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1 - What are Cosmic Rays?



What are Cosmic Rays?

“Coming out of space and incident on the high atmosphere, there is a  
 thin rain of charged  particles known as the primary cosmic ray radiation” 

(Cecil Powell, Nobel Prize Lecture, 1950)

cosmic ⇒ with an extraterrestrial origin
rays ⇒ a “misnomer” due to a historical       

accident as cosmic rays were 
at first, and wrongly, thought to 
be mostly electromagnetic 
radiation



What are Cosmic Rays?

to start with, some numbers which may be useful…

• Cosmic Ray flux: number of CRs arriving in a given energy 
interval dE and solid angle dΩ per unit time T per unit surface A:
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depends upon their arrival direction (corresponding to a given zenith and azimuth
angles θ and φ, respectively) in a small angular region dΩ = sin θdφdθ and thus
A = A(θ,φ) = A(Ω). The quantity:

AΩ ≡
∫

A(Ω) · dΩ [cm2sr] (2.12)

is called the geometrical factor. The event rate in a detector (i.e. the number of events
per second) is given by the particle flux (see below) times the geometrical factor.

The intensity vs. energy is determined using detectors able to measure the energy
of the incoming particle. Thus the number of CRs arriving in a given energy interval
dE and solid angle dΩ represents the differential intensity of particles of a given
energy in the given solid angle:

Φ(E) ≡ d2ϕ
dEdΩ

(E) ≡ dN
A · T · dΩ · dE

particles
cm2sr s GeV

. (2.13)

Sometimes, particles can be measured only if their energy is larger than a given
energy threshold E0. Equivalently, we could be interested in all particles measured
with energy larger than E0. In both cases:

Φ(> E0) ≡ dϕ
dΩ

(E) =
∞∫

E0

d2ϕ
dEdΩ

dE
particles
cm2sr s

(2.14)

represents the integral intensity of particles with energy > E0, i.e. the measurement
of the CR intensity for particles with energy larger than the given threshold.

According to the literature, the quantities Φ(E) (2.13) and Φ(> E0) (2.14) are
sometime called the differential flux and the integral flux of particles, respectively.
Note the different units in the two cases. In the following chapters an index could
appear: for instance, ΦCR,Φe,Φγ ,Φν will indicate the flux of primary CRs, elec-
trons, gamma-rays and neutrinos, respectively. Nuclei correspond to an important
fraction of CRs. If the detector can measure the electric charge i = Ze of the incom-
ing nucleus, the fluxΦi of the particular nuclear species can be defined, as for instance
in Fig. 3.10.

The arrival direction of CRs is largely isotropic. The particles’ flux trough a
spherical surface is simply given by the integration over the solid angle of (2.14):

dϕ
dE

(E) = 4π
d2ϕ

dEdΩ
(E) = 4πΦ(E)

particles
cm2s GeV

. (2.15)

In most cases (as for our ideal experiment of Fig. 2.6) we are interested in the flux
through a planar surface. The differential particles flux through a planar detector
from one hemisphere is:

F (E) =
∫

d2ϕ
dEdΩ

cos θdΩ
particles
cm2s GeV

(2.16)
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2.6 The Energy Spectrum of Primary Cosmic Rays

After more than 100years of research, we know that the solar system is permanently
bombarded by a flux of highly energetic particles. Their energies extend from the
MeV range to 1020 eV. The primary component arriving on the top of the atmosphere
includes all stable charged particles and nuclei. Also some unstable nuclei (with
lifetimes larger than 106 years) are found. This (small) fraction of radioactive nuclei
is important to estimate the escape time of CRs (Sect. 5.1).

Figure1.4 shows the integral intensity of CRs as measured by a large number
of different experiments, from small detectors on board of balloon and satellites to
huge air shower arrays on ground, covering surfaces of more than 3,000km2. Each
experiment has measured the integral flux (2.14) in a given energy interval. The
analytic interpolation of all available data shown in Fig. 1.4 is usually referred to as
the integral energy spectrum.

The distribution of the differential flux (2.13) covering the whole energy interval
of CRs is usually referred as the differential energy spectrum (or simply the energy
spectrum) of CRs and it is shown in Fig. 2.7.

The energy spectrum falls steeply as a function of energy. The integral flux (2.17b)
corresponding to different energy thresholds gives

F (> 109 eV) ≃ 1,000 particles/s m2 (2.19a)

F (> 1015eV) ≃ 1particle/year m2 (2.19b)

F (> 1020eV) ≃ 1particle/century km2. (2.19c)

Figure2.7 seems almost featureless, but two transition points (where the slope of
the spectrum changes) are clearly visible. This feature defines three energy intervals
in the CR spectrum. The transition point at ∼3×106 GeV is called the knee. Below
the knee, the integral CR flux decreases by a factor ∼50 when the energy increases
by an order of magnitude.

At energies larger than few GeV (where the contribution of particles coming
from the Sun, Sect. 2.8, is negligible) the energy spectrum can be described by a
power-law:

Φ(E) = K
(

E
1 GeV

)−α particles
cm2 s sr GeV

(2.20a)

Φ(> E) = K
(α − 1)

(
E

1 GeV

)−α+1

= K
(α − 1)

(
E

1 GeV

)−γ particles
cm2 s sr

.

