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High Energy Neutrino Astrophysics– A. A. 2020-21

• Measurement of the C.R. electromagnetic 
component:   primary photons and electrons: how to 
detect photons and electrons ?   

• Features, and experimental resolutions, of the 
devices used in the detectors in space: 
measurements of charge, mass, moment, energy, 
direction. 

• Detection of primary cosmic rays with E <100 GeV. 
• Main characteristics of apparatuses on atmospheric 

balloons and on space, main results. 

Lessons 3 and 4
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Let’s recall …
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Direct measurements 
(roughly) 

Cosmic Photons and 
Hadrons Fluxes

Photons are also present in C.R.



1µeV 1meV 1eV 1keV 1MeV 1GeV

Astronomy with charged C.R. and with ”cosmic” photons
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Energy range Name Experimental Technique 
10-30 MeV Medium  Satellite 
30Mev-30Gev High Energy (HE) Satellite 
30 GeV - 30 TeV  Very High Energy (VHE) Cerenkov Array (g.b.) 
30 Tev - 30 PeV Ultra High Energy (UHE) Ground Based Array  
30 Pev -> Extremely High Energy (EHE) Ground Based  
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nomenclature used in astrophysics of C.R.s
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The measurement of astrophysical photons on Earth possible for E𝛾 <1-10 GeV.
• The Earth's atmosphere corresponds to about 28 χ0 (radiation lengths) and to 

about  11 𝛌int ( interaction lengths): it absorbs the HE photons.  A direct 
measurement of ‘primary’ astrophysical photons above 100 GeV  nearly 
impossible on the Earth.  

• H.E. gamma rays from astrophysical sources could be detected outside the 
atmosphere but their flux is very faint and decreases significantly with energy:  
difficult to collect a good statistics in a reasonable time
– For example: from “Vela”, a “very active” gamma source with an integral g flux

F(E>100MeV)=1.3x10-5 photons cm-2 s-1

with a detection area A≃ 1000 cm2, in 1 minute:  Nev=1.3·10-5 x 1000 x 60 ≾ 1 event
knowing that the energy spectrum is    dN/dE ∝ E-1.89 we can calculate that to detect 

1 photon with energy > 2GeV   we should  collect data for  2 hours

• The measurement of H.E. photons from astrophysical sources is difficult since 
the background (due to the flux of charged cosmic rays) is very high: the flux of 
charged cosmic rays is much more intense (~100 ) than the gamma one:
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Detection of charged C.R. and photons: preliminary considerations
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Radiation length
: the
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Energy loss of photons and EM showers
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Energy loss of photons and EM showers

electrons photons

Photoelectric effect

Compton diffusion

e+ e- pair production

Critical energy Ec

Radiation length 𝛘0     

(Solids, liquids)

(bremsstrahlung)
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Energy loss of photons and EM showers

10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy

Total cross section for carbon and lead photons according to photon energy. The 
contributions of the different processes are shown:
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Simplified scheme for an EM shower development: 
”Toy Model” to describe an e.m. shower development

In each interaction:
- 𝑒 → 𝑒"𝛾
- 𝛾 → 𝑒#𝑒$
the number of particles doubles and 
the energy  of each particles is ½ of 
the energy of the parent. 

In each “step” t the N(t) increases 
and E(t) decreases:

g p

𝜒% 𝜆&'(

𝑁 0 = 1, 𝐸(0) = 𝐸%
𝑁 1 = 2, 𝐸 1 =

𝐸%
2

𝑁 2 = 4, 𝐸 2 =
𝐸%
4

𝑁 3 = 8, 𝐸 3 =
𝐸%
8

𝑁 𝑡 = 2(, 𝐸 𝑡 =
𝐸%
2(

the multiplication of particles continue until the energy of electrons and gammas 
are sufficient to give the interactions (1) , i.e. until when the energy E(t)=Ecritical .    
After that point the number of particles in the shower does not increase any more: 
the shower has reached the maximum development: we have: 𝑁"#$ = 𝑁(𝑡"#$)
particles with energy 𝑬 𝒕𝒎𝒂𝒙 = 𝑬𝟎

