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1. Introduction

Cosmic rays are high energy charged and neutral particles, originated in outer space and
travelling at nearly the speed of light, striking the Earth from all directions. Most cosmic rays
are nuclei of atoms, ranging from the lightest to the heaviest elements, but cosmic rays also
include high energy photons, electrons, positrons and other subatomic particles [1].

Cosmic rays cover a very wide range of energies from roughly 1000 eV (1 eV~ 1.6 x 10™"°
Joule) to more than 10%° eV. The detectors used to study cosmic ray physics need therefore to
cover more than 16 decades in energy and this has a reflection on the detection techniques.
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Figure 1. Cosmic ray primary intensity as a function of energy. The sensitive area needed
to observe 1 event/month is indicated.

The energy spectrum of all cosmic-ray particles is shown in Fig. 1: it falls steeply as a
function of energy, decreasing by about a factor 500 per decade in energy. The flux decreases
from more than 1000 particles per second and square meter at GeV energies to about one
particle per m” and year at a PeV, and further to less than one particle per km” and century
above 100 EeV (1 keV =10’ eV, 1 MeV = 10°eV, 1 GeV = 10° eV, 1 TeV = 10" eV, 1 PeV =
10 eV, 1 EeV = 10" eV, 1 ZeV = 10*' ¢V). The strong decrease in flux poses a big challenge
to the dimensions and the running times of the experimental installations. Balloon and satellite
born detectors operate at an altitude above 15 km where they can detect the interaction of the
primary particle inside the detector. Such instruments are limited in weight and detection area
and therefore also limited in the energy range they can measure. Due to low fluxes, the
maximum primary energy that can be measured by means of “direct” observations is of the
order of 10" — 10" eV. Above these energies the observations are performed by exploiting the
cascades induced in atmosphere by the primary interactions. This method requires large
detection areas to collect a suitable number of particles in a reasonable time. Such detectors are
installed at ground level, the atmospheric depth being related to the target primary energy (the
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total atmospheric depth is ~ 1000 gr/cm?) , or underground/underwater for neutrino detection.
At the highest energies ground level apparatuses with large detection area require observation
times of the order of 10-20 years, long term stability of the detectors and the need for
monitoring and maintenance of arrays quite often located in peculiar geographical sites (i.e.
mountain altitude, Argentinean pampa, Antarctica).

The investigations toward what later on have been recognized as cosmic rays have been
driven by the curiosity of explaining the discharge of the electroscopes, believed to be due to a
natural ionizing radiation of the Earth. The experiment performed by T. Wulf in 1910 proved
that attenuation in air of the unknown radiation was lower than expected. Cosmic rays were then
discovered in 1912 by Victor Hess, who found that an electroscope discharged more rapidly as
he ascended in a balloon flight. He attributed this to a source of radiation entering the
atmosphere from above. For some time it was believed that the radiation was electromagnetic in
nature (hence the name cosmic "rays"), however, during the 1930's it was found that cosmic
rays must be electrically charged because they are affected by the Earth's magnetic field [2,3,4].
The birth of modern arrays is related to the development of time resolving single particle
detectors as Geiger counters and electronic circuits like the Rossi coincidence. Cloud chambers
and nuclear emulsions represent examples of tracking and high resolution detectors first used
for particle physics but that have marked the development of cosmic ray detectors [5]. The
development of scintillators and of Cherenkov light detectors have brought into the field new
tools for high precision measurements and devices allowing to cover large collecting areas.

The Earth magnetic field played a fundamental role in the first understanding of the
primary radiation, on the separation of charged and neutral particles and on the determination of
the predominant charge. Pioneer works in using the Earth magnetic field as a magnetic analyzer
were performed by J. Clay, A.H. Compton, T.H. Johnson, L.W. Alvarez and B. Rossi.

2. Space detectors for cosmic rays

The basic detector scheme used to allow particle identification and primary energy
determination in space born experiments is shown in Fig. 2. The arrival directions are limited
inside a given opening angle by a telescope allowing to know the particle trajectory inside the
following calorimeter; the anticoincidence system guarantees the full containment of the energy
released by the incident particle. In this way the geometry is completely known.