(2.20b)

The parameter α is the differential spectral index of the cosmic ray flux (or the
slope of the CR spectrum) and K a normalization factor; γ ≡ α − 1 is the integral
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Fig. 2.7 The differential energy spectrum Φ(E) (units: particles/m2 sr s GeV) of cosmic rays over
eleven decades of energy. The red/blue arrows indicate the equivalent center ofmass energy reached
at the Tevatron collider at Fermilab and at the LHC collider at CERN. Note that the spectrum is
remarkably continuous over the whole energy interval, and that the flux on the y-axis covers 33
decades. The dashed line shows a E−3 spectrum

spectral index. The numerical values of the parameters are determined through a fit
to experimental data.

Different compilations of data exist which determine the parameters K ,α using
direct measurements of the CR flux (Chap.3). These compilations give results in
agreement within∼30%. In the energy range from several GeV to∼1015 eV, we use
that obtained in Wiebel-Sooth et al. (1998), with

K = 3.01; α = 2.68 (2.20c)

• Energy Densities in the Galaxy:
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ρCR ≡ 1
c

∞∫

E0

E
d2ϕ

dEdΩ
dEdΩ [GeV cm−3]

= 4π
c

∞∫

E0

3.01E−α+1dE = 4π
c

[
3.01
α −2

E−α+2
]E0

∞
(2.33a)

The numerical value depends on the threshold energy E0. As above using E0 = 3
GeV we obtain:

ρCR ≃1 eV/cm3. (2.33b)

We need to compare (2.32b) and (2.33b) with some other astrophysical quantities,
in order to understand if they represent “small” or “large” quantities. The number
density (2.32b) of CRs can be compared with the average number density of the
interstellar matter (2.27). Thus, only about one proton out of ∼1010 not bound in
stars in the Galaxy is a relativistic particle, i.e. a cosmic ray.

Concerning the energy density (2.33a), let us consider the following astrophysical
quantities.

The energy density of the interstellar magnetic field. To any magnetic field region
is associated a corresponding energy density that in the Gauss system corresponds
to:

ρB = 1
8π

B2 erg/cm3 (2.34)

(the relation in the I.S. is 1/(2µ0)B2 J/m3). Using the numerical values for the
average interstellar magnetic field (B ∼4µG) we obtain:

ρB = (4 × 10−6)2

8π
= 6 × 10−13 erg/cm3 ≃1 eV/cm3 (2.35)

The coincidence within a small factor between (2.33b) and (2.35) suggests a con-
nection between galactic magnetic field and CRs.

The starlight density. From photometric measurements of the light coming from
galactic stars, astronomers have evaluated the visible photon density:

nγvis ∼2 × 10−2 cm−3 → ργvis ∼4 × 10−2 eV/cm−3 (2.36)

assuming 2 eV/photon for the visible light. This is a much smaller value than (2.33b)

Thedensity of theCosmicMicrowaveBackgroundRadiation.TheCMBradiation
is the thermal radiation filling almost uniformly the observable Universe. A precise
measurement of CMB radiation is extremely important to cosmology, since any
proposed model of the Universe must explain this radiation. The CMB radiation
has a thermal black body spectrum at a temperature of 2.725 K (Fixsen 2009 ),
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which corresponds to an energy of ECMB ∼ 3 kT = 7 × 10−4 eV, where k =
8.61× 10−5 eVK−1 is the Boltzmann constant. Using the measured number density
of the CMB radiation:

nγCMB ∼ 400 cm−3 → ργCMB ∼ 0.3 eV/cm−3. (2.37)

In this particular case, in spite of the similarity between (2.33b) and (2.37), there is
no argued connection between the two phenomena.

2.11 Energy Considerations on Cosmic Ray Sources

Supernova remnants are energetically suitable candidates for the acceleration of
CRs with energy below the knee. The main motivation is the equilibrium (firstly
hypothesized by Baade and Zwicky in 1934) between the loss of CRs due to their
escape out of the galactic volume and the energy provided by supernova shockwaves.

The Galaxy is uniformly filled with the relativistic radiation we detect on Earth.
The CR sources are uniformly distributed in the Galaxy and the CRs are trapped by
the galactic magnetic fields. According to the present observations, the total kinetic
energy of CRs corresponds to:

ρCR × VG = 8 1054 erg. (2.38)

where the energy density ρCR is given in (2.33b) and the galactic volume (VG ∼
5 × 1066 cm3) in (2.22). If the particles are completely confined inside the galac-
tic volume, this number should increase with time in the presence of new galactic
core-collapse supernova explosions. This process that represents the candidate injec-
tion mechanism for galactic CRs have started very long time ago, as discussed in
Chap.6. Each supernova burst contribute to increase the galactic CR density ρCR.
A competitive effect which induces a decrease of ρCR is due to the escape of CRs
out of the Galaxy with a characteristic escape time (or confinement time) τesc. This
quantity corresponds to the average time needed for a CR, trapped by the galactic
magnetic field, to reach the galactic boundary. From here, the particle can freely
escape, because the magnetic field outside the galactic plane is negligible.