𝟐𝒕𝒎𝒂𝒙
= 𝑬𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 at a distance 𝑿𝒎𝒂𝒙 = 𝝌𝟎 . 𝒕𝒎𝒂𝒙

We can then  write the relation 𝒕𝒎𝒂𝒙 =
𝟏

𝐥𝐧(𝟐)
𝐥𝐧( 𝑬𝟎

𝑬𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
)

(1)
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EM showers characteristics
• longitudinal  distribution       

• Position of shower maximum       

• Longitudinal containment       

• Lateral containment dominated by multiple 
scattering (+ photon propagation)        

Molière radius
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Interaction length and nuclear radiation length
Nuclear interaction length: is the mean path length required to reduce the numbers 
of relativistic charged particles by the factor 1/e, or 0.368, as they pass through 
matter.
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Nuclear interaction length
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Sources of astrophysical photons
Electromag. Typical production mechanism
radiation

Synchrotron Radiation due to GeV electrons spiralising into the 
Radio source magnetic field.  Typical source: Pulsar.  This radiation has a 

continuous spectrum up to X  

Infrared Typically is a "reprocessed radiation".  More energetic radiation 
interacting with the matter  around the source (e, p, atoms) induces 
molecular rotational/vibrational transitions and loses energy 

Optical Emitted in transitions of atoms in excited states in Stars

Ultraviolet Radiation emitted typically in Compton scattering (the low energy 
photon) in sources with production of high energy photons

X ray Synchrotron Radiation due to TeV electrons spiralising into the 
source magnetic field.  Typical source: Pulsar.  

Gamma ray High energy photons from sources where electron or proton are 
accelerated in shock waves.
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Synchrotron Radiation
Synchrotron radiation is observed in regions 
where relativistic electrons spiral around 
magnetic field lines. This process results in 
strongly polarised radiation concentrated in 
the direction of the electrons motion (called 
“beaming”). Similar to bremsstrahlung, 
synchrotron has a characteristic shape of its 
spectra which is a power law spectrum. The 
shape of the spectrum produced is 
dependant on the energy distribution of the 
emitting electrons and is easily 
distinguishable from thermal blackbody 
radiation.

The characteristic photon energy is 
εγ,s=hωBγ2 /2p= heBγ2/(2pmc) .



A.A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 17

Bremsstrahlung Radiation
The bremsstrahlung or free - free emission 
mechanism consists in the emission of a 
photon by a relativistic electron, Ee=gmec2, 
when deflected by the electrostatic 
interaction with another charged particle: 
the electrons path is deviated and it emits a 
photon with typical energy Eg~Ee/2.     
Below Ee=1 GeV bremsstrahlung gamma-
rays are generated by the same electrons 
producing galactic synchrotron radio 
emission. 
The bremsstrahlung radiation arises when 
free electrons that have a thermal 
distribution of energies (a spread of 
energies around a mean value relating to 
their temperature) interact with the 
Coulomb field of a nucleus. This produces a 
characteristic spectrum that can be readily 
identified.
The interaction cross section is proportional 
to: 

22 1 - THE COSMIC-RAY WORLD

radio emission. Consequently, differential flux of this radiation in the region 30
MeV-1 GeV should have a characteristic power-law slope with an index coinciding
with the spectral index of the radio electrons.
The energy loss rate is (Blumenthal et al., 1970; Rybicki et al., 1991; Longair, 2011):

−
(
dE

dt

)

Brems

= 4nZ2R2
eαgE ∝ nE (1.19)

where Re is the classical electron radius, α is the fine structure constant and g is the
Gaunt factor that changes its value according to nuclear screening fraction (Longair,
2011, and therein). Consequently, at relativistic energies, Bremsstrahlung energy
losses are proportional to electron energy. This is different from the non-relativistic
Bremsstrahlung case, where the energy loss rate for the electron are proportional to
E1/2.

