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The gamma-ray astronomy will reach its acme with the next genera-
tion instruments: the Cherenkov Telescope Array (CTA) and the Large
High-Altitude Array Shower Observatory (LHAASO). CTA is an array of
Imaging Air Cherenkov Telescopes (IACT), which detect the Cherenkov
light produced by the charged particles present in the shower produced by
cosmic rays when impinging on the atmosphere. LHAASO can also detect
the Cherenkov and fluorescence light produced by the shower, but mostly
aims at detecting directly the charged particles in the shower. Though
quite different and complementary, their characteristics are deeply tied to
the physics of the air shower, whose knowledge is then fundamental for
understanding their design. In this paper, I will go first through the inter-
action between radiation and matter needed for the next step of discussing
the physics of air showers. Once the physics base is set, I will go through
some detection technique, illustrate the IACT approach and the EAS array,
and compare them.

DOI:10.5506/APhysPolB.50.2081

1. Introduction

After more than hundred years since the discovery of the cosmic rays
(CRs), their origins and production mechanism have not been established
yet. The CRs are locally detected non-thermal relativistic particles but they
can also be regarded as a further “substance” of the Universe after matter,
radiation and magnetic field, thus pointing to more fundamental issues con-
cerning the Universe. Over the years, many experiments have studied CRs
characteristics. In Fig. 1 (left), there is shown the so-called “all-particle” CRs
energy spectrum [1], which represents the flux of CRs measured at Earth
that can be described as a function of the energy, by a power law with a
rather sharp drop extending over several orders of magnitude. The slope of
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the spectrum seems fairly constant over a wide range suggesting that there
is a universal gear mechanism and follows the relation dN/dE ∼ E−γ with
a value of γ = 2.7, called spectral index. The lowest energy particles with
E ∼1 GeV come mostly from the heliosphere and dominate the galactic spec-
trum, which is, therefore, hard to measure at these energies. The spectrum
also exhibits two peculiar features, the so-called knee around 3× 1015 eV
and the ankle at about 1019 eV. The knee consists of a steepening of the
spectrum to E−3 for energy of few PeV, and it is a crucial feature in the
sense that it is where the transition from galactic to extra-galactic CRs is
supposed to happen and whose slope depends on the particles charge Z.
This steepening is brought back to a reduced efficiency of the galactic CRs
sources in accelerating particles up to such energies, or to the reduced ability
of the Galactic Magnetic Field (GMF) to confine particles above the knee.
As a matter of fact, in many models, there is an assumption that particles
have to be confined for a finite time inside the accelerator site in order to
be accelerated. Therefore, the size of the site cannot be greater than the
Larmor radius of the particles. Using this simple criterion, Hillas made a
classification of the possible accelerators of CRs according to their size and
magnetic fields as shown in Fig. 1 (right).

Fig. 1. Left: The all-particle spectrum of cosmic rays at Earth [2] together with the
proton spectrum, as measured by different experiments. The subdominant contri-
butions from electrons, positrons and antiprotons are measured by the PAMELA
experiment. Right: A revised version [3] of the “Hillas Plot” [4], showing the mag-
netic field versus the size of potential UHECR sources.
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The origin of the knee is believed to be related to the maximum energy
attainable by particles and therefore to acceleration mechanism. In diffusive
shock acceleration (DSA) model, the CRs are accelerated in blast waves of
SuperNova Remnants (SNR) until they reach a limit, which depends on the
particle charge Ze and the rigidity R = pc/(Ze), where the DSA becomes
inefficient. The maximum energy reachable by a nucleus of charge Z may
range from Z × 1014 eV to Z × 1015 eV depending on the model and types
of supernovae considered [5]. Light nuclei, mostly protons and hydrogen,
are supposed to be the dominant component below the knee because heavier
elements are less abundant in the inter-stellar medium (ISM). However, the
contribution of heavier elements is expected to significantly increase above
the knee given that the shocks accelerate particles according to their rigidity,
and then they can reach much higher energies than hydrogen or protons.
The sum of the contributions from all nuclear species to the CRs spectrum
reproduces well the E−3 steepening above the knee. In this scenario, the knee
would result from the convolution of the various cut-offs while the spectral
composition would become heavier. Unfortunately, this scenario requires
magnetic fields much stronger than the inter-stellar one [6] and this brings
into play some sort of magnetic amplification and no convincing models exist
so far. Alternative explanations can be provided by models that relate the
knee to leakage of cosmic rays from the Galaxy. In this case, the knee is
expected to occur at lower energies for light nuclei as compared to heavy
ones due to the rigidity dependence of the Larmor radius of cosmic rays
propagating in the Galactic Magnetic Field [7].

Another feature of the spectrum in Fig. 1 (left) is the ankle, i.e. the hard-
ening of the CRs spectrum observed for particle energies around 3×1018 eV.
It is believed to represent the energy range where the extra-galactic compo-
nents of CRs take over the galactic one. The problem stays in the fact that,
as said before, the knee represents the maximum energy at which protons
can be accelerated by a galactic accelerator. Even considering the heaviest
element like iron, which undergos higher accelerations given the rigidity de-
pendence of DSA acceleration, the maximum energy reachable is still too
low to reach the ankle. A possible scenario is that the transition happens
much earlier than the ankle, at an energy of about 1017, where another (less
pronounced) feature, called the second knee is observed in the spectrum [8].
However, this scenario would require an unnatural amount of fine tuning
to have the extra-galactic contribution appearing sharply exactly where the
galactic one disappears, in contrast to the simple case of the hardening of
the spectrum where such a fine tuning is not required. In addition, another
explanation for the ankle would be needed. An alternative scenario is that
there exists a third CRs population that would fill the gap between the SNR
component and the extra-galactic one [6], or that a subset of the SNR pop-
ulation, rather than a new source class, fills the gap [9]. For a full review,
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please see Ref. [10]. The Ultra-High Energy (UHE) CRs, with energies rang-
ing from the ankle to 100 EeV, have a flatter slope that ends at the “GZK”
cut-off [11, 12] caused by photo-pion production on the Cosmic Microwave
Background (CMB). At that energies, the CRs can interact with the CMB
photons producing the resonance ∆+ via the process p+γCMB → ∆+, which
decays in pions of lower energy. This process then limits to about 50 Mpc
— the maximum distance CRs can travel from their source.

Though this spectrum is a consolidated experimental reality, its shape
and features, as where the transition between galactic and extra-galactic
sources happens or which exactly are the sources contributing to the flux,
have not been established yet. Theories for acceleration mechanisms in the
sources and for propagation of cosmic rays exist, but yet none can explain
all the features of the spectrum and the cosmic-ray composition as a func-
tion of energy. Moreover, the particles propagate diffusively in the Inter-
stellar Medium (ISM) over very long distances and under the effect of the
Galactic Magnetic Fields (GMF) and the spectrum is folding of three mech-
anisms: the acceleration inside the sources, the escape from the sources and
the propagation across the Galaxy. Understanding the origin of CRs and
their propagation through ISM is then a fundamental quest in the under-
standing of the structure and nature of the Universe (see [2] and references
therein). In particular, the identification of galactic sources able to acceler-
ate particles up to PeV energies, the so-called “PeVatrons”, is still missing.
Nonetheless, no major question on cosmic rays, their production and prop-
agation characteristics, or their origin could not be answered. It is evident
that only accumulating a sufficient statistic of astrophysical objects can al-
low detailed studies of their characteristics and shed some light on these
long-standing quests. This requires improving the instruments’ sensitivity,
energy range covered and also effective area. In this scenario, the next gen-
eration experiments for gamma-ray astronomy and cosmic-rays’ studies are
born: the Cherenkov Telescope Array (CTA) and the Large High-Altitude
Array Shower Observatory (LHAASO). CTA is an array of almost hundred
Imaging Air Cherenkov Telescopes (IACT), distributed in two sites, a north-
ern site in the Canary Island and the southern site in the desert of Paranal
in Chile. Its construction will start in coming years and it will not finish
before 2025. LHAASO is an Extended Air-Shower (EAS) array, under con-
struction in the Sichuan region of the China, which should be completed by
the end of 2020. LHAASO is composed of different elements and type of
detectors covering an area of more than a square kilometre.

Despite the different technique used to detect shower and the different
technologies used, they all aim at measuring for each shower, the energy, the
direction and identify the type of primary particle which started it. How
this is done, and which are the advantages and limitations of these two
complementary approaches, needs a good understanding of the underlying
physics of the showers.
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2. The physics of air showers

2.1. Interaction of radiation a matter

The starting point for a correct understanding of the physics of air show-
ers is to discuss briefly the phenomena associated with the radiation interac-
tion in matter. Charged particles, heavier than electrons, lose energy while
traversing matter mainly through the excitation and ionisation of atoms of
the medium. For heavy ions, with velocity of the order (or lower) of the
Bohr orbital velocity of electrons in the hydrogen atom, the energy loss
due to collisions with target nuclei is no longer negligible. Electrons (and
positrons) being much lighter can transfer higher energies to the electrons
of the atoms and reach at not-too-high energies the so-called critical energy,
where they start to lose energy by radiating photons. Neutral particles are,
in general, detected through particles that are produced in their interaction
with matter, either charged as light mesons, muons or electrons or photons
as in the π0 → γγ process. The most relevant processes for photon ab-
sorption in matter are the photo-electric effect, the Compton scattering and
pair-production. Here, it is given just a brief remainder of relevant concepts.
For a more extensive and coherent treatment of this topic, please refer to
the PDG review1 and references therein or to major text books [13–19]. Let
us start by discussing the interaction between charged particles and matter.
In Fig. 2, there are schematically shown some of the most relevant processes
arising when a particle impinges on matter.

The particle can be regarded as a “probe” of matter as it will “resolve”
the matter structure depending on its energy. The type of process is mostly
depending on the particle wavelength λ = ~/p, i.e. its energy. As shown
in Fig. 2, for wavelength below the angstrom (12.5 keV), the particle “sees”
matter as continuous medium. In this case, the particle field polarises the
medium and can give rise to phenomena like the Cherenkov emission or
the transition radiation emission. Around 10 keV, the particle starts to
“see” the atomic structure of matter and interacts mostly with the electrons
of the outer shells. At energies greater than few GeV, corresponding to a
wavelength of the order of the atomic nucleus (fm), it can interact with
electron from the inner shells or directly with the nuclei.

A fundamental quantity, used in describing interactions, is the cross
section. The concept, though quite simple and intuitive, is, in truth, a
very powerful tool to investigate a plethora of phenomena. Let us consider
an ideal experiment in which a flux of monochromatic particles φ impinges
on a slab of material and it is deflected through elastic collision2. A flux
of particles can be well-approximated by a beam of particles, uniformly

1 PDG review — passage of particles through matter (http://pdg.lbl.gov/2019/
reviews/rpp2018-rev-passage-particles-matter.pdf).

2 The cross section can be applied to a much wider range of interactions, but here we
go to the simplest approximation, as the scope is purely illustrative.

http://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf
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Transition radiation 
When the particle crosses the boundary between two media, there 
is a probability of the order of 1% to produced and X ray photon.

Cherenkov Radiation 
In case the particle’s velocity is larger than the velocity of light in the 
medium, the resulting EM shockwave manifests itself as. 

Ionization losses 
The incoming particle loses energy interacting 
with atoms, which are excited or ionized.

Interaction with the atomic nucleus.  
The particle is deflected (scattered)  causing multiple scattering 
of the particle in the material.  
During this scattering a Bremsstrahlung photon can be emitted.

Fig. 2. Interaction of charged particle with matter. The phenomena involved, as
shown in the picture, depend on energy, i.e. then de Broglie wavelength of the
particle.

distributed in space and time, whose size is much larger than the target size.
If we do a simple counting experiment in which we measure the number of
particles emerging after the interaction scattered into the solid angle dΩ
per unit time, we can say that the probability of interaction of the single
projectile particles with a nucleus of the target is

dσ

dΩ
=

1

φ

dNs

dΩ
. (1)

The quantity Ns is the average number of particles scattered per unit time.
In fact, the number of particles scattered fluctuates over different finite time
of measurements, because of the randomness of the impact parameter. At
the same time, averaging over many finite time windows this number tends
to a fixed value Ns. The quantity in Eq. (1) represents the probability of
interaction of a single particle in the beam with a single atom in the target.
It then gives information on the structure of the interaction and on the
potential governing it. It is astonishing how a simple counting experiment
is able to probe a so fundamental quantity as the interaction structure!

The cross section has the dimension of an area, given the definition of
the flux φ, and it is then measured in cm2. Therefore, a naive interpretation
of σ is the geometrical crossing area between the target and the beam. This
also explains the unit used to measure the cross section, the barn

1 b = 10−24 cm2 = 10−28 m2 = 100 fm2 .



Experimental Techniques for Astroparticle Physics 2087

The barn corresponds approximately to the cross-sectional area of the ura-
nium atoms and the word was created at time of the Manhattan projects
as a secret word to refer to the cross section [20]. Starting from the cross
section we can define another important quantity which is the mean free
path, i.e. the average distance between two successive interactions. If N
represents the linear density of target, then by definition, the probability to
undergo an interaction after 1 interaction length is equal to one. Thus,

Nσλ = 1 =⇒ λ =
1

Nσ
. (2)

This heuristic derivation of λ can be obtained more rigorously using proba-
bility. With this definition, the survival probability Ps and the interaction
probability Pint are

Ps(x) = e−Nσx = e−
x
λ , Pint = 1− e−

x
λ . (3)

The mean free path is a quantity widely used in many physics fields, but in
particle physics it is mostly referred to as the interaction length for hadron
nuclear interaction, or absorption length for photons. As a matter of fact,
in both cases, it represents the length after which the initial flux is reduced
by 1/e due to the interaction.

2.1.1. Interaction of charged particles

When a charged particle of mass m greater than the electron mass me
3

traverse, a slab of material dx have a finite probability to lose a fraction dE
of its energy interacting with the electrons of the outer shells.

This energy loss is governed by the Bethe–Bloch [21, 22] formula reported
below as

−dE

dx
= 4πNAr

2
emec

2z2Z

A

1

β2

[
1

2
ln

(
2mec

2γ2β2Wmax

I

)
−β2− δ(βγ)

2
− C

Z

]
.

(4)
The quantityWmax is the maximum energy transferred in an elastic collision
between a particle of mass M and the atom’s electrons

Wmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2
, (5)

which for M � me reduces to Wmax ≈ 2mec
2β2γ2. The formula was orig-

inally calculated under the classical approximation, considering only the
electromagnetic interaction between the Z electrons of the target nucleus

3 The case of the electron as an impinging particle has to be treated differently as we
will show later in Sec. 2.1.2.
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and the particle with charge Ze. It is interesting to note that, as shown in
Fig. 3, there are different regimes for the energy loss as a function of the
quantity βγ = p/Mc, which is independent of the particle mass, giving an
universal description of the energy loss features.
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Fig. 3. The energy loss for a positive muon transversing copper as a function of
βγ over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy) [23].

