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1
Introduction

1.1 Cosmic rays

Already in 1785 de Coulomb found that his equipment suffered from discharging [1]. If ions

in the atmosphere were responsible, there had to be an unknown source of ionizing radiation.

After the discovery of radioactivity in 1896 by Becquerel [2] it was generally believed that

radioactive elements in the ground caused the ionization of the air. However, experiments

by Wulf in 1909 and Pacini in 1911 showed that a part of the ionization had to be due to

sources other than the Earth’s radioactivity [3, 4]. The history of cosmic rays literally took off

in 1912 when Hess discovered with his balloon experiments that an electroscope discharged

more rapidly at large altitudes [5]. He attributed it to radiation of extra-terrestrial origin [6].

After that, several experiments were conducted to study the nature of these ‘cosmic rays’ [7–9].

In 1927 Clay found evidence for cosmic rays being deflected by the geomagnetic field, which

implied the cosmic rays to be charged [10, 11]. From the difference between the intensities of

cosmic rays coming from the east and the west, the so-called east-west effect, it was found by

Rossi in 1934 that most cosmic rays have a positive charge [12]. Nowadays it is known that

99 % of the cosmic rays are nuclei (ionized atoms with positive charge) and 1 % are electrons.

A very small fraction of the cosmic rays are gamma particles. The nuclei include essentially

all of the elements of the periodic table: about 89 % hydrogen (protons), 10 % helium (alpha

particles) and 1 % heavier elements. The observed energies of cosmic particles ranges from

somewhat greater than their mass-equivalent to 3 ·1020 eV. Particles with energy smaller than

1010 eV originate mainly from the Sun. Particles with energy between 1010 eV and 1016 eV

are attributed to sources in our Milky-Way galaxy. From there the origin gradually shifts to

extragalactic origin. Beyond 1018 eV cosmic particles are thought to be of extragalactic origin.

The interaction of cosmic particles with the cosmic microwave background sets a limit to the

energy of cosmic rays, the GZK limit [13, 14]. The GZK limit implies that cosmic rays coming
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2 Chapter 1. Introduction

from a distance larger than 50 Mpc can not have an energy larger than 5 ·1019 eV. The flux of

cosmic particles decreases with energy, see Figure 1.1. The flux is proportional to E−γ, where

γ is about 2.7 before the ‘knee’, about 3 beyond the knee, larger than 3 after the ‘2nd knee’ and

smaller than 3 beyond the ‘ankle’.
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Figure 1.1: Cosmic ray energy spectrum from several experiments, see [15–17] and references therein.

The sources of cosmic rays are a subject of ongoing debate and continuous research. For galactic

cosmic rays supernova remnants are regarded as candidates. For extragalactic cosmic rays one

thinks of active galactic nuclei and of gamma-ray bursts, extremely energetic flashes of gamma

rays released by collapsing stars, two merging stars or a star merging with a black-hole. For

the determination of cosmic ray sources one usually considers showers with energy larger than

5 ·1019 eV since the paths through the universe of cosmic rays with such a large energy are

less deflected by magnetic fields. An astronomical object is considered a ‘hotspot’ if its celestial

coordinates coincides, within measurement uncertainties, with an anisotropy in the density

of origins of ultra high energy cosmic rays. The active galaxy Centaurus A, at a distance of

3.4 Mpc, is an example [18, 19]. Another example is possibly the starburst galaxy M82 or the

blazer Mrk 180 [20, 21].
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1.2 Cosmic air showers

While conducting his experiment for the east-west effect Rossi observed that many particles

arrived simultaneously at separate detectors placed apart from each other [12]. The same

phenomenon was detected independently by Auger in 1937 [22]. He recognized that primary

cosmic ray particles interact with air nuclei in the atmosphere. The interaction leads to the

production of many particles which in turn interact also with air nuclei. The result is a ‘shower’

of particles: a cosmic air shower.

