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... after the accidental discovery of X-rays by 

Röntgen in 1896 and of Uranium particle 

emission by Henri Bequerel  that same year


... radioactivity was intensively studied as a 

natural phenomenon occurring inside 

Earth's crust


radiation - the emission of energy as electromagnetic 

waves or as moving subatomic particles, especially 
high-energy particles which cause ionization.
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The discovery of the Cosmic Rays

...looking for something else
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electrometer capable of measuring

weak electric currents (Pierre & Jacques Curie)

these invisible rays of energy

produce electric currents in the air

The discovery of the Cosmic Rays

...looking for something else

ionizing radiation
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The discovery of the Cosmic Rays

...looking for something else

natural radioactivity from the 

ground


does it mean that it is expected 

to decrease the higher we go?
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The discovery of the Cosmic Rays

...something is odd

air ionization measurements on the 
ground and on top of Eiffel Tower


Theodor Wulf (1868-1946)

electrometer to measure ionization currents from 
gamma rays @ground - 17.5 ions/cm3 sec

@300m - 15.7 ions/cm3 sec


expected - 6 ions/cm3 sec
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The discovery of the Cosmic Rays

...something is odd

air ionization measurements on the ground, 
on the sea and under the sea


radiation strength decreases underwater. 
But isn't it closer to the ground below?


“Observations carried out on the sea during the year 1910 led 

me to conclude that a significant proportion of the pervasive 

radiation that is found in air had an origin that was 

independent of direct action of the active substances in the 

upper layers of the Earth’s surface.”

Domenico Pacini (1878-1934)
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The discovery of the Cosmic Rays

...the breakthrough

air ionization measurements at high 
altitude, up to 5,000 meters (3 miles)


radiation strength increases with 
altitude


there must be a source of radiation 
from the sky...


... cosmic rays?

Victor Francis Hess (1883-1964)
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The discovery of the Cosmic Rays

...the clarification

Hess (1912) Kolhörster (1913-14)

Published: December 26, 1932
Copyright © The New York Times

The New York Times

December 26, 1932

cosmic rays are not rays after all

but positively charged particles...

excess

from

west

geomagnetic

field

rays of particles?
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What are Cosmic Rays?


Jennifer Johnson
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What are Cosmic Rays?

Extensive Air Showers
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Where do Cosmic Rays come from?


cosmic particle accelerator


injecting high energy atomic nuclei into space

(cosmic rays)

Large Hadron Collider - CERN

ATLAS @LHC

Cosmic Accelerator - Universe

Earth's Atmosphere
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Where do Cosmic Rays come from?


ATLAS @LHC

gamma ray sources to pinpoint where cosmic rays are accelerated

hadronic cosmic ray sources must emit neutrinos as well


multi-messenger astronomy

Fermi - gamma rays HAWC - gamma raysH.E.S.S. - gamma rays IceCube - neutrinos



high-altitude

balloon

detection at ISS

satellite

detection

underground

detection

ground-base

detection
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How do we detect Cosmic Rays?
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Cosmic Ray Energy Spectrum
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Cosmic Ray Energy Spectrum


Frank Schröder
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Cosmic Ray Energy Spectrum

direct vs indirect observations

Gaisser, Stanev, Tilav, 2013 - arXiv:1303.3565

direct detection of cosmic rays


small instrumentation at high-altitude or 

in orbit


easy particle ID


indirect detection


large ground-based experiments


difficult particle ID (hadronic interactions)
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Cosmic Ray mass composition

direct observations

(from PDG)

PoS(ICRC2021)124

https://pos.sissa.it/395/124/pdf
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The IceCube Observatory

The Instrumentation

Digital Optical 
Module (DOM)


with 10” PMT

&


local DAQ 
electronics
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The IceCube Observatory

Detecting Cosmic Rays

Cherenkov Effect

photo-cathode

dynodes

anode

Photomultiplier Tube

single photo-electron pulse

time stamp

total charge ∝ #photon-electrons

threshold (1/4 photo-electron)

single photo-electron peak height

• #photo-electron = energy deposited × εeff


• measure time and deposited energy


• physics processes shapes waveform
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The IceCube Observatory

Detecting Cosmic Rays

single 
photon-electron

multiple 
photon-electrons

optical properties of glacial ice: absorption & scattering
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Cosmic Rays with IceTop


lateral distribution function
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Cosmic Rays with IceTop

all-particle energy spectrum



Paolo Desiati 23

Cosmic Rays with IceTop & IceCube

elemental composition

@ sea level

@ high altitude

simulations - Ralph Engel

Ne

Nµ



Proton Helium

Oxygen Iron
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Cosmic Rays with IceTop

elemental composition

Ne

Nµ
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Cosmic Rays with IceCube

arrival direction distribution

�I

hIi ⌘
Ni � hNi

hNi

Relative Intensity

Median energy of cosmic ray particles ~ 20 TeV
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Cosmic Rays with IceCube

arrival direction distribution

�I

hIi ⌘
Ni � hNi

hNi

Relative Intensity

IceCube Collaboration - PoS(ICRC2021)320

it changes as a function of energy
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Cosmic Rays Anisotropy

with HAWC - IceCube
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Cosmic Rays Anisotropy

with HAWC - IceCube

without dipole, quadrupole, and octupole components
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Conclusions


Cosmic Rays are atomic nuclei sweeping across the Universe up to ultra-high energy


their origin is unknown and the subject of multi-messenger astrophysics


cosmic rays arriving on Earth bring information about the medium they crossed


GeV-scale cosmic rays used to probe solar wind and interplanetary magnetic field


TeV-scale cosmic rays can be used to probe the heliosphere's boundary with the ISM



backup slides



Cosmic Ray Energy Spectrum

Low Energy
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proton flux

in interstellar space

on Earth’s

low orbit

heliospheric effects on low 
energy cosmic rays

https://arxiv.org/abs/1904.03747 solar modulations 
effects on low 

energy cosmic 
rays

Vos & Potgieter (2015)

https://arxiv.org/abs/1904.03747
https://iopscience.iop.org/article/10.1088/0004-637X/815/2/119


Cosmic Ray Energy Spectrum

Local Sources?
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Lebedev et al. (2021) 

Niu et al. (2019)proton flux

https://www.mdpi.com/2076-3417/11/23/11189/htm#
https://doi.org/10.1140/epjc/s10052-019-6625-7