Anticipating the results which we derive in Sect. 5.2, the confinement time is
τesc ≃107 y= 3 × 1014 s. Assuming an almost steady value of the energy density
ρCR, the energy loss rate due to the escape of CR out of the galactic volume is:

PCR ≃ρCR × VG

τesc
= 8 1054

3 1014
= 3 × 1040 erg/s. (2.39)

Thus, the power required by cosmic accelerators to replenish the galactic volume
corresponds to PCR.
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This number has a large uncertainty. The assumption of ρCR ∼ const for a time
scale ≫ τesc is completely reasonable from the astrophysical point of view. It is not
expected a large variation in the supernova rate in the last, say, billion years. Another
uncertainty arises from the galactic volume, which is bigger if the magnetic halo is
considered. As this magnetic field is poorly known, a galactic volume about 10VG
could be considered. In this case, thematter density in this extended volume is a factor
of ∼3 smaller. Compressively, the quantity estimated in (2.39) could be a factor of
three larger, and PCR ≃1041 erg/s. Are these powers energetically compatible with
the energy released by supernova explosions?

A supernova explosion of 10 solar masses (10M⊙) releases about 1053 erg, 99%
in form of neutrinos (Sect. 12.10) and 1% in form of kinetic energy of expanding
particles (shock wave). The supernova rate fSN in a galaxy like our own is about
3 per century ( fSN ∼ 10−9 s−1). If a physical process able to accelerate charged
particles exists, it transfers energy from the kinetic energy of the shock wave to CRs
with an efficiency η:

PSN ≃η × fSN × 1051 = η × 1042 erg/s. (2.40)

By requiring that PCR = PSN, the quantity η must be of the order of a few percent.
In this case, the shock waves from supernova explosions are able to refurbish the
Galaxy with new accelerated particles and maintain the stationary energy content of
CRs. This condition makes the supernova model energetically compatible with the
observations. A transfer mechanism with efficiency of few % is known and it will be
described in Sect. 6.2. With a rate of about three supernovae per century in a typical
Galaxy, the energy required could be provided by a small fraction (∼5–10%) of the
kinetic energy released by supernova explosions.
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What are Cosmic Rays?

Cosmic Rays (CRs) are fully ionized atomic nuclei and other particles 
accelerated at astrophysical sources and reaching the Earth.

• about 50% of CRs are protons - but the 
rest (heavy nuclei, neutrinos, gammas, 
antimatter) is crucial from a physics 
perspective


• ~25% are alpha particles (He nuclei)

• ~13% is C, N, O nuclei

• < 1% are electrons

• < 0.1% are gamma-rays

Primary Cosmic Rays



What are Cosmic Rays?

• CRs reach the highest energies ever 
recorded, up to 1021eV


 
    ⇒ 40 million times that in CERN’s LHC 
    

• The flux depends strongly on the energy:  
 
 
 

• spans more than 12 decades in energy 
and about 10 decades in energy flux 

dN
dE / E�2.7
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Primary Cosmic Rays

⇒ ~energy of a tennis ball at 115 km/h

Cosmic Rays (CRs) are fully ionized atomic nuclei and other particles 
accelerated at astrophysical sources and reaching the Earth.



What are Cosmic Rays?

• power-law spectral shape also holds also 
for individual elements


• spectral shape (power-law index) almost 
identical for all elements - heavier 
elements slightly harder)


• (note: such a clear and unambiguous 
element spectral characterisation is only 
possible at the low-energy end)


Primary Cosmic Rays

Cosmic Rays (CRs) are fully ionized atomic nuclei and other particles 
accelerated at astrophysical sources and reaching the Earth.



What are Cosmic Rays?

Spectral Features of Primary Cosmic Rays

!
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Spectral Features of Primary Cosmic Rays



What are Cosmic Rays?

Spectral Features of Primary Cosmic Rays

• the spectrum of Primary CRs show 
several features, seen as “breaks” in 
the power-law fit:  


• the knee at about 1015 eV: bending of 
the lighter elements. It could be a 
trace of the maximum energies that 
the source can accelerate, or due to 
propagation effects 

• the ankle at 3×1018 eV: could mark 
the transition from Galactic to 
Extragalactic CRs, or the signature of 
E-Gal protons interacting with 
background photons (CMB)


• a “suppression" at about 5×1019 eV: 
due to propagation effect (GZK 
effect) or source limits (maximum 
energy/acceleration processes)



What are Cosmic Rays?

Detection Rate of Primary Cosmic Rays

• Low-energy CRs: rather high flux, 
about 1/m2/s, but absorbed in the 
upper atmosphere. Direct detection 
(top of the atmosphere or in space)


• Balloons


• Rockets


• Satellites 


• High energy CRs: are very rare, 
about 1/km2/year, for the highest 
energies, but “penetrating” down to 
ground (atmospheric air-showers). 
Indirect detection: long-lived large 
arrays (ground level)


• Large telescopes

• Extensive Air showers arraysdirect detection

indirect detection



What are Cosmic Rays?

