.73 to 0.75.

Fig. 6. Radial angle distributions (left panel) and muon production height distri-
butions hl along the shower axis (right panel) for light and heavy CR primary mass
enriched showers and for different lgðNtr;0

l Þintervals. Shower coredistances range is
40–80 m,and shower anglesh<18°.Linesconnect thedatapoints to guidetheeyes.

W.D. Apel et al./Astroparticle Physics 34 (2011) 476–485 481

Figure 9.3.1: Light (open circles) and heavy (full circles)
enriched shower samples compared to CORSIKA simula-
tions employing QGSJetII+FLUKA models for proton (H)
and iron (Fe) primaries. Lines connect the data points to
guide the eyes [119].

the simulated energy spectrum was weighted to -2.7 below and to -3.1 above
the Knee. Detector simulations were based on GEANT [75].

The plots of hµ (as well as in Fig. 9.2.1) are normalised to integral yield
equal one in the full range up to 12 km but they are shown to 9 km only in
order to expand the low production height region. However, the following
discussion of the features seen at high values of hµ is also true for the pro-
duction heights above 9 km.

In this expanded region we see that up to ≈3.5 km data points are em-
braced by the simulation results. Muons observed there, up to lg(Nµ) ∼5.0,
stem from hadronic interactions of energies below 200 GeV, modelled in
simulations with FLUKA. This suggests that low-energy interaction model
describes the data well. In the highest lg(Nµ) bin the contribution from
higher interaction energies in this region increases and the description of the
data by simulations is not so good any more.

Muons produced above 3.5 km have parent mesons predominantly cre-
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ated at interaction energies larger than 200 GeV, which are modelled in
simulations by the QGSJetII code. The discrepancies between data and
simulations suggest that the high-energy model has problems in describing
the data.

The comparison reveals more muons at high production heights in the
simulations (the distributions are shifted to the right). This excess of muons
in the simulations at high altitudes with respect to the data may indicate
that muons produced higher up have too high an energy and do not decay,
surviving to the observation level, what is not observed in the measurements.
The same effect will occur when the simulated mesons have too small an en-
ergy in the region of the first or second interaction, and would decay earlier
than in real showers.

The revealed discrepancy in muon production height distributions be-
tween QGSJet simulations and measurements points to the necessity of fur-
ther investigation of high-energy interaction models. Our test results in a
suggestion that shifting the maximum of shower development in the HE
interaction models deeper in the atmosphere will act in the direction of
reducing the observed discrepancy with the data.

9.4 Cosmic ray composition derived with the muon
production heights

It has been demonstrated above that the muon production height depends
on the mass of the primary CR and its energy. It has been also shown
that the hadronic interaction models used in Monte Carlo simulations do
not describe the experimental data in the whole range of investigated alti-
tudes. Therefore, for the more detailed study of this mass dependence of
muon production height a model independent method was developed [119].
Two parameter distribution lg(Ne) vs. lg(Nµ), for measured showers pass-
ing the shower and muon selection criteria, was used for this purpose. For
each such shower the mean muon production height was calculated, now
expressed in atmospheric depth Hµ in g/cm2. It has been found that cer-
tain muon production depth HA

µ regions create bands in the two parameter
lg(Ne) vs. lg(Nµ) space, which can be transformed into CR energy spectra
of relative muon production depth abundances in the range from ≈ 1015 eV
to ≈ 1017 eV (Fig. 9.4.1). In this figure the Grande data, analysed in the
separate distance range, are normalised to KASCADE flux in two bins below
and above lg(E0[GeV ]) = 7.7, i.e. in the overlapping region. One observes
distinct features in the spectra. While the ‘low mass’ (i.e. HA

µ large) spec-
tra show a rapid drop with increasing shower energy, ‘medium’ and ‘heavy
mass’ (i.e. HA

µ small) spectra seem to overtake at large primary energy.
This feature is model independent because only the experimental data were
used for obtaining muon production depth abundances.
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Figure 9.4.1: Energy spectra (from Ref. [119]) for primaries which produce
muons at different effective muon production depth HA

µ in the atmosphere; above
lg(E0[GeV])=7.7 the Grande Array data analysed in a separate distance range are
considered. The dashed line reproduces the CR spectrum as measured by KAS-
CADE [112].

