Chapter 2
Cosmic Rays

A variety of different types of radiation reaches the Earth’s atmosphere, cover-
ing many orders of magnitude in flux and energy: from very low energies below
1073 eV, like the cosmic microwave background radiation [33], to the highest ener-
gies of charged cosmic ray particles with up to a few 102’ eV [36] (see Fig.2.1). The
extraterrestrial origin of cosmic rays was discovered by Victor Hess in 1912, when he
measured an increase of ionizing radiation with height during balloon ascents [25].
Usually, the term ‘cosmic rays’ only refers to those particles coming from outside our
solar system, i.e., particles with energies above ~10° eV. This cosmic radiation con-
sists mainly of protons, but heavier atomic nuclei, electrons, positrons, anti-protons,
gamma rays and neutrinos are also present. Sometimes, gamma rays and neutrinos
do not count as cosmic rays, because the cosmic accelerators are believed to acceler-
ate only charged particles, and thus any uncharged particle ought to be a secondary
product of a charged primary cosmic ray particle. Even today, it is not totally clear
what the sources of cosmic rays are and which mechanism is responsible for the
acceleration of cosmic rays at the highest energies [14].

Since the flux of cosmic rays decreases rapidly with energy, different techniques
are required to detect lower energy particles (E < 10'#eV) and higher energy
particles (E > 10'3 eV). Lower energy cosmic rays can be measured directly with
particle detectors on balloons or space craft. Higher energy cosmic rays are so rare
that a detection with sufficient statistics needs larger detection areas than direct
measurements can provide. Thus, indirect measurement methods are used, based on
the detection of extensive air showers induced by cosmic rays. These air showers
consist of secondary particles generated in the atmosphere when a primary cosmic ray
particle interacts with air molecules. Air showers can be detected either by particle
detectors on ground or by measuring electromagnetic radiation induced by the air
shower particles in the atmosphere. The difficulty lies in the reconstruction of the
primary cosmic ray particle properties, i.e., its arrival direction, energy and mass.

This chapter gives a short introduction to the current knowledge about the origin
of cosmic rays, the development of air showers and the techniques to measure them.
Special emphasis is given to the emission and detection of air shower induced radio
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Fig. 2.1 Cosmic ray energy spectrum from exemplary chosen direct balloon and satellite experi-
ments, and indirect air shower based measurements [14]

pulses—a relatively new and promising approach for cosmic ray detection at ultra
high energies.

2.1 Origin of Cosmic Rays

The almost uniform power law of the cosmic ray energy spectrum indicates that the
acceleration of primary particles is performed in a similar way at all energies, but not
necessarily by the same type of source. A favored model is the relativistic shock front
acceleration (first order Fermi acceleration) [13, 20]: When a relativistic particle is
reflected by a shock front, it gains energy as the shock front is moving towards the
particle (like a tennis ball is hit and reflected by a racket). Although existing shock
fronts in space do not reflect particles instantaneously, but gradually by magnetic
fields, the basic principle of acceleration holds true. Due to a certain probability for
the particles to escape form the acceleration zone after each reflection at the shock
front, a power law energy spectrum is generated. The power law index is predicted
to be around —2, and thus slightly higher than the spectral index measured at Earth
(—2.7 for ES10'3 V). But cosmic ray propagation models for the magnetic fields in
the Milky Way and in intergalactic space can explain the observed discrepancy [16].



2.1 Origin of Cosmic Rays 7

The question remains where to find the accelerating shock fronts. Galactic cos-
mic rays at lower energies ( <10'#eV) originate at least partly from shock fronts
generated by super nova explosions, so called super nova remnants. The evidence
for this is threefold. First, the observation of gamma rays from super nova remnants
with energies up to ~10'# eV [4] proves that they can accelerate primary particles at
least up to that energy, and probably to even higher energies because gamma rays are
supposed to be emitted by accelerated charged particles or secondary pions. How-
ever, these charged primary particles might be predominantly electrons, and not or
only partially nuclei. Second, the composition of galactic cosmic rays matches the
expectations from models, which assume the acceleration taking place in OB asso-
ciations [41]. These are regions of the Milky Way with a high rate of super novae
explosions. Third, the energy output of super novae in our galaxy is sufficient to
explain the observed flux of cosmic rays.