The energy losses of the electromagnetic (e.m.) interactions of charged particles are given
by the Bethe — Block expression [6] (B particle velocity, Z particle charge) :

dEq 7?2 MeV
_ 2. —. I -
i log(f( p;B))gr.cm_z

dx

The particle charge can be deduced by means of combined measurements of the kinetic

energy Ey and of the energy loss inside a thin scintillator. At non relativistic energies the particle
mass can be identified by the relation: 1/B* o M/E, [7].
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Figure 2. Principle of the detectors used in space experiments for energy measurements
and particle identification [8].

Above the critical energy to radiate or above the ©° production threshold the primary
particle produces electromagnetic cascades by subsequent processes of electron bremmstrahlung
and photon pair production. Radiation processes dominate and the e.m. cascade develops till
the average energy is larger than the critical energy E.. Below E. the cascade is absorbed due to
the energy losses by collision and the energy is converted inside the detector in photons or in
other measurable quanta by the measuring devices.

As the quoted effects depend on the square of the electric charge (Z*), most of the space
detector provide on board a magnet and the magnetic deflection can add an additional energy
measurement [9,10].

In the described ‘“calorimetric” measurements the energy loss inside the detector is
converted in “quanta”. The number n of collected quanta depends on the energy E, needed for
each quantum and on the collection efficiency ¢ of the detecting instruments. Given E, the
energy of the incoming particle, the number of detected quanta is: n = &€ E¢/E,. The resolution is
dominated by Poisson fluctuations and is: o(Eq)/Eo = V (E¢/ € Ey). The resolution improves with
increasing primary energy and for detector devices with low E, (i.e. semiconductors). Typical
energy resolution in this kind of direct measurements can be of the order of 10% over the square
root of the primary energy Egexpressed in MeV [11,12].

At high primary energies, when the cascade cannot be contained the number of particles at
different depth is sampled by interleaving sensitive low density material and absorbing material
with low critical energy and short radiation length. The cascade and the primary energy are
reconstructed from the obtained number of particles at different depths. Depth in an absorber is
measured in units of lengths x density and therefore in gr/cm’.

First measurements of high energy galactic radiation based on such principle were
performed by means of a direct space experiment in the 1960’ by Grigorov et al. [13]
exploiting calorimeters aboard of the Proton satellites. In the Proton case the energy resolution
was about 20% at ~ 30 GeV. More recently, such measurements have been realized by balloon
born long flying electronic detectors like ATIC [14] and CREAM [15].

Classical energy measurements can also be performed by using stacks of emulsion
chambers [16, 17].
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Gamma rays are not deflected by the galactic magnetic field and their detection provide
direct information on the source. When interacting with the detector, y-rays produce electrons
by means of the photoelectric effect, Compton scattering and electron-positron pair production.
Pair production is the dominant effect at high energies and the measurements of the energy loss
is obtained through the calorimetric measurement of the cascade. The arrival direction
measurements are normally performed with an accuracy of ~ 1° in the GeV region through
tracking detectors as gas chambers or semiconductor devices. The rejection power of the
charged cosmic rays, because of the different fluxes, require anticoincidence systems capable of
shielding the y-ray detector in all directions [18, 19, 20]

3. Ground Based Particle Detectors

At energies of the order of 10" eV the number of events (see Fig.1) is too low for space
experiments and besides the increasing limitations in energy determination, the sensitive area of
the detectors does not allow the study of the high energy part of the cosmic ray spectrum. The
measurements are performed by means of ground based arrays exploiting the Extensive Air
Showers (EAS) technique and covering large detection areas.
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Figure 3. Scheme of the development of Extensive Air Showers [22]

An Air Shower is a cascade of particles generated in atmosphere by the interaction of a
primary cosmic ray nucleus or photon characterized by multiple production of secondary
particles (pions, kaons,...as shown on Fig. 3).