So far, no explicit mass range assignment has been given. A coarse
mass scale may be provided by the relation between maximum of the muon
production height distribution (HA

µ max) and the value of mean logarithmic
mass 〈lnA〉.

These spectra have features similar to the energy spectra of primary
mass groups from Ref. [112]. The lightest masses (here the largest atmo-
spheric depths) have a break in the spectrum at lower energies compared to
the heavier (smaller depths) ones.

The total flux spectrum in Fig. 9.4.1 is in good agreement with the KAS-
CADE spectrum (as indicated by a dashed line) obtained by an unfolding
technique [112].



Chapter 10

Summary

In this work the results of the investigations of muons in EAS with the
large area streamer tube Muon Tracking Detector (MTD) in KASCADE-
Grande experiment has been presented. The MTD has been included into
the multidetector EAS experiment KASCADE in order to supplement the
conventional scintillation detector arrays in studying shower properties with
the muon tracking technique. This made possible not only to cross-check
with the results of the KASCADE array the measurements of lateral muon
density distributions. It enabled to study such parameters, solely available
with tracking, like muon production heights and, for the first time, EAS
muon pseudorapidities.

The investigation of experimental data was based on EAS registered by
KASCADE-Grande experiment from November 2003 to June 2009. For all
but muon production height analyses showers with primary energy above
1016 eV were selected, having muons registered by the MTD in the distance
range to the shower core from 100 m to 700 m. The same analysis was per-
formed for EAS simulated with CORSIKA software for QGSJetII+FLUKA
and EPOS+FLUKA model combinations and the experimental results were
compared with the results from simulations.

The lateral density distributions of muons were investigated, for the first
time being based on counted muon tracks not on estimated numbers of
particles from measured energy deposits (as it is in the case of scintillation
detectors). This investigation provided information about distributions of
EAS muons above energy 800 MeV, in four primary energy ranges above
1016 eV, and in a large muon-to-shower distance range, from 100 m to 700 m.

The shown compatibility of the distributions with the results obtained
for 230 MeV muons, measured with KASCADE detector array, was a proof
of a good performance of the MTD in track measurements.

The experimental lateral density distributions were compared with the
distributions for simulated showers. The simulations using QGSJetII+FLU-
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KA model combinations well describe the shape of the distributions, giving
a positive result of the model test with this shower parameter.

In KASCADE-Grande experiment high precision in measurements of
such shower parameters like shower direction and shower core position, com-
bined with high angular accuracy of muon tracking, made possible, for the
first time, to investigate pseudorapidity of EAS muons. As proved by simu-
lations, the pseudorapidity of detected EAS muons is closely related to the
pseudorapidity of their parent particles, thus providing information about
interactions from which they originate and reflecting the longitudinal devel-
opment of the EAS cascade. Therefore, this parameter is very useful to test
HE hadronic interaction models in the energy range not accessible to the
man-made accelerators.

For this purpose the experimental pseudorapidity distributions were com-
pared with distributions from simulations obtained with QGSJetII+FLUKA
and EPOS+FLUKA model combinations in five primary energy intervals.
The conclusion from these analyses is the following: both model combi-
nations provide the distributions having shapes compatible with the experi-
mental ones. Experimental distributions are embraced by distributions given
by proton and iron initiated showers. However, the shape of the data distri-
butions are closer to the proton shower distributions, which is not expected
from other mass composition investigations in the analysed energy range.
The experimental pseudorapidity should rather be closer to iron shower dis-
tribution (considering the shape and the mean pseudorapidity value). This
indicates that the tested HE interaction models deliver too many high pseu-
dorapidity muons to the observation level. Shifting the maximum of shower
development deeper into the atmosphere in those simulations could be a
change in right direction to lessen the observed discrepancy with the mea-
surements.