For βγ < 1, the particles energy loss is proportional to 1/β2. In this
regime, the particle energy losses are relevant and contribute to the stopping
of the particle. As a matter of fact, at each interaction, the β is reduced
and the energy lost increases further causing the particle to lose its energy
until it stops. This can be heuristically understood as due to the fact that a
slow particle feels the electric field of atom’s electrons for a longer time. It
is also important to note the dependence on Z2 of the primary particle as it
implies that heavier nuclei experience larger energy loss and then the shower
development and size are different depending on Z. This is known since the
first balloon experiments with emulsions and was shown in a famous picture
by Powell, Fowler and Perkins in their book [24], where it was shown how
the thickness of the track for different nuclei was increasing with Z.

For βγ ≈ 3.5, the energy loss reaches a minimum. Most relativistic par-
ticles (e.g., cosmic-ray muons) have mean energy loss rates close to the min-
imum, and they are, therefore, called minimum-ionizing particles or MIPs.
As the particle energy increases, its electric field flattens and extends, due
to the relativistic regime, so that the distant-collision contribution to en-
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ergy losses increases logarithmically with βγ. However, real media become
polarised, limiting the field extension and effectively truncating this part
of the logarithmic rise. This is taken into account by the density correc-
tion effect, represented by δ in Eq. (4) and also shown in Fig. 3. At much
higher energies, for β > 1000, the particles can undergo radiative losses, as
bremsstrahlung becomes more and more dominant.

The energy at which the radiative losses take over the ionisation is called
the critical energy EC and plays a fundamental role in the shower develop-
ment. It represents, in fact, the energy at which the shower stops to develop,
and the shower particles start to be absorbed as they do not have enough
energy to produce new child particles. It is also important to note the linear
dependence of the energy loss with the material (Z), shown in Fig. 4 (left).
Even if it has a linear behaviour, the energy loss is within 1 MeV for Z
ranging from 1 to 100 so, in general, at first order can be safely assumed
to be around 1.5 MeV/g cm−2. For gas and, in general, for the atmosphere,
the energy is around 2.2 MeV/g cm−2. This is a good approximation for all
materials but the liquid hydrogen which has a factor two greater energy loss
(see Fig. 4 (right)).
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Fig. 4. Energy loss as a function of Z (left) and the dE/dx as a function of βγ for
different materials [23].

2.1.2. Interactions of electrons with matter

At low energies, electrons and positrons lose energy primarily via ionisa-
tion although other processes contribute, as shown in Fig. 5. In the case of
the electron/positrons, the Bethe–Block needs to be modified to take into
account the fact that the mass of the impinging particle is the same as
of the atom’s electrons, and also the different charge between electron and
positrons is important.
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marked by the arrows [23].

In the case of the electron, the particle mass isM = me and then Eq. (4)
needs to be modified to take into account the different kinematics. In truth,
more relevant is the fact that in this case, there is an interaction between
indistinguishable particles and the quantum effect becomes more important.
In addition, the situation is slightly different for electrons and positrons.
The Bethe–Block then becomes

−dE

dx
= K

Z

A

1

β2

[
1

2
ln

(
τ2(τ+2)m2

ec
4

2I2

)
−F (τ)

2
− δ(βγ)

2
−C
Z

]
,

F (τ) = 1−β2+
τ2/8−(2τ+1) ln(2)

(τ+1)2
for electrons ,

F (τ) = 2 ln(2)−β
2

12

[
23+

14

τ+2
+

10

(τ+2)2
+

4

(τ+2)3

]
for positrons , (6)

where τ = γ − 1 represent the kinetic energy of electrons divided by mec
2.

Bremsstrahlung
When electron (or positron) energies exceed a few tens of MeV, radiative

energy loss, i.e. the emission of photons, becomes the dominant mecha-
nism. This emission is usually referred to as synchrotron radiation, when it
is due to a magnetic field bending, as it occurs in circular accelerators, or
as bremsstrahlung (braking radiation in German) when traversing matter.
Bethe and Heitler were the first to derive a quantum-mechanical calculation
of the bremsstrahlung emission by an electron in the field of a heavy, point-
like and spin-less nucleus [22]. A more recent treatment of bremsstrahlung
and pair-production has been derived [25] in the frame of quantum field the-
ory. In a far from rigorous way, we can derive this behaviour with a heuristic
reasoning assuming that acceleration is uniform during the radiative diffu-
sion.
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We can then evaluate the radiated power as a classical electromagnetic-
dipole radiation emission

dE

dt
=

2

3

e2a2

c3
∝ z2Z2

m2
e

(7)

which depends quadratically on the square of the acceleration.
The acceleration used in Eq. (7) is the ratio of the electrostatic force

between the nucleus of charge Ze and the electrons, and the electron mass.
As a consequence, the bremsstrahlung intensity depends inversely on the
square of the incoming particle mass, therefore, it is much less probable
that a massive charged particle (µ, π, K, proton, etc.) radiates photons
traversing a medium than an electron or a positron. In addition, while
ionisation loss rates rise logarithmically with energy, bremsstrahlung losses
rise nearly linearly (fractional loss k is nearly independent of energy, i.e.
∆E ∝ kE ), and dominate above the critical energy, which is a few tens
of MeV in most materials for electrons/positrons.

Several definitions of the critical energy EC exist. The most natural
is the one which identifies the EC as the energy at which bremsstrahlung
loss equals ionisation loss [26], for which Bethe and Heitler [22] gave a first
approximation formula, later improved by Amaldi [27]. A less recent but
more accurate formula was given by Dovzhenko and Pomanskii [28] (B =
2.66, h = 1.1). An alternative definition is due to Rossi [29] who defines
the critical energy as the energy at which the ionisation loss per radiation
length is equal to the electron energy

EC =
1600 mc2

Z
(Bethe–Heitler) , (8)

EC =
550

Z
MeV (Amaldi) , (9)

EC =
800

Z + 1.2
MeV (Berger and Seltzer) , (10)

EC = B

(
ZX0

A

)h
(Dovzhenko–Pomanskii) , (11)

EC = Ee =
1

X0

〈
dE

dx

〉
(Rossi) . (12)

Here, we will adopt the Rossi definition as this form has been found to
describe more accurately the transverse electromagnetic shower development
discussed later on. It is worth to note that a good approximation for EC

can be obtained from the empirical formula

Egas
C =

710 MeV
Z + 0.92

, E
sol/liq
C =

610 MeV
Z + 1.24

. (13)
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The spectrum of photons emitted by bremsstrahlung can be expressed as a
function of the particle energy E and the photon energy k, y = k/E

dσ

dk
= 4αZ(Z + 1)r2

e ln

(
183

Z1/3

)(
4

3
− 4

3
y + y2

)
1

k
. (14)

The term Z(Z + 1) is due to the coupling of the impinging electron
with the EM field of the nucleus, increased by the direct contribution of
the atomic electrons (which was simply Z2 in the Bethe–Block). The term
183 Z−1/3 takes into account the screening of the nucleus field by the atom’s
electrons. By integrating Eq. (14) over y we can obtain the energy loss for
bremsstrahlung

dE

dx
= 4αNAZ

2r2
e ln

(
183

Z1/3

)
E . (15)

It is worth to note that the energy loss is proportional to the inverse of the
square of the mass, as shown in Eq. (7). An important quantity in describing
this phenomenon is the radiation length X0, which is the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung
and it is also related to mean interaction length λint = 9X0/7 for pair-
production by a high-energy photon. From Eq. (15), using the definition of
energy, we obtain

dE

dx
=

E

X0
=⇒ X0 =

[
4αNAZ

2r2
e ln

(
183

Z1/3

)]−1

. (16)

2.1.3. Interaction of photons with matter

The interaction of photons with matter is substantially different from
what happens with charged particles. As a matter of fact, a photon is either
absorbed or scattered when traversing a slab of material. Thus, a fraction
dN of the initial N0 photons are removed from a beam when traversing a
slab dx of material

dN = −µNdx =⇒ N(x) = N0 e−µx = N0 e−x/λ , (17)

where the quantity µ is the attenuation coefficient and λ is the attenuation
length, or the interaction length, as defined in Eq. (2), which connect the
probability of interaction with the cross section. In the case of the photons,
three main processes contribute to the total cross section. In the photo-
electric effect, the photon is absorbed by an atomic electron of the outer
shells, which is then ejected from the atom. The Compton scattering is
a quantum phenomenon that can be schematised as an elastic scattering
of a high-energy photon by an electron of the atoms, which is considered
quasi-free as the photon energy is higher than the binding energy.The pair-
production is the creation of an electron–positron pair by a photon, with an
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energy greater than 2me in the Coulomb field of an electron or a nucleus.
As shown in Fig. 6, as soon as the energy reaches the threshold for the pair-
production, E > 1.02 MeV, this phenomenon becomes the dominant one in
the total cross section. At energies below this threshold, instead, the total
cross section is a convolution of the photo-electric effect and the Compton
scattering depending on the material, given the different dependence of the
cross sections from the Z of the material. As a matter of fact, the photo-
electric cross section σph scales as Z5, while the Compton scattering σComp

scales as Z. This is clearly visible in Fig. 6 where for lead the σph is dominant
over the Compton until the pair-production takes over. For lighter material
as carbon, the Compton starts to emerge between the photo-electric and the
pair-production. This explains why high-Z materials are used, in general,
for calorimeters in high-energy physics. Not only the stopping power is high,
but also it minimises the Compton scattering and enhances the photoelectric
absorption of photons, which can be converted into a signal.
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Fig. 6. Total cross section for photons as a function of energy for carbon (left) and
lead (right).

The pair-production cross section σpair can be written as a function of
x = E/k, where E and k are, as before, the energy of the electrons and the
photon, respectively

dσpair

dx
=

A

X0NA

(
1− 4

3
x(x+ 1)

)
=⇒ σpair =

7

9

A

X0NA
(18)

from which we can derive the interaction length λint = 1/(Nσpair) = 9X0/7.
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2.2. Electromagnetic showers
The bremsstrahlung and the pair-production are the main actors in

the development of electromagnetic (EM) showers, a cascading effect, which
generates a “shower” of electrons and photons in the material. It is custom-
ary the fact that both phenomena are related to the radiation length X0.
The electromagnetic shower is a pure EM process involving only electrons/
positrons4 and γ interaction with matter. The gammas can produce particle
via pair-production, while e can emits photons via bremsstrahlung. The pro-
cess is then a kind of chain reaction in which at each step e and γ converts
one into the other and stops when the energy of the e is below the critical
energy and/or the photons energy is below the pair-production and they
are absorbed. Though a statistical process is governed by the relative cross
sections, a simplified model can quite well describe the main characteristics
of this showers, such as number of particles in the shower, the location of
the shower maximum Xmax, the shower profile. Heitler developed a model
for the shower development that under very general assumption is capable
of describing the shower main features. The basic assumption is that at each
stage i (after one X0), a parent i produces 2 children, equally sharing the
energy, i.e. each one has Ei+1 = Ei/2.

Thus, after t stages, the number of particles is N(t) = 2t, each with an
energy Et = E0/N(t) = E0 × 2−t. The shower will reach is maximum when
Etmax = EC

tmax =
ln(E0/EC)

ln 2
∝ ln(E0) , (19)

Nmax =
E0

EC
=⇒ Xmax = X0 ln

(
E0

EC

)
. (20)

From Eq. (20), we can see that the shower maximum increases as ln(E0)
of the energy of the primary particle which started the shower but also
the shower development starts to have a longer tail as shown in Fig. 7. The
longitudinal profile of the shower in an electromagnetic calorimeter has been
parametrised as a function of the depth t as dE/dt = E0 t

α e−βt [30].
The first term tα reflects the fact that at early stage, the number of

secondaries grows fast, while the second term e−βt describes the final stages
when absorption starts to dominate. For a 2 GeV electrons, typical values
are α = 2 and β = 0.5, while tmax = α/β.

A more precise parametrisation was given later [31]

dE

dt
= E0 β

(βt)α−1 e−βt

Γ (α)
=⇒ tmax =

α− 1

β
= ln

(
E0

EC

)
− Ceγ , (21)

where Ceγ = 1 for e-induced shower and Ceγ = 0.5 for γ-induced shower.
4 We will in the following use e to identify simultaneously electrons and positrons.
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Fig. 7. Simulation of energy deposit for an electron with different energies as a
function of the depth in a block of copper. To compare the profile, the curve
integrals are normalised to the same value. The vertical scale gives the energy
deposit as fraction of the initial energy E0. The simulation was performed with
EGS4 code.

The transverse shower profile is dominated by the multiple scattering
suffered by electrons and positrons, and scales fairly accurately with the
Molière radius, which has the dimension of a radiation length and is char-
acteristic for the medium in which the shower develops. Its value, for most
of materials, is close to 14 g/cm2/density. A good approximation, valid in
most of the casesis [23]

RM = X0
Es

EC
≈ 21.2 MeV

X0

EC
, Es =

√
4π

α
mec

2 = 21.2 MeV . (22)

In electromagnetic showers, 90% and 95% of the energy is deposited within
one and two Molière radii, respectively.

2.3. Hadronic shower

Hadrons undergo mainly strong interaction when traversing matter. In
this case, many more diverse processes are involved with respect to the case
of the EM shower and, in addition, in some cases the energy transferred can-
not be detected. The high-energy hadrons undergo both elastic and inelastic
scattering and the total cross section is σtot = σel +σinel. The hadronic cross
section is fairly independent of energy and hadron type. The elastic cross
section is of the order of σel ≈ 10 mbar, but the inelastic dominates al-
ready for hadrons with few GeV of energy. The inelastic cross section for a
hadron impinging on a material of atomic mass A can be approximated by
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the simple form as
σinel(p,A) ' σppinel ×A2/3 , (23)

where σppinel = 35 mb is the proton–proton inelastic cross section. We can
then define an interaction length for hadronic interaction

λint =
A

NA σinel(P,A)
' 35 A1/3 g cm2 . (24)

The definition in Eq. (24) is an approximation, as we should have used the
total cross section, but as noted before the inelastic is the dominant.

Hadrons produce a flow of particles while traversing a material as a result
of complex and diverse interactions, which makes the shower development
not only more complex but also more prone to the statistical fluctuations.

As a matter of fact, together with production of secondary with typical
momentum of GeV, a non-negligible fraction (up to 50%) of the primary
energy is diverted into nuclear processes such as excitation, nucleon evapo-
ration, spallation, etc. which results in particle either of very small energy
(below MeV) or undetectable (neutrinos, phonons, etc.), as reported in Ta-
ble I. In addition, the contributions of the different phenomena depend on
the material.

TABLE I

Breakdown in the different component of the energy loss for a pion of 5 GeV.