The simplest shower to describe is an electromagnetic shower as, for instance, caused by a

gamma ray. Electromagnetic showers are observed with Cherenkov Telescopes of the HESS

experiment [23, 24]. When a photon passes the Coulomb field near an atomic nucleus in the at-

mosphere an electron and a positron can be created; a pair production process. Under the same

condition the electron and the positron can radiate photons, the so-called Bremsstrahlung. The

photons resulting from Bremsstrahlung can produce an electron positron pair and so on. The

cascade of repeated collisions leads to a shower of electrons, positrons and photons.

γ

e−e+

e−

e− γ

Figure 1.2: Pair production (left) and bremsstrahlung (right).

Showers are far more likely to be caused by a proton or a heavier nucleus. When such a cosmic

ray particle enters the atmosphere, a hadronic interaction will occur with a nucleus of an atom

in the air, mostly nitrogen and oxygen. The collision results in the production of secondary

particles, mostly pions, some neutrons, but also particles such as kaons. The neutral pions,

with a mean lifetime of 8.4 ·10−17 s, decay almost instantly into two gamma particles, giving

rise to electromagnetic sub-showers. The charged pions, with a mean lifetime of 26 ns in rest,

can collide with other nuclei, generating new pions. When the energy of a pion is not large

enough to survive to the next collision, it will decay into a muon and a neutrino. That is, the

positive pion decays into an anti-muon and a muon neutrino and the negative pion decays into

a muon and a muon antineutrino:

π+→µ++νµ , (1.1)

π−→µ−+νµ . (1.2)

These are primary decay modes with a probability, branching ratio, close to unity. For both the

charged and the neutral pion the other decay modes have very small branching ratios. The
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muons, with a lifetime of 2.2 µs, will either survive to the surface of the Earth or decay into an

electron and two neutrinos according to the following rules:

µ−→ e−+νe+νµ , (1.3)

µ+→ e++νe+νµ . (1.4)

The energy loss of a muon due to Bremsstrahlung is negligible compared to electrons, while

an electron resulting from the muon decay will contribute to the electromagnetic component of

the shower. The whole of hadronic collisions and electromagnetic sub-showers form a so-called

extended air shower (EAS). The shower size, the number of particles, is mainly determined by

the photons, electrons, muons and neutrinos. A vertical EAS is shown in Figure 1.3.
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Figure 1.3: Impression of a vertical shower initiated by a 1015 eV proton. Left panel: electron trajectories
(red). Right panel: Hadron trajectories (blue) plotted on top of the muon trajectories (green) plotted on
top of the electron trajectories (red).
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1.3 Jets in cosmic air showers

Quarks are elementary particles which carry an electric charge and a color charge. There are

six types of quarks, known as flavors: d, u, s, c, b and t. In units of electron charge, the u, c

and t quarks have electric charge 2
3 , the other quarks have electric charge −1

3 . Each quark also

has one of the three color charges red, green or blue. Quarks only appear in composite colorless

particles: mesons and baryons (and possibly exotic composites like the pentaquark). Mesons

and baryons, which are sensitive for the strong interactions, are called hadrons. Mesons consist

of a quark-antiquark pair or of a linear combination of such pairs. The pion π+, for instance,

consists of a u and a d quark, while the π0, for instance, is a (uu−dd)/
p

2 combination. Mesons

are not stable, they decay by means of the strong or weak forces into mesons and leptons with

smaller mass. The charged pion, for instance, decays into a µ and a νµ. Baryons consists of

three quarks. A stable baryon is the proton p. It consists of a u, u and d quark. Another well

known baryon is the neutron n which is a udd combination. On the basis of properties as spin,

isospin, charge and strangeness mesons and baryons can be arranged in octets, nonets and

decuplets [25].