The shower cascade consists of three components: electromagnetic, muonic and hadronic.
The neutral pions decay into gammas, feeding the electromagnetic component via the
production of pairs of electrons and positrons. Above the critical energy (E. = 80 MeV in air),
the electrons loose their energy by radiation and contribute to the fraction of gamma in the
cascade. Most of the shower energy is therefore dissipated by ionization losses by electrons and
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positrons. Secondary kaons decay in " interacting or decaying in muons or neutrinos, the
hadronic component consisting mainly of nuclear fragments.

The number of secondary particles multiplies reaching a maximum value at a given
atmospheric depth ( ~ 10° particles at atmospheric depth of 600 gr cm™ for 10" ¢V) and then
attenuates when most of the particles go below the energy threshold to continue the particle
production. The characteristics of the cosmic ray cascades in atmosphere depend on the nature
of the primary. However their lateral distribution at the observation level is related to the
Coulomb scattering spreading the particles of the cascade over large distances from the shower
axis. The typical distance from the shower axis is given by Ry = EJ/E. Xy, with Eg = 21 MeV.
Ry 1s called Moliere radius and is about 75 m at sea level.

Shower propagate downward into the atmosphere and the particles are sampled at ground
level from detectors like scintillation counters by means of the sampling technique.

Figure 4. Longitudinal development of electromagnetic cascades in atmosphere

In each detector R of surface A and thickness d < mean free path, a signal S(R)
proportional to the energy loss is recorded. If S,, is the signal due to a single trough going
particle, N, = S(R) / S, gives the number of particle crossing the detector and N, /A provides
the particle density at the given position of the detector. Knowing the densities in different
locations we can fit the core position, the slope of the lateral distribution function and the total
number of particles in the shower, which is related to the primary energy. If we assume 10° —
10° shower particles at the observation level distributed over an area given by the Moliere radius
Ry, we obtain an average density of few particles per square meter. The described sampling
technique allows to realize collecting areas much larger than the sensitive areas as exploited by
all EAS arrays [25, 26, 27, 28, 29, 30, 31].

The study of the muonic component plays an important role in the study of the chemical
primary composition. While e. m. cascades develop and are then absorbed after a given
atmospheric depth, muons are practically not attenuated in atmosphere because of their radiation
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length (1.6 - 10° gr/em?). As the electron radiation length is 37.7 gr/cm” the difference in the
radiation length provides the possibility of absorbing the e.m. component by means of shielding
materials of a sufficient thickness without affecting the muon component. Muons with energy
lower than GeV decay and do not reach the ground level, while higher energy muons are not
significantly affected by the Coloumb scattering and their lateral distribution at the observation
level is mainly due to the transverse momentum at the EAS production. Typical muon distance
from the shower axis is of the order of 200 m.

The detection on the same events of the e.m. and muon components provide an important
tool for primary composition studies. The tool is based on the assumption that a cascade
produced by a nucleus of mass A is equivalent to the superposition of A cascades generated by a
primary proton. The observable quantities N. and N,,, for showers detected after the shower
maximum are given by: N, oc A - (Eo/A)a and N, oc A - (E¢/A)B, oo = 1.2 and B = 1.2. As the
primary energy is not measured, the relationship between the observables is: N, oc AP
Ne™ corresponding to N, o A% - N."® for the quoted values. As a function of the atmospheric
depth the number of muons ranges from 1% to 10% of the electron component and is about a
factor 2 larger for a primary iron nuclei than for a primary proton.

The signal corresponding to the loss of energy of a single minimum ionizing particle
inside the individual detectors of the array has to be continuously calibrated and monitored to
keep its fluctuations at poissonian level, as this information is used into the shower
reconstruction procedure. The all-particle lateral distribution is obtained from the particle
density measurements at different location. The total number of particles at the observation
level and the geometrical position on ground of the shower core are obtained by fitting a
theoretical expression of the lateral distribution of the charged particles. The arrival direction of
the showers is obtained by measuring the particle arrival time in each individual detector. The
arrival delays of the particles and the distance among the detectors are used to obtain the arrival
angles. As a first approximation, the shower front can be assumed to be flat and with negligible
thickness. The thickness of a real shower disk introduces an uncertainty of the order of the
degree.

If the detector has a thickness greater than the radiation length, the e.m. component looses
all its energy, while the muon component usually crosses the whole detector and releases an
energy proportional to the detector thickness. In this case the reconstruction procedure has to
take into account that the detectors contribute with different weights.

