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Astroparticle Physics

2019/2020

NM076B
secondsemester, 6 ec

Time and location:
Tuesday 8:30 - 10:15 HG 03.054
Thursday 8:30 - 10:15 HG 00.114

Exam:
Oral exam. We will make a detailed schedule end of May/begin of June.

Lectures:
04.02.2020 1. Historical introduction, basic properties of cosmic rays
06.02.2020 2. Hadronic interactions and accelerator data
11.02.2020 3. Cascade equations
13.02.2020 4. Electromagnetic cascades
18.02.2020 5. Extensive air showers
20.02.2020 6. Detectors for extensive air showers
27.02.2020 7. High energy cosmic rays and the knee in the energy spectrum of cosmic rays
03.03.2020 8. Radio detection of extensive air showers
05.03.2020 9. Acceleration, astrophysical accelerators and beam dumps
10.03.2020 10. Extragalactic propagation of cosmic rays
12.03.2020 11. Ultra high energy cosmic rays
17.03.2020 12. Astrophysical gamma rays and neutrinos
14.04.2020 13. Neutrino astronomy
12.05.2020 14. Gamma-ray astronomy

Student presentations:

19.03.2020 Cosmic ray anisotropy at TeV energies, Icecube/Top, HAWC Chris van den Oetelaar
16.04.2020 Cosmic-ray anisotropy at highest energies Auger/TA Björk Johannes
21.04.2020 KM3NeT project ARCA+ORCA Eric Teunis de Boone
23.04.2020 Radio detection of air showers Jur Remeijn
07.05.2020 IceCube neutrino astronomy Martijn Appeldoorn
14.05.2020 GZK effect and the end of the cosmic-ray spectrum, Auger,TA Youri Sloots
26.05.2020 H.E.S.S. TeV gamma-ray astronomy galactic center emission John Dunne
28.05.2020 Cherenkov Telescope Array - CTA Viktor Traykov
04.06.2020 The knee in the energy spectrum of cosmic rays Jesse Polman
11.06.2020 topic NN

assistant: Sukanth Karapakula (s.karapakula # astro.ru.nl)

Literature:

T.K. Gaisser et al 
Cosmic Rays and Particle Physics, 2nd edition
Cambridge University Press

Primary literature, journal articles

Jörg R. Hörandel
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lecture 6
Detectors for extensive air 

showers
Gaisser chapter 16
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296 J. Blümer et al. / Progress in Particle and Nuclear Physics 6 3 (2009) 293–338

Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low
energies, the flux of primary protons is shown.
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flux falls ~E-2.7    --> E=1015 eV:  1 particle/m2/a

atmosphere acts as an absorber/calorimeter

vertical atmospheric depth

--> calorimetric measurement

1035
g

cm2

⇡ 12�I

⇡ 30X0

Measurement of Cosmic Rays at E>10 TeV
Extensive Air Showers
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Extensive Air Shower
Proton 1015 eV:
on ground
106 particles
 80% photons
 18% electr./positr.
1.7% muons
0.3% hadrons
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zenith angle

leading hadron 
(shower axis)

incomming particle

thickness ~ 1-2 m
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Measurement methods
particles at ground

cascade of secondary particles allows to sample the shower 
at specific points

example: KASCADE 40000 m2 total area
500 m2 e/m detectors (~1.2%), detector distance 13 m

1

detector coverage
1015 eV: 1% (15 m)
1020 eV: 10-8 (1.5 km)
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KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components

200 m200 m
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KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components

200 m200 m

e-/+

µ-/+
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Event reconstruction in the scintillator array

shower core r = 2.5 – 5.5 m

shower direction  = 0.5° – 1.2°

shower size Ne/Ne = 6 – 12 %

electromagnetic component
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5

e/�

µ detector       

detector       
Fe+Pb absrober

--> count the number 
of electrons and 
muons

measurement of hadrons
hadron calorimeter

⇡ 10�I

�I =
1

n · � ⇡ 16.7 cm in Fe
5
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KASCADE 
Hadron 

Calorimeter
320 m2 x 9 layers
liquid ionization chambers
44 000 electronic channels
EH > 20 GeV

J. Engler et al., Nucl. Instr. Meth.  A 427 (1999) 528
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σ(E )
E

[%]≈
250
E/ GeV

energy resolution: 

Reconstruction of hadrons

spatial resolution:
x ~ 10 – 12 cm

angular resolution:
 ~ 1° - 3°

Unaccompanied hadron
EH = 6.6 TeV
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Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

16
 m

Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

16
 m
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Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

16
 m
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to determine the properties of the primary particle, 
we measure the number of
- electrons 
- muons 
- hadrons

--> measure the lateral density distribution

we need a suitable parametrization

rM: Molière radius = 0.25 X0
                                                                      in air    ~80 m for electrons (analytically derived)
                                                         ~400 m for muons (empirical)
                                                           ~15 m for hadrons (empirical)

Ne

Nµ

Nh

⇢e,µ,h(r)

Ne,µ,h =

Z 1

0
2⇡r⇢e,µ,h(r)dr

⇢(r) /
✓

r

rM

◆s�2 ✓
1 +

r

rM

◆s�4.5
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The Pierre Auger Observatory
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Fig. 1: Current deployment status of the array. Tanks