Ionisation energy of charged particles 1980 MeV 40%
Electromagnetic shower 760 MeV 15%
Neutrons 520 MeV 10%
Photons from nuclear de-excitation 310 MeV 6%
Non-detectable (nuclear binding, neutrinos) 1430 MeV 29%

Total 5000 MeV

All the undetectable components of the hadronic shower cause the prob-
lem of the non-compensation in calorimeter, i.e. a different response with
large fluctuations for particles with the same energy, depending if they un-
dergo the EM (e) or hadronic (h) interaction. Thus, in general, the calorime-
ter signals for hadrons are smaller than for electrons of the same energy. In
a general purpose experiment, the calorimetry is done having a first stage
with an EM calorimeter and a second stage with a hadronic calorimeter. In
many cases, a particle traverses both calorimeters and then its energy is a
combination of the two pieces of information. In general, the ratio e/h is
different from unity. The fraction of energy lost in EM shower is usually re-
ferred to as fem, which is energy-dependent and has large and non-Poissonian
event-to-event fluctuations.
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For pions, which represent a big component of the hadronic shower,
as an example we have that the total energy can be written as 〈fem〉 +
e/h (1−〈fem〉). This energy is then largely fluctuating leading to a non-linear
response for hadrons. We can, anyhow, try to model the shower process also
for hadrons. It is important to note that the vast majority of secondaries
produced are pions (90%). The neutral pions decay into two gammas, and
then can start an EM shower. The fraction of the shower energy carried by
this EM component 〈fem〉 on average increases with the shower energy, since
π0 may also be produced by secondary and higher-order shower particles.
Therefore, the larger is the shower energy, the more generations of shower
particles are produced and the larger is 〈fem〉. We can try to build a simple
model assuming that pions are the dominant components and then 1/3 of
the energy goes into EM shower started by π0, i.e. 〈fem〉= 1/3. Under
this assumption, after n stages of development of the shower 〈fem〉= 1 −
(1 − 1/3)n. The factor 1/3 is a too rough approximation and, in truth,
we need to use an average multiplicity 〈m〉 per interaction. In this case,
〈fem〉= 1− (1− 1/〈m〉)n.

Typically, 〈fem〉 increases from 30% at 10 GeV to 50% at 100 GeV. For
dense materials, it has been shown [32, 33] that 〈fem〉= 1− (E/E0)(k−1) (see
Fig. 8). It is possible to make a simplified model based on the same approach
of the EM showers by adopting a different scale λint, which plays the same
role of X0 in EM showers. Let us define the shower depth as t = x/λint and
define an energy threshold Ethr ≈ 290 MeV with the same role of EC for
EM showers. We can then define in analogy with EM showers

E(t) =
E

〈n〉t
=⇒ Ethr =

E

〈n〉tmax
, (25)

〈n〉tmax =
E

Ethr
=⇒ tmax =

ln(E/Ethr)

ln 〈n〉 . (26)
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Fig. 8. Electromagnetic fraction 〈fem〉 of hadronic shower. The dependence of 〈fem〉
from the pion multiplicity on the left and as a function of the pion energy for lead
and copper (right).
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This model is just useful to have a rough picture of the hadronic showers
and helps in deriving some trend for the main quantities, while the event-
to-event fluctuations are significant and then the Monte Carlo simulation is
needed for a quantitative analysis of the shower.

As we have shown before, the dependence of X0 from the material is
X0 ∼ A/Z2, while for λint ∼ A

1
3 and then λint/X0 ∼ A

4
3 .

As shown in Fig. 9 (left), λint is much larger than X0. This is used in
many experiments to distinguish between electrons and hadrons on the basis
of the energy deposit profile and signal shape in their calorimeter system.

Fig. 9. Dependence of λint and X0 from the material Z on the left. Dependence of
the ratio λint/X0 from Z on the right.

Moreover, as can be seen in Fig. 9 (right), the ratio λint/X0 is propor-
tional to Z and then a particle identification based on this difference works
better for high-Z absorber materials. It is worth to mention here that, sim-
ilarly to what happens for EM showers in which the 95% shower transversal
development is contained in a cone of dimension of RM, also for hadrons the
shower is contained in R95% ≈ λint [27, 34]. The hadronic lateral spread is
due mostly to the secondaries produced at large angles, with typical trans-
verse momentum of 〈pt〉 ∼ 350 MeV. The shower EM component leads to a
relatively well-defined core R = RM, which after the shower maximum ex-
perience an exponential decay. Energetic neutrons and charged pions form a
wider core and the thermal neutron generates a broad tail. The containment
of the longitudinal development of hadronic shower L95%, which corresponds
to the absorber depth at which 95% of the shower energy is deposited, is to
a first approximation described by [16]

L95% = tmax + 2.5λint , where tmax ≈ 0.2 ln(E GeV) + 0.7 . (27)
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We described so far the main processes and quantities used in calorimetry
for high-energy physics, but for cosmic-ray physics, the energies are much
higher, and some different phenomena enter into the game.

2.4. Characteristics of air showers

The cosmic rays (CRs), high energy particles or gammas, impinge on the
atmosphere and interact with its atoms producing shower exactly like in a
calorimeter.

For a vertical shower, the atmosphere is a calorimeter of about 26 X0

and 15 λint, which is not much different from the ATLAS calorimeter with
its 27 X0 and 11 λint. At the same time, the atmosphere is a strongly inho-
mogeneous material and its density, and then X0, varies with the altitude
and atmospheric conditions (pressure, temperature, humidity, etc.).

2.4.1. Electromagnetic air showers

The model for EM shower discussed so far is still applicable for air
shower. As a matter of fact, the atmosphere can be assimilated to a chem-
ical element with a Z = 7, which yield a critical energy EC = 580 MeV/Z.
The density of air diminishes by six orders of magnitude when the alti-
tude goes from the sea level (∼ 1.0 kg/cm2, X0 = 300 m) up to 100 km,
and another six orders from 100 to 300 km. Many models exist and have
been used/developed by the experiment (HESS, VERITAS, AGASA, Pierre
Auger, HiRes). Despite the atmosphere being a strongly inhomogeneous
medium, under the quite general assumption of isothermal atmosphere,
many characteristics of the shower and the primary producing them can
be reconstructed as we will show later.

At the same time, under very extreme conditions, such as extremely high
energies or extremely high magnetic fields, or in a combination of both, some
peculiar processes and phenomena occur. Particularly relevant for ultra-
high energy photons and electrons showers development are the Landau–
Pomeranchuk–Migdal (LPM) effect and the magnetic bremsstrahlung and
pair-production.

2.4.2. Landau–Pomeranchuk–Migdal effect

At ultra-high energies, the quantum mechanical interference between am-
plitudes from different scattering centres starts to become relevant in both
the pair-production and bremsstrahlung . This interference is usually de-
structive and, therefore, suppress the cross sections. This effect is named the
Landau–Pomeranchuk–Migdal (LPM) after the names of the three scientists
who calculated the effect on the cross section. While Landau and Pomer-
anchuk [35] calculated the effect with a semi-classically approach based on
the average multiple scattering, Migdal [36] was the first one to make a more
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rigorous calculation using a quantum transport approach. More details can
be found in a more recent review by Klein [37]. The consequence of the
LPM effect is to slow down the rate of the initial phase of an electromag-
netic shower initiated by an ultra-high energy photon or electron, which then
can penetrate deeper into the medium and the shower is stretched at the
beginning. The cross section for bremsstrahlung of electrons in Eq. (14) is
shown in Fig. 10.33. Passage of particles through matter 25
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Figure 33.18: The normalized pair production cross section dσLPM/dy, versus
fractional electron energy x = E/k.

Eq. (33.32) may be integrated to find the high-energy limit for the total e+e−
pair-production cross section:

σ = 7
9 (A/X0NA) . (33.33)

Equation Eq. (33.33) is accurate to within a few percent down to energies as low as
1 GeV, particularly for high-Z materials.

33.4.6. Bremsstrahlung and pair production at very high energies :

At ultrahigh energies, Eqns. 33.29–33.33 will fail because of quantum mechanical
interference between amplitudes from different scattering centers. Since the longitudinal
momentum transfer to a given center is small (∝ k/E(E − k), in the case of
bremsstrahlung), the interaction is spread over a comparatively long distance called the
formation length (∝ E(E − k)/k) via the uncertainty principle. In alternate language, the
formation length is the distance over which the highly relativistic electron and the photon
“split apart.” The interference is usually destructive. Calculations of the “Landau-
Pomeranchuk-Migdal” (LPM) effect may be made semi-classically based on the average
multiple scattering, or more rigorously using a quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon energy k is less than
E2/(E + ELPM ) [45], where*

ELPM =
(mec

2)2αX0

4π!cρ
= (7.7 TeV/cm) × X0

ρ
. (33.34)

Since physical distances are involved, X0/ρ, in cm, appears. The energy-weighted
bremsstrahlung spectrum for lead, k dσLPM/dk, is shown in Fig. 33.12. With appropriate
scaling by X0/ρ, other materials behave similarly.

* This definition differs from that of Ref. 53 by a factor of two. ELPM scales as the 4th
power of the mass of the incident particle, so that ELPM = (1.4 × 1010 TeV/cm) × X0/ρ
for a muon.
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where y = k/E is the fraction of the electron’s energy transferred to the radiated photon.
At small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to
2.5% (high Z) of the total. If it is ignored and the first line simplified with the definition
of X0 given in Eq. (33.26), we have

dσ

dk
=

A

X0NAk

(
4
3 − 4

3y + y2
)

. (33.30)

This cross section (times k) is shown by the top curve in Fig. 33.12.
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This formula is accurate except in near y = 1, where screening may become incomplete,
and near y = 0, where the infrared divergence is removed by the interference of
bremsstrahlung amplitudes from nearby scattering centers (the LPM effect) [44,45] and
dielectric suppression [46,47]. These and other suppression effects in bulk media are
discussed in Sec. 33.4.6.

With decreasing energy (E <∼ 10 GeV) the high-y cross section drops and the curves
become rounded as y → 1. Curves of this familar shape can be seen in Rossi [2]
(Figs. 2.11.2,3); see also the review by Koch & Motz [48].

Except at these extremes, and still in the complete-screening approximation, the
number of photons with energies between kmin and kmax emitted by an electron travelling
a distance d ≪ X0 is

Nγ =
d

X0

[
4

3
ln

(
kmax

kmin

)
− 4(kmax − kmin)

3E
+

k2
max − k2

min

2E2

]
. (33.31)
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Fig. 10. The cross section for pair-production (left) and bremsstrahlung (right) as
a function of the ratio x = E/k = 1/y, where E is the electron energy and k the
gamma momentum.

The phenomenon is linked to the fact that bremsstrahlung is not a single
point interaction but has to deal with an effective region where bremsstrahl-
ung and pair-production happen in the vicinity of a nucleus. The radius
of this region, which represents the effective average collision distance from
nucleus, is given by the uncertainty principle [38]

reff ∼
~c
q‖
∼ E(E − k)

mec2k

(
~
mec

)
, (28)

where E is the energy of the incident electrons, k the energy of outgoing
photon, and the longitudinal momentum transfer to a given center is

q‖ ∼
m2
ec

4k

2E(E − k)
for (E − k)� mec

2 . (29)

Therefore, for small momentum q‖, the interaction is spread over a compar-
atively long distance reff called the formation length. In other words, the
formation length is the distance over which the highly relativistic electron
and the photon split apart. In amorphous media, the bremsstrahlung is sup-
pressed by the multiple scattering

〈
ϑ2

MS

〉
of the electron when it dominates

over the transverse momentum
√〈

ϑ2
MS

〉
>
mec

2

E
, where

〈
ϑ2

MS

〉
∼
(
Escatt

E

)2(reffρ

X0

)
, (30)
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where we used X0/ρ as here we are comparing lengths. By using Eqs. (28)
and (29), the condition becomes

E(E − k)

k
>

m4
ec

7

~E2
scatt

X0

ρ
= ELPM = 7.7

[
TeV
cm

]
X0

ρ
. (31)

The dependence fromX0 makes the LPM effect most significant in heavy ele-
ments at very high energy. It is worth to note that the dependence fromm4

e is
such that already for muons LPM suppression is generally negligible for both
muon bremsstrahlung and pair creation (EµLPM = 1.38× 1010 TeV/cm X0

ρ ).
The bremsstrahlung spectrum energy-weighted kdσLPM/dk is shown in
Fig. 10 (right) for lead, but other materials behave similarly, with appropri-
ate scaling by X0/ρ. For photons, instead, the pair-production cross section
is reduced for E(E−k) > ELPM and in Fig. 10 (left), it is shown for different
photon energies. In crystalline media, the situation is more complicated as
the cross section depends on the electron and photon energies and the angles
between the particle direction and the crystalline axes, which can produce
both coherent enhancement and suppression. The first tests of LPM sup-
pression came quite shortly after Migdal paper in cosmic ray physics, where
the depth of pair conversion in a dense target high-energy (k > 1 TeV)
photons was studied. Many others followed but the poor statistics and un-
certainties in the photon spectrum complicated the analysis. A clear prove
of the effect was possible only with particle collider later on. In particular,
in 1992, the E-146 Collaboration at the Stanford Linear Accelerator Cen-
ter (SLAC) proposed an experiment to perform a precision measurement of
LPM suppression and to study dielectric suppression [39].

2.4.3. Geomagnetic pre-showering

If an ultra-high energy photon approaching the Earth interacts with the
geomagnetic field, even far beyond the fringes of the atmosphere, it can
cause magnetic electron pair-production and, subsequently, these newly cre-
ated electrons undergo themselves magnetic bremsstrahlung. This sequence
of elementary processes may repeat itself several times before reaching the
atmosphere, thus provoking a small but very energetic highly collimated
shower. In Fig. 11 is shown the conversion probability (left) and the height
of first conversion (right). This process, known as pre-showering, may mimic
the arrival of a single heavy primary, such as iron, generating an iron-like
shower upon entry into the atmosphere of these groups of particles. It is
then a major problem for primary mass determination at the highest en-
ergies (> 1018 eV). The magnetic bremsstrahlung and pair-production are
governed essentially by a single parameter Υ [38]

Υ =

(
E

mec2

)(
H⊥
Hcrit

)
, where Hcrit =

m2
ec

3

e~
= 4.414× 1013 G . (32)
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Ralph Engel, 13 March 2005

Pre-showering in geomag. field
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(Homola et al. astro-ph/0311442)

Unique signature of photons

Fig. 11. Geomagnetic pre-showering. Left: Total probability of gamma conversion
for different arrival directions. Each curve corresponds to a different zenith angle:
ϑ = 80◦ for the uppermost curve down to ϑ = 0◦ for the lowest one in steps of 10◦.
Right: Altitudes of first conversion along strong field direction for four different
primary photon energies.