In case the distance among the detectors is greater than the Moliere radius, it can be
convenient to derive the particle density at a given core distance as this reduces the
uncertainties. The optimum distance from the shower core at which to derive the particle density
depends on the detector configuration. Such distance was 600 m for the Haverah Park array and
is 1000 m for the Pierre Auger Observatory.
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4. Ground Based Optical Detectors

The study of the high energy cosmic rays can also be performed by observing the
longitudinal development of the cascades in atmosphere exploiting the Cherenkov and
fluorescence light emitted in atmosphere by the charged secondary particles.

The Cherenkov radiation arises when a charged particle moves in a material at a speed v >
c/n, being c the speed of light and n the refraction index. The coherent wavefront is emitted at
an angle cos 6 = 1/ Bn with 3 = v/c. The particle’s threshold speed for Cherenkov emission is 3
= 1/n. The maximum emission angle is 6 = arcos (1/n). The number of photons emitted per unit
length is dN/dl = 2mto. (1/A, - 1/A;) sin’0. In air the Cherenkov energy threshold is 21 MeV for
electrons and 4.3 GeV for muons; the maximum emission angle is 1.3° and dN/dl = 23 ph/m at
sea level for 350 <A <500 nm, =1 and Z =1.

The isotropic fluorescence emission in atmosphere is mainly due to nitrogen excitation.
The emission is concentrated in a few lines between 300 and 480 nm, the emission is ~ 4.8 ph/m
at sea level.

Cherenkov and fluorescence detectors are used to investigate different energy intervals:
small angle directional Cherenkov detectors around 10" eV, large angle directional Cherenkov
detectors around 10" eV and fluorescence detectors around 10" eV. While the amount of the
Cherenkov photons is completely understood, the amount of energy loss converted into the
“fluorescence photon yield” has still some uncertainties. The uncertainty, including the
dependence from air temperature and pressure, amounts to about 15%.

Such observations are strongly dependent from the night sky conditions and require the
monitoring of the atmosphere during the measurements to reduce the uncertainties and
limitations of the measurements. The duty cycle is of the order of 10% as observations can be
performed only in clear moonless nights.

As optical detectors use the atmosphere as “calorimeter”, they can provide energy
measurements quite independent from calculations including assumptions on the hadron
interaction properties. The direct observation of the EAS cascade by fluorescence detectors
allows the measurement of the depth of the shower maximum, which is related to the nature of
the primary. In case of Cherenkov detectors, the depth of shower maximum can be obtained by
converting the light lateral distribution in the longitudinal shower development.

4.1 Atmospheric Cherenkov Detectors

A main problem of the ground based particle arrays is the impossibility to discriminate the
charged particle of the cosmic radiation. The methods used to improve the sensitivity to the
primary gamma component include the detection of the muon component, the study of the
lateral distribution and arrays built at high altitude and with continuous layers of sensitive areas
to reduce the primary energy threshold and to connect the ground based gamma ray
observations with the satellite experiments [32, 33]. Main characteristics of the atmospheric
Cherenkov radiation are: 1) the Cherenkov light lateral distribution extends till large distances
from the shower axis (~ 100 m) and it is therefore possible to realize large detection areas; 2)
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Figure 5. Scheme of atmospheric fluorescence and Cherenkov detectors [§]

the light angular distribution is very narrow and the arrival direction of the primary particle is
conserved; 3) the temporal structure of the signal is limited to few nanoseconds and this allows
to integrate the night sky background ( B = 10" ph.m™ sec” sr') for a short time interval.
Atmospheric Cherenkov measurements are performed against the fluctuations of the night sky
background limiting the energy threshold of the detectors. The number of background photons
are given by : n;, = B A Q € 1, being A the mirror area = 100 m?, Q the solid angle =~ 10~ sr, &
the photocathode quantum efficiency =~ 0,2 and t the integration time =~ 10 ns. The number of
Cherenkov photons is given by : Ny, = N A ¢, being N the number of Cherenkov photons m?
inside the solid angle Q at a given distance r ~ 100 m from the shower axis ~ 50 ph/m* -TeV.
The energy threshold is determined by the relation Nph/\/nph > k. Assuming k = 10, an energy
threshold of 200 GeV is obtained to be compared with energy threshold of 50 — 100 GeV for the
existing detectors [34, 35,36].

