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e source-acceleration-transport
 short history of cosmic ray research
e extensive air showers

2. High-Energy Cosmic Rays
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3. Extreme Energy Cosmic Rays
* Pierre Auger Observatory, JEM-EUSO

4. TeV-Gamma-rays & High-energy Neutrinos
e TeV gamma rays
H.E.S.S., MAGIC, CTA

* high-energy neutrinos
IceCube and KM3Net
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What are cosmic rays ?
= high-energy, extraterrestric particles

Warning:

c. 100.000 particles will pass your )
body in each 1 hour !! =

primary cosmic rays:
fully ionised atoms 98%o
(mainly Hydrogen and Helium nuclei) p
<1% Electrons o
<1% Photons

secondary cosmic rays:
high energy particles generated in the
atmosphere by primary cosmic rays
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Charged Cosmic Rays: the energy spectrum
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above 10'4 eV : Only indirect measurements possible !
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Cosmic rays — air shower measurements

Stratospheric balloons

Pri rticl
rimary particle (altitude: 40 km)

above 1014 eV :
f;'é‘i‘:,” of primary particle ‘ Only Indirect

measurements

possible !

HESS' balloon :
(up to 5 km)
R | h EAS

- P
: - -1 : 1 o }Pﬂrﬂ:h dectectors

Fluorescence telescope
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Charged Cosmic Rays: the energy spectrum
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Charged Cosmic Rays: the energy spectrum
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Cosmic rays — direct measurements

multi-detector-setups
for simultaneous measurements
of energy, mass, and charge
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Direct
measurements

edN / dE ~ E~
with y ~ 2.7

e Acceleration by
Supernova Remnants,
only?
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104 Charged Cosmic Rays: the energy spectrum

L 71 particle
per m-<2and second

Particles/(m? s sr GeV)

7 particle
per m?and year

71 particle per km-?zand year

1015 1018 102
Energy (eV)
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Cosmic Rays

Source > Acceleration :> Transport

Injection

-Supernovae e B L g Spallation

Crat MNebula- - "® Malin/Pasachoff! Ef:alté-:::ll :

(galactic) | nuclear interactions
-AGN shock acceleration ;. :otarstellar /
(extragalactic) (Fermi)

Intergalactic medium
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Cosmic Rays: Power of the sources?

Estimate of the energy density of cosmic rays:
p=1eV/cm?3

Which power is needed to keep this energy density ?
L=Vp/t ~510%erg/s

With V as volume of our Galaxy (300pc thick, radius 15kpc) and
T = time of the particles in the volume: 6 10°years

e.g.:
Supernovae: 105 erg/s energy release, 1 SN per 30 years and 10%o efficiency in

cosmic rays
CR likely galactic origin!

r winds of r r gian
sta ds of red super giants 1 erg =107 J =100 nJ

=100 erg/s (prot_)lem: efficiency) 1 erg = 624.15 GeV = 6.2415 x10" eV
or pulsars or binary systems 1 erg = 1 g-cm?/s2

similar power values:
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Cosmic Rays: Sources?

Fed Supergiant

S |:|E!.rTIIZI v G a.l aCti C SO u rces :

- Supernovae
- Supernova remnants

Me bula

- Star formation regions ?
- Microquasars ?

ewron 24 - Pulsars ?

- The Sun

SNR 1572 (Tycho)
ROSAT HRI
0.1-2.0 keV

Crat: Mebula
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Cosmic Rays: Sources?
' !L _ Extragalactic Sources ?
- Aktive Galactic Nuclei (AGN) ?

guasars, radio galaxis, galaxy clusters

« ¥ - Merging Galaxies

- relic particles ?

e superheavy GUT-particles, topological defects

The Mice — Interacting Galaxies NGC 4676 (&§ HUBBLESITE.org

NVSS 2146+82

4 Poleon ;
blazars  ;

Inclined
Type | Seyfert
Jet / radio galaxy
(broad lines)

\
v
Gas clouds —— .
v

L
1
b
0
1
'
1
i
L,

Narrow line
region

Broad line
region

>

) Edge on

i L Black hole Type 2 Seyfert
Accretion / Y radio galaxy

Dense disk i " {narrow lines)

torus i !
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Cosmic Rays: Acceleration? : general remarks