It is possible to define a critical energy Ecrit
M which represents the threshold

that a particle must exceed for the process to become effective and that plays
essentially the same role as the critical energy in an ordinary electromagnetic
cascade

E > Ecrit
M = mec

2

(
Hcrit

H⊥

)
. (33)

The main characteristics of a shower initiated in a strong magnetic field in
vacuum can be described by formulae that are entirely analogous to those for
showers but replacing the radiation length by an effective radiation length
Le,γ both for electrons and photons. However, a fundamental difference
lies in the fact that the radiation length in a magnetic field in vacuum is
energy-dependent and extremely small (short)

Le,γ ∼ Ke,γ

(
E0

GeV

)1/3 [
3.9× 106

(
H⊥
Hcrit

)]−1

cm . (34)

What is interesting about the two above-mentioned process is the fact that
they affect only electrons and gammas and not hadrons, given their higher
mass. So as said before, the suppression allows gammas to enter more in
depth in the atmosphere, and then their measured Xmax is larger than the
corresponding one for hadrons with the same energy. At ultra-high energy,
Xmax can be of the order of several hundreds of g cm2 and allows a good
separation. Unfortunately, the low statistics at that energies and the lim-
ited energy resolution do not allow to prove this effect or use it to improve
identification of primary particle.
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In the EM shower model discussed before, the basic assumption was that
at each stage, the particle number doubles and the process starts to fade once
electrons reach the critical energy and begin to be absorbed. This has been
revisited in case of air shower. In air, the critical energy is Eair

C ' 85 MeV
and, if Nmax is the maximum number of particles, the energy of the primary
is E0 = NmaxE

air
C . The number of stages t after which the shower reaches

its maximum can be derived from Nmax = 2t, where t = ln (E0/E
air
C )/ ln (2).

The maximum penetration depth, where the shower reaches its maximum,
is then Xmax = t λint ln (2) = λint ln (E0/E

air
C ).

The rate of increase of Xmax with E0 is called the elongation rate

Λ ≡ dX0

d log10E
=

λint

log(e)
= 2.3λint ' 85 g cm−2 . (35)

This model overestimates Nmax and the actual ratio of electrons to photons,
which is predicted to reach Ne ≈ 2/3Nmax. One reason is that multiple
photons are often radiated during bremsstrahlung, therefore, the number
of photons greatly out-numbers electrons throughout the development of
the shower. The number of photons can be up to six time larger than
electrons at their respective maximum. In truth, after the shower maximum,
there are many other processes to take into account for modelling shower in
more detail, but it is far beyond the scope of what is discussed here. The
maximum number of electrons is an order of magnitude less than what the
Heitler model predicted. Matthews [40] proposed to use a correction factor
g to recover the correct number of electrons Ne = N/g. For many cases,
g = 10 is used, but often g is tuned using actual experiment measurements.
In any case, the model reproduces two main features of the shower, i.e. the
maximum size of the shower proportional to E0 and the logarithmic increase
of the depth of maximum at a rate of 85 g cm2 per decade of primary energy.

2.4.4. Hadronic air showers

High-energy hadronic particles, entering the Earth’s atmosphere, pro-
duce showers interacting with nuclei from the air (mainly nitrogen, oxygen,
and argon) at a typical height between 15 and 35 km. The most frequently
produced secondary hadrons are charged and neutral pions. While neutral
pions (cτ = 25 nm) immediately decay into two photons starting EM show-
ers, charged pions (cτ = 7.8 m) interact again before decaying into muons,
once they have reached a critical energy EπC ∼ 20 GeV. Charged kaons
decay at higher energies given the slightly shorter lifetime (cτ = 3.7 m).
The hadronic shower core is formed by these long-lived secondary hadrons
(baryons, charged pions, and kaons), whose decays produce almost 90% of
the muons in the shower, which propagate through the atmosphere with
small energy losses and reach the surface of the Earth almost unattenuated.
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In showers with very large zenith angles (ϑ > 65◦), this muonic shower com-
ponent and the EM particles produced in the decay of muons are the only
particles that can be detected at the ground. In this scheme, the primary
particle energy will be divided between Nπ and Nmax electromagnetic par-
ticles. For what was said before, the number of muons is Nµ = Nπ and
then E0 = EeCNmax + EπCNµ. Assuming a standard parametrisation [40]
(EπC = 20 GeV, Ee

C = 85 MeV, g = 10) and recalling that Nmax = gNe, we
have

E0 = gEeC

(
Ne +

EπC
EeC

Nµ

g

)
≈ 0.85 GeV (Ne + 24Nµ) . (36)

The importance of Eq. (36) lies in the fact that E0 is simply calculable by
measuring Ne and Nµ. As a matter of fact, different primaries energy will
distribute differently between the electromagnetic and hadronic components,
as do statistical fluctuations, but Eq. (36) implicitly accounts for this, being
linear inNe andNµ, and then insensitive both to fluctuations and to primary
particle type. Clearly, the measurement of Ne,µ depends on the experimental
detail and then the coefficients in Eq. (36) need some tuning. For example,
for the CASA-MIA experiment [41], it was found a good agreement with
data with E0 = 0.80(Ne + 25Nµ). The number of pions, and then of muons,
is related to their critical energy as [42, 43]

Nµ =

(
E0

EπC

)β
≈ 104

(
E0

1 PeV

)β
, where β = 0.85 . . . 0.92 . (37)

To estimate the number of electrons, we can use the fact that E0 = Eem+Eh,
and using Eq. (37) with a series of approximations in the region of interest
of E0 = 106 EπC, it can be shown to be [40]

Ne =
1

g

Eem

EπC
≈ 106

(
E0

1 PeV

)α
, where α = 1 +

1− β
105(β−1) − 1

≈ 1.03 .

(38)
This can be inverted to give E0 = 1.5 [GeV]N0.97

e in good agreement with
full simulation [42], which gives E0 = 1.6 [GeV]N0.99

e . Thus, a measurement
of Ne at shower maximum can give a measure of the energy of the primary.

So far, we have always discussed primary particles, but we know that
cosmic rays are also nuclei. All arguments discussed so far and the model
of shower can still be applicable thanks to the superposition model, which
considers a nucleus of mass A with energy E0 as A independent nucleons
(protons) each with energy E0/A. This is an approximation, which though
crude, is anyhow reasonable, given that the binding energy is small compared
to interaction energies. Thus, for a nucleus A, thanks to the superposition
model, we can write
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NA
max(E0) = ANp

max(E0/A) ' Np
max(E0) ,

XA
max(E0) = Xp

max(E0/A) ,

NA
µ (E0) ≈ A

(
E0/A

EπC

)β
= A(1−β)Np

µ(E0) . (39)

It is important to note that while the number of charged particles Nmax at
shower maximum is almost independent of the type of nucleus, the number
of muons Nµ and the depth of maximum Xmax depend on the mass of the
nucleus. In addition, the heavier is the nucleus, the more muons are expected
for a given primary energy. For example, for iron with A = 56 and β = 0.92,
the showers contain about 40% more muons than proton showers of the same
energy and its maximum is 80–100 g/cm2 higher in the atmosphere. The
superposition model gives a good description of many features of air showers,
the mean depth of shower maximum or the number of muons, but in general
only for all-inclusive observables. As a matter of fact, the superposition
model works as the distribution of nucleon interaction points, averaged over
many showers, reproduce quite well more realistic calculations accounting for
nucleus interactions and break up into remnant nuclei [43]. At present, there
is a considerable uncertainty of the predicted shower parameters stemming
from our limited knowledge of hadronic multi-particle production. Even
if accelerators data exist, their extrapolation to higher energies or phase-
space regions of secondary particles needs many model assumptions. Many
models exist but still give different result. Nonetheless, at present, they
give a correct behaviour and are consistent with existing data as shown in
Fig. 12.
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Figure 8. Mean Xmax for proton and iron induced showers are shown as a function of the primary energy for different high-energy
hadronic interaction models, full lines for proton and dashed lines for iron with full triangles for EPOS LHC, open squares for
QGSJETII-03, open circles for QGSJETII-04, and full stars for EPOS 1.99. Refs. to the data can be found in [32] and [33].

of 5 to 10 in time can be expected using this method
instead of standard thinning. When only the longitudinal
development is needed, the simulation time is reduced to a
couple of minutes for all primary energies.

Using the new option, a new approach is possible
to analyze air shower data. Until now, only statistical
analyzes were possible because of the large shower-by-
shower fluctuations and the large computation time. But
since the same first sequence of hadronic interactions are
realized independly of the selected option (1D or 3D full
MC) for a given random seed, the fluctuations induced
by the low energy MC are really limited (not affecting
Xmax for instance). Using hybrid simulation (CORSIKA
+ CONEX) together with the new hybrid detectors
(fluorescence+surface (PAO [28], Telescope Array [29]),
radio+surface (PAO, KASCADE [30]), ...) it is possible to
study data shower-by-shower.

3.1.2 Parallelization

Another new option available in CORSIKA 7.4x is
the possibility to run unthinned shower using massive
parallelization with Message Passing Interface (MPI)
management.

To overcome the extreme long computing time for a
single shower induced by an ultra-high energy primary
particle the simulation task has to be split into many
jobs which are treated in parallel on many cores of a
computer cluster. In our approach the results of such
parallel simulations are controled in a unique way by seeds
for the random number generator given by the user. It is

now possible to collect all particles above a user-defined
threshold in an external file, which can be used to run
all the sub-showers induced by these particles on different
CPU’s. If the seeds are well defined for each sub-shower,
it is possible to reproduce the same shower under different
technical conditions of the available computing resources.
A challenge is the merging and handling of the huge final
file containing all particles which arrive at ground.

To help book-keeping and for a better management of
all the sub-showers on large clusters, there is the possibility
to use CORSIKA as a subroutine of a master program
which can distribute all the sub-showers on different CPU
using MPI protocol. In that case, there is no need for an
external file to save temporary stack.

As a side effect, an option has been added to
introduce a particle or a list of particles anywhere in space
independently of the shower axis. This can be used to study
artificial showers having special features.

3.2 CONEX v4.37

The corresponding version of CONEX linked to ROOT
has been released with version number 4.37 for 1D use
only. New hadronic models EPOS LHC and QGSJETII-
04 are available and the low energy model GHEISHA has
been replaced by URQMD 1.3 [31] as used in CORSIKA.

3.3 Results

In the following EAS simulation results using EPOS LHC
and QGSJETII-04 are presented and compared to former
results using QGSJETII-03 and EPOS 1.99.

01003-p.5

Fig. 12. The 〈Xmax〉 for proton- and iron-induced showers as a function of the
primary energy for different high-energy hadronic interaction models overlapping
with data. The full lines represent proton and dashed lines iron, with full triangles
for EPOS LHC, open squares for QGSJETII-03, open circles for QGSJETII-04 [44].
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3. Experimental techniques

The cosmic rays reaching the Earth can be measured directly only outside
the atmosphere. This is usually done with satellite experiments, which have
the big advantage not to be screened by the atmosphere. At the same time,
all the constraints in terms of dimension, power and extreme conditions
limit significantly the detector dimension and design. For this, in general,
the satellite experiments are suited for the detection of cosmic rays in the
energy range of the MeV–GeV. As a matter of fact, at energies higher than
that the flux of cosmic rays (particle/square meters/second) is so low that no
reasonable statistics can be achieved during the experiment lifetimes, which
for satellite is in the order of 5 years.

For this, indirect techniques based on the detection of the atmosphere
shower produced by cosmic rays impinging on the atmosphere are mostly
used for energies above 100 GeV. The ground based experiment can be
divided into two main categories: the Imaging Air-Cherenkov Telescopes
(IACT) and the Extensive Air Shower (EAS) arrays. The IACT is a tele-
scope in which the Cherenkov light produced by the charged particles in the
shower is collected by a mirror and focussed into a photo-detecting camera.
The Cherenkov light can propagate through the atmosphere so, in princi-
ple, the telescope can be sitting also at the sea level. In reality, the first
interaction happens at tenth of kilometres above the ground, and then the
propagation through the atmosphere is attenuated. Therefore, the altitude
as an impact of the minimal flux that can be detected, what is directly cor-
related with the particle energy, as we will show later. As a matter of fact,
the highest the energy of the primary, the highest is the flux of Cherenkov
photons. At the same time, the rate of cosmic rays decreases with the en-
ergy according to a power law. Thus, in general, we can say that for lower
energy, we have the fainter Cherenkov light but high flux of cosmic rays,
and at high energy, we have stronger light but very low rate. Therefore,
the height at which the telescope should be installed need to be chosen ac-
cording to the energy range of interest. For the EAS detector instead, the
technique is to directly detect the charge particles produced in the shower.
In general, an EAS experiment is an array composed of different types of
detectors to measure the different quantities needed to reconstruct cosmic
rays direction and energy. It is clear in this case that the detector has to be
near the shower maximum, where the number of particles is maximum and
has a not too strong dependence on the shower development. Therefore, the
EAS detection requires installations sitting at high altitude. Clearly, the
highest is the altitude, the lower is the threshold achievable.

The two approaches are complementary. As a matter of fact, the use of a
telescope for the IACT allows to track source with a high precision and then
allows also to resolve structure and details of the sources. Pointing precision
of fraction of degrees is easily achieved. The energy resolution is also better
because, as we will show later, the Cherenkov light flux is proportional to the
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primary particle energy. With proper calibration, an energy resolution below
10% can be achieved. At the same time, to detect the faint Cherenkov light,
the IACT can work only in clear nights and in remote places where light
pollution is almost absent. This reduces their duty cycle to less than 10%.

On the contrary, the EAS detectors can work any time and then can reach
a 100% duty cycle. At the same time, the reconstruction of the direction
and the energy is by far more affected by the event-by-event fluctuation. As
a matter of fact, the shower stochasticity is more pronounced with respect to
the Cherenkov light production in which the primary energy is completely
released into the shower. As a consequence, the measure of many quantities
can be done only on a statistical basis but not for each event, and energy
reconstruction and calibration are more difficult, and then energy resolution
is usually around 20–30%. The reconstruction of the direction also achieves
precision of the order of the degree.

All of this will be better discussed in detail for the two key experiments
under construction based on these detection techniques, CTA and LHAASO.

The shower development discussed so far is quite general and it is at the
basis of the design of calorimeters in collider physics. At the same time,
emphasis has been given on processing peculiar atmospheric showers, as the
geomagnetic pre-showering and the LPM effects, even though the last ones
are in reality also observables in colliders experiments.

It is now necessary to discuss some peculiarities of the atmospheric
shower which are important for the two techniques we want to describe.

3.1. Imaging air Cherenkov telescopes
3.1.1. The Cherenkov effect in the atmosphere

Particularly interesting for us is the Cherenkov effect, which is the phe-
nomenon on which the IACT technique is based.

