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Cosmic Ray Spectrum	



•  Charged particles with steep 
power law spectrum	



•  Low flux at high energy: 
detect via extensive air 
showers	



•  “Ankle”: transition from 
galactic to extragalactic 
sources?	



•  Composition: protons vs. 
heavy nuclei?	
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Figure 1. Global view of the cosmic-ray spectrum.

would be an increase in the relative abundance of heavy nuclei as first protons, then helium,
then carbon, etc. reach an upper limit on total energy per particle [17]. The first evidence of
such a sequence (which I call a “Peters cycle” [1]) is provided by the recent publication of the
KASCADE experiment [21], which was discussed extensively at this workshop. The data from
KASCADE are limited in energy to below 1017 eV. The larger KASCADE Grande array [22],
which encloses an area of one square kilometer, will extend the reach of this array to 1018 eV.
KASCADE measures the shower size at the ground, separately for protons and for GeV muons.
Inferences from the measurements about primary composition depend on simulations of showers
through the atmosphere down to the sea level location of the experiment.
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knee	


1 m-2 yr-1	



ankle	


1 km-2 yr-1	





Pierre Auger Observatory	



•  Hybrid air shower 
detector	



•  Southern site (3000 
km2) in Argentina 
completed 2008	



•  Northern site (21000 
km2) planned for 
Colorado, U.S.A.	
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Auger	
  South	
  



Hybrid Detection	
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Further enhance array with a high duty cycle, calorimetric detection method…	



Cherenkov tank	


signals	



fluorescence	


track	



fluorescence	


track	



Hybrid observation: powerful, but duty cycle of fluorescence detectors ~10%	





Radio Emission from Air Showers	



•  Separation, acceleration of e+, e- in 
geomagnetic field	


–  secondary: charge excess, moving 

dipole	



•  Broadband radio pulse (width ~50 ns)	



•  Emission is coherent up to 100 MHz	


–  RF power scales as (Eprimary)2	



•  Observed by LOPES, CODALEMA, 
MAXIMA detectors	


–  geomagnetic asymmetry verified	


–  larger experiment needed to verify 

details of emission	
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Figure 2.1: Schematic view of motion of charges inside the shower front. The

magnetic field B points out of the paper. The electrons and positrons are

created in pairs and follow curved trajectories between interactions. In the
geosynchrotron approach the emission radiated along these trajectories by all

particles is summed. The motion of charges in the shower front produces a net
current J that is oriented perpendicular to the shower axis. In the transverse

current model the magnitude of this current is evaluated. The radiation field

is then found by taking the time derivative of the current density. Due to the
separation of charges, a dipolar field structure is left behind by the shower.
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Auger Engineering Radio Array	



•  AERA: Auger Engineering 
Radio Array	



•  20 km2 extension to 
southern site (at infill 
array)	



•  Phase I: 25 stations, early 
2010 (total: 150)	
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found to be within a factor of two or better. Presently, the predictions for the radio-detector
array are at this level of precision. Further cross checks on the predicted results have been
made by other means of parameterizations using, e.g., world data on radio measurements.

While we are using RDAS for answering the design questions of the proposed radio detector
array, a task force is integrating the radio software into the Auger Offline framework (see section
7). With this effort it will be possible to simulate and reconstruct all three detector systems,
surface detector, fluorescence detector, and radio detector, within one framework, allowing for
cross checks and combination of complementary shower information.

5 Site layout

It is proposed to set up the radio antenna array at the site of the AMIGA array. The situation
is outlined in Fig. 11. For reference, tank names of the surface array are indicated. The large
hexagon indicates the position of the AMIGA infill array (water-Cherenkov detectors) and the
smaller hexagon represents a possible infill to the infill array. These arrays are located in the
field of view of the HEAT fluorescence telescopes (the latter are just outside the left border of
Fig. 11). In the map the position of the CRS, an abandoned train station, a high voltage power
line, and a fence are indicated.

fence

power lin
e

fence

popo

train
station

CRSHEAT

Figure 11: Layout of the proposed antenna field.