Acceleration in magnetic fields  _ — — — & & & & & & & - - - — — —
The acceleration mechanisms requires
following conditions:

1.) power law dependence of all particle

types
dN(E) o« E*XdE with x=2.2-3

(Fermi-Acceleration)

3.) elemental composition similar to
solar abundances

Clouds with
fonized gas.
B fields

problem: storage period of particles in
the acceleration zone have to be long

I I

I l

I I

I l

I I

I l

I I

: |
Acceleration at shock fronts : 2.) energies up to 102 eV :
I l

I I

I l

I I

I l

I I

|

: (e.g. synchrotron) and the zone have to |

|
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Cosmic Rays: Fermi Acceleration

Fermi-mechanism 1st order at strong shock waves
simple calculation in lab system:
shock front with velocity V and
gas behind with velocity U =»
AE;=%m v+ (V-U))-%mv?

=% m (2v(V-U) + (V-U)?)
with v >>V,U and V>U

=»always head-on collisions! (a) Shock front traveling at speed U
=>energy gain :
AE/E =2 (V-U)/ v e

relativistic calculations and taking
Into account the scatter angles:

QAE/ E - 4/ 3 (V' U) / C (b) seen in rest frame of shock front (d) rest frame of upstream medium

=» classical kinematic describes how often particles pass the shock
=» escape probability is similar to the energy gain: P= ¢ .

SN(E) dE o E-2dE !l

(strong shocks are observed at supernova remnants)

~ o5 Andreas Haungs




Cosmic Rays: Acceleration > 100 TeV ?

Idea: acceleration in Pulsars

Pulsar:

- remnant of a supernova explosion

- radius 10 km, density 6-10'3g/cm? (density of nuclei)
(neutron stars, decay of n are stopped)

- creation by gravity collaps but with conservation of
the angular momentum:

D Toyear =1 -30ms

=» very high magnetic fields:

Bgior = 0.1 Tesla =»

Boyisar= 2.5 - 108 Tesla

=>very strong electrical
fields by induction

Andreas Haungs



Cosmic Rays: Acceleration > 100 TeV ?

Idea: acceleration in AGN:
problem: interaction of the

accelerated particles inside the jet

UHE p

Centaurus A, HST optical and radio TeV- gamma radiation from AGN'‘s are
observed (timely and spectral very variable)
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Cosmic Rays: Acceleration summary

Want LHC to accelerate protons
up to 10%eV?

LHC (Large Hadron Collider): ILC (Int. Linear Collider) with 35 MV/m:
. Circumfence of Mercury orbit . Length of diameter of Saturn orbit

Andreas Haungs
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Neutron
star
Cosmic Rays:
Protons Acceleratlon
9 (100 EeV)
Protons Summary
= (1 ZeV)
g L
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™ Colliding
0 galaxies
—
Galactic disk
halo
-9
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Cosmic Rays: Acceleration summary

acceleration in the sun:
acceleration in Supernova shocks:

acceleration at Supernova in a wind.:

reacceleration of 104 eVV/n in Pulsars:

Supernova in a wind + binary system:

extreme Pulsars (short rotation time):

acceleration in AGNSs, Radio-Jets:

E .. =10%eV/n
E .~ 101 eV/n
E. .~ 10%eV/n
E. ..~ 10 eV/n

E. ..~10%eV/n
E ..~ 10%eV/n

E .. =102 eV/n

Andreas Haungs
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Cosmic Rays: Acceleration summary

Exotic decays

Exotic UHECR Sources
“Top Down”solutions
(topological defects),
SUSY,

VHE Neutrinos,
Monopoles,
etc.

Cosmic Strings

SIT

Andreas Haungs



Cosmic Rays: Transport

Transport through interstellar/intergalactic medium

QA
"-."-..\ / ’-
/ N\
Particle-Particle 4 b

Collizsionsz .