Protons and the neutrons are the nucleons of which all the nuclei consist. The quarks in a

nucleon are bounded tightly together by the strong force. Although the nucleons as a whole

are colorless, there still is some exchange of gluons and pions, which supplies the nuclear force,

the force which binds the nucleons to a nucleus. The nuclear force therefore is, so to say, a

residual strong force. For radii larger than 1 fm the nuclear force is determined by the Yukawa

potential V ∝− g2

r e−µr. Because of the exponential factor e−µr the Yukawa potential rapidly

decreases. The Yukawa potential prevents the protons from repelling each other by the elec-

tric Coulomb force for distances smaller than about 2 fm. For the quarks inside a nucleon the

potential is V ∝ αs
r −kr, where the strong coupling constant αs depends on the virtuality Q2 of

the interaction. This leads to a the running coupling constant:

αs = 12π

(11ng −2nf) ln
[

Q2

Λ2

] if Q2 >>Λ2 , (1.5)

where Λ≈ 0.2 GeV and where nf and ng are the number of quark flavors respectively the num-

ber of quark colors. For large energies the strong coupling constant is small, αs << 1, leading

to asymptotic freedom. The value of the strong coupling constant is often expressed at the MZ

energy: α(M2
Z)≈ 0.12. When a large amount of energy is transferred to a nucleon in a collision,

the small coupling constant causes the quarks to behave as free quarks initially.

The linear factor kr in the quark potential causes a large attractive force between quarks.

The force does not decrease with distance. This has severe consequences when a lepton or a

quark (of a hadron) collides hard against a target quark inside a nucleon. Independent of the
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amount of energy the target quark can not be kicked out of the nucleon, quark confinement.

Instead, new quark pairs and gluons are created in between the initial position of the target

quark and its ‘kick-out’ position: fragmentation. When a proton collides against a proton, a

process which we will take as the basis for a cosmic ray proton colliding against a nucleus of a

nitrogen or oxygen atom in the atmosphere, a main QCD process occurs with the production of

quarks and, mostly soft, gluons.

If a small momentum transfer is involved with the collision of two nucleons, one speaks about

soft QCD. The processes (elastic, minimum bias, and diffraction) are described by phenomeno-

logical models whose parameters are verified from collider experiments. For large momentum

transfer one speaks about hard QCD. In the latter case the small value of strong coupling al-

lows for perturbative QCD. The multiparton interaction leads to a production of a large number

of gluons and quarks. The splittings are described by the DGLAP equations [26–28]. The gluon

radiation leads to angles between the two partons after a splitting. That is, the partons obtain

a transverse momentum pT. The quarks created during the collision rearrange to mesons and

baryons, the hadronization. These ‘final’ hadrons will have a momentum with a large compo-

nent in the transverse direction. The bunch of new hadrons created this way can move in a

direction close to the initial quark or diquark, a so-called jet. In Figure 1.4 a schematic exam-

ple is given of two jets in, for convenience, e−e+→ qq scattering.

e−

e+

γ∗
q

q

baryon

baryon
anti -

meson

meson

meson

jet

jet

Figure 1.4: Fragmentation and hadronization in deep inelastic electron positron scattering.

Because of the quark structure of hadrons jets occur relatively often in hard collisions. An

example of a dijet event in a proton-proton collision detected with ATLAS at CERN is shown

in Figure 1.5. Although less frequently events with three or more jets can occur as well.
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© 2014 CERN

Figure 1.5: A dijet event in a p-p collision as detected with ATLAS.

In a collider the protons collide with opposite but equally large velocities, the center of mass

(CM) frame is at rest. In a cosmic air shower the incoming cosmic ray has a velocity almost

equal to the speed of light while the target nucleon in an atom in the atmosphere can be con-

sidered at rest. The Lorentz transformation from the CM frame to the fixed target (FT) frame

causes the transversal jets to be close to the core of the shower, see Figure 1.6.

θ

Figure 1.6: Dijet event in the CM frame (left) and in the FT (right).
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The transversality of the direction of a jet is described by the angle θ, see Figure 1.6. If θ = π
2

the jet cone is completely transverse. For the collision in the FT frame the jet cone has a large

component parallel to the shower axis. At the altitude of observation the two jets cause den-

sity fluctuation with respect to the density of the main shower. An impression of the density

pattern in a shower with two jets is shown in Figure 1.7.