The Cherenkov effect has been known since scientists started to use ra-
dioactive materials at the beginning of the XX century. Already Marie
Skłodowska-Curie reported on faint blue light glow in highly concentrated ra-
dium solutions. Later on, Cherenkov while working with radioactive prepa-
ration observed the same blue light glow and started studying it. He found
that the light was non-isotropic but correlated with the radioactive distribu-
tion and understood this was not a fluorescence phenomenon. The conical
wave front of the Cherenkov light had been already predicted by Heavi-
side in 1888 and by Sommerfeld in 1904, but they were soon forgotten once
the speed of light as the universal limit was postulated. Today we know
that Cherenkov effect is due to the slower velocity of light in material with
respect to the particle velocity itself, while both do not violate the speed-of-
light limit. Here, we just recall the fact that this is a threshold effect in the
sense that, for it to happen, the particle has to have a velocity greater than
the speed of light of the material it is traversing, i.e. βth > 1/n.
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This phenomenon can be understood qualitatively by saying that in this
condition, the material does not manage to polarise at the speed at which
the particle travels. Then the fields in front and the back of the particle are
different, and then a sort of some “compensation” is needed not to have a
discontinuity of the field in the medium. Then some photons are emitted
within a cone around the particle direction with an opening angle ϑc such
that cosϑ > 1/βc. As an example, in water ϑc = 42◦, while in neon at
1 ATM it is ϑc = 11 mrad. The energy loss by the particle due to the
Cherenkov emission is below 1% low and then, in general, Cherenkov de-
tectors are used for particle identification. As a matter of fact, particles
with different masses accelerated at the same energy having different β can
produce or not the Cherenkov light depending if their β satisfy or not the
threshold condition βth > 1/n. Thus, particles with different mass can be
identified with the use of the Cherenkov radiator along their path.

The energy lost is converted into photons whose density per unit length
(dz) and wavelenght (λ) is expressed by the Franck–Tamm formula

d2Nph

dzdλ
= 2παZ2 sin2 ϑc

λ2
=⇒ d2Nph

dXdλ
= 2παZ2 sin2 ϑc

λ2

z0

X
. (40)

The second form in Eq. (40) assumes the so-called “hydrostatic isothermal”
atmosphere, in which the atmosphere is assumed as a perfect gas whose
density vary with the height z, i.e. ρ(z) = ρ0 e−z/z0 , where ρ0 = 1.2 kg/m3.

The quantity z0 = RT/gM = 8.4 km is a constant, where T is the
absolute temperature, R the perfect gas constant, M the equivalent molar
mass for air and g the gravity acceleration. Then we can say that dZ =
Xdz/z0 and substitute it in the first formula of Eq. (40) to have the second
form.

Under the small angle approximation, we have that sin2 ϑ ≈ 2(n − 1).
At the same time, under the “hydrostatic isothermal” approximation, the
refractive index of air (nair = 1.000292) depends only on density of air and
then of the pressure. We can then write

n− 1 = 2.92× 10−1 × P

T

288.1 K◦

P0
and that

P

P0

z0

X
=

1

ρ0
. (41)

So that we can rewrite Eq. (40) as

d2Nph

dXdλ
= 2παZ2 sin2 ϑc

λ2

z0

X
≈ 4παZ2

ρ0λ
× 2.92× 10−1 × 288.1 K◦

T
. (42)

Remarkably, the Cherenkov yield in Eq. (42), when expressed in the natural
variable describing the shower development, does not depend on the local
density, i.e. it does not depend on the altitude. This means that with the
Cherenkov light, a calorimetric measurement is possible even in a deeply
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inhomogeneous medium like the atmosphere! By integrating Eq. (40) over
λ using a typical photosensor wavelength response (350–550 nm), we can
calculate how many photons are released

d2Nph

dz
=

∫
2παZ2 sin2 ϑc

λ2
≈ 390Z2 sin2 ϑ ph/cm=780(n− 1) ph/cm , (43)

which means few photons per particle per centimetre, but we need to in-
tegrate over the particle track length and the number of particles. In our
model, each particle travels X0 before producing a new one, so we can say
that the total track length is

T = X0

k=tmax−1∑

k=0

2k + t0NmaxX0 = X0

(
2tmax − 1

)
+ t0

E0

EC
X0

= X0

(
2log(E0/EC) − 1

)
+ t0

E0

EC
X0 ≈ (1 + t0)

E0

EC
X0 ∝ E0 . (44)

The quantity t0 represents here the electron range in units of X0. In
air, the electron critical energy is about 100 MeV, and its range varies from
about one kilometre at 12 km height down to few hundreds of meters on the
ground. The X0 in air at STP is of the order of hundreds of meters. We can
then assume that t0 ' 1. In truth, here we are neglecting the fact that only
electron contributes, while in reality, electrons and positron are present at
each stage. Taking this into account, a more realistic approximation is

T =
E0

EC
X0 F with F < 1 . (45)

This means that the total number of Cherenkov photons, which is the
integral of Eq. (43) over the total track length in Eq. (44), is proportional
to the primary particle energy, which can then be estimated by measuring
the photon flux. This is the base of the IACT technique for gamma-ray
astronomy, which can then detect showers, measure the direction but also
reconstruct the energy of the primary particle measuring the photons flux.

The evolution of the refractive index, due to atmospheric density with
the altitude, causes an increase of the Cherenkov angle from about 0.2◦ at
30 km to less than 1.5◦ at the sea level. The peculiar fact is that the variation
of the Cherenkov opening angle with the altitude compensates the difference
in the photon path due to the different height of production. This effect,
shown in Fig. 13, is responsible for the formation on the ground of an annulus
of about 150 meters centred around the shower axis. As well peculiar is the
arrival time distribution of the photons on the ground. In fact, the photons
emitted at low altitude, close to the shower axis, reach the detector before
those emitted at high altitude. However, the photons emitted at low altitude
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at large impact distance have a longer geometrical trajectory, which is the
sum of track of the charged particle to the emission point plus track of the
photon itself. The competition from these two effects compensate almost
exactly at a distance of about 120 meters from the shower axis, resulting in
a narrow time distribution.

Fig. 13. Air-shower development. On the left, the lateral profile of the photon den-
sity for different energies. On the right, the shower development cartoon showing
the different light paths of photon produced at different heights and the shower
size, i.e. the number of particles in the shower as a function of the height.

3.1.2. The gamma-ray astronomy with IACTs

The possibility to detect the Cherenkov light produced by cosmic rays
was proved already in 1953 by Galbraith and Jelly using a single PMT and
a trash bin (see Fig. 14). They managed to observe signals at a rate of
one event every two–three minutes using a trigger threshold of around four
times the night sky noise level. By the way, this was the first demonstra-
tion that the Cherenkov light was generated also in gases. It took over
35 years before this technique could lead to the first real discovery of a
VHE gamma-ray source by the Whipple telescope. This was mainly due
to a vicious circle in which scientist were trapped because the poor experi-
ments were giving doubtful results and then funding agencies being sceptical
about their potential did not grant funds. In truth, all of this was also due
to lack of understanding of the shower fine structure and the limited the-
oretical knowledge of high-energy hadron interaction, but also due to lack
of sophisticated instruments and computing power needed to simulate these
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Fig. 14. Left: The Galbraith–Jelly ‘telescope’ realised by a single PMT (visible in
the center) mounted in front of a small mirror mounted inside a trash bin(!) to
screen stray light. Right: Result of the measurement obtained with a threshold 5
times higher than the Night Sky Background [45].

processes. In 1989, the Whipple Collaboration published the first convincing
observation of gamma-ray emission from the Crab nebula, using the 10-m
diameter telescope at the Fred Lawrence Whipple Observatory in Arizona,
USA. The telescope was built in 1968 but could not manage to find gamma
source until Trevor Weekes and his team found the right keys to open the
door to gamma-ray astronomy. This success is the combination of 3 main
factors, which set the basis of the next IACT instruments. The first one
is a natural ingredient of many projects: good luck! As a matter of fact,
the Whipple Collaboration focused their studies on the Crab nebula, which
turned out to be the strongest steady-state galactic gamma-ray source and,
in fact, it is at the moment used as a standard candle and unit of measure
to assess telescopes sensitivity. The second is the use of a large light col-
lection area (mirror dish) but mostly the adoption of an imaging camera,
which was the key to achieve a gamma/hadron separations. As a matter of
fact, the difference in the physics of the shower between gamma and hadron
(see the top row of Fig. 15), produces quite different images on an imaging
camera (bottom row of Fig. 15), and then a more effective gamma/hadron
separation can be achieved. The third factor was the introduction of a re-
fined gamma/hadron separation method based on the calculation of image
moments, i.e. an analysis based on the combination of both a measurement
of the shower image orientation and an analysis to evaluate the difference
in images between gamma-ray showers and hadron showers. In truth, all of
this was possible and was successful mostly for the use of simulations which
provided an invaluable help to define the design and the analysis strategy.
This experiment was the basis of the gamma-ray astronomy and also showed
that simulations are a key point for the success of this science.
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Fig. 15. Top row: Image of shower light pool on the ground from simulation, for
shower from gamma (left) and hadron (right) with the same energy. Bottom row:
Simulation of shower image as reconstructed with an imaging Cherenkov camera.

3.1.3. The Cherenkov Telescope Array (CTA)

The Cherenkov Telescope Array (CTA) is an international initiative to
build a next generation instrument for detecting the gamma ray with a
sensitivity at least ten times better than current instruments in a wide energy
range from tens of GeV up to 300 TeV. CTA will be operated as an open
observatory aiming at covering the full sky. To achieve such a scope, CTA
will consist of two arrays, one located at Canary island of la Palma in the
Observatory of Roches de los Muchachos, covering the northern sky, and
one in the Paranal desert in Chile in the nearby of the European Southern
Observatory, covering the southern sky. The site in the southern hemisphere
is conceived to study the wealth of sources in the central region of our
Galaxy and the richness of their morphological features. The northern site
complements the southern one, and it will be primarily devoted to the study
of Active Galactic Nuclei (AGN) and cosmological galaxy, and star formation
and evolution.

The IACT telescope design can start from few simple considerations. As
shown before, the photon flux is proportional to the particle energy. The
number of photons measured by the camera depends on the shower flux but
also on the collection area and the light detector characteristics.
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CTA design is based on well identified design drivers, which shape the
layout, the types of telescopes and the technologies used. As mentioned
before, CTA aims at providing a uniform energy coverage for photons from
several tens of GeV to beyond 100 TeV with a sensitivity increase of an
order of magnitude with respect to current instruments and increased an-
gular resolution to have the ability to resolve the morphology of extended
sources [46]. In fact, in order to increase the statistics of the astrophysical
object, particularly important for transient phenomena and to cover highest
energies, CTA wants to boost significantly the detection area and hence de-
tection rates and enhance the sky survey capability, monitoring capability
and flexibility of operation. The last one is a key feature for CTA aiming at
being operated as a proposal-driven open observatory, with a Science Data
Centre providing transparent access to data, analysis tools and user training.

As shown before, there is a direct connection between the energy and
the photon flux (see Fig. 16 (left)). If a Cherenkov camera needs a minimal
flux of photons to trigger an event, then the minimal energy, i.e. the energy
threshold, depends on the mirror size. As a matter of fact, a larger mirror,
i.e. collection area focussing on the small area of a camera, allows to detect
fainter shower.

Fig. 16. Density of photons as a function of the distance from shower axis for
different energies (left). Flux of gamma ray as a function of the primary energy.
On the right are also drawn some dashed lines which give the time needed and the
surface to the instrument to be able to collect 10 photons.

At increasing energy, the photon flux increases, and then small mirror
is sufficient to detect showers, but at the same time the gamma-ray flux
decreases with an exponential law which means that the number of showers
per second and unit area becomes small. As an example, from Fig. 16 (right),
it can be seen that at 3 TeV to collect 10 photons it is needed to instrument
an area of 10 km2 and wait for 1 hour, or respectively wait 10 hours on a
surface of 1 km2. It is then evident that for low energy, where the cosmic
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ray rate is high, but showers are fainter, it is needed a telescope with a
very large area. On the contrary, at high energy, the cosmic ray rate per
area is quite small and then a large area needs to be instrumented. At the
same time at high energy, a small mirror is enough to trigger showers even
if they are distant hundreds of meters away (see Fig. 16 (left)). From this
consideration, it descends immediately that a single telescope type cannot
accommodate the wide energy range targeted by CTA.

CTA array is composed of three different types of telescopes. The Large
Size Telescope (LST), with a mirror dish of 23 meters in diameter, targets
energies greater than 30 GeV. Its sensitivity is optimised for energies from
30 GeV up to 1 TeV above which other types of telescopes dominate the
sensitivity. The Medium Size Telescopes (MST), with a mirror of 12 meters
in diameter, dominate the sensitivity between 300 GeV and 30 TeV, while
the Small Size telescopes (SST) with a mirror dish of 4 meters in diameter,
dominates sensitivity for energies above few TeV. The number of telescopes
depends on the energy range they target and clearly increases with energy.
This is related to the event rate per area which decreases with a power law
when energy increase. At the same time, the spacing is also relevant for
the triggering and for energy and angular resolution. If, in fact, a shower is
detected by more than one telescope, its energy and direction can be more
precisely reconstructed. In order to identify the right trade-off between
number of telescopes and cost/over performance ratio, Monte Carlo can be
used to optimise the layout and the distance between telescope. In the case
of CTA, many different layouts have been simulated and the one chosen is
shown in Fig. 17.

Fig. 17. CTA arrays layout. The northern site (left) will be composed of 4 LSTs
and 15 MSTs to cover an area with a radius of about 250 m. The southern site
will be composed of 4 LSTs, 25 MSTs and 70 SSTs covering an area with a radius
of about 1 km.
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The sensitivity reported in Fig. 18 corresponds to the layout of two
arrays as shown in Fig. 17, where the different number of telescopes at the
northern site (left) and the southern one (right) is visible. This is reflected
in the lower sensitivity at energy above one TeV for the northern site, which
has a smaller area and where the SSTs are missing.

Fig. 18. Left: The official CTA differential sensitivity as a function of the energy
for the final layout. Right: An old study to illustrate how the different telescope
types contribute to the overall sensitivity.

