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Column Depth X (cont.)
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Recap Air Showers

particle beam: primary cosmic rays from space
target: atmosphere, avalance of elemetary particles
avalance of secondary particles

traversed matter density: slant depth X, units [g/cm?]
sea level: ~ 1000 g/cm? at vertical incidence
~ 2000 g/cm? at 60°
~ 35000 g/cm? at 90°




Recap Air Showers

e particle beam: primary cosmic rays from space
target: atmosphere, avalance of elemetary particles
avalance of secondary particles

traversed matter density: slant depth X, units [g/cm?]
sea level: ~ 1000 g/cm? at vertical incidence
~ 2000 g/cm? at 60°
~ 35000 g/cm? at 90°
electromagnetic component: photons, electrons, positrons
e gsplitting length: radiation length X, ~ 37 g/cm?
e critical energy: cem ~ 87 MeV (brems./rad. = ion.)
hadronic component: baryons and mesons
* splitting length: interaction length X, ~ 80 g/cm?
® critical energy: ehag ~ 10 GeV (Aint = Adec)




Recap Air Showers

particle beam: primary cosmic rays from space
target: atmosphere, avalance of elemetary particles
avalance of secondary particles

traversed matter density: slant depth X, units [g/cm?]
sea level: ~ 1000 g/cm? at vertical incidence
~ 2000 g/cm? at 60°
~ 35000 g/cm? at 90°
electromagnetic component: photons, electrons, positrons
e gsplitting length: radiation length X, ~ 37 g/cm?
e critical energy: cem ~ 87 MeV (brems./rad. = ion.)
hadronic component: baryons and mesons
* splitting length: interaction length X, ~ 80 g/cm?
critical energy: ehag ~ 10 GeV (Aint = Adec)
shower maximum Xmax = A\, + XoIn (Ep/(2 A M cem)
number of muons (X > Xmax) N, = (Eo/chag)” A7
number of em particles (at Xmax) Nem = (Eo — N,€had) /€em

(primary energy E(, pion multiplicity M/, mass number A, 3 = In2/3M/In M = 0.9)




Recap Air Showers

the bare minimum air shower knowledge:

e shower maximum Xmax o< In(FEp/A)
® Xnmax increases logarithmically with energy
* proton showers penetrate deeper than iron showers (A Xpax ~ 100 g/cm?)
* number of muons N, o EJ9 A%
® proton showers have less muons than iron showers (AN,,/N,, ~ 30%)
¢ details depend on properties hadronic interactions at UHE
(multiplicity, elasticitiy, cross sections, ...)
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Air Shower Detection
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Figure 2

Average (a) lateral and (b) longitudinal shower profiles for vertical, proton-induced showers at 10'? eV, The
lateral distribution of the particles at ground is calculated for 870 g cm™, the depth of the Pierre Auger
Observatory. The energy thresholds of the simulation were 0.25 MeV for y and ¢ and 0.1 GeV for muons
and hadrons.

Engel, Heck, Pierog Ann.Rev.Nucl.Part.Sci. 61 (2011) 467



~40d 2/‘,.,&

E 1o — EPOS1.99
E and A NQ S photon Sibyli2.1
oo - QGSJetll-03
E
XWOD*
proton
- 7 900 |-
X 800 iron
700 AT
B=0°, X>B00gfcut Kt clas bo Yoo vo],
( 8 = N ~ 600y w‘o z‘o s‘o 4‘0 ;o g
> ‘(P)" e (F") number of muons
E 1200
2 E —EPOS1.99 ) € F —EPOS1.99
S 10° = Sibyll2.1 N 107V S 1100 Sibyll2.1 o(O\OV‘ 107 eV
E E QGSJetll-03 RS Do T QGSJetll-03
5 OF w29 3 .
o 107 L . B X E 10%ev . 10
.g E % T 800 [
108 & : E
2 oo K 700 [
10° &= Ry ° E
E @Q)Q 3 600 E 1000F
10* & 10™ev Ly o T 500 &
E ey 50,,/ CL 2x10 E 00k
T ¢ 400 - 800}
E Lo 4x10"° 300 E a
107 O | o T
10 10°  10° 100 10° 10 10" 10 10" 10" 107 10" 10" 10%

number of electrons

calorimetric energy [eV]

Kampert&Unger APP 2012



Particle Detectors
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Fluorescence Telescopes
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“Hyb”d DeteCUOn” (e.g. fluorescence and particles)
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Non-lmaging Cherenkov Detectors
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Radio Detectors
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Some Results (F and A)
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Ddechor Seave. Gard. (UHE)
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Future UHECR Experiments

Auger&TA UHECR sky 2018 [ooc]



UHECR Detection at Ground?
e.g. Global Cosmic-Ray Observatory (GCOS): 2 x (Auger x 10) (North and South)

2 x 30000 km?2, 2.2 km detector spacing, 2 x 9000 stations, threshold 30 EeV

The idea: optical separation of a Water Cherenkov Tank

A water volume responds different to photons, e* and u
photons electrons
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UHECR Detection From Space?

e.g. POEMMA (JCAP 06 (2021) 007)




UHECR Detection From Space?

e.g. POEMMA (JCAP 06 (2021) 007)
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UHECR Detection From Space?
Pathfinder Mini-EUSO on the ISS

— possible duty cycle: 18%
(13% taking into account clouds)
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Future UHECR Experiments
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Future UHECR Experiments

Total Exposure (km? sr yr)
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Ultrahigh-Energy Cosmic Rays

.;Alr Shower Physws

(ea‘ectromagnetlc and hadronic showers shower maximum, muons in-air showers) -

iy Detectlon Technlques

(partlcles, ﬂuore‘scence« and Cherenkov-light, rad|o) :
e Key Obse" "‘|ons (and their Interpretatlon)" .

: (anlsotroples mass s;;gé

trum, Peters cycle propagatlon cosmic magnetic fields)
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