60 km

Pierre Auger Observatory
3000 km2

4 telescope buildings
6 telescopes each

Spring 2008:
water Cherenkov detector array completed
1600 tanks operating

3000 km2

1661 water Cherenkov detectors
24+3 Fluorescence telescopes
~150 radio antennas
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Fig. 1: Current deployment status of the array. Tanks

60 km

Pierre Auger Observatory
3000 km2

4 telescope buildings
6 telescopes each

Spring 2008:
water Cherenkov detector array completed
1600 tanks operating
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The detection principle
ΔE = 18% stat.  22% syst.
ΔΘ < 1°
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60 km
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solar cells

GPS antenna
communications antenna

electronics

battery

plastic tank with 
12 t ultra pure water

3 9“ photomultiplier tubes
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Air shower registered with 
water Cherenkov detectors
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particle type from air-shower measurements
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Electromagnetic component Muons

KASCADE-Grande – Lateral distributions 

R. Glasstetter et al., Proc. 29th ICRC, Pune 6 (2005) 293 J. v. Buren et al., Proc. 29th ICRC, Pune 6 (2005) 301
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Electromagnetic component Muons

KASCADE-Grande – Lateral distributions 
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P. Doll et al., ICRC 2007 

Muon production height – KASCADE muon tracking detector
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- non-imaging detector
- Imaging Atmospheric Cherenkov Telescope (IACT)
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in addition to particles at ground (electrons, muons, hadrons) in air 
showers electromagnetic radiation is produced:
- Cherenkov radiation 

charged particles moving with a speed 
emitt Cherenkov radiation 
air close to ground  
                      in air 
Cherenkov threshold 
--> most Cherenkov light is emitted from relativistic 
electrons  

v > vair =
c

nair

n ⇡ 1.000283 cos⇥c =
c

n · v ⇡ 1

n) ⇥c < 1.4�

Ee = 22 MeV Eµ = 4.4 GeV

14

focusing effect due to increase of n with 
increasing depth --> n(h) 

ring with ~100 m diameter on the ground

e.g. 1 TeV gamma ray produces ~3*106 
Cherenkov photons 300-500 nm

) ⇥c = f(h)

⇥c ⇠ bigger

⇥c ⇠ smaller
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40 cm
70

 c
m

60 cm

protection 
cover

light 
funnel

cal. source
PMT

HV supply

concrete foundation

Fig. 4 .19 . Integrating
Cherenkov cone of an AIRO-
BICC station and auxiliaries.
Directly above the PMT a
glass filter restricted the in-
coming light to wavelengths
smaller than 500 nm and
a plexiglass cover protected
against dew, white frost and
dust [29]
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Lateral distribution of Cerenkov light

This part depends mainly on energy

This part depends mainly on
distance to shower maximum

Tunka Experiment

Ch. Spiering, DPG 2005

30 m < r < 120 m
120 m < r < 350 m
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Imaging Atmospheric Cherenkov Telescope (IACT)
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H.E.S.S. telescope, Namibia
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H.E.S.S. telescope, Namibia
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H.E.S.S. telescope, Namibia
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- Fluorescence light 
charged particles moving through the atmosphere excite 
nitrogen molecules  
--> fluorescence light (300-450 nm) 
isotropic radiation of fluorescence light

15

Cherenkov
telescope

--> air showers can be observed 
from aside

fluorescence
telescope

~0.5% of dE/dx (~2.2 MeV/(g cm2)

by the rotational structure.4 The set of bands connecting a given
pair of electronic states is named a band system.

In our spectral range, nitrogen fluorescence comes basically from
the Second Positive system C3Pu ! B3Pg of N2 and the First
Negative system B2Sþ

u ! X2Sþ
g of Nþ

2 (see Fig. 1) which in the air-
fluorescence community are usually denoted as 2P and 1N systems,
respectively. Notice that while the 2P system is generated after the N2

X1Sþ
g ! C3Pu excitation, 1N fluorescence takes place as a conse-

quence of the X1Sþ
g ! ðNþ

2 ÞB
2Sþ

u molecular ionization, leaving the
nitrogen ion in a specific excited state. The wavelengths of the mole-
cular bands of nitrogen are well known (see for instance Ref. [30]).

Apart from the 1N and 2P systems the weak bands of the N2

Gaydon–Herman (GH) system have been observed in the air-
fluorescence spectrum [29,31].

A spectrum typically observed at high pressure between 280
and 430nm for air is depicted in Fig. 2 [32]. The labels mark 21
major transitions. All important transitions and the corresponding
wavelengths between 290 and 430nm are compiled in Table 1.

The cross-section for excitation of the upper electronic levels of
both systems as a function of electron energy is displayed in Fig. 3.
The curve for the 2P system shows a sharp maximum at about 15eV
followed by a fast E$ 2 decrease, as expected from the optically
forbidden nature of this transition. On the contrary, the excitation
cross-section for the 1N system shows a much softer maximum at
about 100eV followed by a much slower ðlogEÞ=E decrease which
becomes a soft growing behavior at relativistic energies [33,34].