One of the design goals, the ability to resolve the morphology of extended
sources, depends on the angular resolution. The limiting factors for the
angular resolution are the pointing precision and the Point Spread Function
(PSF). By pointing precision, we refer to the capability to know with a high
accuracy the absolute position of the telescope’s optical axis which is the
reference to trace the shower direction. This is the convolution of many
factors. The telescope’s structure under the effect of the gravity and the
wind undergos small elastic deformation which can cause an apparent shift
of the source position. This effect can be measured and modelled to produce
a bending model which can be used either to correct the telescope position
on-line, or in the off-line analysis to recover the absolute position of the
source. This usually done by means of optical camera mounted on the mirror
dish pointing at the sky and having in its field of view both the Cherenkov
camera and the stars behind it. In this way, analysing the images is possible
to reconstruct the position of the telescope optical axis and of the Cherenkov
camera with respect to known stars. This kind of measurement are so precise
that can also spot rotation or tilting of few millimetre of the foundation of
the telescope due to the soil viscosity changes for the effect of the rain! In
truth, the ultimate precision is limited by the camera pixel size and the PSF.
The PSF is a parameter which describes the optical quality of the telescopes.
It is the measure of the spot size on the camera plane corresponding to a
star, which is well approximating a point source at infinity. The star is a
point source which is blurred in a spot when focussed by the mirror having
a fixed focus. The size of the spot depends on the mirror quality but is also
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limited by the fact that an optical system has always an optimal working
range and cannot accommodate any image at any distance. The simplest
optics for this type of telescopes is the Davies–Cotton, in which the mirror is
composed of identical facets, all having the same radius of curvature which
defines together with the dish mirror diameter also the distance at which
the camera has to be put. The parameter f/D is the ratio between the dish
diameter D and the focal length f , i.e. the distance at which the mirror
focusses the light. Usually, the mirrors have a radius of curvature which is
twice the focal length. As an example for an f/D = 1.4 for a mirror of
4 meters, the focal point, where the camera should stay, is at 5.6 m and the
mirror radius of curvature is 11.2 m. The mirror facet roughness and surface
precision, i.e. how much it reproduces the spherical surface, contribute to
the PSF. For a mirror composed of many facets all focussing in the center of
the camera, the total PSF is the convolution of the PSF of the single mirrors
and it greatly dependent on the precision in aligning the different facet at
the same point. The mirror alignment is, in fact, an important part of the
commissioning and it is usually repeated over time. As a matter of fact
the facets are connected with the structure with some support which can be
moved to correctly align them. This is done with some actuators which can
be either manual or automatic. The simple concept of actuator is a screw,
which can push on the mirror and displaced it when held by a fixed point.
Usually with a fix point holding the facets and two actuators is possible to
move the facets focussing point all over the camera plane. The actuator,
at the same time, cannot be completely rigid, or it can happen that an
external event can displace the mirror facets and spoil the alignment. That
is why the alignment is monitored over time and redone regularly. The
things are not that easy, as the response of the telescope off-axis also distort
the shape of a point source. In the case of the Davies–Cotton design for
example, the PSF degrade quite rapidly at few degrees from the optical
axis. For a good understanding of the Cherenkov optics see Ref. [47]. The
PSF of CTA is shown in Fig. 19 compared with the one of the High Energy
Stereoscopic System (HESS) an IACT array composed of 4 small telescopes
and a large one. In the same figure, there is also reported the extension
corresponding to 1 arc-minute. CTA aims at having an angular resolution
of less than 10 arc-second, which would allow to do morphological studies
of the sources with an unprecedented precision in the gamma-ray domains.
The PSF is also important for the camera angular pixel size. Clearly smaller
pixels mean a more resolved image, but then a larger number of pixels is
needed to instrument the same area, increasing cost and complexity of the
camera. Therefore, the pixels size has to be small enough to have well-
resolved images, but at the same time, cannot be smaller than the PSF,
otherwise the resolution would be washed out by the optics. In general, the
pixels have to be small but yet comparable with the PSF. Another important
feature is the Field-of-View (FoV). CTA aims at having a large FoV to be
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Fig. 19. The Cygnus pulsar as seen by the Very Large Array (VLA) in the radio
domain compared with the PSF of CTA and HESS, one of the current IACT array.
The angular extension of 1 arc-minute is also shown.

able to survey large zone with a single observation. This is not trivial as
the FoV is directly related to the camera instrumented area. This means
that covering a larger area requires a larger number of pixels. The number
of pixels is clearly not only limited by the cost, but also but the complexity,
power consumption, cooling capacity, weight etc. That is why also in CTA
the number of pixels is below 2000 for any of the different cameras. Given
the different optics, the pixel size is different and then even if the number
of pixels is the same, the FoV of the telescopes is different. In the case of
CTA, while the LST and MST have a FoV around 4.5◦, for the SST can go
beyond 9◦. With its larger FoV, high sensitivity, higher resolution and wide
energy range, CTA can perform a survey of the galactic center in a time

Fig. 20. Simulation of the Galactic Center Survey as can be done by CTA.
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which is two order of magnitude shorter than current instruments as HESS,
with a higher accuracy and more resolved images. In Fig. 20, the simulation
of how a survey of the achievable galactic plane would look like is shown.

A detailed and complete overview of the CTA science can be found in a
recent science book [48], where all physics topics are extensively discussed.

3.2. The extended air-shower arrays

The EAS experiments, in general, target at the measurement of cosmic
rays at wide and do not restrict themselves to gamma-ray astronomy only.
They, in fact, try also to cover a higher energy range to measure the knee re-
gion above which CRs composition studies are possible. At that energies, as
we have already shown, the event rate is quite small and large instrumented
area are needed.

During the development of air shower different types of particle are pro-
duced (see Fig. 21).

Fig. 21. Schematic of an EAS highlighting all different components.

It is evident that the different particles have different energies and type of
interaction and that is why surface arrays usually are composed of different
type of detectors.

The most used technique is based on detection of the Cherenkov light. A
large volume of water is used as a target for charged particles which produce
the Cherenkov light when traversing it. In general, a single PMT is enough
to detect the light and its intensity which is proportional to the charged
particles density, which in turn is proportional to the energy of the primary.
This technique, for example, is used in the HAWC array, where 300 tanks,
5 meters high and with a diameter of 7.3 meters, instrument an area of
22,000 square meters. It can detect a shower with an energy ranging from
100 GeV up to PeV.
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It is clear that the number of particles depend on the stage of the devel-
opment of the shower and then energy reconstruction is much less precise
than in the case of IACT, where the light is detected far away from the end of
the shower, and then the energy is completely released and the measurement
is calorimetric.

3.2.1. Fluorescence

The electron in the shower can excite the nitrogen molecule of the atmo-
sphere which de-excite through the emission of fluorescence photons.

The emission is mostly due to the level 2P of molecular nitrogenN2 or the
1N of the molecular nitrogen ionN+

2 whose corresponding spectrum is shown
in Fig. 22. The emission is mildly altitude- and temperature-dependent. The
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and N¢ is the number of electrons in the EAS gener- 
ating the light. The resultant light yield corresponds to a 
scintillation efficiency of only 0.5%. However, the poor 
efficiency is compensated for by the overwhelming 
amount of energy being dissipated by a 100 EeV EAS - 
more than 1 J in 30 #s! 

2.2. Cherenkov  f i g h t  

Electrons in an EAS (which typically overwhelm all 
other charged particles by about a factor of 102) gener- 
ate a prodigious amount of Cherenkov light which is 
primarily beamed in the forward direction [6-8]. The 
amount of Cherenkov light at any point along the 
shower front depends upon the previous history of the 
shower, and thus is not strictly proportional to local 
shower size as is the case for scintillation light. Unfor- 
tunately, directly-beamed Cherenkov light dominates 
the light seen by the F l y ' s E y e  detector at emission 
angles relative to the EAS axis of less than 25 ° which 
makes the inference of shower size difficult for early 
stages of development. Moreover, as the Cherenkov 
component builds up with the propagating shower front; 
the resultant intense beam can generate enough scattered 
light at low altitudes such that it competes with the 
locally produced scintillation light from the rapidly-dy- 
ing shower. Even so, scattered Cherenkov light usually 
constitutes in worst case situations no more than about 
30% of the total light seen whereas the directly-beamed 
Cherenkov light at small angles may swamp scintillation 
light by a factor of 102. These considerations severely 
limit the accuracy of shower size measurement for those 
EAS which strike within a kilometer or so of the Fly's 
Eye detector since much of the developing shower can 
only be observed at emission angles less than 25 ° under 
such circumstances. The Cherenkov problem obviously 

I00% 

80 

60 

40 

20 

0 

I I 

- a 

250 3O0 

F/°uresceac 

350 400 450 500 
X ( n m ) ~  

5.6 

¢ 5.4 
o 
"~5.2 
a) 

5.0 

g 4.8 

4.6 
g 
~4.4 

4.2 

4.0 

I I I I I I I 1 I l i t  

Flourescent Yield / / _7 in b t m o ~  ._ 

- . t ' . , ~ . , , , "  , o" c 
/ . k " /  ~ Io"  c 

Q20o C 

• I I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 20 22 

Altitude Above Sea Level (krn) 
Fig. 3. (a) Atmospheric fluorescence spectrum emanating mostly 
from the 2P band of molecular nitrogen and the 1N band of 
the N~ molecular ion. (b) Fluorescent yield (equivalent 360 
nm photons/(electron m)) as a function of altitude (km). 

becomes less of a nuisance for the more remotely-viewed 
showers. An exact calculation of the Cherenkov light 
signal (both direct as well as scattered) is quite com- 
plicated and must be carried out numerically. Here, we 
present simplified calculations whose results are accu- 
rate to within roughly 10%. 
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Fig. 22. Atmospheric fluorescence spectrum due to nitrogen (a) and fluorescent
yield (equivalent 360 nm photons/electron/m) (b) as a function of altitude (km)
measured at Utah Eye Fly [49].

altitude dependency is a fortuitous result of two competing effects. While the
number of molecules excited per unit path length grows proportionally with
pressure, the probability of fluorescence emission decreases as it increases the
probability of de-excitation by collision. For the ground base experiment,
located below 5 km, a good approximation for the yield is 4 photons/m
per electron. In any case, the fluorescence light yield depends on many
factors so, in general, every experiment tries to estimate it comparing data
with Monte Carlo simulations. The fluorescence emission is almost isotropic
and its angular distribution can roughly be approximated by dN/dΩ ≈
NγNe/4π, where Nγ is the fluorescent yield in photons/electron/m and Ne is
the number of electrons in the shower. The resultant light yield corresponds
to a scintillation efficiency of only 0.5%. It is evident that this light is much
fainter than the Cherenkov light and then the fluorescence can be used only
for shower far away, and then outside the Cherenkov light cone. In this
case also the light emitted depends on the track length that we have shown
to be proportional to energy and then also the fluorescence allows for a
calorimetric measurement.
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However, the poor efficiency is compensated for by the huge amount
of energy released by the shower, i.e. the number of electrons, which for a
100 EeV proton is greater than 1 J in 30 µs. For event with energy above
the PeV, the shower can be detected from 10 kilometres.

The detection of showers via fluorescence has been successfully exploited
by many experiments, both on balloon [49] and on ground [50, 51].

3.2.2. EAS lateral shape

To have a good estimation of the shower energy, it is then important to
estimate also the shower development stage, also called the shower age. For
the EM component of the shower, we know that the lateral profile scales
with the Moliére radius RM, which, under approximation of hydrostatic
atmosphere, varies inversely with the medium density as [52]

RM(h0)
ρatm(h0)

ρatm(h)
≈ 9.6 g cm−2

ρair(h)
. (46)

The lateral shower profile, or better its Lateral Distribution Function
(LDF), in three dimensions has been approximately calculated by Nishimura
and Kamata [53], and later improved by Greisen [54] (NKG)

ρch(r) =
Nch

2πR2
0

C

(
r

r0

)s−2(
1 +

r

r0

)s−4.5

, (47)

where the constant is

C =
Γ (4.5− s)

2πΓ (s)Γ (4.5− 2s)
. (48)

The parameter s is the shower age, which substantially gives an indication
of the stage of the development of the shower. For any atmospheric depth,
0 < s < 3, and s = 1 at shower maximum. It is defined as

s =
3t

t+ 2tmax
, where t =

X

X0
=

∞∫

z

ρatm(z)
dz

X0
(49)

and tmax = ln(E0/EC). If integrated over the shower footprint for an EM
shower, the formula gives also the number of particles as

N̄e(t) =
0.31√
tmax

e[1− 3
2

ln(s)]t s=1−−−−−→ 0.31√
tmax

E0

EC
. (50)

For a 30 GeV photon at s = 1, Ne ' 50, while at 1 PeV, it becomes
Ne ' 9× 105.
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Finding the relation between the ground parameter and primary energy
has to deal with two main problems. One is the modelling of the shower
development coming from the indeterminacy still existing in hadronic inter-
actions, which is not entirely determined by accelerator experiments. The
other problem arises from the large fluctuations in the particle density on
groundNg for a fixed E0 and vice versa due to both different kinds of primary
nuclei likely to be present and from fluctuations in the shower development.

As a result of the fluctuations of the observed number of particles Ng for
fixed E0 (see Fig. 23) in the presence of a steep spectrum, the ratio of mean
energy for showers of the same observed size, 〈E0〉 /Ng, is smaller than the
ratio E0/ 〈Ng〉, where 〈Ng〉 is the mean ground parameter of a sample of
showers all of which have the same energy.

Doctoral course on Detectors - D. della Volpe 1
Fig. 23. (Colour on-line) Left: Fluctuation of longitudinal profile for electrons and
muons (two upper panels) and the RMS of the fluctuations (bottom panel). Right:
There is shown the measured number of electrons on ground for 1 PeV protons.
Solid/blue line shows the profile corresponding to Ne = 〈Ne〉, while dashed/red
line shows Xmax = 〈Xmax〉.

LDFs are generally of phenomenological nature, as they need to specifi-
cally adapt to the particular detector array under consideration, since they
have different detection thresholds, detector response and observation level.
In general, they are not comparable with each other and, as a matter of fact,
a certain “zoology” exist

ρch(r) =
Nch

2πR2
0

C1

(
r

r0

)s−2 (
1 +

r

r0

)s−4.5
(

1 + C2

[
r

r0

]d)
, (51)

where C2 = 1/11.4 and C1 = [B(s, 4.5−2s)+C2B(s+d, 4.5−d−2s)]−1 and
B are the Euler functions. For showers of the size of Ne ≈ 106 at the sea
level, Greisen [54] uses s = 1.25, d = 1 and C2 = 0.088, while Nagano [55]
at 920 g/cm2 uses d = 1.3 C2 = 0.2 and s fitted for each shower.
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The AKENO experiment adapted the Greisen formula to better describe
the large showers it detects and for which the analytical integration from 0
to infinity cannot be given

ρch(r) =
Nch

2πR2
0

C3

(
r

r0

)s−2 (
1 +

r

r0

)s−4.5 (
1 + β

r

r0

)ν
. (52)

The AGASA experiment, to describe the LDF up to a distance of several
kilometres from the axis for EeV showers, uses yet another formulation

ρch(r) = C

(
r

RM

)1.2 (
1 +

r

RM

)−(η−1.2) (
1.0 +

( r
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)2
)δ

, (53)

where the parameters are η = 3.8, δ = 0.6 ± 0.1 and a Molière radius
RM = 91.6 m for near vertical showers with sec(ϑ) < 1.2.

To represents the lateral signal density S(r) produced by charged particle
in water Cherenkov detectors, the Haverah Park experiment uses

S(r) =




k r
−
(
η+ r

r0

)
r < 800 m

(
1

800

)β
k r
−
(
η+ r

r0

)
+β

r > 800 m
(54)

with r0 = 4000 m, and the zenith-dependent shape parameter η, which has
some mass dependence sensitivity for shower above 3× 1017 eV.

The Pierre Auger experiment instead uses a modified NKG of the form of

S(r) = C

(
r

RM

)−α (
1 +

r

RM

)−(η−α)

, (55)

where RM is the Molière radius, C is proportional to the shower size, while
η and α are parameters determined experimentally.