• Synchrotron - Synchrotron radiation of ultra-relativistic electrons dominates most of
high energy astrophysics and this is due to gyration of electron in a magnetic field.
Synchrotron emission is responsible for the radio emission of our Galaxy, SNRs and
extragalactic radio sources. In the ultra-relativistic limit, and assuming an isotropic
pitch angle, the total energy loss rate by synchrotron radiation is (Longair, 2011,
and therein):

−
(
dE

dt

)

Sync

=
4

3
σT cγ

2UB ∝ γ2B2 (1.20)

where σT is the Thomson electron cross section, γ is electron Lorentz factor and UB

is magnetic energy density. Consequently, there is a proportionality with E2. The
characteristic photon energy is εγ,s = !ωBγ2 = ! eB

mcγ
2.

• Inverse Compton - Inverse Compton scattering is important when electrons prop-
agate in a radiation field (such as 2.7 K CMBR, or the diffuse galactic radiation,
near and far infrared frequencies). Ultra-relativistic electrons scatter low-energy
photons to high energies. The inverse Compton loss rate in the Thomson regime(
εsoft <

mec2

γ

)
is (Longair, 2011, and therein):

−
(
dE

dt

)

IC

=
4

3
σT cγ

2Urad ∝ γ2 (1.21)

where Urad is radiation energy density. Considering typical energies of radio emit-
ting electrons, γ = 103-104, inverse Compton on CMBR and ISRF produces gamma-
ray photons in the band 1 − 100 MeV (Longair, 2011). This process typically con-
tributes ≤ 20% of the γ-ray flux observed both at MeV and at GeV energies (Fig. 1.8).

In order to find the modified spectrum due to electron energy losses, we consider the
diffusion-loss equation 1.17. Neglecting the diffusion term and integrating, we can obtain
the relation between the electron injection spectrum in Eq. 1.18 and the modified electron
distribution N(E):

N(E) =
Q(E)E

(p− 1)b(E)
(1.22)

where Re is the classical electron radius, 
α is the fine structure constant and g is 
a factor (Gaunt) that changes its value 
according to nuclear screening fraction σ Brems ∝ Z

2αEM
3
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Searching for astrophysical photons
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Which processes characterize the High Energy sources

p
Ambient 
matter

ambient
photons

We have to consider also hadronic processes like:

leptonic process

ambient
photons  

(sync, MWB, IR)

e-

Inverse Compton scattering

e ', γ

N,  π ±,π 0

€ 

γ ,ν
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Synchrotron Self-Compton gamma production model

The most successful theories to describe the observed 
gamma spectra predicts an expanding ultra-relativistic 
shell that moves into the external surrounding 
medium. The collision of the expanding shell with
another shell (internal 
shocks) or the interstellar 
medium (external shocks) 
gives rise to radiation 
emission through the 
Synchrotron and 
Synchrotron Self-Comtpon
processes.
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Compton and Inverse Compton scattering



GeV TeV PeV EeVJoule

~ 10 particelle/s

100cm2

20cm

A detector for the study of primary cosmic rays with E£ 100GeV
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All particle spectrum

scintillators, 
wire chambers, 
tracking devises , 
magnetic field, 
Cherenkov, ....

A small apparatus (r ~ 6cm, aperture ~ 22 cm2sr) 
carried by balloons (a few tens/hundred flight 
hours -> more than 105 events) can collect a 
discrete statistic in the energy region up to ~ 10 
GeV:  100 x 22・10-4 x  100 x 3600 = 7.9・105
• composition of cosmic rays (photons, protons, 

heavy nuclei, ...) 
• spectrum 
• matter/antimatter (identification of positrons, 

antiprotons, anti-helium, ...)
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All cosmic ray detectors are constructed according to a common pattern; they 
are generally composed of the following sub-detectors:

1

1

2

3

Prof. Antonio Capone - High Energy Neutrino Astrophysics

Cosmic Rays detectors

1. a detector consisting of two "distant" planes which measures the position and time 
of the passage of the particle è the particle velocity measurement;

2. a detector in a magnetic field that tracks the curved trajectory of the particle è a 
measure of rigidity;

3. a high Z detector in which particles deposit their energy è a measure of energy.
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transition radiation detector