Density at the interstellar medium:
1 particle per cm3

Density at the intergalactic medium:
6 particles per m3
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Cosmic Rays: Transport

content of the ISM:

-) clouds
-neutral or ionised H(He..)-gas extragaiaktischer
-density p=102* g/cm3 el
-interactions by particle g

collisions

© " Flucht

-) magnetic fields
B=1-3uG
diffusion

T ,_--.;,-_’J?" .. (50-100AU)

ol : e D N ";.:.‘-.
; LN W
e A AR AN YIS e
5 ir.
it . SR o
'Y Energieverlust ' ;5L . )
vh e TS Erdumlaufbahn
{1.. Radioaktiver ¢l - (1AU)
oy Zerfall " ST TR Heliosphare
. i o bt

: ) DR by
-) microwave background 4 el ol T 5 ot
J" i - "!‘:.—.'-:-.. ‘h‘ i . {' .:'.
27K = 2.310%eV A i
/ b Vo ErkEr
= 5610°°Hz = 5103m SRR PR Al

Interactions by photo-pion
production (= GZK)
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Cosmic Rays: Transport Equation

Diffusion equation for relativistic particles:

dN./dt = d/dE[b,(E)N:(E)] + Q; + V(D,VN))

N; = N;(E,x,t) dE = number (density) of a specific particle i
at the position x and time t in the energy range E+dE

Q; = injection rate of these particles into a volume dV

The particle gains (-) or looses (+) energy as —(dE/dt)=b(E)
=>dN(E)/dt = d/dE[b(E)N(E)] is the timely development of the particle spectrum
=> in the volume by energy gains and looses

additionally injection and escape to the volume by diffusion
(dependent on particle density N;)
D=1/3Av

A = free pathlength = 10g/cm? for protons in ISM = 3 g/cm? for iron in ISM

AT

Andreas Haungs .
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Cosmic Rays: Transport Equation

dN//dt = d/dE[b(E)N,(E)] +Q, + V(D.VN)
- Ni/‘ci + Zj>i PJI/TJ I\IJ

Spallation

effects of spallation: change (+ or -) of N.

Ll
impinging fast target nytlei
particles

T; = lifetime of species |
(attention: Lorentz-Dillation: increases lifetime)

Pji = probability that a collision creates
a species j out of species i

@
-

= explain the change of the slope from the
source (y=-2.0) to observation (y=-2.7)

All calculations are in good agreement with the
assumption of a halo built with high-energetic

particles !!
" S
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Cosmic Rays: Transport: Leaky Box Model
,Confinement‘ in our Galaxy:

-) high energy particles pass ca. 5g/cm?2 matter
(from comparisons of spallation calculations with
Measurements at low energies, e.g. Cr/Fe-ratio)
-) average density in our Galaxy: N = 105 m-3

withA=p-c-t > | \(L"'
esc ~ 3-10°
ZSCape ti%ne ¥re§r218 Milky Way \\\\

(or larger, if longer confinements in less dense regions)

€proof that particles have scrumpled pathes, as straight path would need only 10* years

Best description by the ,Leaky Box Model
= free diffusion inside the box, reflections at the edge of the box
probability of transmission out of the box

dN/dt + N/t,,. =0 = Noc exp(-t/t

esc )

Andreas Haungs
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Cosmic Rays transport at highest energies:
GZK Greisen-Zatsepin-Kuzmin Effect
; . ’

Pion photo production
(E, > 5x10'%eV due to CMB) :

ptryD>A*"Dp+n
pty=2A*=?n+rn*

..... 2 Interaction length ~ 6 Mpc
i Energy loss ~ 20% / interaction

=» Nearby sources (<50 Mpc)

10°
< - — - Il'holn—.dmnlj ".""".-N". L =11
—_— [ T T ] m=6
= o —— Planck spectrum T
¥ T=273K for T=273IK - 10° '
(=" 2.35x10 eV m=4
L 50 - 1 1
tﬂx n,
3 ~ 1 22 NN GZK Bump
= d m0
w ° .
il =) Ankle region
5 =10
.g 10,25 % of 1 GZK cut-off
= all photans
= 2
c 10
[=]
2
— = e e | GZK recove
11lyr=9.46 x 1015 m © 6 s 112w e 8 100 ’
17 18 19 20
1 pc =3.26 lyr ~ 1 lyr photon energy Ecys [10™'eV] 0 0 v n

E (eV)

10?1
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Cosmic Rays: History - 1910

~1900: Electroscopes discharge, even if they
are shielded from radioactive sources
=>» Rutherford: radioactivity at the walls, etc...