Secondary Cosmic Rays
• When cosmic ray particles enter the Earth's 

atmosphere they collide with molecules, mainly 
oxygen and nitrogen, to produce a cascade of 
lighter particles, a so-called Extensive Air 
Shower.


• secondary particles can further strike other 
atmospher ic atoms and produce more 
secondaries, until E < Eth  and the cascade stops


• If energy of primary CR high enough (>500 MeV) 
particles produced in cascade can reach the 
Earth surface




What are Cosmic Rays?

Secondary Cosmic Rays: Extensive Air Showers

• shower particles: electrons, 
photons, kaons, pions, muons, 
neutrinos


• particles can travel faster than 
the speed of light in air (but still 
slower than the speed of light in 
vacuum)


• about 150 muons are striking 
every square meter of the Earth 
every second


• Not all shower particles reach 
the ground – some are stopped 
in the atmosphere (low-energy 
particles and/or transformed to 
radiation at relatively lower 
frequencies




What are Cosmic Rays?

Secondary Cosmic Rays: Extensive Air Showers

• pion decay is very fast, they do 
not reach the ground


• photons, electrons and positrons 
are absorbed by the atmosphere 
through interaction with atomic 
fields => e.m cascade


• muons can reach the sea level: 
decay time ~2.2 microseconds 
=> 5km @ speed of light. Upper 
atmosphere: 10 km => special 
relativity effects at place: 
“slower clocks"


• neutrinos interact only weakly, 
they easily reach the sea level 
(and continue straight through 
the Earth!)




What are Cosmic Rays?

Secondary Cosmic Rays: Extensive Air Showers

• secondary particles form a narrow 
“bundle”, the shower core 


• initial transverse momentum and 
multiple scattering in atmosphere 
causes particles to spread out laterally 
from the core


• lateral distribution the particle density 
is greatest at the core and it decreases 
with increasing distance from it.


• due to different path lengths and 
velocities across the atmosphere 
shower particles are distributed over a 
wide area in a thin curved shower disk




What are Cosmic Rays?

Radiation from Extensive Air Showers

• Cherenkov Radiation: electrons and 
positrons in the shower travel faster 
than the speed of light in air and emit 
Cherenkov radiation, mostly in the 
forward direction


• Fluorescence Radiation: the passage 
of air shower e.m. particles in 
atmosphere results in the excitation of 
the gas molecules, mostly nitrogen. 
Some of this excitation energy is 
emitted in the frorm of isotropic visible 
and UV light


• Radio emission: air shower electrons 
and positrons are deflected in the 
Earth’s magnetic field. Because of 
their relativistic velocities, they emit 
synchrotron radiation, beamed sharply 
downwards, at radio frequencies 
below 100 MHz. 



2 - Cosmic Rays detection:  
a 100-years old tale



short history of Cosmic Rays

“The history of cosmic rays is much more than simply the recounting of 
some events. Many of the present key ideas and experimental 
procedures have a long and distinguished history which reflects the 
insight and ingenuity of the great scientists of the past. These are our 
legacy and the foundation of modern scientific experimental practice” 

(Malcom Longair, 1995)



• It is (quite) easy today to talk about our knowledge of cosmic rays, and about 
the techniques used to detect them


• but many of the early results were confusing and clarity came very slowly: the 
exploratory phase lasted almost 50 years!


• During that time experimental tools slowly improved. As a result, the complexity 
of the processes was gradually recognised. In turn, experimental tools became 
more and more complex, thanks to the birth of particle-physics too (a 
daughter of cosmic-ray physics)


short history of Cosmic Rays

Cosmic Rays: a 100-years old tale



• first hints of the presence of cosmic rays came 
unexpectedly at the turn of 20th century, during 
the golden days of research into radioactivity.


• Radioactive elements ionize gases, enabling the 
gas to conduct electricity. Electroscopes were 
widely used to explore radioactive materials


• When an electroscope is given an electric 
charge, the leaves repel each other and stand 
apart. Radiation can ionize the air in the 
electroscope and allow the charge to leak away: 
leaves or wires slowly come back together

how did the detection oc cosmic rays start?

the electroscope

Puzzling inference: No matter how good the electroscopes, 
the electric charge continued to leak away even when there 
was no obvious nearby source of X-rays or radioactivity!



• To reduce possible effect of 
sources of radiation at ground, 
electroscopes were carried to 
the tops of tall buildings (Wulf 
1910, Eiffel Tower) or even to 
greater heights, using balloons 
(Victor Hess 1912, Kolhorster 
1913-1914)


• the intensity of the ionizing 
radiation first decreased as the 
balloon went up and then was 
becoming more intense than at 
sea level.


how did the detection oc cosmic rays start?

electroscopes in balloons

“The only possible way of interpret my findings was to conclude to the 
existence of a hitherto unknown and very penetrating radiation, coming 
from above and probably of extra-terrestrial origin” [V. Hess 1912]
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how did the detection oc cosmic rays start?

ionization chambers

• in ionization chambers: the total 
ionisation is monitored in a closed 
container. Compton’s chamber was 
shielded by layers of lead (against local 
radioactivity).