At higher energies, the situation is less clear. At the knee (~10'%7 eV), the slope
of the cosmic ray energy spectrum steepens, since the flux of light nuclei decreases
and the primary composition becomes heavier [7]. Hence, the knee could indicate
the maximum energy reachable by super nova shock front acceleration. This picture
gets additional support because at higher energies (~10!7 eV), another kink in the
spectrum is observed. It is at about 26 times the energy of the knee and could indicate
the maximum energy for iron nuclei (Z = 26) reachable by super nova shock front
acceleration [9]. A second explanation for this features would be the leakage of
cosmic rays from our Milky Way, since the galactic magnetic fields might not be
strong enough to bind them anymore at these energies. In both cases, it is likely that
another type of source is responsible for cosmic rays at energies beyond ~10'7 eV.

In principle, a list of source candidates can be obtained by looking at the magnetic
field strength B at a possible source and its extension L. The product B L indicates
how long cosmic ray particle can remain in the accelerating source region. Hence, the
size and magnetic field strength of a source candidate leads to a theoretical maximum
energy which can be reached by any electromagnetic acceleration process. Such a
candidate selection was first be done by Hillas [26], and yields several galactic and
extra-galactic source candidates like neutron stars, gamma ray bursts, and active
galactic nuclei (see Fig.2.2). The transition energy from galactic to extra-galactic
cosmic rays is not known, yet. It might be at the ankle, a flattening in the spectrum
at ~10183eVv.

From observations, it is only known that at least a part of the ultra high
energy cosmic rays (E > 10'%°eV) is coming from outside our galaxy, since the
arrival direction of those cosmic rays are correlated with the distribution of nearby
(<100 Mpc) galaxies [2, 3]. This is consistent with expectations, as protons with
higher energies should not be able to travel larger distances. This is because of the
GZK cutoff [22, 47]: higher energy protons would interact with photons of the cos-
mic microwave background and loose energy. For heavier nuclei there exist similar,
but slightly different cutoffs, e.g., due to photo dissociation [5].

Solving the open questions of ultra high energy cosmic ray physics, especially
the question of their origin, requires accurate and precise measurements of the flux,
energy, arrival direction and particle type (mass) of primary cosmic rays. Because the
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Fig. 2.2 Hillas plot of candidate sources for acceleration of ultra high energy cosmic rays [26]
(adapted, with permission, from the Annual Review of Astronomy and Astrophysics, Vol. 22 ©
1984 by Annual Reviews, www.annualreviews.org)

flux at the highest energies is extremely low, this can only be done by experiments
with a large exposure, i.e., by huge air shower observatories like the Pierre Auger
Observatory [1], or by future space craft observatories, like JEM-EUSO [45]. More-
over, systematic uncertainties demand a combination of several detection techniques
to increase the measurement accuracy.

2.2 Cosmic Ray Air Showers

‘When ultra high energy cosmic rays hit the Earth’s atmosphere they create particle air
showers [12], similar to the particle showers known from calorimeters in high energy
physics (see Fig.2.3). Understanding the properties of air showers in detail requires
simulations which can, for example, be accomplished with AIRES [44] or CORSIKA
[24]. A primary particle of a certain energy, mass and incoming direction is assumed.
Its interaction with the atmosphere as well as the interactions of all secondary particles
are modeled with a Monte Carlo simulation. Since the relevant energy scale exceeds
the range of accelerator experiments, measured cross-sections are extrapolated. Thus,
air shower models and simulations can only approximately describe nature, with little,
but significant deviations (see e.g., [6]). The basic features of air showers can already
be understood without simulations, from simple phenomenological considerations.
Such a phenomenological air shower model can be found in [38], for example. A
summary is presented here.
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Fig. 2.3 Scheme of the development of an extensive air shower initiated by a cosmic ray nucleus
(adapted from Ref. [23], with permission from IOP Publishing)

When the primary cosmic ray particle, e.g., anucleus, scatters inelastically with an
air nucleus, it generates secondary particles of different types, which interact them-
selves with other air nuclei. These interactions lead to electromagnetic or hadronic
cascades, depending on the particle type. High energy gammas and electrons (or
positrons) induce electromagnetic cascades. In a simple model, each photon creates
an electron-positron-pair after a splitting length d, and each electron above a critical
energy of about 85 MeV looses half its energy per splitting length d by radiating a
photon (d = A, In2 with the radiation length A, ~ 37 g/cm? in air). Electrons below
the critical energy will be absorbed by the atmosphere.

