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The discovery of the Cosmic Rays

/éldiu active decay transforms
a nucleus by emitting different
particles. In alpha decay, the
nucleus releases a 3 He nucleus

an alpha particle. In beta decay,
the nucleus either emits an elec-
tron and antincutrino (or a posi-
tron ;ilhj n‘\'llll‘i'h:} Or capturcs an
atomic electron and emits 2
neutrino. A positron is the name
tor the antiparticle of the electron.,
Antimatter is composed of ant-
particles. Both alpha and beta
decays change the original nucleus
into a nucleus of a ditferent
chemical element. In gamma
decay, the nucleus lowers its
internal energy by emitting a
].\}'..:)!-:m—;e FAmma ray. This decay
does not m-:ufif"\' the chemical

pl:)[n'lti;'s ol the atom.

_looKking for sometning else

.. after the accidental discovery of X-rays by

Rontgen in 1896 and of Uranium particle

emission by Henri Bequerel that same year

.. radloactivity was intensively studied as a
natural phenomenon occurring inside

Farth's crust

radiation - the emission of energdy as electromagnetic

waves or as moving subatomic particles, especially

high-energdy particles which cause ionization.



The discovery of the Cosmic Rays

_looKkiNng for sometning else

these Invisible rays of energy

ionizing radiation : ) :
9 produce electric currents in the air

Electron
°-

electrometer capable of measuring
weak electric currents (Pierre & Jacques Curie)
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The discovery of the Cosmic Rays

_looKking for sometning else

natural radioactivity from the

Natural radiation is everywhere.
ground

Cosmic Rays

does it mean that it is expected

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

~sometning I1s odd

Theodor Wulf (1868-1946)
alr lionization measurements on the

ground and on top of Eiffel Tower

@300m - 15.7 ions/cm?3 sec

expected - 6 ions/cm3 sec

electrometer to measure ionization currents from

gamma rays @ground - 17.5 ions/cm?3 sec

@
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The discovery of the Cosmic Rays

~sometning I1s odd

Domenico Pacini (1878-1934)
alr lionization measurements on the ground,

on the sea and under the sea

LA RADIAZIONE PENETRANTE ALLA SUPERFICIE diati t th d d t
ED IN SENO ALLE ACQUE. raalation sitreng ecreases unaerwater.

Nota or D. PACINL But isn't it closer to the ground below?

Lie osservazioni eseguite sul mare nel 1910 ') mi condu-
cevano a concludere che una parte non trascurabile della ra-
diazione penetrante che si riscontra ‘nell’ aria, avesse origine “Observations carried out on the seq during the year 19710 |led
indipendente dall’ azione diretta delle sostanze attive conte-
nute negli strati superiori della crosta terrestre.

Riferird ora sopra ulteriori esperienze che confermano
quella conclusione. | |

me to conclude that a significant proportion of the pervasive

I risultati precedentemente ottenuti indiqavan§ esistere, radiagtion that is found in air had an or lg/n that was
sulla superficie del mare, dove non e pit sensibile 1'azione
del terreno, una causa ioniszante di tale intensith da non po- iIndependent of direct action of the active substances in the

tersi spiegare esaurientemente considerando la nota distribu-
zione delle sostanze radioattive nell’acqua e nell’aria.

upper layers of the Earth’s surface.”
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The discovery of the Cosmic Rays

.the preaktnhrougn

alr 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?
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lon pairs/(cm?3s)

The discovery of the Cosmic Rays

_tnhe claritTication
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rays of particles?

TO MEET IN DEBATE

Clash of Millikan and Compton
Theories to Form High Point

at Scientific Convention.

|
4,500 TO ATTEND SESSIONS,

Atlantic City Meeting This Week to
Hear 1,500 Papers—Gerard Swope.

to Speak on Unemployment.

Special to TErE NEW YORK TIMES.

ATLANTIC CITY, Dec. 25.—The,
nature of cosmic rays, revolving
around the specific question whether
they enter the earth’s atmosphere as
electrically charged particles or as
photons, will be the subject of debate
between two of America’s outstand-
ing physicists at the annual meeting
of the American Association for the
Advancement of Sclence, which
opens here Tuesday. '

More than 4,500 scientists, labora-
tory workers and teachers. of science

The New York Times
December 26, 1932

’/ eom a

field

excess
from
west

cosmic rays are not rays after all
but positively charged particles...



What are Cosmic Rays?
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What are Cosmic Rays”?
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Where do Cosmic Rays come from?/

Earth's Atmosphere cosmic particle accelerator

Injecting high energy atomic nuclei into space
(cosmic rays)
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Where do Cosmic Rays come from??

<t
?