• the central container (filled with argon) 
held a probe connected to high voltage. 
High-pressure, noble gases enhance 
the probability of ion pairs creation by 
incident radiation


• ionization chambers were used to 
survey cosmic ray intensity variations in 
altitude (Milikan, 1920s) and in latitude 
(Compton, 1930s)

Compton ionization chamber



how did the detection oc cosmic rays start?

ionization chambers

geomagnetic latitude
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• in ionization chambers: the total 
ionisation is monitored in a closed 
container. Compton’s chamber was 
shielded by layers of lead (against local 
radioactivity).


• the central container (filled with argon) 
held a probe connected to high voltage. 
High-pressure, noble gases enhance 
the probability of ion pairs creation by 
incident radiation


• ionization chambers were used to 
survey cosmic ray intensity variations in 
altitude (Milikan, 1920s) and in latitude 
(Compton, 1930s)

Compton (1933): 8 expeditions to 69 
stations, > 60 scientists - two of 
whom died



how did the detection oc cosmic rays start?

Geiger point counter and Geiger-Müller counter

• The earliest detector for single 
particles was devised around 1911 by 
H. Geiger (the point counter), and 
later improved with his student W. 
Müller (the GM counter)


• It consists of a metal tube (evacuated 
and filled with a gas) with a thin metal 
wire stretched along its axis.


• a battery maintains the wire at a 
positive potential (~1000V) with 
respect to the box. Penetration of 
charged particles in the box produces 
ionization. Ions and electrons are 
accelerated: an avalanche of them 
constitutes a brief electrical current: 
the electroscope wires undergo a 
sudden deflection.


The G-M counter is easy to build 
and can be made in a variety of 
sizes. It can detect individual 
events and their arrival times. It 
became a crucial instrument to 
detect cosmic rays

Geiger-Mueller counter 



how did the detection oc cosmic rays start?

Bothe-Kohloster coincidence counter

• Bothe and Kohlhoster (1929) pioneered 
the use of two G-M counters to study 
CRs. They connected each G-M counter 
to an electroscope, and noticed that 
when placed one above the other a 
small distance apart, often discharged 
simultaneously. 


• these coincidences were not by chance 
as they became less frequent when the 
distance increased


• Bruno Rossi (1930) further improved the 
device adding an electrical circuit. This 
was probably the first CR telescope..


For the first time, physicists tried to determine the nature of CRs 
experimentally. By inserting absorbers (lead, gold) between the 
counters (and still finding coincidences) => “a corpuscolar radiation 
was detected…unlikely to be a gamma-radiation...”

B.Rossi coincidence circuit



how did the detection oc cosmic rays start?

Wilson Cloud chamber

• it consists of a sealed environment 
containing a  supersaturated vapor of 
water or  alcohol. CRs interact with the 
gas, resulting in a trail of ionized gas 
particles


• these ions act as condensation centers 
around which small droplets are 
formed. 


• these droplets are visible as cloud 
tracks that persist for a few seconds, 
with characteristic shapes - alpha 
particles  track is thick, electron track is 
more wispy


Cloud chambers were combined with magnetic fields to deflect 
particles. The Wilson cloud chambers was the most widely used 
tracking detector of CRs and nuclear physics.

Wilson cloud chamber



how did the detection oc cosmic rays start?

Wilson Cloud chamber

Cloud chamber track of the positron, discovered by Carl Anderson in 1932. 
The positron was predicted by Paul Dirac. Anderson discovered it in CRs for 
the first time, whereas later experiments with gamma-rays produced in 
radioactive nuclei resulted in the creation of positron-electron pairs. For this 
work Anderson shared the Nobel Prize in Physics in 1936.
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the first time, whereas later experiments with gamma-rays produced in 
radioactive nuclei resulted in the creation of positron-electron pairs. For this 
work Anderson shared the Nobel Prize in Physics in 1936.



how did the detection oc cosmic rays start?

Photographic emulsions

• with cloud chambers physicists could 
“see” elementary particles, but because 
of the low density of gases, very few 
particles entering a cloud chamber 
collide with nuclei or stop.


• The observation of interactions and 
decays requires a dense substance 
(e.g., photographic/nuclear emulsions) 
in which particles can collide with high 
chance, or rest, leaving visible tracks.


• similar to light, when fast charged 
particles pass through a photographic 
e m u l s i o n , t h e y p r o d u c e 
submicroscopic changes that show up 
after chemical treatment


photographic emulsions were used in the 30’s and 40’s at mountain 
altitudes or in the stratosphere in balloons to study CRs

C.Powell and G.Occhialini 
and two women operating a 
projection microscope



how did the detection oc cosmic rays start?

Scintillators and photomultipliers

• A scintillation detector works on the 
principle that an ionizinig particle 
produces a brief flash of l ight 
(scintillation) when it goes through a 
clear material.


• scintillators were widely used, e.g. by 
nuclear physicists. The photons were 
looked at by eye using microscopes in 
darkened rooms.