Hadronic cascades are initiated by nuclei and hadrons. They interact with air
nuclei and produce mainly mesons such as charged and uncharged pions, and kaons.
In a simple model kaons are neglected, and in each interaction, one third of the energy
is allotted to neutral pions, which decay immediately into photons and feed the elec-
tromagnetic cascade. The other two thirds of the energy are alloted to charged pions
which will interact again after an interaction length of about 120 g/cm? (in air), until
the energy of the charged pions drops below ~20 GeV. Then, the pions will decay into
muons, before another interaction can take place. Because of their relativistic speed,
most of the muons will reach the ground before decaying. The number and energy
of hadrons reaching ground level is negligible for most practical purposes, except
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for high altitudes or close to the shower axis. Thus, most experiments concentrate
on measuring muons and electromagnetic particles.

The primary energy can be estimated from the electron and muon numbers N, and
N, atobservation level: Eg ~ a-(Ne+bN,,) at sea level, with a and b depending on
the detection thresholds (¢ = 0.85 GeV and b = 25 in the simplified model without
detection thresholds [38]). At primary energies of 10!7 eV, about 90 % of the shower
energy is in the electro magnetic cascade. Consequently, the primary energy can—
within some uncertainties—be obtained by measuring alone the electromagnetic
shower component.

The shower maximum X pax (g/cmz) is the atmospheric depth, where the number
of particles reaches its maximum. X pax is sensitive to the type of the primary particle
because photons (and neutrinos) are assumed to interact on average more deeply in
the atmosphere than nuclei. Moreover, Xmax 1S even sensitive to the mass of the
primary nuclei. In a simplified model, at high energies each nucleon is supposed
to interact separately with atmospheric nuclei. Hence, at the same primary energy,
heavier nuclei will on average interact earlier in the atmosphere, and give rise to fewer
generations of secondary particles. Consequently, the muon number is increased with
respect to proton showers by N(f = NS - A%15 "and Xpax is lower. Typical Xmax

values at primary energies of 10'7 eV are 580 g/cm? for iron showers and 680 g/cm?
for proton showers.

2.3 Classical Measurement Techniques for Air Showers

Classical measurement techniques for air showers rely either on particle detection
on ground or indirect measurements of the energy content of the electromagnetic
cascade, e.g., by observing fluorescence or Cherenkov light produced by the elec-
trons when traveling through the atmosphere. As Cherenkov light measurements
are important mainly for gamma ray observation at energies of ~TeV, they are not
discussed here. The detection of secondary particles on ground and fluorescence
light are well established and successful techniques for cosmic ray measurements at
ultra high energies. Their main advantages and disadvantages are presented in the
following paragraphs (see also Table2.1).

Detecting the secondary particles on ground requires large and expensive arrays
of particle detectors, like scintillators or water Cherenkov counters. They have the
advantage of a close to 100 % duty cycle and a relatively simple determination of the
exposure, which is mandatory for evaluation of the cosmic ray flux at a certain energy.
Furthermore, the arrival direction of the primary particle can easily be obtained from
the relative particle arrival times at different detector stations. However, ground arrays
have the disadvantage that they measure only one stage of the shower development,
namely when the shower intersects the ground plane. The primary energy can be
estimated from the total number of detected secondary particles and the primary
mass from the ratio of electrons and muons. However, fluctuations in the shower
development and extrapolations of the interaction models beyond the range probed
by accelerator experiments lead to relatively large uncertainties.
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Table 2.1 Performance comparison of different techniques for air shower measurement®: surface
particle detectors (SD), fluorescence light detectors (FD) and digital radio arrays (RD)

