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High Energy 
Cosmic Rays

 high energy particles
 dominated by atomic nuclei 
 similar in composition to 

solar system
 broad range in flux and 

energy
 different energy regimes:

<10^7 eV    modulated by solar wind

<5*10^14 eV   direct detection possible

> 5*10^14 eV  indirect detection 

   (air showers)
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Sources of 
Cosmic Rays
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Sources of 
Cosmic Rays

???
New Physics?
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Sources of 
Cosmic Rays

 anisotropy and clustering at E>5.7·1019 eV

AUGER Collaboration (2007), Science9. Nov. (2007)

http://upload.wikimedia.org/wikipedia/commons/e/e7/Centaurus_A_Galaxy.VLA_and_Optical.jpg
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Detection:
Air Showers

 high energetic cosmic rays interact with 
nuclei in the atmosphere

 in a cascade many secondary particles 
emerge
 few meters thick

 up to kilometers wide

 classical detection methods:
 air fluorescence
 particle detector arrays 0m 2000m-2000m-5000m 5000m

0km

5km

10km

15km

20km

 these cascades also emit radio waves
 coherent emission produces short (≤10 ns) radio pulses.
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Emission 
Mechanisms

geosynchrotron

(e+/e- deflected 

in Earth’s B-field

charge excess

(Cherenkow-

radiation)

distinguishable 

by polarization
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Theory: 
Radio Sensitivity

 Huege, Ulrich, Engel, Astroparticle Physics 2008

Xmax determination 
from lateral slope

Fe – flat
p – steeper, fluctuating
γ – steepest, fluctuating
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Radio Signature of 
Air Showers

 broad-band, short time pulse (~10ns)
 random arrival times and directions 

 need to trigger on events
 can ignore (man made) pulses from the horizon

 limited illuminated area on the ground
 depending on primary energy

 curvature of radio front
 similar (but not identical) to 
    point source in few km height

 coincident with other air shower 
signs
 e.g. particle front
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First there was 
LOPES

 prototype of a LOFAR station
 set up inside an air shower array
 frequency range of 40–80 MHz
 triggered by particle detectors
 detection of air showers with LOFAR 

technology
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Example Event

      animated skymap
 time resolution: 12.5 ns
 no cleaning → side lobes

single antenna traces

after beam-forming
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LOPES Results

 parameterization of 
the pulse height

 effect of (on?) 
thunderstorms

 lateral distribution
 comparison with 

simulations
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LOPES Results

 parameterization of 
the pulse height

 effect of (on?) 
thunderstorms

 lateral distribution
 comparison with 

simulations

thunderstorms
fair weather
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Go big: LOFAR

76m
ca. 400m
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LOFAR for 
Air Showers

 designed as an astronomical telescope not an air 
shower detector:
 “small” stations with lots of antennas in a                         small 

area
 different baselines between stations

 consequences:
 low effective area for the number of antennas
 high sensitivity
 very good calibration

 this makes LOFAR an unique tool to study air showers:
 Develop the method (triggering, reconstruction)
 Understand the emission process (polarization, lateral 

distribution, spectrum, curvature)
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Transient Buffer Boards 
(The needed hardware)
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Transient 
Buffer Boards

COMPENSATE
CABLE LENGTH
DIFFERENCES

DETECT 
TRANSIENTS

FREEZE ON
TRIGGER

(from RCU)
antenna

data
SEPARATE
SUBBANDS

select

Detection 
control

(to CEP)
Transient 

buffer data

Store /Read-out
control

Subband
data

Receiver band
data

Local Control Unit

Trigger

External triggerG. trigger
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LOFAR 
TBB-Status

 TBB hard- and firmware is working and stable
 TBB DAQ software:

 scripts for setup and simultaneous dumping of data
 partly integrated into general DAQ system
 first radio triggered data available
 interface to calibration data still missing

 analysis software:
 several modules done (e.g. read-in, skymapper)
 algorithm development in Python
 analysis with custom made C++ applications or Python 

scripts
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LBA All Sky Map

Courtesy: Sef Welles

 30-85 Mhz, 5 ms integration time
 CS302
 43 dipoles
 LBA-INNER
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Triggering 
(not yet on air showers)
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LOFAR 
Triggered Pulse
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Logarithmic Periodic Dipole

AERA 
(Radio@Auger)

 20 km2 array at Auger
 operation together with other 

extensions
 System integration done in 

Nijmegen
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Summary

 cosmic ray air showers emit ultrashort radio 
pulses

 LOPES was the first experiment in what now 
has become an “industry”

 LOFAR will give high precision information 
about the radio properties of air showers
pinpoint the emission mechanism
identify the primary particles of air showers
this makes LOFAR complimentary to large scale 

radio efforts
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