• a significant improvement arrived with 
the usage of photomultiplier tubes 
(PMT) in the 40’s. PMTs are devices that 
produce a voltage pulse when the light 
falls on the tube’s sensitive face.


scheme of a scint i l lator 
coupled to a PMT



how did the detection oc cosmic rays start?

Cherenkov detectors

• When a particle moves through a 
medium at a velocity greater than 
the speed of l ight , i t emits 
Cherenkov radiation (Cherenkov, 
Frank, Tamm, 1933). 


• In 1948, Blackett was the first to 
discuss Cherenkov radiation in air, 
concluding that CR showers should 
produce a flash of light when 
entering the atmosphere


• Soon after PMTs were invented, they 
were used to detect Cherenkov light 
produced by showers (Galbraith and 
Kelley, 1952)


Galbraith and Kelley (1952) 
Cherenkov light experiment in 
a garbage can collector

Cherenkov telescopes would trigger 
in the 90’s the birth of ver-high-
energy gamma-ray astronomy



3 - Cosmic Ray Observatories



Cosmic Ray Observatories

“All particle detectors are based on the same fundamental principle: the 
transfer of part or all of the energy to the detector mass where it is 
converted into some other form more accessible to human 
“perception”. The form in which the converted energy appears depend 
on the detector and its design.” 

(P, Ghia, Cosmic-Ray Lectures

LPNHE, Paris, 2005)



• ionization detectors

• scintillation detectors

• Cherenkov, fluorescence, radio emission detectors

• transition-radiation detectors

• calorimeters


➞ the detection of CRs happens via their energy loss in the material it 
traverses


➞ there is a wide choice of detectors.


➞ wide energy range of operations  106 - 1021 eV


➞ aims for all detectors


➞ to identify a particle we need in general two different measurements 
that depend in different ways on mass, charge and velocity


• particle identification - mass, charge

• energy reconstruction

• arrival direction

Cosmic Ray Detectors



Ionization detectors

• A particle passing through a gas-
filled counter will ionize the gas 
a l o n g i t s p a t h ( s e e 
electroscopes). 


• The applied voltage between the 
electrodes will sweep the positive 
and negative charges toward the 
respective electrodes causing a 
charge Q to appear on the 
capacitor.


• The charge Q collected (amplitude 
of pulse) depends on the voltage. 
Higher mass particles produce 
more initial ions pairs


Cosmic Ray Detectors



Scintillation detectors

• In scintillators, the energy loss is 
converted into visible light (by 
human light or photomultiplier) 


• Scintillators can be inorganic (i.e., 
iodide, fluoride, liquid noble gases) 
o r o r g a n i c ( h y d r o c a r b o n 
compounds), liquid, or plastic


• scintillators are easy to produce 
and cheap, so widely used for the 
study of CRs


a plastic scintillator in the Utah desert 
from the Telescope Array experiment

Cosmic Ray Detectors



Cherenkov detectors

• When a particle moves through a medium 
at a velocity greater than that of the 
light in that medium, Cherenkov 
radiation is emitted.


• This phenomenon can be used to 
construct “threshold” detector, i.e., only 
if the velocity is large enough, it will emit 
radiation (and hence a signal)


• The total emitted light is measured, 
providing information on the energy and 
velocity of the particle


• The light yield is very small. The light is 
focalized through mirrors towards PMTs 
used to produce a detectable signal AMS Cherenkov detector: 

r a d i a t o r, m i r r o r, a n d 
photomultipliers

Cosmic Ray Detectors



Transition-radiation detectors

• The transition radiation (in the X-
ray region) is produced by a fast 
charged particle as it crosses the 
boundary between two media 
with different refraction indices.


• The phenomenon is related to the 
e n e rg y o f a p a r t i c l e a n d 
distinguishes different particle 
types.


• Emitted X-rays are then detected 
for example through ionizing 
detectors.

the transition-radiation detector 
of the PAMELA experiment

Cosmic Ray Detectors



calorimeters

• A calorimeter measures the energy 
lost by a particle that goes through 
it, absorbing most of the particles 
coming from a collision


• Calorimeters typically consist of 
layers of ‘passive’ or ‘absorbing’ 
high–density material (lead for 
instance) interleaved with layers of 
‘active’ medium such as scintillator 
or gaseous detectors 


• Electromagnet ic ca lor imeters 
measure the energy of electrons 
and photons as they interact with 
the electrically charged particles 
inside matter. 