For a given electronic state the cross-section for the excitation
to a vibrational level v is proportional to the Franck–Condon factor
qX!v, defined as the overlapping integrals between the vibrational
wave functions of the lower and upper levels of the excitation
process. The Einstein coefficients Avv0 give the probability per unit
time of radiative de-excitation v–v0. Therefore, the probability of
emission of a fluorescence v–v0 photon by electron impact is
proportional to the optical cross-section defined as

svv0 ¼ sv
Avv0P
v0Avv0

¼ svB
vv0 (6)

and therefore, in the absence of other effects, the relative intensity
of a molecular band with respect to a reference transition (e.g.
0–0) of the same system is given by

I0vv0

I000
¼
svv0

s00
¼

qX!v

qX!0

Bvv0

B00
. (7)

ARTICLE IN PRESS

Fig. 2. Air-fluorescence spectrum excited by 3MeV electrons at 800hPa as measured by the AIRFLY Collaboration [32].

Table 1
Transitions and corresponding wavelengths of the air-fluorescence spectrum [32]

Transition l (nm)

2P(3,1) 296.2
2P(2,0) 297.7
GH(6,2) 302.0
GH(5,2) 308.0
2P(3,2) 311.7
2P(2,1) 313.6
2P(1,0) 315.9
GH(6,3) 317.6
2P(4,4) 326.8
2P(3,3) 328.5
2P(2,2) 330.9
2P(1,1) 333.9
2P(0,0) 337.1
GH(0,4) 346.3
2P(2,3) 350.0
2P(1,2) 353.7
2P(0,1) 357.7
GH(0,5) 366.1
2P(3,5) 367.2
2P(2,4) 371.1
2P(1,3) 375.6
2P(0,2) 380.5
2P(4,7) 385.8
GH(0,6) 387.7
1N(1,1) 388.5
1N(0,0) 391.4
2P(2,5) 394.3
2P(1,4) 399.8
2P(0,3) 405.0
2P(3,7) 414.1
2P(2,6) 420.0
1N(1,2) 423.6
2P(1,5) 427.0
1N(0,1) 427.8

4 See e.g. Ref. [29] for some illustrative examples.

F. Arqueros et al. / Nuclear Instruments and Methods in Physics Research A 597 (2008) 1–22 5

AIRFLY transmission 
Auger FD filter

90%

0%
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Hybrid Detector

Fluorescence telescope

Surface array
(water Cherenkov detectors)

Shower plane
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Hybrid Detector

Fluorescence telescope

Surface array
(water Cherenkov detectors)

Shower plane
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Four sites
Six telescopes 
viewing 30ox30o each

FD eye view
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12 m2 mirror 440 photo multiplier

90
 c

m
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SDPSDPSDP



Time FitTime FitTime Fit

- Shower-Detector Plane (SDP)  by fitting 

the directions of the triggered pixels

- Shower axis within the  SDP, by fitting the 

time-sequence of triggered FD pixels using 

the information from the “hottest” SD tank

calorimetric  energy 
measurement

longitudinal shower profile
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A Hybrid Event
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Largest cosmic ray 
observatory in the 
Northern hemisphere.

~700 km2 → ≲ land area 
of New York City.

Millard County, Utah
39.30° N
112.91° W
1550 m ASL

~800 g/cm2 vertical depth

Telescope Array Observatory

U.S. Light Pollution Map

The High Energy 
component of Telescope 
Array – 38 fluorescence 
telescopes (9728 PMTs) 
at 3 telescope stations 
overlooking an array of 
507 scintillator surface 
detectors (SD) ‐
operational as of 2008. 
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17 July 2017                                   J.N. Matthews                              35th ICRC, Busan, S.Korea 4

Long Ridge Black Rock Mesa

Middle Drum

Reutilized from HiRes‐I

New Telescopes

6.8 m2
~1 m2

14 telescopes @ station
256 PMTs/camera

5.2 m2

TA Fluorescence Detectors

12 telescopes/station
256 PMTs/camera
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17 July 2017                                   J.N. Matthews                              35th ICRC, Busan, S.Korea 5

Typical Fluorescence Event
Event Display 
Black Rock Mesa

Monocular timing fit (time vs angle) Reconstructed Shower Profile

Fluorescence

Direct (Cerenkov)

Rayleigh scatt.

Aerosol scatt.
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17 July 2017                                   J.N. Matthews                              35th ICRC, Busan, S.Korea 7

Scintillator Detectors on 
a 1.2 km square grid

• Power: Solar/Battery
• Readout:  Radio
• Self‐calibrated:        
P background

• Operational:  3/2008



Jörg R. Hörandel, APP 2020/21 �69

17 July 2017                                   J.N. Matthews                              35th ICRC, Busan, S.Korea 9

Example Event

MD

LR BR
SD

T�[o] I�[o] x[km] y[km]
MD 

mono 51.43 73.76 7.83 -3.10 

BR 
mono 51.50 77.09 7.67 -4.14

Stereo
BR&LR 50.21 71.30 8.55 -4.88 

Event from 2008-10-26


