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Summary

Cosmic rays enter the atmosphere of the Earth in enormous quantities. When, for instance, a

gamma ray enters the atmosphere it initiates an electromagnetic shower: a photon turns into

an electron-positron pair (pair creation) and electrons and positrons radiate photons (Brems-

strahlung). The cascade of repeated electromagnetic interactions leads to a shower with a large

number of electrons, positrons and photons. The shower size can be billions of particles for very

high energy cosmic rays. Initially the shower size grows exponentially. The further the cas-

cades develops the smaller the energy of the individual particles of the shower. As soon as the

energy of an individual electron of the shower falls below the critical energy it stops generating

new particles. This slows down the growth of the shower size. After reaching a maximum the

shower size will decrease. The evolution of the shower size along atmospheric depth is called

the longitudinal profile. There are several functions to model the longitudinal profile such as

Heitler model, the Gaisser-Hillas function, the Gaussian in Age function and the Greisen func-

tion. They can be related to the level of accuracy of the underlying model [51].

Almost all primary cosmic rays are nuclei, among which the proton is the most likely. When

such a cosmic ray collides (strong interaction) with the nucleus of an atom (most likely nitrogen

or oxygen) in the air a multiplicity of secondary particles is created. The secondary particles

are mostly pions. The neutral pions almost immediately decay into a pair of photons thereby

initiating an electromagnetic sub shower. If their energy is large enough the charged pions also

collide with nuclei in the air, else they will decay into a muon. The colliding pions generate a

next multiplicity of particles. Showers dominated by hadronic interactions are called hadronic

showers. Because of the large multiplicity hadronic showers reach their maximum shower size

at smaller atmospheric depths than electromagnetic showers with the same energy. A discrete

approximation of the cascade of hadronic interactions has been used to predict the depth of

maximum for hadronic showers [52].
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Extended air showers reach the surface of the Earth. The lateral density of the particles that

reach the ground is a footprint of the shower. The larger the energy of the shower the larger

the density. The density is largest at the core of the shower. The density decreases with the

distance to the core. For vertical showers the lateral density is well described by the NKG

function or suitable modifications of it. The NKG type of function for the SPA site of HiSPARC

detectors is determined on the basis of simulations by means of CORSIKA without thinning.

For inclined showers with a zenith angle smaller than 60° the density is approximately concen-

trical in the plane perpendicular to the shower direction. In a horizontal plane of observation

the iso-density contours become elliptic. Moreover, the additional attenuation of the late part

of the shower with respect to the early part of the shower leads to a shift of the center of the

iso-density contours [60]. The NKG type of lateral density function including the modifications

for the ellipticity and the shift are implemented in the analyses package SAPPHiRE for recon-

structions of the size and energy of observed showers. The latter requires the direction of the

shower which is determined from the arrival time differences between observation stations.

For the direction reconstruction some fast methods have been implemented in SAPPHiRE.

The HiSPARC detectors observe the footprints of showers by means of the energy losses of

the electrons and muons in their passage through the detector plate. The energy losses are

transformed to PMT signals. The energy losses and their transformation to PMT signals is

described and, to good approximation, implemented in SAPPHiRE for simulation purposes. By

means of a Monte Carlo it is numerically investigated to which extend showers with a given

energy and zenith will hit one or more stations. More specifically: for each situation the effec-

tive area is determined. The latter is, for instance, needed for the determination of the energy

spectrum of cosmic rays.

In high-energy hadronic collisions jets can occur as a result of the hard scattering. Therefore

this also occurs in the collision of a cosmic ray with a nucleus in an atom of the Earth’s atmo-

sphere. Jets in cosmic air showers cause density fluctuations which can be detected. However,

the density of particles in a shower is full of ‘background’ fluctuations. Background fluctuations

can be of statistical nature such as the Poisson statistics of the number of particles falling on a

detector. They can also be of physical nature such as hadronic interactions in secondary colli-

sions. An impression of the difficulty of finding a jet between all kinds of fluctuations is given

in Figure 12.1. To distinguish a jet fluctuation from background fluctuations it should be very

strong. Strong enough that the probability of being a background fluctuation is very small. As

common in particle physics a 5σ level is applied. A jet is regarded as observable if its density

fluctuation is at least 5σ.
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Figure 12.1: Impression of the lateral density, not to scale, plotted in vertical direction, with two jet
fluctuations among many statistical fluctuations.

A large Monte Carlo is performed for the numerical investigation of jets in cosmic air showers.

The jets are simulated for different energies and different transverse jet momentum. The p-air

collisions in the first interaction are simulated as p-p collisions with PYTHIA. The output of

PYTHIA is used as the input for CORSIKA to simulate the evolution of the shower. The latter

results in lateral densities of particles at the desired observation level. These densities are ran-

domly thrown on different types of large arrays. For each throw all the thousands of detectors

are inspected for large fluctuations. As a result observational jet rates are obtained for observa-

tion levels at different altitudes. For 4 km altitude the jet rate obtained is comparable with the

rate observed with the ARGO-YBJ experiment [116, 117]. For sea level the observational rate

obtained for first collision jets is less than one per year. However, in very high energy showers

jets are generated at secondary hadronic collisions at probably a thousand times larger rate.

Another result from the investigation is that the transverse jet momentum can not be predicted

well from physical observables as the main core density, the jet core density and the distance

of the jet core to the main core.

The HiSPARC data for the stations at Science Park Amsterdam is analyzed for jet fluctuations.

For this the double station is used as a mini-array. In one occasion the fluctuation reached

the 5σ significance level. Still it is doubtful to ascribe it to a jet since we have no accurate

information about the main core position of the shower. The core reconstruction method can

not be applied because of the low number of station activated by the shower. Besides, even for

a larger number of activated stations the uncertainty in the position of the main core is larger
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than the distance of the jet core to the main core. A solution requires is a substantial increase

of the number of stations.

In summary, at sea level observational jets are most probably generated in secondary collisions.

The altitude of the interaction therefore is even more uncertain than for the first interaction.

Since a predictor for the jet transverse momentum is based on the distance of the jet core to

the main core and thus on the altitude of the interaction this further reduces the (already bad)

accuracy of the prediction of the transverse jet momentum. That is, except from an experimen-

tal jet rate, jet observations do not provide information about the jet transverse momentum

and thus not about the strong coupling constant. It therefore is not recommended to invest in

detection capacity at sea level just for the purpose of jet observations.