AR e
VHE Gamma

gamma ray sources to pinpoint where cosmic rays are accelerated
hadronic cosmic ray sources must emit neutrinos as well

multi-messenger astronomy



How do we detect Cosmic Rays”

satellite
detection

H—_[—H detection at ISS
~<3—— First interaction (usually several 10 km high)

high-altitude
balloon

~<3+—— Auir shower (particle cascade) evolves
“Fluorescence”

ground-base Y, o Loy oy

detection @D pO GDMXA

Nitrogen Excited
Molecule Molecule

Measurement of

Son?elof the " fluorescence light
Measurement of Cherenkoy ] particies reac (Fly’s Eye)
the ground

light with telescopes

Measurement of particles with
scintillation counters or with

— /X water Cherenkov counters )
E —
Non-imaging / 4 Measurement of radio waves

Cherenkov counters Measurement with Low—energy muons under

Geiger—Miiller shallow shielding 9 o
: unaergroun

M.easuremf.:nt L2 artlclc-*j feels EQLILEL High—energy muons deep underground detec tgion
with Cosmic Ray Tracking counters (under ground, water, or ice)
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Cosmic Ray Energy Spectrum
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Gaisser, Stanev, Tilav, 2013 - arXiv:1303. 3565

: | IIIIIIII I IIIIIIII | llllllll | lllllll[ | Illlllll | IIIIIIII I IIIIIIII |
Cosmic Ray Energy Spectrum . : : _ 5 5 — Proton_total
direct vs Indirect observations 10 . ¥ |7 He total
= i v AT T . |— C_total
' i : - T, |
direct detection of cosmic rays - T ¢ & O_total
= a ‘. A Fe_total |
) 9 T 5 . i |-——Z=53 group
I I " 1 T . o9 : _ =
small instrumentation at high-altitude or 107+ "2 - \ WL ZS0group |
D . i f ' ; -
: : c B 1| e N S
N orbit . A 9§6§,g § z =
= ' * i
. o R [ o+
easy particle ID Q102 o L AL A
L) - —v— Pamela Proton R | -
L% B —¥- Pamela He § = 5 \ ~
% — —&— Creamll Proton —
@X B —®— Creamll He B
. . . Nm 10 - ~®-CreamllC [ i QA0 e .
Indirect detection 5 Creamll O -
B —o— Creamll Mg = f
, - Creamll Si : |
large ground-based experiments - | e creamil Fe \ I
1 | IAHI L L LU lllllll' | LLllJllI L li h LR el 111 '

EF - o - 10° 10* 10° 10° 10" 10° 10° 10" 10"
difficult particle ID (hadronic interactions) Primary Energy, E [GeV]

)




Cosmic Ray mass composition

Airect opsernvations
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https://pos.sissa.it/395/124/pdf

The lceCube Observatory

The Instrumentation

|I3E|:UBE e

SourH FoLE NEUTRING OESERVATORY

Penetrator HV Divider

LED
Flasher
Board

DOM
Mainboard

Digital Optical =~ 5
Module (DOM)

Mu-metal
grid

with 10” PMT

Delay T’,\ e 3 .
Board \ &
‘ local DAQ il Amundsen—Scott South
_ L ~ Pole Statlon A
_ - set 125 meters apart v
Data is collected here and il R ¥ | | managed research facility
' gel sent by satellite to the data
, warehouse at UW-Madison
Glass Pressure Housing
1450 m
. - Wooden lid 1 /-/ 60 DOMs
E 8 on each
8 Wooden structure ' string
™~
T Perlite
~ DOMs DOMs

c are 17 {
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- ) —’ 1| apart

fan Digital Optical \

Ice Module (DOM) 2450 m \\

Diffusely reflective liner g’elpslgyl)egl}/rllsth & lee

(Tyvek/Zirconium)

- Insulation foam Antarctic bedrock
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The lceCube Observatory

Detecting Cosmic Rays

primary
cosmic ray

i
/‘ f ‘
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Cherenkov Effect

electromagnetic
component

GeV muons

Y .................

surface 2835 m.a.s.l
- < - ‘ single photo-electron pulse
TeV muons
1450 m
in-ice
| 2450 m

time stamp

\
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total charge =« #photon-electrons

single photo-electron peak height

-

~

- #photo-electron = energy deposited x getf

- measure time and deposited energy

. physics processes shapes waveform
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The lceCube Observatory

Detecting Cosmic Rays

primary
cosmic ray

electromagnetic
component

in-ice

hadrons

GeV muons
2835 m.a.s.]

1450 m

ATWD chan 0 (mV)

single

_| photon-electron

ATWD chan 0 (mV)
o
|

!

multiple
photon-electrons
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0 50 100 150 200 0 50 100 150 200

At (nsec)

At (nsec)

optical properties of glacial ice: absorption & scattering

time delay
vs. direct light

“on time” ——— > delayed

Cherenkov light from
a muon track
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Cosmic Rays with lceTop

Pure Protons, cos6>0.95
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Cosmic Rays with IceTop & |lceCube

elemental composition

simulations - Ralph Engel
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Cosmic Rays with lceTop

elemental composition
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Relative Intensity

-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5
Relative Intensity [x 10 ]

Median energy of cosmic ray particles ~ 20 TeV
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IceCube Collaboration - PoS(ICRC2021)320

10-17 TeV lceCube Preliminary

31-56 TeV

100-177 TeV lceCube Preliminary

' b 4
[ 2. drsiop iy T

316-1000 TeV IceCube Preliminary

360" N \s\\‘i‘.ﬂrﬁr"’ o

-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Relative Intensity [x 1073]

Relative Intensity

it changes as a function of energy
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and night, providing
the observati

ALL-SKY ANISOTROPY OF CosMIC RAYSs AT 10 TEV
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HAWC CoOLLABORATION AND ICECUBE COLLABORATION

HAWC is
above

s i I{
an area of 20,000 m?.
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Conclusions

Cosmic Rays are atomic nuclel 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

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

Cosmic Ray Energy Spectrum

L ocal sources’”

Pulsar Scenario (DAMPE)
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