Figure 1.7: Impression of the lateral density, not to scale, plotted in vertical direction, with two density
fluctuations caused by a di-jet for the hypothetical situation where the lateral density is smooth.

With an array of detectors one can try to reconstruct a jet fluctuation from the detector signals.

The investigation of jets in cosmic air showers requires insight in the evolution of the shower in

the atmosphere, the distribution of particles at observation level, the reconstruction of showers

on the basis of detected signals and the relativistic kinematics of jets. Next to the simulation

of cosmic air showers it also requires the simulation of the hadronic interaction in the first

collision of the cosmic ray with the nucleus of an atom in the atmosphere. The collision is com-

parable to a proton-proton collision. The simulation of proton-proton scattering with large pT

jets will be performed with version 8.212 of PYTHIA [29–31]. PYTHIA is a Monte Carlo event

generator for e-e, e-p and p-p interactions based on leading order matrix elements. On the basis

of the splitting functions it simulates the branching of the quarks and gluons to a scale where

perturbative QCD is valid. As soon as the quarks and gluons become more separated, all at

the fm-scale, αs becomes large and the QCD process is no longer perturbative. The interaction

process factorizes in two parts: the hard process and the fragmentation part. PYTHIA contains

a package JETSET which takes care of the fragmentation according to the Lund string model

and the hadronization to ‘final’ particles, particles with a lifetime longer than 10−8 s.
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1.4 Longitudinal profile

After the first collision of a cosmic ray with a nucleus in the atmosphere the shower size grows.

Initially the growth is approximately exponential. However, with each collision the energy of

the secondary particles is smaller than the energy of the incoming particle. When the energy

falls below the critical energy, which is the energy for which the ionization losses are equal to

the radiation losses, the electron will be absorbed or scattered out of the shower. This will slow

down the growth of the electromagnetic shower. After reaching a maximum the number of par-

ticles will decrease. The longitudinal profile is the evolution of the number of particles during

its passage through the earth’s atmosphere. Since the interactions in the shower depend on

the atmospheric depth met by the traveling shower particles, the number of particles is usu-

ally plotted against atmospheric depth. The atmospheric depth X at an altitude z is given by

X (z) = ∫ ∞
z ρ(r)dr. In Figure 1.8 an example is given of the longitudinal profile of electrons of a

vertical shower initiated by a 1015 eV proton. The first interaction is around 70 g cm−2, which is

at an altitude of 22 km. The example shower size reaches a maximum of about 7 ·105 electrons

around 550 g cm−2, which is at an altitude of 5 km.
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Figure 1.8: The number of electrons of a vertical shower initiated by a 1015 eV proton plotted against
atmospheric depth.

About 105 electrons survive to the surface of the Earth (z = 0), where the atmospheric depth

is about 1030 g cm−2. The evolution of the longitudinal profile differs from shower to shower.

The atmospheric depth of the first interaction as well as the atmospheric depth between the

successive interactions is a matter of probability. The average value, the interaction length

is related to the cross section and depends on the energy of the interaction. In Figure 1.9 an

impression is given of the different evolutions of showers with the same initial condition: all

vertical shower initiated by a 1015 eV proton.
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Figure 1.9: The number of electrons of 50 vertical showers initiated by a 1015 eV proton plotted against
atmospheric depth. Three of the showers developed slowly; the maximum is around 800 g cm−2. For one
shower shows the maximum shower size is constant for a large interval of atmospheric depth

.