SD FD RD
Angular resolution + —/o® +
Energy reconstruction accuracy o¢ + o/+ 4
Sensitivity to primary mass = + —/+4¢
Determination of exposure + - —
Duty cycle © ~100 % ~10 % ~95 %
Energy threshold ~10"* eV ~107 eV ~107 eV

Legend: + good, o average, — poor

4This table reflects the author’s personal view of how the different detection techniques compare with
each other. The performances of surface detector arrays and fluorescence telescopes are intrinsically
better when used in hybrid combination

bMono/stereo mode; even better in hybrid combination

“Due to systematic uncertainties of air shower models

dDemonstrated, current status/expectation after further research, including detector development
and better understanding of the radio emission mechanism

®Principal limit, e.g., due to light and weather conditions, not including down-time and maintenance

Fluorescence telescopes allow the detection of air showers in a large area by
observing fluorescence light of nitrogen atoms excited by the electromagnetic cas-
cade. The intensity of the fluorescence light is proportional to the primary energy
within comparably small uncertainties. Furthermore, fluorescence measurements
allow a precise determination of Xpax (With AXpax ~ 20 g/cmz). However, they
have the big disadvantage that they are limited to dark, moonless nights resulting in
a limited duty cycle of about 10 %. In addition, it is difficult to estimate the exposure
because it is uncertain, up to which maximum distance an air shower at a specific
energy can be seen.

Most of the disadvantages of both detection techniques can be overcome by com-
bining them in a hybrid experiment. Consequently, two cosmic ray experiments of the
latest generation, namely the Pierre-Auger-Observatory [1] and the Telescope Array
[39], consist of fluorescence telescopes taking data simultaneously with a particle
detector array. Still, even in these hybrid experiments, high quality data are limited
by the low duty cycle of ~10 % of fluorescence measurements. Thus, complemen-
tary detection methods with a higher duty cycle are explored, and one of the most
promising is the detection of radio pulses emitted by air showers.

2.4 Radio Emission from Air Showers

The measurement of the radio emission of the electrons and positrons in an air shower
is an alternative, and relatively new technique for cosmic ray detection. The princi-
pal features of the air shower induced radio emission have already been predicted
[10, 35], and discovered about 50years ago [34]. However radio detection of air
showers became feasible only after the development of digital radio antenna arrays
[19]. Since then, interest in this method has increased, and numerous researches
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and developments are performed to explore the prospects of the radio technique for
cosmic ray air shower detection.

The amplitude of the radio pulse is related to the number of particles and the
energy of the electromagnetic cascade, which provides a calorimetric measurement
of the primary energy, similar to the fluorescence method. By its sensitivity to the
longitudinal shower development, measuring the radio emission should thus also
provide a method for X y,x determination, and hence, the type and mass of the primary
particle (cf., Chap. 8). In addition, radio antenna arrays share two principal advantages
of particle detector arrays: the arrival direction can be determined relatively simply by
measurements of the pulse arrival times, and the duty cycle has no principle limitation.
In fact, the duty cycle can reach almost 100 %, as recent experience shows that only
periods with nearby thunderstorms and high atmospheric electric fields have to be
excluded [17, 18], resulting in a realistic duty cycle of a few percent below that of
particle detector arrays.

Nonetheless, there are some drawbacks. First, the detection threshold and the
efficiency at a certain energy depend on the shower arrival direction, which makes a
determination of the exposure and cosmic ray flux difficult, if radio antennas are not
used in combination with a particle detector array. Second, it has still to be verified
that the precision of primary energy and mass reconstruction can be as good as those
of fluorescence measurements.

To overcome the current drawbacks and exploit the full potential of the radio
detection technique, a detailed understanding of the emission process is mandatory.
This is done by modeling the radio emission and comparing predictions of simu-
lations with measurements. Furthermore, the performance of radio arrays can be
cross-checked with coincident measurements in hybrid experiments. Whereas the
current experimental situation is reviewed in the next chapter, the basic features of
the radio emission and the status of our understanding of the emission process is
summarized as follows.