Time of flight measurement (scintillators)

tracking devise in a magnetic field

Cherenkov light detector

Electromagnetic calorimeter

Prof. Antonio Capone - High Energy Neutrino Astrophysics



A.A. 2020-2021 25

Consider a region in which there is an electric field      and a magnetic induction 
field      .  A charge particle q = Ze in motion with speed      in that region 
undergoes a force equal to:

Let θ be the angle between      and.    .      Suppose that the particle has mass m 
(m = 𝛾m0). Now suppose that only the magnetic induction field is present:

where rL indicates the radius of Larmor. Projecting on rL we have:

It is defined "Rigidity of a particle in a magnetic field"

This quantity has the dimensions of an energy divided by the 
charge and is measured in GV. Based on this definition we can write:

Prof. Antonio Capone - High Energy Neutrino Astrophysics

!
E

!
B !v!

F = q
!
E + !v ×

!
B( )

!
F = q!v ×

!
B = ZevBsinθ(−r̂L ) = −m

v2

rL
r̂L = −γm0

v2

rL
r̂L

ZevBsinθ = γm0
v2

rL
  →   rL = γm0v

ZeBsinθ

rL =
R

Bcsinθ

R = γm0v
q

c = γm0vc
Ze

!v
!
B

Cosmic Rays detectors: momentum measurement - 1
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If J is the angle formed by the magnetic field B and the particle velocity, the radius of 

curvature of the trajectory traveled by the particle is

r =    R / (Bc sinJ)   =    (gmov) / (Ze B sinJ)

What is usually measured is the sagitta S of the curved line which represents the trajectory of 

the particle (      it is the length of the segment AD).

In the S << r approximation we can write: 

S = r 1− 1− (ℓ / 2r)2( ) ≅ ℓ
2

8r

Momentum measurement

Prof. Antonio Capone - High Energy Neutrino Astrophysics

A

B

AB = r      BC = r − S = AB( )
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2
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Cosmic Rays detectors: momentum measurement - 2

D



A.A. 2020-2021 27

R = rLBcsinθ ≅
ℓ2

8S
Bcsinθ Þ p

ze
≅
Bℓ2 sinθ
8S

so we see that, with the same spatial resolution in the measurement of the sagitta, the 

higher the power of analysis           , the greater the maximum impulse that can be 

measured.

since it holds the relation pc = 0.3 Br, where p is the relativistic pulse expressed in GeV/c, B 

is the magnetic field intensity expressed in Tesla, and r is the radius of curvature in meters, 

we find

S∝ Bℓ2

pc

Prof. Antonio Capone - High Energy Neutrino Astrophysics

Bℓ2

S ≅ ℓ
2

8r
Þ

Cosmic Rays detectors: momentum measurement - 3
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Tracking detectors - 1

*The CDF Central Outer Tracker (COT) is a large 
cylindrical drift chamber, sitting inside CDF's 1.4T 
magnetic field, outside the CDF silicon trackers

*
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Tracking detectors - 2
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Tracking detectors – 3
silicon detectors
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Sodium Iodide 
Crystal or plastic 
scintillator

Scintillation detectors
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The value of the nuclei electric charge is measured by the energy lost per unit of path, in 
fact for the very heavy particles the expression of the energy lost on average by ionization 
is given by the formula of Bethe-Bloch

then:

therefore for particles at the minimum of ionization (or even more energetic) the 
measure of the loss of energy is essentially a measure of the absolute value of the electric 
charge.

2z
dx
dE

µ

Prof. Antonio Capone - High Energy Neutrino Astrophysics

Charge measurement

• me and re are, respectively, the mass and the classical radius of the electron
• I is the ionization potential of the crossed material
• 𝛿(𝛾) is a "density correction that, in the limit of high 𝛾, limits the logarithmic rise of the energy losses
• 𝛽 is the particle velocity in terms of the light speed
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Knowing dE / dx, function of (z, b), and the rigidity R (mo, z, b) remains as the only 

unknown   mo that can be obtained with a measure of b with the time of flight system.