Baseline parameters for the antenna array are about 150 antennas distributed over an area
of approximately 20 km2. It is assumed that the construction will be divided into three stages,
starting with about 22 antennas in a prototype cluster, followed by further 52 antennas, and
finally 85 antennas. In the map, the locations of the antennas are marked as red boxes. Boxes
without border correspond to stage 1, black borders to stage 2, and white borders to stage 3.
To record large event numbers over the whole energy domain (E > 1017.2 eV), the configuration
includes several antenna spacings. Regions with high antenna density should be to the left-hand
side of the area, close to the HEAT fluorescence telescopes.

Different layout scenarios have been investigated and detailed in Ref. [32]. The proposed

27

The Site

• ~20 km2

• ~150 antennas

• operation together with infill/HEAT/AMIGA

• three antenna spacings to cover efficiently 17.2 < lg E < 19.0

• three deployment stages (22 + 52 + 85 antennas)

• CRS: central container for DAQ & workshop; solar power2



Radio Detection Station	



•  Autonomous, solar 
power	



•  LPDA antenna, 30-80 
MHz bandpass	



•  Local digitizer and 
trigger	



•  Multi-station 
coincidence via 
central DAQ	
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AERA Netherlands Activities	
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Self-Triggering	


talk by Stefan Grebe	
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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 originTheory & Simulation	


talk by Krijn de Vries	



Reconstruction	



Digital Electronics	



PV System	





Expected Event Rates	



reconstructed by the radio array if the following requirements are fulfilled:
– at least 10 antennas have a signal bigger than the galactic noise (E > 3 µV/(m MHz))
– at least 3 antennas have a signal bigger than five times the galactic noise (E > 15 µV/(m MHz)).

Showers with zenith angles up to 60◦ have been taken into account. They are assumed
to arrive isotropically. The direction of the magnetic field in Malargüe has been taken into
account. The antenna response has been calculated for energies between 1017 and 1019 eV in
steps of ∆(10lg E) = 0.2. An example of the calculations is depicted in Fig. 12. The area has
been divided into elementary cells (20× 20 m2). For each elementary cell the average detection
efficiency has been calculated. The efficiency multiplied by the cell area gives the effective area.

lg E LOPES CODALEMA Monte-Carlo
[eV] extrapolation extrapolation simulation
17.0 – – 0.19
17.2 – 0.04 0.68
17.4 0.02 0.34 1.5
17.6 0.5 3.2 2.7
17.8 3.0 7.6 4.3
18.0 6.7 11.1 6.1
18.2 9.8 12.3 7.9
18.4 12.9 12.8 9.8
18.6 15.7 13.1 11.4
18.8 18.4 13.2 12.9
19.0 20.7 13.4 14.1

Table 6: Effective areas [km2] as calculated by extrapolations of LOPES and CODALEMA
measurements as well as Monte-Carlo simulations based on the REAS code.
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Figure 13: a: Effective area of the radio array as function of the shower energy according to
extrapolations of LOPES and CODALEMA measurements as well as Monte-Carlo simulations,
based on the REAS2 code. b: Expected number of events per year with zenith angle Θ < 60◦.

The effective area according to the LOPES extrapolations is tabulated in Table 6 and
shown in Fig. 13a. Similar investigations have been carried out based on extrapolations from
the CODALEMA experiment [52]. The efficiencies have also been calculated based on shower
simulations with the REAS code and taking into account experimental conditions (antenna gain,
galactic noise, ...) with the RDAS program [53]. The results of all three efforts are presented in
Table 6 and Fig. 13a for comparison. The different approaches agree well at high energies. The

29
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~5000 events / year with E > 3 x 1017 eV	


~800 events / year with E > 1 x 1018 eV	





AERA Science Program	



•  Detailed calibration of radio signal	


–  self-triggering	


–  coincidences with other Auger components	


–  full understanding of all RF emission mechanisms	



•  Resolution of radio technique	


–  energy and direction	


–  composition via shower maximum, lateral distribution	



•  Composition of ankle region	


–  galactic to extra-galactic transition	


–  super-hybrid measurements	
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AERA Physics	