For Figures 1.8 and 1.9 the showers were simulated, without thinning, by means of AIRES-

2-8-4a [32] with SIBYLL 2.1 [33] for the hadronic interactions. It shows how the different

evolutions causes the number of electrons at ground level to range from 3 ·104 through 5 ·105

A simple model for the longitudinal evolution of the electromagnetic cascade has been given

by Heitler [34]. It predicts well the depth of maximum shower size as a function of energy of

the primary cosmic particle. The longitudinal evolution is described far more accurately by a

system of diffusion equations [35–38]. In Chapter 2 intermediate models for the electromag-

netic shower will be considered. The Heitler model has been applied to the hadronic cascade

by Matthews [39]. The prediction for the elongation rate, the change of the depth of shower

maximum with the logarithm of the energy, is based on the first generation of γ’s. In Chapter

2 the Heitler-Matthews model is extended to the full hadronic cascade. The longitudinal evolu-

tion of the number of gamma’s, electrons, muons and hadrons in a hadronic shower is shown in

Figure 1.10. The shower of Figure 1.10 and all Monte Carlo showers hereafter are simulated

without thinning with CORSIKA-v7.4 [40], with QGSJET-II-04 [41] + GHEISHA [42] for the

hadronic interactions. For the shower of Figure 1.10 there are at ground level about 5 ·105

gamma’s, 1 ·105 electrons, 1 ·104 muons and 8 ·102 hadrons (mainly pions). For small show-

ers most of the electrons will be absorbed in the atmosphere, only some muons will reach the

surface of the Earth. For extensive air showers the number of electrons that reach the Earth

exceeds the number of muons. Since low energy showers occur far more often than high energy

showers, the net result is that there are about four times more muons than electrons at sea

level, see Fig. 7.9 of [43]. The muon rate at sea level is 100 s−1 sr−1 m−2.



1.5. Lateral density 11

0 200 400 600 800 1,000

100

101

102

103

104

105

106
γ

e

μ

h

0 200 400 600 800 1000
100

102

104

106

X [g cm-2
]

nu
m
be
r
of
pa
rt
ic
le
s

X [g cm−2]

nu
m

be
r

of
pa

rt
ic

le
s

Figure 1.10: The longitudinal development of the number of gamma’s (orange), electrons (red), muons
(green) and hadrons (blue) of a vertical shower initiated by a 1015 eV proton versus atmospheric depth.

1.5 Lateral density

While the cosmic air shower develops in the longitudinal direction it also develops in the di-

rection perpendicular to the shower axis, the lateral direction. The lateral spread in an EAS

is the result of both hadronic interactions and electromagnetic interactions. The transverse

momentum in hadronic collisions, the angles between produced particles in pair-production,

bremsstrahlung and decays, deflections due to Coulomb interactions and Compton scattering

all cause the shower front to expand in the lateral direction. Since less energetic particles will

lag behind the more energetic particles the thickness of the shower front will increase. The

shower front can be imagined as a slightly curved ‘pancake’ moving with nearly the speed of

light. An impression of the front of a vertical shower is shown in Figure 1.11. The radius of

curvature for this shower front is about 10 km.

Particles reaching the ground are distributed over a large area. The number of particles per

square meter, the lateral density, is large near the center and decreases with the distance to

the core. The lateral density depends on the energy of the primary cosmic ray, the identity of

the cosmic ray and the inclination of the shower. The larger the energy the larger the lateral

density. The larger the mass number of a cosmic nucleus the larger the probability it will col-

lide with an atom in the air. As a consequence the depth of maximum shower size is smaller

for an iron initiated shower than for a proton initiated shower of the same energy. As a fur-

ther consequence the iron initiated shower is more attenuated at the moment of arrival at the

ground, which leads to a smaller lateral density.
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Figure 1.11: An impression of the front of a 1015 eV proton initiated vertical shower, the muons (green)
plotted on top of the electrons (red) plotted on top of the gamma’s (yellow).