The particle identification system is so complete.

Prof. Antonio Capone - High Energy Neutrino Astrophysics

Cosmic Rays mass measurement
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Calorimetric measurements of shower energies -1

E.M. Showers development (basic concepts in e.m. calorimeters)
o e.m. showers formation e.m.

• particle multiplication processes
e ® e’g
g ® e+e-

• energy degradation processes
• multiple scattering
• radiation absorption

o conversion into visible energy of the deposited kinetic Edep
• Ionization
• production of electron-hole pairs
• molecular atomic excitation

absorption in luminescent centres
return to the ground state with photon / phonon emission

• Cerenkov light emission
• energy conversion into thermal phonons
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Calorimetric measurements of shower energies -2
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Pictures of EM and Hadronic showers
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Calorimetric measurements of shower energies -3
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1µeV 1meV 1eV 1keV 1MeV 1GeV

Astronomy with R.C. and with "cosmic" photons
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The first historical measurements of the 
antiproton/proton ratio
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Atmospheric Balloons and C.R. physics
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Balloon data: positron fraction before 1990

An evidence for an “excess of antimatter” ??   A first evidence of  “dark matter” ? 
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Cosmic Rays and Antiparticles

The interaction of primary C.R. 
with the InterStellar Medium 
(ISM) can explain (at least part of) 
the observed antimatter 
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Anti-nucleosyntesis

WIMP dark-matter 
annihilation in the 

galactic haloBackground:
CR interaction with ISM
CR + ISM à p-bar + …

Evaporation of  
primordial black 

holes

Do we expect to find an "antimatter" component in primary C.R. ?

A.A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Cosmic Rays and Antiparticles

The interaction of primary C.R. 
with the InterStellar Medium 
(ISM) can explain (at least part of) 
the observed antimatter 



MASS - Matter Antimatter Space Experiment
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Designed to measure
• antiprotons with E ~ 4-20 GeV
• positrons with E ~ 4-10 GeV.

It is the evolution of MASS1 (exp. brought in flight 
already in 1989), with the tracing apparatus 
improved thanks to a system of "drift chambers".
The identification of particles is possible thanks 
to the gas-Cherenkov (Freon-12) detector and to 
a calorimeter made of brass-streamer tubes (and 
Isobutane). The experiment was carried out for 23 
hours in September 1991 by Ft. Sumner, after 10 
hours the magnetic field was lost.
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Matter Antimatter Space Spectrometer  2 
MASS - 1991 
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IMAXIsotope Matter Antimatter Experiment
Made to be transported in the upper atmosphere with balloons 
and to measure abundance in galactic C.R. of protons, 
antiprotons, deuterium, helium-3 and helium-4 in the energy 
range ~ 0.2÷3.2 GeV/nucleon. In this region of energies there is 
the maximum intensity for the expected flows of the particles to 
be observed
IMAX measures the magnetic rigidity of charged particles that 
pass through the apparatus (by tracking in the drift chambers 
(DC) and in the multiwire proportional counters (MWPC)), the 
charge (via dE/dx in the scintillators (S1, S2) that provide also the 
time -of-flight (TOF)), and the speed (via time-of-flight (TOF) and 
the Cherenkov aerogel meters (C2 and C3)).
By combining these three quantities it is possible to identify the 
particle by mass, charge and sign of the charge.
IMAX was launched in July 1992 starting from Lynn Lake, 
Manitoba, Canada, has reached the quota of about 36 km (with a 
residual atmosphere of 5 g/cm2) and during about 16 hours has 
collected more than 3 million of events (collecting a statistic 10 
times greater than previous experiments).

Rigidity = p c/Ze [GV]= [energy/charge]  

sin q/2 = Ze B L / (2 p) =B L c / (2 R )

q/2

L

R
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IMAX – the flight
FLIGHT

16-17 July 16-17, 1992, Lynn Lake, Manitoba, Canada. Float was reached about 7 hours
after launch. The instrument took data throughout ascent, recording about 1.4x106
events. These data will be used to determine altitude-dependent particle spectra. At the
end of the float period, the magnet was ramped down and data was taken with the
magnet off in order to check the alignment of the tracking chambers. Landing was near
Peace River, Alberta, Canada, with the instrument being recovered in excellent
condition. All payload and detector systems appear to have performed well throughout
the flight. Over 3.4x106 events were recorded during the float period.