2.4.1 Features of Air Shower Induced Radio Pulses

The radio emission of an air shower originates from the charged particles in the
air shower, predominantly from the deflection of the electrons and positrons in the
Earth’s magnetic field. The emission is coherent if the thickness of the shower front
(a few m) is smaller than the wavelength of the radio emission (= radio frequencies
<100 MHz). This leads to an amplification of the emission at those frequencies, and
is the main reason why radio experiments operate typically below 80 MHz. Related
to this frequency range is the time scale of the radio pulse which is in the order of
10 ns, depending on the lateral distance to the air shower axis (see Fig.2.4).

The amplitude (field strength) of the radio pulse is proportional to the number
of electrons in the air shower, i.e., roughly proportional to the primary energy—
like it is expected for a coherent emission mechanism. Furthermore, the amplitude
depends on the geomagnetic angle (i.e., the angle between the air shower axis and the
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Fig. 2.4 Simulated radio emission for different lateral distances to the air shower axis (Reprinted
from Ref. [31] with permission from Elsevier). Left REAS3 simulation of the east-west polarization
component: unfiltered radio pulses. The bipolar structure of the radio pulses is only marginally
visible due to numerical noise. Right REAS3 (thick lines) and MGMR (thin lines) simulations of
the frequency spectrum. The rising field strength towards higher frequencies is an artifact of the
numerical noise

Earth’s magnetic field), the lateral distance and possibly the zenith angle. However,
the details of those dependencies are not fully known and under investigation, e.g.,
by analyzing the lateral distribution of the radio signal (cf., [8], and Chap. 7).

Recently also the polarization of the radio signal became of interest. It is still being
explored whether the polarization of the radio pulse can add valuable information to
the reconstruction of the energy, mass and arrival direction of the primary particle.
Several experiments measure, in addition to the arrival time and amplitude of radio
pulses, their polarization, because this information at least helps to understand the
emission process.

2.4.2 Emission Mechanisms

The radio emission of air showers is a complex phenomenon. It is predominantly of
geomagnetic origin, but also other mechanisms contribute to the total emission. It
should be noted that splitting the total radio emission into contributions by different
emission mechanisms will only be an approximation to nature. The most realistic
description of the radio emission is obtained when the complete electromagnetic
emission is calculated as a whole, e.g., by an end-point formalism [32]. This approach
is followed by the Monte Carlo simulation program REAS3 [37], the latest version
of REAS [29, 30].

Nevertheless, studying different emission mechanisms separately can help to
understand the physical processes at work. Summing up the emission of individ-
ual mechanisms is an approach followed by the MGMR [42] model. This model
agrees in first order with REAS3 calculations [31], which shows that the picture
of individual emission mechanisms is a reasonable approximation. The deviation
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between REAS3 and MGRM is about a factor of 2-3. It is currently under investiga-
tion up to which degree this deviation is due to the approach or its implementation,
e.g., the simplified air shower model used in MGMR.

The following overview gives a summary of different emission mechanisms con-
tributing to the total radio emission. Current experimental results are compatible
with contributions from all mechanisms, as long as the dominant component is of
geomagnetic origin.

1. Transverse currents due to the Earth’s magnetic field [35]:
The (relativistic) electrons and positrons in the air shower experience a Lorentz
force due to the Earth’s magnetic field, and are separated from each other. This
induces transverse currents in the air shower. Thus, the shower emits electromag-
netic radiation, which happens to be predominantly in the range of radio waves
below a few 100 MHz (see Fig.2.4). Today, it is assumed that this is the major
contribution to the total radio emission by air showers [31]. The polarization of
any geomagnetic radio emission is perpendicular to the Earth’s magnetic field,
i.e., mainly in the east-west direction.

2. Variation of the dipole strength of the air shower [46]:
The transverse currents in an air shower result in an electric dipole whose strength
changes during the shower development. This leads to a radio emission, as if the
shower were an emitting dipole antenna. Furthermore, the atmosphere transversed
by the air shower is charged which should cause an additional, but smaller dipole-
like radio emission [43].