Estimation of the primary mass composition of cosmic rays is one of
the main goals of the KASCADE-Grande experiment. Therefore, various
reconstructed shower parameters are checked for the mass sensitivity. The
mean muon pseudorapidity was a very promising parameter in this aspect
and such investigation was one of the tasks of this work.

Using the mean pseudorapidity values of measured MTD data and sim-
ulated for proton and iron initiated showers the mean logarithmic mass of
cosmic rays was calculated in the primary energy range 1016 eV - 1017 eV
for the two model combinations: QGSJetII+FLUKA and EPOS+FLUKA.
The obtained values have been compared with the results of other experi-
ments that estimate the mass composition from particle detectors, and ex-
periments that detect Cherenkov/fluorescent light. The increase of 〈lnA〉
values with increasing energy was found, which is consistent with the results
from other experiments, but obtained values are smaller than expected, due
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to the mentioned above model deficiencies. Moreover, it was shown, that
the MTD results are compatible with the 〈lnA〉 values found by experiments
calculating it from the Xmax, using the Cherenkov or fluorescent light. This
is an experimental evidence that the mean muon pseudorapidity measured
on ground level is a signature of the longitudinal shower development.

Muon tracking allows to measure the composition sensitive profile of
a shower in the energy range of the Knee, where it is not possible with
the fluorescence technique. Muons have never been used up to now, with
sufficient accuracy and large statistics, for the reconstruction of the longitu-
dinal development of the EAS hadron component of individual showers. It
has become possible to do it only now by investigation of muon production
heights with the MTD in KASCADE-Grande. The investigation has been
based on the MTD’s high reconstruction accuracy of muon directions and
a very accurate determination of shower core positions by KASCADE and
KASCADE-Grande arrays.

With the mean muon production heights the validity of the QGSJetII
and FLUKA hadronic interaction models used in Monte Carlo EAS simu-
lations has been checked and the mass composition of CR primaries in the
two decades of primary energy around the Knee has been studied. A clear
separation between light and heavy primary initiated showers in the data
has been found. However, the comparison of the experimental data with
the simulated showers revealed that there are more muons at high muon
production heights in simulations, where most interactions of particles are
described with QGSJetII model. This deficiency of HE model in describing
the muon production height data was earlier revealed in the pseudorapidity
analysis, where the excess of high pseudorapidity values (carried by muons
from high altitudes) in simulated showers was found. The muon production
height distributions from simulations at low altitudes (where most interac-
tions of particles are described with FLUKA model) are consistent with the
distributions from data. Due to this finding, that the hadronic interaction
models used in Monte Carlo simulations do not describe the experimental
data in the whole range of investigated altitudes, the detailed primary mass
composition study with the mean muon production heights (being outside
the scope of this thesis) was done in a model independent way. With this
method energy spectra of four individual primary mass groups (represented
by certain muon production height abundances) was obtained, having simi-
lar features as the energy spectra of primary mass groups obtained by KAS-
CADE array data analysis.

The results of model tests with the muon pseudorapidity and muon pro-
duction heights have already been taken into account in the next genera-
tion of the QGSJetII and EPOS models being prepared. With the further
model development (supported by the MTD analyses) the investigation of
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hadronic interactions using muon pseudorapidities and investigation of the
mass composition should be continued, using possibly also another model,
like SIBYLL. For this purpose the statistics of simulated showers should be
sufficiently increased.