A.A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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IMAX – evidence for an antiproton flux in C.R.
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HEAT - The Transition Radiation Detector
A schematic cross-sectional view of 
the different detectors making up 
HEAT, in the first configuration for 
detection of electrons and positrons.

The HEAT Transition Radiation Detector
The Transition Radiation Detector (built by the University of Chicago) consists of six
polyethylene fiber radiator blankets, each with a multi-wire proportional chamber MWPC
(filled with a Xenon-methane gas mixture) attached underneath. When a charged particle
travels through an interface between materials of different dielectric constants, radiation
(in the form of X-rays) is generated with an intensity proportional to the relativistic
Lorentz factor gamma of the particle. As it travels through a polyethylene fiber blanket, a
high-energy electron (of high Lorentz gamma) encounters many interfaces and generates
transition radiation, whereas a proton of the same energy (but a much lower Lorentz
factor due to a higher mass) generates essentially no such radiation.
X-ray photons are absorbed by the gas mixture in the MWPC. The combination of energy
deposited by the X-rays and ionization losses (due to the passage of any charged particle -
electron or proton - through the gas in the chambers) is picked up electrically by cathode
electrodes running perpendicular to the wires in the chamber (used in the pulse-height
analysis below). Additionally, an electrical signal is also picked up by the wires in the
chamber, and both a signal amplitude and variation with time are recorded (used in the
time slice analysis below).

Pulse-height likelihood analysis
The total energy deposited in each of the six MWPCs is compared to the known signals
(from prior calibrations) obtained when an electron, proton or alpha particle traverses
the detector. A parameter is then calculated that indicates the likelihood that the particle
was an electron (technically, the parameter is the product for all six chambers of the
probability that the signal was produced by an electron or positron divided by the
probability that the signal was produced by a proton). Figure A below shows the
distribution of this maximum-likelihood parameter with clearly separated proton and
electron populations.

Time slice analysis
A software neural-net classifier (with 3 input nodes, 5 hidden nodes and one output
node) was devised, and trained to recognize the difference in the resulting time
distribution of charge clusters detected by the wires when an electron or a proton
traverses the detector. The output of the neural net analysis is a number between 0 and
1, indicating the probability that the particle was a proton (near 0) or an electron or
positron (near 1). The excellent separation between protons and electrons is illustrated in
figure B below.

MWPC
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HEAT: the T.O.F. system
The HEAT Time-of-Flight system

The Time-of-Flight system consists of four paddles of plastic scintillator
viewed by eight photomultiplier tubes (built by the University of
California at Berkeley), at the top of the instrument, and three paddles
of scintillator viewed by three photomultiplier tubes (built by the
University of California at Irvine), near the bottom of the instrument.
When a charged particle traverses a scintillator slab, a small amount
of light (proportional to the square of the charge of the particle but
inversely proportional to the square of its velocity) is generated; this
light is viewed by the photomultipler tubes and converted to
electrical pulses, that are then processed by assorted electronics
module.

Particle velocity and direction of travel
The accurate times at which light is seen at the top and bottom are
recorded, and the time difference is used to calculate the velocity of
the particle (expressed in units of the speed of light). We are
especially interested in discriminating between particles traveling
downwards through our instrument and the so-called albedo particles
traveling upwards (since an upgoing negatively charged particle could
fool us into thinking it was a positively charged particle traveling
downwards...). That we have achieved excellent separation between
upward and downward-going particles can be seen from figure A
below (where by definition positive velocities represent downgoing
particles and negative velocities upgoing).
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HEAT: the magnetic spectrometer
The Magnetic Spectrometer consists of two parts:

A magnet consisting of two superconducting coils inside a
cryogenic vessel filled with liquid Helium, generating a magnetic
field of 1 Tesla over a central room-temperature bore of
dimensions 51 cm x 51 cm x 61 cm.
A precision tracking Drift-Tube Hodoscope, a chamber with 479
thin-walled drift tubes filled with a CO2-hexane gas mixture,
arrayed in 26 layers (18 aligned parallel with the magnetic field, 8
perpendicular), located inside the bore of the magnet.
When an electrically charged particle travels through the
magnetic field permeating the hodoscope, its trajectory is
deflected due to the Lorentz force, in a direction perpendicular
to the magnetic field. As the particle travels through the gas
inside the tubes, it deposits an electrical signal picked up by a
thin wire running down the center of the tube, and from the
time at which the signal was picked up in the various tubes, it
can be determined to high accuracy (about
70 microns) how far from the wire the particle was traveling. We
thus obtain a pattern of lined-up "impact parameters" (distance
of closest approach), as illustrated in the figure below (black
circles inside the gray tubes; the red tubes were rejected in this
event although they had fired).
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HEAT - The electromagnetic calorimeter
The Electromagnetic Calorimeter (built by the University of California at Irvine) consists of ten plastic
scintillator slabs viewed by one photomultiplier tube each, interspersed with ten layers of Lead (each
of a thickness equivalent to 0.9 electron radiation length), located at the bottom of the instrument.
When an electron or a hadron reaches the Lead layers, a shower of secondary particles is produced
and propagates through the rest of the stack (most of the secondary particles themselves produce
further showering in deeper Lead layers), until the energy of the parent particle is expended and the
particle shower is eventually absorbed. When charged particles traverse the scintillator slabs, light is
generated and detected by the photomultipler tubes (and then converted to electrical pulses,
processed by assorted electronics module), in amounts proportional to the number of particles in the
scintillator.

Shower shape discrimination
By measuring the number of particles in the shower at each scintillator layer in the stack (the so-
called shower profile), we can distinguish between showers initiated by electrons or positrons from
those initiated by hadrons
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BESS - Balloon Superconducting Solenoid Experiment

Primary scientific objectives of the experiment are the 
measurements of the cosmic antiproton energy spectrum, 
very sensitive search for antihelium, and the precision 
measurements of various cosmic ray components.
The BESS detector has a unique cylindrical configuration 
with a large acceptance of 0.4, which is one order of 
magnitude larger than that of previous spectrometers. 

Forty low energy cosmic antiprotons were clearly
detected for the first time by the BESS detector.

Anti-helium
BESS experiment already has placed an upper
limit on anti-helium to helium ratio of 2× 10-6,
which is a factor improvement over previous
experiments, which is a factor of 50 improvement
over previous experiments.
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Proton/antiproton ratio 
In 79 Golden et al. they observed 
antiprotons in cosmic rays. Sign of 
a symmetrical universe for matter 
and antimatter ???.

Expected antiprotons in C.R. 
interactions (protons, He +, 
heavier nuclei, ...) with interstellar 
matter (ISM).
The comparison between 
expected and measured fluxes can 
offer data to "model" the 
transport of R.C. (particularly the 
heaviest nuclei) in the ISM.
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Other "exotic" sources have also been considered, such as "evaporation of primordial 
black holes, decay of "dark matter", acceleration in relativistic plasma, ...
The measures of BESS, MASS2, IMAX, and CAPRICE are in agreement with the model that 
the majority of antiprotons are secondary products of the interaction of R.C. primary
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The Observatory PAMELA
2006 - 2016

Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics
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The PAMELA Instrument
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PAMELA results: positrons
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Pamela positron fraction



A.A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 61

PAMELA results: antiprotons
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PAMELA Results possible explanations
Dark Matter particles annihilate 
and from the "vacuum” à e+ e-

A “local pulsar”: the spinning B of 
the pulsar strips e- that accelerated 
emit g that originate e+ e-

PULSAR à e- à gà e+ e-
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PAMELA, other results: the B and C fluxes
O. Adriani et al. ApJ 791 (2014), 93
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PAMELA overall results
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INTErnational Gamma-Ray Astrophysics Laboratory