• Hadronic calorimeters sample the 
energy of hadrons as they interact 
with atomic nuclei. calorimeter of the EAS-TOP 

experiment

Cosmic Ray Detectors



Cosmic Ray Observatories

CR detectors are particle detectors assembled into CR telescopes  



Cosmic Ray Observatories

observatories in space

• study of Primary CRs without 
t h e i n t e r f e r e n c e o f t h e 
atmosphere (a.k.a. air showers)


• typically expensive detectors 


• effective area are very small: 
difficult to “catch” many of them


observatories in the ground

• they are cheap, big, and can 
detect a lot more (large effective 
areas)


• measure cascades induced by 
primary CRs: it takes some work to 
figure out what the primary is like 


• can either detect particles or look 
for the light produced in showers




Cosmic Ray Observatories

observatories in space

• study of Primary CRs without the 
interference of the atmosphere 
(a.k.a. air showers)


• typically expensive detectors 


• effective area are very small: 
difficult to “catch” many of them


observatories in the ground

• they are cheap, big, and can detect 
a lot more (large effective areas)


• measure cascades induced by 
primary CRs: it takes some work to 
figure out what the primary is like 


• can either detect particles or look 
for the light produced in showers


direct detection

indirect detection



Direct Detection of Cosmic Rays

Balloon-based CR telescopes  

• since 1930’s til today, more and 
more complex payloads were 
carried by balloons. From Geiger-
Mueller counters to photographic 
or nuclear emulsions for tracking 
particles or cloud chambers, to 
combinations of scintillators, 
silicon detectors and calorimeters 
today


• initially scientists had to be on-
board, later on the payloads had to 
be recovered for a scientific 
analysis, whereas today data is 
recorded electronically in-flight 
and transmitted to the ground


JACEE BALLOON Japanese-American 
Antartic base 1983-1996



from balloons to satellites  

• Due to the development of the 
space technique (starting from end 
of the 50s) the possibility arose to 
launch heavy payloads in satellites 
with scientific equipment weighting 
several tons


• Vernon et al (URSS) arranged the 
first CR space experiment on the 
Second Soviet Satellite (1957).


• In the same year, US scientists (Van 
Allen et al) launched the Explorer I 
satellite.


• First used instruments were simple 
G-M counters


• Earth’s radiation belts (Van Allen 
belts) were discovered with first CR 
satellites

PROTON-4 satellite from 
Grigorov and Vernov  
(1969-1970) 

Direct Detection of Cosmic Rays



Satellite-based CR telescopes  

Alpha Magnetic Spectometer  (AMS-02) 
International Space Station, 2011 

Payload for Antimatter Matter 
Exploration and Light-nuclei 
Astrophysics (PAMELA) ,2006 

Direct Detection of Cosmic Rays
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Indirect Detection of Cosmic Rays

ionization (resistive plate chambers) 
for electrons/photons and muons

scintillators + PMTs for electrons/
photons and muons

calorimeters for muons and hadronscherenkov detectors (in water) for 
electrons/photons and muons



• At 1011-1013 eV (superposition with direct measurements): air showers are re-
absorbed high in the atmosphere. Very high altitude needed. Showers are 
“small”: small spacing needed or full ground coverage. High fluxes: “small” 
areas sufficient


• At 1014-1016 eV: Shower maximum still high in the atmosphere: moderate 
mountain altitude needed. Moderate detector spacing needed (<100 m). 
Rather low fluxes: moderately large areas needed (0.1 km2)


• At 1017-1018 eV: Shower maximum deeper in atmosphere: sea level enough. 
Low fluxes: areas ≈ 1 km2 needed (detector spacing ≈ 150 m)


• Above 1018 eV: Extremely low fluxes: huge area needed (≈1000 km2). Giant 
showers: spacing ≈ 1000 m adequate

Indirect Detection of Cosmic Rays

different EAS detectors depending on the energy of interest

Choice of detectors spacing and array altitude impacts on energy threshold

Total area of the array limits the maximum energy
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JEM-EUSO: indirect detection of EAS… from space



Indirect Detection of Cosmic Rays

Gamma-ray and Neutrino Astronomy

• a small fraction (< 0.1%) of CRs 
are in the form of gamma-ray 
photons and neutrinos


• some of these photons/neutrinos 
can be produced directly at the 
source as a consequence of 
hadronic interactions of CRs with 
the Interstellar Medium or dense 
Molecular Clouds


• Gamma-ray and neutrino emission 
are expected following neutral-pion 
decay of pp collisions, and are not 
deflected as particle CRs




Gamma-ray satellites Gamma-ray IACTs neutrino telescopes

Fermi-LAT

AGILE
H.E.S.S.

VERITAS

MAGIC

ANTARES

IceCube

Indirect Detection of Cosmic Rays



4 - sources of Cosmic Rays



Sources of Cosmic Rays

Low-Energy Cosmic Rays: Sola Wind

• The sun produces a constant 
stream of particles (mostly electrons 
and protons) called the solar wind


• Solar wind shapes the Earth's 
magnetosphere, and magnetic 
storms are produced.