(y-radiation and its absorption coefficient
was known =» after 80m in air only 50% =»
Eiffeltower at 330m: no radiation)

~1910: Theodor Wulf
=»at 330m: lonisation decrease to 60%

The Jesuit padre Theodor
Wulf clambers in the year
1910 the Paris Eiffel-
Tower to find the source of
the ionizing radiation in
the Earth‘s Atmosphere.
Electrometer

Andreas Haungs ﬂ(IT





Cosmic Rays: History - 1912

Victor Hess 1912:

There are particles coming from ,outside*
(Cosmos)

Finding:
lonisation increase with height !
(Hess reached 5000m)

40

Increase in cosmic
radiation from above e

Units of ionization

Height in kilometers
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Cosmic Rays

100 Years
Cosmic Rays

Conference Topics

* Tribute to Victor Franz Hess

* BResearch in the early years of the discovery

* From cosmic rays to particle and astroparticle physics:
Historical development of the different fields based on
cosmic particles

Location 0

The conference will be held in Bad Saarow/Pieskow
(about 50 km from Berlin), where Victor Franz Hess
landed after his successful flight.

https://indico.desy.de//event/2012VH @

2

Karl-Heinz Kampert
Walter Kutschara
Paolo Lipari
Yugian Ma

Ollaf Reimer

Petar Schustar
Ronald Shellard
Michal Spiro
Suresh Torwar
Alan Watson
Arnold Wolfendale

al Advisory Committee
Dublin, Ireland/ Heidelberg, Germany

Gran Sasso, taly/Moscow, Russia
Karlsruhe, Germany
Adelaide, Australia
Barn, Switzarland
Tokyo, Japan
Newark, LSA
‘Wuppertal, Garmarny
Vienna, Austria
Rome, italy

Beiling, China
Innsbruck, Austria
Posllauberg, Austria

Rio de Janeiro, Brazil
Paris, France
Mumibai, India

Leads, Great Britain
Durham, Great Britain

Local Organizing Committee

Dieter Hoffmann
Martina Mende (sscretary)
Rolf Nahnhauer

Martin Pohl

Christian Spiering
Michael Walter

Ralf Wischnewski

MPI for the History of Science
DESY

DESY
DESY /University of Potsdam
DESY
DESY
DESY

6-8 August 2012
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Cosmic Rays:

Geiger Counter Principles

Particle Track

:
J

Geiger counter

Sealed Tube (Gas Filled)
Electron o ~<Primary Electrons
Avalanche %o
< ) ... To
Wire at High Voltage Electronics

b1

Spark
chamber

History — 1912-25

Start of the development of:
Particle detectors — particle physics

Cloud chamber

Gesdtrigre
Atmoasphdre

Strahlenstift J :,|'
mit radisaktivem K : ___" \
Fi L}
Prdparat f \ )
. \
Filz mit H, O- : :'f | © Gummiball zure
Spiritus- : ; |I I| (Kompression und
Mizchung Dekompression

) ;o

*  Gesdttigte Atmosphire: Luftmolebile haben max. Menge d. Gasgemischs angelagert.
*  Schnelle Expangion =» Abkihlung =» Ubersdttigung =» Kondensation an Ladungen

H,O Tropfchen o
) »
. c“‘""‘t
Steahlung .{ '= L
0%
.'."*-‘ ;' Ladungen

AT

Karhnihe instiune of Tednolgy
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Cosmic Rays: History — 1930-40

==> First Detection of extended air-showers!

‘ Top of the Atmosphere

1936: coincidence measurements
at the Jungfraujoch

Ground Level

Extensive Air Showers Pl A

Following years: separation of cosmic ray and particle (accelerator) physics

AT
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Cosmic Rays: History - 1958
The “first knee”

lop F( > M) con 2 gect glered™l

-

G.V.Kulikov & G.B.Khristiansen

Soviet Physics JETP  Volume
35(8), No 3, March 1959

i measured N, spectra

1 ; hodoscope counters in a 20x20 m?
. array

»the observed spectrum is a
superposition of the spectra of
- particles of galactic and

t metagalactic origin®

o ot X 2 log n

Andreas Haungs
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Cosmic Rays: History - 1962

The first event above 102%V

[ I

Volcano Ranch array,
New Mexico US

20 scintillators spaced in 147m

-

J. Linsley
Phys.Rev.Lett. 10 146-148,1963

| Ls]

L =]

0 | ' 2 ' 3
KILOMETERS

FIG. 1. Plan of the Volcano Ranch array in February
1962, The circles represent 3.3-m? scintillation de-
tectors. The numbers near the circles are the shower
densities (particles/m? registered in this event, No.
2-4834, Point “A" is the estimated location of the
shower core. The circular contours about that point
aid in verifying the core location by inspection.