The inclination of the shower has a large effect on the lateral density. Inclined showers are

more attenuated because the slant depth is cos−1θ times the vertical depth, with θ the zenith

angle. The attenuation mainly concerns the electrons. The horizontal density of electrons and

the density of muons for an inclined shower therefore differ substantially from the one of a

vertical shower. The horizontal density is of interest since shower detectors are usually placed

in a, more or less, horizontal plane. For two different zenith angles the horizontal density of

electrons, muons and their sum are plotted for a 1016 eV shower in Figure 1.12.
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Figure 1.12: The horizontal density of electrons (red), muons (green) and the sum of them (black dashed)
versus distance to the shower core for a 1016 eV proton shower with 0° (left) and with 45° (right).
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For the vertical situation, left panel of Figure 1.12, the shower size of charged particles is

mainly determined by the electrons for radii smaller that 300 m. Near the core the electron

density is about 400 times larger than the muon density. For θ = 45°, right panel of Figure 1.12,

the sum density already starts to deviate from the electron density around a radius of 100 m

in the horizontal plane. Near the core the electron density of the inclined shower is far smaller

than for the vertical situation, while the muon density is less influenced by the inclination.

For a vertical shower the horizontal density depends only on the radius; the iso-density con-

tours are circles. The projection of the inclined shower front on the horizontal plane causes the

iso-density contours to be stretched to ellipses. Moreover, since the early part of the shower

is less attenuated than the late part, the centers of the iso-density contours are shifted. Both

require the horizontal density to be described as a function of the radius r and the polar angle

α. In Chapter 3 different aspects of the lateral density will be considered. A polar density

function, parameterized by energy and inclination will be derived.

1.6 HiSPARC

There are different ground-based methods to detect cosmic air showers. The relativistic veloc-

ity of charged shower particles in the atmosphere causes Cherenkov radiation, electromagnetic

radiation emitted when a charged particle passes through a medium at a speed larger than the

phase velocity of light in that medium. The shower particles can excite nitrogen molecules in

the air. The de-excitation of nitrogen molecules produces fluorescent light. The advantage is

that Cherenkov light and fluorescent light provide information about the longitudinal devel-

opment of a shower. The disadvantage is that both can be detected only during clear, moon-

less nights. Another type of ground-based detector is the water Cherenkov detector. When a

charged particle of the shower enters a tank filled with water it will radiate Cherenkov light

which can be detected. A common method to detect charged particles of a shower is by means

of a scintillator. Scintillation light is generated when a shower particle traverses a layer of

scintillation material. Scintillator detectors are employed by the HiSPARC experiment.

HiSPARC is a large scale cosmic ray experiment [44]. It has two goals. One is to offer an

opportunity for high school students and teachers to participate in scientific research. The

other is to conduct scientific studies on cosmic rays. It consists of a network of more than

100 detection stations. About 90 % of them are located in the Netherlands, the others in Eng-

land and Denmark. Most stations are positioned on the roofs of high schools participating in

the HiSPARC project. The positions of stations is therefore determined by the geographical lo-

cation of the participating high schools rather than by a predetermined pattern. The locations

of HiSPARC stations in the Netherlands are shown in Figure 1.13.
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Figure 1.13: Locations of the HiSPARC stations in the Netherlands.

A particular role is played by the stations at Science Park Amsterdam (SPA). Momentarily

it consists of 11 stations of which 10 are positioned on the roofs of scientific institutes. Each

station at SPA consists of 4 scintillator detectors. Since they are distributed over an area of

about 300 acres an extensive shower can cause signals in a number of stations. From the set

of signals the direction and size of the shower can be derived. The locations of the stations at

SPA are shown in Figure 1.14. The SPA station are numbered 501 through 511in the order of

their historical appearance.

When an electron or a muon traverses a scintillation detector it may result in a signal. An

isolated detector signal is not recorded; only if a signal is received from a second detector of

the same station within 1.5 µs after the first signal, then the time and size of the signals are

recorded and stored as an ‘event’ in the Event Summary Database (ESD).

In Chapter 4 a description is given of the energy loss of electrons and muons in scintillator

material and of the way the energy deposit is converted to a digital signal value. This is mainly

hardware. The software, i.e. the Python package SAPPHiRE [45, 46], a framework devel-

oped for the analysis of HiSPARC data, and the application of the shower simulation program

CORSIKA [47] are described also in Chapter 4.
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Figure 1.14: Locations of HiSPARC station detectors at Science Park Amsterdam. Station 507 has been
bleared to express its indoor location at floor level.