• particles are deflected, some are 
trapped in the Van Allen belts, 
others are channeled to the poles, 
spiralling around the B-field lines 
and causing the auroras


• flux of solar CR is modulated with 
the solar cycle every ~11 years


• can have effects on Earth climate, 
as th egeneration of aerosols and 
hence cloud formation seem to be 
correlated with solar cycle




Sources of Cosmic Rays

Supernovae

• massive stars end their life when 
they run out of the energy produced 
in nuclear fusion and explode


• in this supernova explosion the 
outer layers of the star are ejected at 
nearly relativistic speed


• it is believed that most Galactic CRs 
are produced in SNe explosions, 
occurring every ~50y in our Galaxy


• to sustain the observed intensity of 
CRs at the Earth it requires that a few 
percent of the kinetic energy 
released in a SN explosion, ~1051 erg, 
is converted to CRs


• however, theory predicts that SNe 
can accelerate CRs up to “only” 
1014-1015 eV 

Crab SNR

RXJ 1713



Sources of Cosmic Rays

Pulsars

• pulsars are rapidly rotating, highly 
magnetized neutron stars


• pulsations are observed when 
emission beamed along the magnetic 
poles point towards the observer


• particles are efficiently accelerated 
in the strong electric/magnetic field 
close to the NS


• electrons and positrons, and perhaps 
protons and ions from the NS surface 
can be ejected at relativistic 
energies


• it is however unclear whether particle 
losses may prevent reaching 
relatively high energies - enough to 
explain CRs at E > 1015 eV




Sources of Cosmic Rays

Galactic Black Holes

• s te l l a r-mass b lack ho les a re 
compact objects produced as a 
result of a supernova explosion of 
a very massive star


• black holes accrete matter from the 
surroundings. If found in a binary 
system, they are fed by the 
companion’s star wind.


• accretion onto a black hole produce 
relativistic jets, energetic beams of 
highly relativistic material


• the composition of  jets in black-
hole binary systems is still unknown, 
although in some cases baryons 
have been directly imaged through 
spectroscopic observations




Sources of Cosmic Rays

Ultra-High-Energy Cosmic Rays

• CRs with energies >1018 eV cannot 
be “confined” by Galactic magnetic 
fields.


• particle acceleration mechanisms 
thought to occur in SNe and other 
Galactic accelerators cannot attain 
such high energies


• UHCRs cannot come from too large 
distances, as they would interact with 
the CMB radiation (CZK effect) => 
limit of ~50 Mpc


• origin stil l unknown . Possible 
candidates include, colliding galaxies,  
giant BH spinning rapidly, sources of 
gamma-ray bursts (GRB), neutron star 
merging… something else we haven’t 
thought about yet


Hillas plot: 
Emax = 1018 Z
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5 - some exciting news…



Sources of Cosmic Rays

A pevatron at the Galactic Center

• supermassive (>106 solar mass) 
black holes are thought to be 
present at the center of all galaxies


• some of them show high levels of 
non-thermal emission (Active 
Galactic Nuclei, AGN)


• other are “quiet”, although they 
may have been active in the past


• our own Galaxy contains a black 
hola at its center (non-active)


• gamma-ray emission from the GC 
and surrounding regions with 
H.E.S.S. suggests that the GC may 
be able to accelerate particles up 
to at least 1015 eV => a pevatron


Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right
panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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HESS J1745-290

Figure 3: VHE �-ray spectra of the diffuse emission and HESS J1745-290. The Y axis shows fluxes multiplied by
a factor E2, where E is the energy on the X axis, in units of TeVcm�2s�1. The vertical and horizontal error bars show
the 1� statistical error and bin size, respectively. Arrows represent 2� flux upper limits. The 1� confidence bands of
the best-fit spectra of the diffuse and HESS J1745-290 are shown in red and blue shaded areas, respectively. Spectral
parameters are given in Methods. The red lines show the numerical computations assuming that �-rays result from
the decay of neutral pions produced by proton-proton interactions. The fluxes of the diffuse emission spectrum and
models are multiplied by 10.
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Sources of Cosmic Rays

A Smoking Gun from SNR at HE gamma-rays

• SNRs are sites of cosmic ray 
acceleration, supported by energy 
arguments and the detection of non-
thermal emission (X-rays) and 
gamma-ray fluxes (HE and VHEs)


• in hadronic scenarios, relativistic 
protons can interact with nearby 
molecu la r c louds p roduc ing 
gamma-rays through π0-decay


• s p e c t r a l s i g n a t u r e s s h o u l d 
d is t ingu ish between hadron ic 
scenarios and leptonic emission 
(gamma-rays produced by inverse 
Compton processes)


• 4 SNR/MC have been recently found 
to display such spectral signatures, 
supporting that CR protons are 
indeed accelerated in these 
sources




Sources of Cosmic Rays

Anisotropic Distribution of UHECRs

• the Pierre Auger Observatory has 
been collecting data since 2004. 
Latest results seem to indicate a 
correlation of the UHECRs with the 
location of catalogued AGNs


• correlation is only looked at for 
sources within < 200 Mpc (GZK 
effect)


• anisotropy: either self-clustering of 
events from individual point-sources 
or as correlation with known 
astronomical objects


• quantitatively: probability P for a set of 
N events from an isotropic flux to 
contain k or more events at a 
maximum angular distance  from any 
member of a collection of candidate 
sources


Arrival directions of UHECRs 
measured with Pierre Auger Obs. 
For E > 57×1018 eV, Dmax = 75 Mpc, 
Ψ = 3.1o, 8 out of 13 events 
correlate with AGN locations, 
implying P < 1.7×10-3 for these to 
occur by chance if flux is isotropic
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