Andreas Haungs ﬂ(IT
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above 1014 eV :
Only indirect measurements possible !

Equivalent c.m. energy \Epp (GeV)
107 10° 10* 10° 10° b EAS

Extensive air showers

19

10 EI I IIIIII[ I I TIITIll I I I[IIIil I I IIIIII| I T T T =
9 = * PROTON O KASCADE (QGSJET 01) v HiRes-MIA =
> B ¢ RUNJOB O KASCADE (SIBYLL 2.1) A HiRes| .
_Iq’ 10'° = %  MSU A HiResll =
& =k = Akeno e AGASA 3
T [ + 7]

& 17 * o
¢ 107 = X e =
E - —
10" =

~
10" P, -
L — A =
— fixed target (p-A) %‘rﬁ + + * =
3 E 3 # .
oS 10M L HERA ( v-p) LHC (p-p) o
@ = =
2 = RHIC (p-p) Tevatron (p-p) LHC (C-C) 1 =
SR T 78 PR + ;
1013 e | IIII| 1 11 IIII| 1 IIEII]Il 1 IIiIIIIl IiIIIIIl L 1L | IIIIIII! 1 IIIIIIII | IIIIII! L L1
012 013 014 015 016 1017 018 1019 1020 1021

Energy (eV/particle)
Air shower interactions: Above all man-made energies for single particles

and in extreme forward direction!
' ST
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Extensive Air Showers - schematic

Primary Particle

nuclear interaction

rKG...E""'uilhn:irlmltcule x
F/_/ N

b o

primary particle

-r-rrl{ﬁ—:r,

\sd #’“‘H

shower axes

hod ronic #"1" "E % ﬁ"xl'
cascade a 8 & &
Cherenkov
rodiation
shower disk: ~ Im
Y¥YYY Y$3Y . e
PN m K- € yeyyey e N e
nuclear fragments detector f .
hadronic electromagnetic
component component

~1% ~90%

AT

Andreas Haungs .

mmmmmmmmmmmmm Tectnokigy






Extensive Air Showers

H-nucleus 100 TeV Fe-nu ,\ 100 TeV

Differences at the

shower development

in the Atmosphere hint

to energy und mass of the
incident primary particle.

Andreas Haungs
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EAS — hadronic interactions: nucleus-nucleus

Superposition model: Fe-nuclei (E) = 56 x proton (E/56) valid,
since binding energy << energy of nucleons (<8MeV << >100TeV)

-> additive observables Q:  (Q4(E)) = A - (QF(E/A))

5.2 H He C Mg Fe Fluctuations: oga(E) = O'QP(E/A)/\/(T)
z <lgN >
L0 5 <lgN >
Yl increasing A =
e more secondary
4.8} particles with less energy =»
less electrons (after maximum),
Mt more muons
40l e surviving hadrons
have less energy
4r o larger deflection angles =
18 CORSIKA, E =1-1.78 PeV, ©=0-42° flatter lateral distributions of the
0051 152 25 3 35 4 secondary particles

In A

Andreas Haungs e e o e



Extensive Air Showers

Sensitivity to
energy and mass:
Particle number and
particle distributions:

Longitudinal distributions.

N particles

height above s.1. [km]
]DT 20 13 12 10 B & 5 4 3 2 |
gammas f
.-“"‘::;;-:'7' ""-‘-—\‘\H"“-

muons

= awd PR L E R LT LT T T T £
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-

atmospheric depth [g/lem 7]

Andreas Haungs Q(IT

Earhirubet ingliute of Technokigy



Extensive Air Showers

Sensitivity to energy und mass:
Particle number and particle distributions: Lateral distributions

particle density (m 7
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Extensive Air Showers

Problem: Shower-to-shower Fluctuations

Particle multiplication Particle absorption
\ |

9; B 100 showers 19
3 ¢ ) 10~ eV
ZU

4

2

0

0 200 400 600 800 1000 1200

Atmospheric Depth (g/cm %)
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Measurement Techniques of Air Showers

