
LOFAR: Detecting Cosmic Rays 
with a Radio Telescope	



John Kelley for the LOFAR Cosmic Rays Key Science Project	


	



Radboud University Nijmegen, Netherlands	


	



August 17, 2011	


32nd ICRC, Beijing, China	





What is LOFAR?	



•  Low Frequency Array: 
world’s largest radio 
telescope	



•  Stations in 5 countries 
in Europe	


–  24-station core near 

Exloo, Netherlands	
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LOFAR Station	



High-­‐band	
  antenna	
  field	
  
-­‐  2	
  ‘ears’	
  
-­‐  24	
  5les	
  per	
  ear	
  
-­‐  16	
  antennas	
  per	
  5le	
  
-­‐  110-­‐250	
  MHz	
  

Low-­‐band	
  antenna	
  field	
  
-­‐  96	
  dipoles	
  
-­‐  10-­‐80	
  MHz	
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LOFAR core: the “super-terp”	
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Radio Emission from Air Showers	



•  Coherent pulses of primarily 
geomagnetic origin	



•  Simplification:	



•  Asymmetry confirmed with 
LOPES, CODALEMA 
experiments	



•  Full story is actually more 
complicated...	
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Status (I): Theory & Simulations

•microscopic approaches
•Geosynchrotron model

•REAS2 by Huege et al.

•AIRES-based code by Du Vernois et al.

•EGS-based code by Engel et al.

•macroscopic approaches
•transverse current model

•Kahn & Lerche

•Scholten et al. model

•Gousset et al. large impact parameter appr. 

•Meyer-Vernet et al. model

•Simplification:
•First to check!   ! geomagnetic origin

Figure 5 : Sky maps of observed radio events. Raw 
event sky map (top) and 10° gaussian smoothed map 
(bottom) are shown. The zenith is at the center, the 
azimuth is: North (top, 0°), West (left, 90°), South (bot-
tom, 180°) and East (right, 270°); the direction of the 
geomagnetic field at Nançay is indicated by the dot. 
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Figure 6 : Fraction of events for 7 independent sam-
ples of events (619 events in total). The fractions of 
events coming from the East and from the South are 
indicated by triangles and squares respectively. The 
expected ratio of 0.5 in the symmetric case is indicated.

Figure 7 : Evolution of the fraction of events (squares: 
coming from the East, triangles: coming from the 
South) with energy. The expected ratio of 0.5 in the 
symmetric case is indicated. 
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Multiple Emission Mechanisms	



•  Not simply geomagnetic 
emission	


–  charge excess	


–  moving dipole	


–  Cherenkov	



•  How to disentangle sub-
dominant emission 
mechanisms?	


–  multiple polarizations	


–  dense sampling 	
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Motivation!

!"#$%&''()*++*(# ,-./,#0121# 0#

•  The polarization of  the 
radiation reveals the nature of  
the emission mechanism(s) !

3"#4*(5*(6#7"#$%&')8*56#,98(':;(<%)*##:&=96#011>#

Motivation!

!"#$%&''()*++*(# ,-./,#0121# 0#

•  The polarization of  the 
radiation reveals the nature of  
the emission mechanism(s) !

3"#4*(5*(6#7"#$%&')8*56#,98(':;(<%)*##:&=96#011>#

geomagnetic	



charge excess (~20%)	



LOFAR is ideal!	
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Cosmic Ray Detection with LOFAR	



•  VHECR mode	


–  triggering / readout of individual antennas	


–  200 MHz digitized time-domain signal	


–  self-trigger or external trigger	



•  HECR mode	


–  triggering on coherent sum (beam) of antennas	


–  trades sky coverage for lower energy threshold	


–  still under development	



•  UHEP mode	


–  target Moon to search for CR / neutrino interactions in regolith	


–  talks by S. ter Veen and O. Scholten	
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Self-Trigger: Operational	
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External Trigger	



•  Trigger LOFAR core with 
LORA scintillator array	


–  essentially background-free	


–  contribution by J. 