In truth, there are many other more or less complex functions to de-
scribe LDF depending on the type of detectors which compose the array.
The integrated LDF, which represents the total number of charged particle
in a shower, is related to the primary energy. Unfortunately, such a rela-
tion depends on the type of the primary and it impacts the measurement
of spectra in the knee region, which differs among the different experiments
and whose discrepancies are difficult to reconcile. As a matter of fact, not
only the knee positions, but also the shapes of the spectra differ according
to different observation levels, zenith distances, and different particle detec-
tion thresholds, but also for the different detector response functions and
calibration methods.
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The muon components can also be used to improve the shower recon-
struction especially for array which can detect it independently, as LHAASO.
In this case, the total number of muons, together with their lateral distri-
bution and arrival time, can be used. In analogy with what was done for
charged particle, the lateral muon density distribution can be sampled, and
the total muon number can be determined. On the contrary, a standard
lateral distribution functional form for muon density does not exist.

Compared to the EM case, the muons in the shower are certainly more
broadly distributed and their number does not decrease rapidly with the
shower age. In addition, the unknown properties of hadronic interactions
at the highest energies affect the longitudinal development, inducing some
model dependence also in the expected lateral distribution Experimental
effects such as muon detectors energy threshold as well as the distance from
the point of maximum muon production to the core at the ground level, also
affects the shape of the lateral distribution.

One parametrisation has been suggested by Greisen [54]

ρµ(r,Nµ) = CNµ

(
r

rG

)−β (
1 +

r

rG

)−2.5

, (56)

where rG = 320 m is the Greisen radius. A quite general form of the formula
used by many experiment is [56, 57]

ρµ(r) = K r−αe
− r
r0 , (57)

where K, α and r0 are parameters to be fitted on data.
The lateral distribution functional forms discussed so far are assumed

azimuthally symmetric and, as such, pertain to the perpendicular distance
from the shower axis. In real life, showers are however inclined to have the
density on the ground not azimuthally symmetric to the core location. As
a consequence, the distance from the core along the ground is different with
respect to the perpendicular distance to the shower axis. In addition, the
shower age at the ground level differs for different azimuths, and geomagnetic
effects on charged particle disrupt azimuthal symmetry.

In the shower models shown so far, the effect of the atmosphere can be
accounted as a function of the slant depth t. Under this assumption, the
LDF for any zenith angle lower than 70◦ can be rescaled to the vertical case
by defining an equivalent slant depth t′ according to

t′(ϑ, ζ) = t secϑ(1 +K cos ζ)−1 , (58)

where ζ is the azimuthal angle in the shower plane, K = K0 tanϑ and K0

is obtained by fitting [52].
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For zenith angles greater than 70◦, the electromagnetic component at
ground is mainly due to muon decay, though hadronic interactions still also
contribute, pair-production and bremsstrahlung, even if to a much smaller
extent. As a result, the lateral distribution follows that of the muon rather
closely.

For vertical showers, the ratio of electrons to muons depends strongly
on the distance from the core. As an example, for a 1011 GeV vertical
proton shower, it varies from 17 to 1 at 200 m away from the core to 1 to 1
at 2000 m. For inclined showers, the ratio behaves somewhat differently,
for zenith angles greater than 60◦, the ratio stays roughly constant at a
given distance from the core. The ratio decreases when the zenith angle
exceeding 60◦, until at 75◦, it becomes 400 times smaller than for a vertical
shower. At the ground, also the average muon energy changes dramatically
for inclined shower. For vertical showers, the average muon energy is 1 GeV,
while for horizontal showers, it can be about 2 orders of magnitude greater.
This is due to a combination of energy loss mechanisms and the finite muon
lifetime which filtered out muons of lower energy.

3.2.3. Longitudinal profile

The longitudinal development of the shower is the result of the devel-
opment of the three components highlighted in Fig. 21. The backbone of
an air shower is the hadronic component (mostly pions), which also feeds
the electromagnetic and muonic components. While the electromagnetic
component has the typical growth, reaching a maximum and then decaying
once the critical energy is reached, the muon components having reached
the maximum, decay quite slowly as the muons are MIP and then very pen-
etrating. For the electron component, one of the most used parametrisation
is the one by Gaisser–Hillas [58]

Ne(X) = Nmax
e e

(Xmax −X0)

λ

(
X −X0

Xmax −X0

)(Xmax −X0)

λ , (59)

where X is the depth at observational level, X0 the depth of the first in-
teraction, Xmax the depth of the shower maximum and λ the interaction
length, which is around 70 g cm−2. Using the Gaisser–Hillas parametrisa-
tion in Eq. (59), fluorescence detectors can measure Xmax with a statistical
precision of about 30 g/cm2.

The quantity Xmax, and then also the difference (Xmax −X0), depends
on primary energy E0, while the difference (X − X0) is an indication of
the shower stage, which increases approximately logarithmically with E0.
Therefore, with such a parametrisation, it is possible to extract the Xmax

for each shower and estimate the energy on a statistical basis with an energy
calibration.
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A more general form of Eq. (59) is obtained with the following parametri-
sation:

F (X) = Fmax

(
ξ

η

)η
eη−ξ , (60)

where ξ ≡ (Xmax − X0)/λ is the shower depth measured in unit of λ, rel-
atively to a reference depth X0, which is not the radiation length, and
η ≡ (X −X0)/λ is the profile width measured in unit of λ as well.

The set of parameters (Fmax, Xmax, X0, λ) is used to fit the longitudinal
profile. When there is not enough data to constrain the fit, it is usually fixed
λ = 70 g cm−2 and performed a three parameters fit. For shower measured
only around Xmax, usually λ and X0 = 0 are fixed, while Fmax and Xmax are
fitted. It is worth to note that the parameter X0 should not be interpreted
as the first interaction depth. As a matter of fact, longitudinal profiles fitted
with Monte Carlo, as QGSJET and SYBILL, as well with real data are best
fitted with negative values of X0.

The longitudinal profile of a shower usually refers to the number of
charged particles Ne, and in this case, Fmax corresponds to the shower size at
maximum Nmax. In the case of the fluorescence light, the measurement as a
function of depth relates more closely to the energy deposition rate dE/dX,
and the integral of the functions gives directly the total energy deposited
in the atmosphere. In this case, the longitudinal profile pertains more the
energy deposition rate, i.e. F ≡ dE/dX, than the energy deposited. The
integral of the function in Eq. (60) has a closed form in terms of the standard
Gamma function

∞∫

0

Fmax

(
ξ

η

)η
eη−ξλ dξ

= Fmax λ

(
e

η

)η ∞∫

0

ξηe−ξdξ

= Fmax λ

(
ξ

η

)ξ
Γ (η + 1) . (61)

Finally, if F (X) is dE/dX, then the integral in Eq. (61) represents the
total electromagnetic shower energy. Instead, if F (X) is the number of
charged particles Ne(X), then the integral gives the electromagnetic shower
energy, once it is multiplied by 2.2 MeV/g/cm2, which is the typical energy
deposition per charged particle (see Sec. 2.1).

An essential feature for discriminating the mass of the primary is shift
of Xmax with the primary nucleus mass A proportional to ln(A).
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The dependence of Xmax with energy, known as the elongation theorem,
showed in Eq. (35), for a purely EM shower gives Λ = X0. For hadronic
showers, instead, the dependence is more complex, and it has been shown
that assuming the superposition model, it can be written as [59]

Λ = X0(1−B)

[
1− 〈lnA〉

lnE

]
. (62)

As an example, the shift between iron and proton (Xp
max−XFe

max) is about
100 g cm−2.

Moreover, the muon content of the shower depends on the energy of the
primary. Heavy nuclei have a higher muon content with respect to light ones
or proton (see Eq. (39)). The exact ratio depends on the model of hadronic
interaction used. Qualitatively, this can be understood by recalling that
muons are produced by pions, so they start being produced at the shower
stage where pions decay. Given the superposition model for a heavy nucleus,
this energy threshold is reached at earlier stages as the initial energy is shared
by the nucleons.

Of course, the muon fraction depends on many other factors such as the
longitudinal and transverse position, which make it to increase with X and
with the distance from the core. For the variation of the density and the
dependence on the direction angle ϑ at large zenith angle, also the hadronic
cascade develops at a higher altitude, the pions decay earlier (in terms of
the slant depth) giving less muons, with a larger mean energy, i.e. carrying
globally a larger fraction of E0.

The muon components play also a major role in the gamma/hadron sep-
aration. In fact, the gamma-ray shower has few muons in the core, while
the hadron shower has many more muons, also with higher transverse mo-
mentum coming from the pion decays.

As we will show later, this is used in LHAASO to achieve a very good
discrimination by measuring the EM components and the muons indepen-
dently.

3.2.4. Reconstruction of shower parameters

Shower direction
The determination of the shower direction (axis) and the core location

are mandatory steps to identify sources, but as it has been shown before,
they are also needed to improve the shower profile fit.

A pure “geometrical” reconstruction is the simplest approach and it is
usually also the first step for fitting procedures. If three detectors of the
array detect a shower by knowing their position, the shower direction can
be reconstructed finding the unique speed-of-light downwards shower front
that can accommodate all three signals. Clearly, the more stations record the
shower, the more precise the shower front can be reconstructed using a least
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square method. The time resolution of detectors plays then a fundamental
role in an accurate reconstruction. For the determination of the shower axis
position, the circular symmetry of the particles density around shower axis
is exploited. For shower along the vertical, the symmetry on the ground
is circular and becomes elliptical as soon as the axis moves away from the
zenith. An initial estimate of the shower core can be obtained using the
centre-of-gravity of the density measurements. By using these estimations,
core estimates and the shower axis, the most probable core position and size
can be reconstructed by fitting the LDF.

Once the core has been re-evaluated, it is possible to re-fit the tim-
ing shower front profile taking into account its curvature. There are some
subtleties to take into account, for example, the sparseness of typical sur-
face arrays as well the sparseness of the particles in the shower front itself,
especially far from the core. This requires a careful definition of what is
meant by the shower-front arrival time at a detector plane, and a proper
representation of the fluctuations expected because of the sparse sampling.
LHAASO in this sense will improve significantly the detector sparseness.
The EM (1 square meter) and muon detectors (36 square meters) will be
placed on a triangular grid of 15 meters side, to be compared with AGASA
with 2.2 square meters detectors on a 1 km grid or AUGER with 10 square
meters on a 1.5 km grid.

The shower axis can also be measured with fluorescence detectors. In
this case, the shower appears as a sequential track propagating along a circle
projected upon the celestial sphere. The signal is collected on a camera and
the pixel “hit-pattern” defines the plane within which the shower axis lies,
called Shower Detector Plane (SPD). The SPD is identified by the azimuthal
and zenith angles of the unit vector ~n perpendicular to the plane. This
vector can be found minimising the quantity

∑
i ~ri · ~n, where ri are the

signal-weighted normal vectors of fired pixels. The subsequent steps are to
include the time–angle correlation information and minimise the expression

ti = t0 +
Rp

c
tan

(
χ0 − χi

2

)
, (63)

where t0 is the time at which the shower axis vector passes by the closest
point to the telescope at a distance Rp, c is the speed of light and ti is the
arrival time of the photons at camera pixel i, which is, in general, a signal-
weighted average arrival time taken from the time sequence observed in a
pixel, χ0 is the angle of incidence of the shower axis within the SDP, and χi
is the viewing angle of pixel i within the SDP as defined in Fig. 24 (right).

The parametersRp, t0 and χ0 are extracted with a χ-square minimisation
of the Eq. (63) comparing the ti–χi correlation to the observed one for
triggered pixels. Together with the SDP derived previously, the shower
geometry is then fully determined and can also be expressed in terms of
shower impact point, arrival direction, and ground impact time.
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Doctoral course on Detectors - D. della Volpe Fig. 24. (Colour on-line) Left bottom: The bottom figure shows the shower track
(hit pattern) on the camera of a fluorescence detector. The colour of the pixels
is the scale of the arrival time of the photons in each pixel. Left top: The stereo
reconstruction of a shower with three fluorescence detectors. Right: The Shower
Detector Plane (SPD) definition together with the parametrisation used.

The shower parameters reconstruction can be improved by combining
information from different detectors, for example, the fluorescence detector
and the ground array, more than one fluorescence detector, or both ground
array coupled with more fluorescence detectors. This is particularly useful
for the energy reconstruction.

Shower energy reconstruction
In IACT, the energy is directly derived from the photon density, therefore

assuming a perfect calibration of the detectors, an absolute energy calibra-
tion is possible. In truth, the experimental effect and statistical fluctuation
are present also in EM showers, limiting the energy resolution around 10–
15%. For EAS array, instead, the energy is reconstructed using a different
estimator and different methods according to the type of detectors used and
their sparseness. As a matter of fact, the shower-by-shower fluctuations are
more difficult to reconcile with Monte Carlo not only because of the well not
modelled hadronic interactions, but also because the initial-particle type is
unknown, the shower age can be different when it reaches the detectors, the
shower components are detected with different efficiencies, threshold, etc.

The energy, therefore, cannot be reconstructed event-by-event with a
good resolution. What is usually done is to build global variables as the
global CRs flux, and then identify some class of events for which a better
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determination of the energy is possible and then set the energy scale for the
given quantity used for its reconstruction. The estimator of the energy, the
scale, resolution and bias are strictly dependent on the detectors type, their
size, their sparseness.

For example, HAWC uses for the energy reconstruction of the shower
a modified version of NKG in Eq. (47), adding a Gaussian term [60]. To
estimate the primary cosmic ray energy, the lateral distribution of the mea-
sured signal as a function of the primary particle energy is used. Using
the Monte Carlo simulation of proton-initiated shower, there is built a four-
dimensional probability in bins of zenith angle, primary energy, PMT dis-
tance from the core in the shower plane and measured PMT signal amplitude.
The resulting performance is evaluated via the bias distribution, defined as
∆bias = log(Ereco) − log(E), i.e. the difference between the logarithms of
the reconstructed and true energy values, shown in Fig. 25 (left). It is im-
portant to note that the reconstructed energy has a bias, i.e. is not well
reconstructed, as seen in Fig. 25 (left). In this case, the reconstructed en-
ergy is smaller than the real (MC) energy. This is expected as, in this case,
some of the particles in the shower are undetected and can be estimated only
indirectly. This is not a problem in general, if the bias is constant but in
this case, the bias depends on the energy and has to be taken into account,
for example, for the reconstruction of the spectrum.

Fig. 25. Left: The bias estimator used by HAWC to evaluate the energy resolution σ
and the bias, clearly indicated in the picture. Right: The shower size parameter
S(1000) used in AUGER for the energy assignment. The signal scale is in Vertical
Equivalent Muons (VEM), which represent the charge produced by a vertical muon
traversing an SD tank.

The Pierre Auger Collaboration (AUGER), instead, use a modified NKG

S(r) = S(ropt)

(
r

ropt

)β ( r + r1

ropt + r1

)(β+γ)

, (64)
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where r1 = 700 m and S(ropt) is the estimator of shower size used in the en-
ergy assignment. For the Surface Detector (SD), which is spaced by 1.5 km,
the ropt = 1000 and then the shower size, a proxy of the shower energy,
is S(1000), shown in Fig. 25 (right). The choice of ropt = 1000 has been
done showing by simulation that it is the one which is less shower-model
dependant giving the most stable shower size reconstruction.