Appendix A

Selection of the experimental
and simulated showers

Table A.1 contains numbers of showers and reconstructed muon tracks avail-
able in data and numbers of H and Fe initiated showers and muon tracks sim-
ulated with QGSJetII+FLUKA1 and EPOS+FLUKA2 model combination
available for the MTD analysis. Showes fulfill condition lg(Erec0 [GeV ]) > 7.0.
“STD”, “SPEC” and “SPECMTD” refer to standard, special and special
MTD set of simulations, respectively (see Chapter 5.3 for details)3.

Nsh is a number of shower events when the MTD was active and the
shower core was within the MTD fiducial area.

Ncutsh is a number of showers after the cuts from Chapter 5.1.
Ntr3 (Ntr2) is a number of 3-hit (2-hit) tracks in showers Ncutsh .
Ncuttr3 (Ncuttr2) is a number of 3-hit (2-hit) tracks after the cuts from Chap-

ter 5.2.

1 QGSJet-II-2+FLUKA2002.4
2 EPOS1.99+FLUKA2008.3
3 In case of EPOS+FLUKA simulations only fraction of the standard set of simulations

could be used in the analysis presented in this work.

96



97

Ta
bl
e
A
.1
:
N
um

be
rs

of
sh
ow

er
s
an

d
m
uo

n
tr
ac
ks

in
da

ta
an

d
si
m
ul
at
io
ns

av
ai
la
bl
e
fo
r

th
e
an

al
ys
is

be
fo
re

an
d
af
te
r
ap

pl
yi
ng

th
e
sh
ow

er
an

d
m
uo

n
cu
ts
.
Se

e
te
xt

fo
r
de

ta
ils
.

D
AT

A
Q
G
SJ

et
+
FL

U
K
A

ST
D

SP
EC

SP
EC

M
T
D

H
Fe

H
Fe

H
Fe

N
sh

29
77

69
7

10
02

45
12

40
44

14
49

82
18

40
27

34
40

5
38

28
1

N
cu
t

sh
65

91
2

28
77

27
78

17
65

16
46

13
32

4
12

88
2

N
tr

3
32

82
90

33
31

9
44

09
7

23
88

0
28

11
7

13
93

75
18

97
50

N
cu
t

tr
3

29
41

2
14

25
8

20
94

3
97

04
13

04
7

60
70

3
90

16
7

N
tr

2
32

72
38

98
28

12
43

6
64

31
76

83
41

50
8

56
16

0
N
cu
t

tr
2

35
05

6
36

05
55

19
23

80
32

71
15

87
5

23
89

8
EP

O
S+

FL
U
K
A

N
sh

41
90

8
48

55
5

34
7

19
9

13
15

1
11

83
5

N
cu
t

sh
13

10
10

57
92

18
14

89
15

11
N
tr

3
14

00
7

19
71

5
10

10
5

26
26

21
81

5
28

78
5

N
cu
t

tr
3

62
91

90
28

34
91

75
8

90
29

13
21

4
N
tr

2
43

38
53

98
14

90
30

6
58

86
78

73
N
cu
t

tr
2

16
29

21
80

65
9

85
22

27
32

92



Appendix B

Lateral muon density
distributions

Here the lateral muon density distributions in energy bins obtained with
the Nch formula (equation (5.1.2)) are presented. All conditions used in this
analysis are the same as in Chapter 6. As expected, all conclusions from the
analysis presented in Chapter 6 are valid for this analysis and all restults
are compatible.

Table B.1: Results of the fits of the lateral density of muons in energy range 1016 eV–
1017 eV. The energy is obtained with Nch formula

lg(Erec0 [GeV ]) 〈Erec0 〉 KASCADE MTD
range [107 GeV] r0[m] χ2/NDF r0[m] χ2/NDF

7.0 - 7.3 1.340±0.001 479±13 23/10 378±4 18.5/10
7.3 - 7.6 2.689±0.005 326±14 37/10 362±5 160/10
7.6 - 7.9 5.34±0.02 276±17 31/10 279±8 61.6/11
7.9 - 8.2 10.41±0.06 193±20 37/10 204±15 46.8/9
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Figure B.0.1: Lateral density distributions of muons from the MTD in four
energy bins. Lines are fits to the muon density distributions obtained with the
MTD (solid lines, points used in the Lagutin fit are marked with full symbols)
and muon density distributions obtained with the KASCADE Array of shielded
plastic scintillators (dashed lines).
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Figure B.0.2: Lateral muon density distributions obtained with the MTD
measurements (solid symbols) and CORSIKA simulations (open symbols) in four
energy ranges.