The field of ground-based gamma-ray astronomy has been pioneered by the work of the
Whipple collaboration, which successfully discovered the first source of TeV gamma-rays, the
Crab Nebula, in 1989 almost 20 years ago [37]. The discrimination power of the last generation
of Cherenkov telescopes between Cherenkov signals generated by charged particle and primary
gammas is due to the shape and orientation of the Cherenkov image obtained by imaging
cameras with pixels field of view of the order of 0.1°.

5. High Energy Neutrino Detectors

Neutrino detectors, because of the very low signal rates, have to be shielded against the
charged cosmic rays, acting in this kind of measurements as a source of background. For this
reason neutrino detectors have to be built deep underground or underwater.

The neutrino cross section (v,) = 6.7 10°° E/TeV cm?/n gives a probability of interaction
of P~4-107 E/TeV for 1 km depth of water and this requires detectors with very large active

volumes. The interaction channel v, + N — N + X + p is relevant for the neutrino detection, as
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the interaction point can be detected through the hadron/e.m. cascade and the through going
muon having a track length of about 2 km in water. The muon-neutrino angle is 0,, =~ 1.5° /
V(E, /TeV) and therefore by reconstructing the muon direction it is possible to reconstruct also
the neutrino arrival direction. Moreover, the track length of the trough going muon allows to
extend the detector sensitivity well outside the physical volume of the detector.

In the case of under water or under ice detectors, the shielding material is also the medium
in which Cherenkov light is produced and detected by arrays of photomultipliers. An ultra
relativistic particle produces in water about 400 photons/cm and the emission angle is 42°.
Assuming a photocathode area of 0.1 m* and a quantum efficiency of 20% at a distance of 50-
100 m from the interaction point, we can have 1 photoelectron if the attenuation track length of
the medium is = 50 m. The transparency of the medium in the visible-blue spectral region of the
photocathodes is therefore a crucial property to choose the site of the measurements and it has
to be clean from additional sources of background like radioactivity or bioluminescence

The first project to explore the possibility of high energy neutrino detection by deploying
string of photomultipliers deep in the sea has been the DUMAND project [38]. At present,
different experiments are deployed in different sites as lake water [39], mediterranean sea [40,
41, 42] and in antarctic ice [43].

6. Radio and Acoustic Detectors

In the last few years the technical developments have made possible the detection of
already known and detectable effects as the radio emission from Extensive Air Showers in
atmosphere and of acoustic frequency in water or ice.

Radio emission from EAS was first detected in 1965 by J. Jelley et al.. The syncrotron
radiation emitted by the secondary electrons and positrons of the cascade in the Earth magnetic
field extends up to the GHz region but the optimal frequency region is limited around 100 MHz
because of the spread of the shower particles. Due to technical difficulties this EAS detection
method was abandoned soon after its discovery in the seventies. Recently, the method has been
used by the LOPES Collaboration [44] operating at the KASCADE Grande site in the energy
interval 10" -10"® eV and by the CODALEMA Collaboration [45].

The Lopes results show that the signal depend on the angle between the shower axis and
the Earth magnetic field, thus confirming that the emission is a geomagnetic effect. The
measurements also show a good correlation of the radio signal with the muon number measured
by the KASCADE array and trough this a good correlation with the primary energy. Tests and
calibration are performed in the energy interval > 10'7 eV at the site of the Pierre Auger
Observatory in Argentina showing a good detection efficiecy.

The acoustic emission by the cascades heating the medium and generating a pressure wave
have been detected at accelerators and the response is linear with energy. In water and ice the
cascades are of the order of cm and for energy release above 10" eV the pressure wave can be
detected with the present techniques. The emission frequencies are of the order of 10 KHz:
since the attenuation length in water is of the order of km, the technique is interesting as the
effect can be detected far away from the emission area. Tests are on going in the lake Baikal.
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