12

3. UHECR cosmic ray physics with AERA
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Radio will open a new window	


onto cosmic ray physics!	
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Air Shower Detection	



•  Water (or ice) Cherenkov tanks	


–  detect EM shower front on ground	


–  near-100% duty cycle	



•  Fluorescence telescopes	


–  follow Nitrogen fluorescence as 

shower develops	



–  good for calorimetry, measurement 
of shower maximum (particle ID)	



–  duty cycle is ~10%	
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Geomagnetic Origin	



•  Simplification: geomagnetic 
origin implies 	



•  Asymmetry confirmed with 
LOPES, CODALEMA 
experiments	



06.11.2009	

 J. Kelley, NNV Lunteren	

 14	



4

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 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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Composition	



•  Primary composition 
by:	


–  lateral distribution	



–  reconstruction of 
shower front 
curvature	



•  Simulations only at 
this point: need larger 
array, more events!	
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3 The 60◦ zenith angle case

We first discuss the important characteristics of the radio signal for the case
of 60◦ zenith angle. In a first step we shall consider showers of 1019 eV energy
and later show that the results also apply to the energy range from 1018 to
1020 eV.

3.1 Characteristics of lateral profiles

Earlier analyses [7] have shown that the slope of the radio lateral distribution
function is correlated with the depth of the air shower maximum, Xmax, and
consequently contains information on the mass of the primary particle [25].
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Fig. 1. Lateral distribution of the 32–64 MHz filtered peak radio amplitude for
1019 eV showers coming from the south and observers north of the shower core.
Estimates of peak radio amplitudes that would yield a signal-to-noise ratio (SNR)
of 10 for ideal (galactic plus atmospheric), rural and urban noise as given in [26]
are marked. Please note that the SNR scales with the filtered peak radio amplitude
squared.

In Fig. 1, we show the lateral distribution of the 32–64MHz filtered peak
radio amplitude derived for the 90 air showers with fixed energy of 1019 eV.
The lateral distance is given in ground coordinates 1 in the direction defined
by the continuation of the air shower axis (i.e., in this case to the north, as the
showers are coming from the south). Measurements at distances up to one km
should be feasible for ultra-high energy cosmic rays, as the comparison with
continuous noise estimates based on ITU/CCIR measurements taken from [26]
illustrates.

1 We use ground-distances rather than shower-distances throughout this article, as
shower-distances would not remove the intrinsic asymmetries of the radio signal and
ground distances are experimentally relevant in the end.

4

Huege et al. 2008	





Coherence and Imaging	



•  Radiation is coherent 
below ~100 MHz	


–  E field ~ primary energy	



•  Offline beam-forming!	


–  image radio pulse in 5D: ���

space, time, and frequency	



–  angular resolution ~ 1°	
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5.4. EVENT STATISTICS 85

a)

b)

c)

Figure 5.7: Normalised radio pulse height plotted against a) electron number, b)
muon number, and c) primary particle energy. (left: single events; right: binned
data. The error bars on the single events are the statistical errors from sec. 5.3.3)

Horneffer et al. 2006	





Digital Electronics (NIKHEF and RU)	
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GPS receiver	


(timestamping)	

 Cyclone III FPGA (triggering & readout)	



4 channel, 200 MHz	


ADCs	

DC/DC conv.	



(shielded)	



XScale-based PC ���
board (running Linux)	



Ethernet	


(to comms)	



serial interface	
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Self-Triggering	



•  Technological challenge: 
impulsive RFI	



•  Current algorithms focus 
on time-domain analysis	



•  New techniques under 
development:	


–  power detection circuit	



–  periodic veto (e.g. 50 Hz)	



–  wavelet filtering	
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Calibration Techniques (I)	
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Harm Schoorlemmer 11

Measured background



Calibration Techniques (II)	
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station	


(reference)	



station	



beacon	



Phase difference from

CW beacon (2+ freq.)	



O(5 ns) from GPS to	


sub-nanosecond timing	



Also: solar flares, lightning	
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