3. Geosynchrotron effect [28]:
The electrons and positrons in their air shower are not only separated by the
Earth’s magnetic field, but also accelerated, i.e., they change their momentum.
This should result in a synchrotron-like geomagnetic radio emission, because
the tracks of the electrons and positrons are curved. However, recent theoretical
studies revealed that this is only a minor contribution [31], and it is still under
investigation by which degree it influences the total radio emission by air showers.

4. Variation of the net charge excess (Askaryan effect [10]):
In air showers, the number of electrons exceeds the number of positrons because
of anti-particle absorption. The absolute amount of this charge excess changes
during the shower development, as the total number of particles changes. Hence,
this leads to a radio emission with radial polarization, like it is expected from any
changing net charge (see also [31, 42]).

5. Cherenkov emission [11]:
When a charge is traveling in a medium faster than the speed of light in this
medium, it is emitting Cerenkov radiation. Thus, also in air showers Cherenkov
emission should occur, since the positive and negative charges in the shower
are separated, and there are more electrons than positrons. Sometimes this
Cherenkov-like radio emission is also referred to as Askaryan emission, since
it is easy to confound and not well separated from the emission due to the net
charge variation in the shower [32]. However, Cherenkov-like emission can only
take place in media with a refractive index n > 1. Thus, it could predominantly



2.4 Radio Emission from Air Showers 15

be of importance for particle showers in dense media. However, it is not clear,
whether Cherenkov emission is negligible against the Askaryan effect which also
occurs atn = 1. Until now, radio emission in dense media has only been observed
for accelerator beam induced showers.

6. Atmospheric electric fields:
Not only magnetic, but also electric fields in the atmosphere can accelerate the
charged particles of the air shower and lead to an additional radio emission.
During thunderstorm conditions (Ezm ~ 10000 V/m), this emission can be
even stronger than the geomagnetic one [15]. It has still a measurable effect
when the atmospheric electric field at ground reaches a strength of a few
1000 V/m [17]. So far, no influence has been detected under normal weather
conditions (Eam ~ 100 V/m).

7. Molecular bremsstrahlung:
Recently also radio emission by molecular bremsstrahlung is investigated. Lab-
oratory experiments with particle showers induced by an accelerator beam
measured a partially coherent radio emission at GHz frequencies [21]. Thus,
several experiments have started to search for air shower emission in the GHz
range. If successful, this technique would have the advantage that air showers
could be detected at large lateral distances, because molecular bremsstrahlung is
emitted isotropically, and not mainly in forward direction like the geomagnetic
emission. Itis not yet clear, whether molecular bremsstrahlung has any significant
influence on the radio emission at MHz frequencies.

All emission processes are coherent at MHz frequencies because of the limited
thickness of the air shower particle front (a few meters). Indeed, LOPES measure-
ments show that the field strength of the radio pulse is (within errors) proportional to
the primary energy [27], which proves that the emission is, at least to a large extent,
coherent. Thus, any incoherent emission mechanisms can only play a minor role at
LOPES energies (~1017eV).

At the moment, the research on the radio emission processes is focusing on the
attempt to understand the radio emission as a whole, respectively, to figure out
to which degree each of the mechanisms is contributing. This can be determined
by studying properties of the radio pulses (e.g., pulse shape, polarization and lat-
eral distribution) and their dependencies on different shower parameters (e.g., the
geomagnetic angle, azimuth and zenith). Another way to disentangle the details of
the emission process is to compare data with simulations based on certain models.
If a model includes all of the processes leading to radio emission, its predictions
should match the measured data. Great progress was recently made since it has
become possible to compare the measured radio field strength for each LOPES event
with predictions of REAS simulations [40].

To test improved simulations like REAS3, and to study also minor contributions
to the radio emission, experiments must develop an increased level of precision.
The present thesis covers several techniques required for precise measurements,
for instance time calibration (see Chap.4), and noise treatment (see Chap.6). The
success of the improved experimental techniques and the revised models becomes
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clear in the studies described in Chap. 7. For the first time, a simulation can predict
measured radio data more or less correctly: lateral distributions of the radio field
strength predicted by REAS3 are close to LOPES data. This gives rise to optimism
that a detailed understanding of the air shower radio emission comes within reach.
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