The S(1000) has a zenith dependence due to the increasing atmospheric
depth crossed by inclined showers, which is the cause of an attenuation of the
EAS. To correct such an effect, it is used the Constant Intensity Cut (CIC)
method [61], which is based on the assumption of isotropy of the cosmic
ray flux. Isotropy implies that the arrival frequency of cosmic rays depends
only on the primary energy and not on the arrival direction. In this way,
the intensity of cosmic rays provides a common energy scale which can be
used to extract the attenuation length of the EAS in the atmosphere that, in
turn, can be used to take into account the atmospheric effects. For AUGER
the shower size is parametrised as a third-degree polynomial in the form of
S(1000) = S38◦(1 + ax+ bx2 + cx3), where the x = cos2(ϑ)− cos2(38◦) and
S38◦ is the zenith-angle-independent energy estimator and can be thought
of as the signal S(1000) that shower would have produced at a zenith angle
38◦. To set the energy scale, it is better to use a calorimetric measurement
as the one of the Fluorescence Detector (FD). Using “hybrid” events, i.e.
event simultaneously recorded by SD and FD, it is possible to evaluate the
energy scale as shown in Fig. 26 (for more detail, see [62]).

Doctoral course on Detectors - D. della Volpe 

Fig. 26. Left: Correlation between the FD energies and S38◦ . Each event is shown
with a point together with its individual uncertainties. The line is the best fit cali-
bration curve. Energy resolution (center) and bias (right) for SD events estimated
from “hybrid events” data [62].

Another interesting way of calibrating EAS arrays is to use the so-called
Moon shadow, which is the hampering of cosmic rays by the Moon [60,
63]. The Moon–Earth system works as a spectrometer in which particle
are deflected according to their rigidity. This causes an apparent shift of
the Moon shadows of the cosmic rays, which changes according to their
energy. The amount of such a displacement in the West–East direction can
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be approximated as 1.6◦E [TeV]/Z. This shift is of the order of one degree
for 1 TeV proton and it turns to be less than 0.1◦ for cosmic rays energy
higher than 10 TeV. This technique allows to determine an absolute energy
scale at TeV range but can also measure the point spread function of the
detector or to estimate the antiproton–proton ratio at TeV energies.

3.2.5. The Large High-Altitude Array Shower Observatory

The Large High-Altitude Air Shower Observatory (LHAASO) project
is a new generation all-sky EAS array strategically built to investigate the
“cosmic ray connection” through a combined study of cosmic rays and γ-rays
over several energy decades from 1011 to 1017 eV.

LHAASO will enable studies in cosmic ray physics and γ-ray astronomy
that are currently unattainable by the existing instruments, given its duty
cycle of 100% and the capability of surveying about 1/7 of the sky in any
moment and cover 60% of the sky every day. The sensitivity achievable by
LHAASO has been studied with Monte Carlo and it is compared to existing
experiments in Fig. 27.

Fig. 27. The LHAASO sensitivity integral (left) and differential (right) compared
with other experiments.

The LHAASO observatory is located at Mt Haizi (29◦21’31”N, 100◦08’15”E),
few kilometres away from the city of Daocheng, in the Sichuan region, at an
altitude of 4410 m a.s.l. (600 g/cm2).

The LHAASO array (Fig. 28) is composed of many different types of de-
tectors to be able to measure all shower components (EM, charged particles,
muons) with a high efficiency and precision, but also on a wide area and
with a low sparseness (see Fig. 29).
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Fig. 28. A bird-view of the LHAASO observatory taken by a drone in March 2019.
The 3 ponds are clearly visible together with the first EM and muon detectors.

Fig. 29. A schematic illustration of the different detectors used in LHAASO for the
detection of air shower [64].

The design concepts
The LHAASO schematic layout [65] is shown in Fig. 30 and consists of

an array of EM and muon detectors distributed over a circular area of about
1.3 km2 (KM2A). In its center, there is located a large Water Cherenkov
Detector Array (WCDA) completed with an array of twenty Wide Field-of-
View imaging telescopes working both with the Cherenkov and fluorescence
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light (WFCTA).

Fig. 30. (Colour on-line) Layout of LHAASO detectors. The big squares in the
middle are the three ponds composing a square with a side of 300 meters. For
one of the ponds also the cells composition is shown. The small/red dots show
the position of the EM detectors, while the big/blue ones the position of muon
detectors. The WFCTA telescopes are the small twelve squares in the zoom near
the ponds. In the current design, the telescopes will be twenty.

The Water Cherenkov Detector Array (WCDA)
WCDA focuses on surveying the northern sky for steady and transient

sources from 50 GeV to 20 TeV, with a very high background rejection power
and a good angular resolution. It consists of three water ponds covering a to-
tal surface of 78,000 m2 (more than 3 times the area instrumented by HAWC
(https://www.hawc-observatory.org)) and a water depth of 4.4 meters, in
which the charged secondary particles of the shower produce the Cherenkov
light. The ponds are segmented in 5 m × 5 m cells by means of black plas-
tic curtains to prevent the leakage of light among adjacent cells as shown
in Fig. 31. Each cell is equipped with two Photomultipliers Tubes (PMT)

Fig. 31. WCDA design (left) and 3D model of a cell (right).

placed at the bottom of the water pointing upward. The original design
intended to use an 8” PMT in the middle of the cell and a 1.5” PMT nearby

https://www.hawc-observatory.org
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to collect the light from upward. The use of two PMTs is meant to cover the
large dynamic range keeping a good sensitivity for low number of photons.
The bigger PMT covers the low light level and becomes then saturated for
high number of photons, where, instead, the smaller one is working in its op-
timal range. By merging the information from the two PMTs, it is possible
to correctly reconstruct the cell signal in the whole dynamic range, as shown
in Fig. 32. Recently, it has been decided to replace, in the pond 2 and 3, the
8” PMT with a 20” PMT developed for the JUNO experiment [66] in order
to improve the sensitivity at low energies. To cope with dynamic range also
the 1.5” PMT will be replaced by a 3” PMT. This new configuration will
lower the threshold from several hundred of GeV to 50 GeV and increase
the effective area at 50 GeV by almost a factor of eight. For example, for
a source with an energy spectrum index γ = −2.62 or −3.62, the integral
significance can be increased by a factor of 1.5 or 3 [67]. With the use of
larger PMTs, the effective area of the WCDA is around 10,000 square meters
at 100 GeV, allowing to overlap with the FERMI-LAT energy range.

Fig. 32. (Colour on-line) A shower detected in WCDA. Here, there are shown
signals from larger PMTs (a), from smaller ones (b) and combined (d). The lateral
profile (c) is also shown. The black/blue colour represents small-PMT signals, the
grey/red big-PMT signals. The light grey/green shows the overlapping of the blue
one once rescaled to correctly overlap with the grey/red points.

The angular resolution is crucial for gamma-ray astronomy, where the
source position can be reconstructed. As expected for any EAS array, also
for LHAASO the angular resolution improves with the energy and becomes
less than 0.1◦ above 10 TeV. The performance simulation study in Fig. 33 has
been also recently validated on the first real data. To improve the reliability
of the study, the so-called even–odd method has been used [68] , in which
even cells and the odd ones are regarded as two independent detectors.

WCDA has the capability of doing gamma/hadron separation using the
muon content of the shower. As a matter of fact, muons have large lateral
momentum and then are easily identified as a large energy deposit away
from the shower core (Fig. 34). This is done using a parameter called com-
pactness which is defined as the ratio between the PMT multiplicity and the
number of PE of the brightest PMT at a distance greater than 45 m from
the core [69]. The parameter is quite effective in suppressing hadrons (0.27%
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Fig. 34. Events as seen by the LHAASO WCDA. In the top row, MC event for
a gamma (left) and a proton (right). In the bottom row, real events detected by
WCDA-1: a gamma (left) and a proton (right).

survives) while keeping a reasonable gamma-ray efficiency (40%). Clearly,
Multivariate analysis based on different approaches (K-Nearest Neighbour
(K-NN) Classifier, H-matrix discriminant, Article Neural Network (ANN),
Boosted Decision Trees with a Gradient boosting algorithm (BDTG), Sup-
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port Vector Machine (SVM) have proven to achieve much better performance
with respect to the simple compactness criteria [70].

The Kilometer-Square Array (KM2A)
The Kilometer-Square Array (KM2A) has been designed for studying

cosmic-ray and gamma-ray sources at energies above 30 TeV in the northern
sky and for measuring primary cosmic rays in the energy range from 10 TeV
to 100 PeV. This detectors target the detection of γ-ray sources with a
sensitivity of about 1% Crab Unit at 100 TeV as shown in Fig. 27.

It covers an area of about 1.2 km2 and is composed of two types of de-
tectors: electromagnetic particle detectors (ED) and muon detectors (MD).
Each ED is composed of a 1 m2 plane of scintillators covered by a 0.5 cm
thick lead plate to increase its sensitivity by exploiting the pair-production
of secondary photons, in order to improve the angular resolution and to
lower the energy threshold (see Fig. 35). The KM2A-ED array is composed
of 4931 EDs deployed on a triangular grid with a spacing of 15 m to instru-
ment a circular area with a radius of 575 m. This central part is surrounded
by an outer guard-ring instrumented with 311 EDs (30 m spacing) up to a
radius of 635 m, mainly to improve the identification and the reconstruction
of showers whose core is outside the instrumented area.

Fig. 35. The EM detectors characteristics (left). A module during construction
(centre) and once installed on side (right).

The KM2A-MD array of muon detectors is composed of 1146 water
Cherenkov tanks deployed on a triangular grid with a spacing of 30 m achiev-
ing a total sensitive area of 42,000 m2. The tanks are buried under 2.5 m of
soil (see Fig. 36), corresponding to 12 radiation lengths, both to reduce the
punch-through due to the shower of electromagnetic particles and achieve
a muon energy threshold of 1.3 GeV. The KM2A-MD will allow to reject
cosmic nuclei background to a level of 10−4 at 50 TeV.

The large area covered by MD array will allow to reject hadronic shower
background at a level of 10−4 at 50 TeV and even 10−5 at higher energies,
hence producing a background-free samples of gamma-ray events at energies
above 100 TeV. The highest sensitivity of KM2A is ∼ 1% of the Crab Nebula
flux in the energy range of 50 to 100 TeV for 1 yr. of observation [71]. At
30 TeV, the effective area of KM2A can reach about 0.8 km2, the angular
resolution is about 0.5◦, and the energy resolution is about 27% for gamma
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Fig. 36. The muon detectors characteristics (left). A picture of a tank before
installation (right).

ray and 33% for proton. At 100 TeV, the corresponding values are 0.9 km2,
0.3◦, 20% and 25%.

The Wide Field-of-View Cherenkov Telescope Array (WFCTA)
WFCTA is composed of 20 wide field-of-view Cherenkov telescopes, each

equipped with a mirror of about 2.14×2.36 m2 composed of hexagonal facets
and, in its focal plane, a square camera of 32×32 pixels with a pixel angular
size of 0.5◦ (25 mm linear size). With this configuration, a telescope will
have a field of view of 14◦ × 16◦.

To extend the spectrum to higher energies and make a connection with
experiments, such as Telescope Array (TA) and Pierre Auger, the WFCTA
telescopes will be re-arranged to measure the fluorescence light from show-
ers and monitor from a distance of 4 or 5 km the space above the ground
array. Sixteen telescopes of the main detector array will be moved far from
LHAASO (“Tower FD” in Fig. 37 (right)) facing its core and will cover el-
evations from 3◦ to 59◦ and two more telescopes will cover elevations from
10◦ to 24◦, thus observing showers from a direction perpendicular to the
main array (see “Side FD” in Fig. 37 (right)). Two more telescopes will be
in symmetrical position (“Side FD”) with respect to the former two. Showers
above 100 PeV will be detected in stereoscopic mode in order to achieve a

Fig. 37. The first six telescopes of WFCTA installed on-site (left). A picture of
one of the 6 telescopes already installed on site (center), where the imaging camera
is visible in front of the mirror (black box). The arrangement of the WFCTA for
CRs composition studies (right). Telescopes are re-arranged in 3 regions, 4–5 km
away from the core, to monitor the sky over WCDA.
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resolution on the reconstruction of the shower maximum Xmax as low as
25 g/cm2. Muon content and Xmax are used for composition measurement
around the knee of the spectrum [72, 73].

The commissioning of the array is advancing quite well and within
schedule. In Fig. 38 (left) the current situation is shown, with the pond
WCDA-1 already operational while WCDA-2 is being filled with water.
Many preliminary results have been presented recently at the ICRC con-
ference (https://pos.sissa.it/358/). The first pool of WCDA was com-
pleted at the beginning of 2019 and, since then, the detector has been run-
ning in commissioning mode. Many improvements have been made both in
detector simulation and reconstruction methods. Comparisons between data
and MC samples [74] have shown a good agreement concerning fundamen-
tal quantities, such as lateral distribution, or core and angular resolution
of shower, and also the trigger rate measured agrees within 8% with MC
prediction. The first two WFCTA telescopes are commissioned and success-
fully operated, demonstrating also their ability to work with moon-light. In
Fig. 38 (right), an event simultaneously detected by two telescopes and the
WCDA-1 is shown. In particular, there has been shown [75] a preliminary
energy calibration using Moon shadow [63, 76]. Sensitivity to this shadow

14P031 Détecteurs et Accélérateurs - D. della Volpe 

Fig. 38. (Colour on-line) Status of the LHAASO commissioning. Left: The
WCDA-1 is fully operational. WCDA-2 is being filled with water and should be
operational by beginning of 2020. In WCDA-3 the installation of the system is
on-going. The KM2A detectors already installed and under commissioning are the
one marked in blue, while the ones already operational are marked in green and
red. Right: A cosmic-ray shower simultaneously detected by two telescopes (top
row) and the WCDA-1 (bottom).

https://pos.sissa.it/358/
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proves an angular resolution at least as good as the dimension of the shadow
which is < 0.5◦. The size and displacement of the shadow can be correlated
with CRs energy via MC simulation.

Figure 39 shows the Moon shadow as measured by the WCDA for differ-
ent ranges of the energy proxy nFit, which is the number of fired cells. The
corresponding energy is not yet reported as the study of the systematics is
still on-going.

Fig. 39. The significance of the Moon shadow reconstructed by WCDA for different
values of the energy proxy nFit. The shift from the (0,0) is evident at lower energies
(top-left) and tend to disappear at higher energies (bottom-right).

LHAASO will be completed by the end of 2020 and start science opera-
tion in 2021. In 2020, a quarter of the array will be put in science mode to
allow to calibrate the energy scale and do some preliminary studies. As a
matter of fact, only the WDCA-1 has the same area as HAWC, but with a
complete coverage and more sensitivity. So including also the EDs an MDs
already operational, this quarter of the full array has already the capability
of improving present HAWC results and allow to perfectly characterise the
detectors, the reconstruction techniques, the analysis pipeline, to be ready
to go in science mode with the full array as soon as it will be commissioned.
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