1.7 Reconstruction methods

Events that are within a certain window of time simultaneous, a ‘coincidence’, are regarded to

belong to the same shower. The differences between the times of arrival at different stations

increase in general with the inclination of a shower. If at least three stations participate in a

coincidence the direction of a shower, i.e. the zenith angle θ and the azimuth angle φ, can be

reconstructed from the arrival time differences. A small complication is that the SPA stations

are not exactly in a horizontal plane. For three stations, with different altitudes, participating

in a coincidence an analytical expression is derived for the direction of the shower. For three

or more stations, all in a horizontal plane, an analytical expression is derived by means of re-

gression. For more than three stations with different altitude the latter result is applied in

an iterative procedure. A description of the direction reconstruction methods and a theoretical

derivation of the uncertainty are given in Chapter 5.

More complicated is the reconstruction of the core of the shower. The situation can be com-

pared with the intensity of a light bulb. Three photometers at different positions are sufficient

for the determination of the position of a light bulb if its intensity is known. If the intensity of

the light bulb is not known, as the energy of a shower is not known a priori, a fourth photome-

ter is required. In case of a shower one seeks the core position for which the lateral density

function fits best with the signals. To avoid a large number of trials an estimation of the core

position is desired. A method based on radical axes is described in Chapter 6. The energy of

the shower is determined from the best fitting lateral density function. Direction and energy

reconstructions and other analyses of HiSPARC data are presented in Chapter 7.
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1.8 Jet rates and jet simulation

The probability that a cosmic ray proton collides inelastically with a nucleon in the atmosphere

is determined by the cross section σinel
p-air. The larger the cross section the smaller the interaction

length, the mean free path between two successive collisions. The relation between interaction

length in units of atmospheric depth and the cross section is given by

λ [gcm−2]= A
NA ·σ[cm2]

, (1.6)

where A is the mass number, Aair ≈ 14.5gmol−1 , and NA is the Avogadro constant, NA =
6.022 ·1023 mol−1. For the cross section in millibarn, 1 mb = 10−27 cm−2, the relation reduces to

λ [gcm−2]= 24100
σ[mb]

. (1.7)

The cross section for p-air collisions grows approximately linearly with the logarithm of the

proton energy from 3.3 ·102 mb for 1013.5 eV to 4.3 ·102 mb for 1016 eV.

As for p-p collisions the hard scattering of a high energy cosmic proton with the nucleus of

an atom in the atmosphere will give rise to jets. The ratio of a jet cross section and the cosmic

ray collision cross section determines the probability for the jet to occur in the first interaction.

This as well as the relativistic kinematics of jets is described in Chapter 8.

The collision of a cosmic proton with a nucleus of an atom of the atmosphere of the Earth

is simulated by a p-p collision with PYTHIA. The output of PYTHIA, particles and their mo-

mentums, is used as input for the shower simulator CORSIKA. The output of CORSIKA, the

positions of electrons and muons at the desired observation level, is used as input for a Monte

Carlo program. The latter throws the electrons and muons on a large square array of detectors

and inspects all the detector signals for the largest fluctuation. To ascribe a fluctuation to a jet

it has to be significantly larger than the Poisson variations. In another program the positions

of the largest fluctuations are compared with the expected positions of the imposed jets. The

whole simulation is described in Chapter 9. The simulation results are analyzed in Chapter

10. The important simulation results are the effective areas and the effective areas per obser-

vational jet. They are tabulated in Appendices A and B. The effective areas per observational

jet are translated to observational jet rates. The latter are tabulated in Appendix C. In Chap-

ter 11 the HiSPARC data for the SPA cluster is analyzed for large fluctuations. Conclusions

concerning the observation of jets at sea level are drawn in the final section of Chapter 11.