Hörandel	



•  Read out digital buffers of 
nearby stations	


–  use core position and 

direction from LORA to 
seed reconstructions	
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J.R. HÖRANDEL et al., LORA AN AIR SHOWER ARRAY FOR LOFAR

Figure 1: Location of the LORA detector stations (red
boxes) in the core of LOFAR.

of the trigger algorithm and to measure basic air shower pa-
rameters, a field of conventional particle detectors has been
installed in the core of LOFAR.
The LOFAR Radboud Air Shower Array (LORA) is an ar-
ray of scintillation counters located in the compact center
of LOFAR, in the ”super-terp”, which comprises six LO-
FAR stations.
In the following, we describe the set-up of LORA, its prop-
erties, and first results. We illustrate the analysis steps to
derive the all-particle energy spectrum of cosmic rays.

2 Detector set-up

LORA comprises 20 detector stations, located on a circular
area with almost 400 m diameter. The positions of the de-
tectors in the core of LOFAR are illustrated in Fig. 1. The
array is subdivided in five units, comprising 4 stations each.
The detectors are located on circles with a radius of about
40 m around a central electronics unit, respectively.
Each detector station contains two scintillators (0.45 m2,
NE 114), read out via wavelength shifter bars (NE 174 A)
through a photomultiplier tube (EMI 9902), respectively.
A detector is sketched in Fig. 2. The most probable energy
deposit of passing muons is taken for energy calibration,
and calculated to amount to 6.4 MeV. The detectors have
formerly been operated in the hadron calorimeter of the
KASCADE experiment [13]. The detectors are installed
in LOFAR inside weatherproof shelters.
The signals of the two photomultiplier tubes in each station
are read out with a single digitizer channel. We use 12-bit

98 cm
1
2
5
 c

m

wavelength shifter

scintillator

detector box

PM  1.5‘‘

Figure 2: Schematic view of a scintillation detector.

ADCs 2 which sample the incoming voltage with a time
resolution of 2.5 ns. A FPGA circuit provides a trigger
signal in real time. For each event traces are stored in a
time window of 10 µs.
Four detector stations form an electronic unit, comprising
two HISPARC ADC units (with two electronic channels
each), controlled by a Linux-operated mini PC 3. The PC
also controls a four-channel high-voltage supply. The two
photomultipliers in one detector station share a common
high-voltage channel. To match the gain in the two tubes
we use a resistor network to adjust the voltage correspond-
ingly. A local trigger is formed in each station, with typical
conditions of 3 out of 4 or 4 out of 4 detector stations with
signals above threshold. Five such units are installed to
read out the 20 stations.
The data from the five mini PCs are send via Ethernet to
a central, Lunix operated PC. Data are stored locally on
this PC. In this PC a high-level trigger is formed, which
requires a certain number of sub units, which have detected
an air shower. This trigger is used to trigger LOFAR, i.e.
read out the radio antennas.
The set-up of LORA has been completed in early 2011 and
data acquisition is ongoing since then.

3 Event reconstruction

For each detector the arrival time of the particles and the
deposited energy are measured. The arrival time is defined
as the position in the time trace where the signal crosses the
threshold. The recorded time traces are integrated around
the peak to obtain the energy deposit in each detector. The
measured signals are converted to the equivalent of a ver-
tically muon penetrating the detector. Thus, we obtain a
local particle density in each detector.
We use a simple plane fit to obtain the arrival direction of
the shower as the normal to the plane. The position of the

2. from HISPARC, see http://www.hisparc.nl
3. type of mini PC



First Cosmic Ray Events (July 2011)	
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Analysis Pipeline and Data Quality	
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digitized antenna voltage	



raw spectrum	



cleaned and normalized	


spectrum	





Analysis Pipeline and Data Quality (2)	
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cleaned spectrum	



cleaned time series	



directional reconstruction	





Analysis Pipeline and Data Quality (3)	
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directional reconstruction	



phase-shifted 	


time series	



beam-formed radio signal	





Footprint and Lateral Distribution	



17.8.2011	

 J. Kelley, 32nd ICRC, Beijing	

 14	



Most densely instrumented measurements of air shower radio emission!	



preliminary	
  



Next Steps	



•  Self-triggered cosmic ray detection	



•  Improved calibration	


–  time-dependent background modeling	


–  antenna coupling effects	


–  absolute electric field measurement	



•  Advanced wavefront reconstruction	


–  shower development / composition!	



•  Multi-dimensional lateral distribution 	


–  understanding the radio signal in all its glory	
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Thank you (謝謝)!	
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