Appendix C

Pseudorapidity of muons in
EAS

In this appendix the results of tests of interaction models with pseudorapid-
ity distributions are presented. Pseudorapidity distributions calculated from
MTD data are compared with pseudorapidity from proton and iron initiated
showers simulated with CORSIKA for two model combinations: QGSJet-
II-2+FLUKA2002.4 (Fig. C.0.1 and C.0.3) and EPOS1.99+FLUKA2008.3
(Fig. C.0.2 and C.0.4). Comparison is done in five energy and Rµ distance
ranges. The energy is calculated with Ne formula1 in Fig C.0.1 and C.0.2
and with Nch formula2 in Fig C.0.3 and C.0.4.

1 See equation (5.1.1), page 52
2 See equation (5.1.2), page 53
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(a) (b)

(c) (d)

(e)
Figure C.0.1: Pseudorapidity distributions (normalized to integral) from data
and H and Fe initiated showers simulated with QGSJetII+FLUKA model combi-
nation. Muons from showers with zenith angle up to 18◦. The energy of showers
is estimated with Ne formula.
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(a) (b)

(c) (d)

(e)
Figure C.0.2: Pseudorapidity distributions (normalized to integral) from data
and H and Fe initiated showers simulated with QGSJetII+FLUKA model combi-
nation. Muons from showers with zenith angle up to 18◦. The energy of showers
is estimated with Ne formula.
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(a) (b)

(c) (d)

(e)
Figure C.0.3: Pseudorapidity distributions (normalized to integral) from data
and H and Fe initiated showers simulated with QGSJetII+FLUKA model combi-
nation. Muons from showers with zenith angle up to 18◦. The energy of showers
is estimated with Nch formula.
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(a) (b)

(c) (d)

(e)
Figure C.0.4: Pseudorapidity distributions (normalized to integral) from data
and H and Fe initiated showers simulated with QGSJetII+FLUKA model combi-
nation. Muons from showers with zenith angle up to 18◦. The energy of showers
is estimated with Nch formula.



Appendix D

Primary mass sensitivity of
mean pseudorapidity

In Tab. D.1 results of the 〈lnA〉 calculated in the 1016 eV–1017 eV primary
energy range with QGSJetII+FLUKA and EPOS+FLUKA model combina-
tions are presented. Energy was calculated with formula (5.1.2). The results
are compatible with those presented in Tab. 8.2.

In Fig.D.0.1 results of the MTD analysis are compared with the results
of the experiments that are able to investigate Xmax of EAS by measurement
of Cherenkov, fluorescent light or from direct measurements. Observed rise
of 〈lnA〉 with energy is consistent with other experiments, but the values
are lower than expected.
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Page Line There is Should be
4 2 "cascade of photons, leptons, muons and hadrons" cascade of photons, leptons and hadrons
6 28 "inversly" inversely
20 11 "featuers" features
20 12 "estiamate" estimate
22 9 bottom∗ "tunned" tuned
23 3 "desiged" designed
23 22 "Normaly" Normally
40 1 "KASACDE" KASCADE
43 6 "hight" height
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49 7 bottom "representsd" represented
49 6 bottom "alowed" allowed
50 3 bottom "reconsturcted" reconstructed
69 12 bottom "form" from
39 equation 3.2.8

There is: δα = arcos(cos(θK) · cos(θG) + sin(θK) · sin(θG) · cos(φK − φG)
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