«—— First interaction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

M t of Cherenk Measurement of
ealf:ULemf-:‘nh G’| N Some of the particles fluorescence light
o Emt el reach the ground
or wide angle pmts

Measurement of Sy
Measurement with radio emission

scintillation counters l \ \“\

WA
LV K
T

Measurement of particles with
tracking detectors or calorimeters

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
e
muons deep underground
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Particle Detection: Scintillators

Scintillation counter:

- lonizing radiation generates light in the scintillators
- Light generates Electrons (photo effect)

- Electrons are multiplied (PMT)

- Number of electrons (charge) is counted

>

I

Zihler mit
Impulshéhen-
analysator

-

o Foto-
Multiplier kathode

Szintillator
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Water Cherenkov Detector

Cherenkov-Counter:

sParticle detector for charged particles
named after physicist Pavel Cherenkov

*Principle: If the speed of charged particles
In @ medium exceeds the speed of light in
this medium (e.g. water) they emit
radiation (in optical light)

*The principle of a Cherenkov counter is
based on the detection of this
Cherenkov-radiation

Coemic

o
o
o
e
e
e
e
e

oo
oo
o
P
P
P
P
S

S e e

Pavel Alekseyevich

Cherenkov
(1904-1990)
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Water Cherenkov Detector

R4

............
CHERENKOVEFFECT o aa@@Af88 0200 o
Y S L

cos 8= 1/pn (LI FL LI L L L IR R
P-1  6=42degrees :' :.......-‘ -
D el lITT I ®

B =v/c niwater) = 1.33

threshold: B =v/c=1/n
i.e. Cherenkov-radiation, if Vparticle > Crnedium

In water: n=Vp,qe > 0.75C,
l.e. muons E,; > 60MeV, electrons E,; > 0.3MeV
Fulfilled in air shower particles
Angle of emission:

cos 0 = 1/nB [ h/2pA (1-1/n?)]

photons per track length :
dN/dx = 2ma.Z2 |, ,*2 (1-1/n2B2) dA/A2
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Fluorescence Light Detection

Charged particles excites
Nitrogen in atmosphere.

. . \ @—— primary cosmic ray
De-excitation: Fluorescence light D

(isotropic) UV fluorescence
isotropic emission
. electromagnetic
3

““ shower

excited
52 \ higher energy

‘ § triplet states
S g

>
g absorbed
5 exciting

_h..

light ;ﬂiﬁeme triplet Cherenkov radiation™
light states forward emission
sc * phosphorescence
ground state
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Radio Detection of EAS

» Characteristic energy for electrons is 30-100 MeV

» Charge separation in Earth‘s magnetic field
= electric dipole

» Gyration of electrons along a small arc
= emission of synchrotron radiation

« time varying charge excess in EAS
= electric dipole

« atmosphere’s refraction index # 1
=» Cherenkov like radio emission

» Electrons are in a shower disk of small thickness
(2 m < one wavelength at 100 MHz)
=» coherent emission
= beamed into propagation direction

Andreas Haungs



Content:

1. Introduction in HEAP
e source-acceleration-transport
 short history of cosmic ray research
o extensive air showers

2. High-Energy Cosmic Rays
« KASCADE, KASCADE-Grande and LOPES

3. Extreme Energy Cosmic Rays
* Pierre Auger Observatory, JEM-EUSO

4. TeV-Gamma-rays & High-energy Neutrinos
e TeV gamma rays
H.E.S.S., MAGIC, CTA
* high-energy neutrinos
IceCube and KM3Net
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Discussion / Question / Exercise
e ideal air-shower detector?

e what are the role of EAS-neutrinos?

* why sources of cosmic rays are not known?

AT

Andreas Haungs .
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Discussion / Question / Exercise

e ideal air-shower detector?
e longitudinal sensitivity 100%
e electron-muon separation

* independent stations

e what are the role of EAS-neutrinos?
e missing mass (reconstruction)
o particle physics (oscillations)
» background in neutrino detectors
* why sources of cosmic rays are not known?
» magnetic fields

* leptonic/nadronic acceleration models

e various source populations

Andreas Haungs
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