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Present Detection Methods

Hybrid detection of extensive 
air showers

•lateral distributions on ground 
level

•~100% duty cycle

The Pierre Auger Observatory

•longitudinal shower 
development

•~15 % duty cycle (moonless 
nights)

•light absorption by aerosols

Fluorescence telescopes

Water Cherenkov detectors
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Radio Emission
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! UHECRs produce particle 
showers in atmosphere

Radio Emission in Air Showers

Geo-synchrotron

Earth
B-Field
~0.3 G

coherent
E-Field

shower front

e ± ~50 MeV

! e± emit (mostly) synchrotron 
rad. in geomagnetic field

! Shower front is ~2-3 m thick 
~ wavelength at 100 MHz

! Emissions from all e± (Ne) 
add up coherently

! Radio power grows 
quadratically with Ne

j� = (Q · v)� = Q� · v + Q · v�
two main contributions to signal

synchrotron
radiation

~80%

variation of
total charge

~20%

plus Cerenkov radiation
•coherence
•time variation
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Synchrotron radiation in Geomagnetic Field

•radio emission dominated by geosynchrotron emission
•emission strength depends on angle to Earthʻs B field

α
shower

NorthSouth

Geomagnetic field

East

C. Glaser, ARENA (2012)D. Arduin et al., Astropart. Phys. 31 (2009) 192
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Radio Emission in Air Showers
1st order: geomagnetic emission

• time-varying transverse 
currents

• signal strength 
~ v x B = v B sin(α)

• purely linear polarisation
• E-field vector aligned with

v x B for all oberver 
locations

• emission can be 
„compressed“ by Cherenkov 
effects

T. Huege, K. de Vries
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Radio Emission in Air Showers
2nd order: Askaryan emission
• Askaryan: time-varying charge-

excess
• also occurs for n=1!
• Cherenkov effects „compress“ 

the emission
• not „classical“ Cherenkov 

emission of
a non-varying net charge

• linearly polarized
• E-field vector radially oriented, 

varies with observer location 
relative to core

T. Huege, K. de Vries
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History
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Jodrell Bank 1946

Echos from meteor trails
Radio emission from M31

radio
astronomy

No air showers detected• No luck due to rapid attachment time (ns) of 
free electrons in the lower atmosphere 
(damping factor)

• However did detect echoes from Meteor 
trails: led to major research programmes on 
meteors and radio astronomy

• Large 218 ft telescope pointing to Zenith for 
CR radar – but found meteors and  
discovered radio emission from M31

• Even larger fully steerable telescope built:

-
2 2O Oe+ !

No luck due to rapid attachment time (ns) of free 
electrons in the lower atmosphere (damping factor)
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Blackett’s Field ~1967, Porter MSc

Blackettʼs Field ~1967
Porter MSc

First radio detection of air showers 1965
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Blackett’s Field ~1967, Porter MSc

Blackettʼs Field ~1967
Porter MSc

First radio detection of air showers 1965

Jelley et al Nature 1965,  R. A. Porter MSc Thesis 1967,

Jelley et al Nature 1965
R. A. Porter MSc Thesis 1967
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Haverah Park (Leeds)          Allan 1971

Lateral Distribution

Results Summary

1
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But later results (Baggio 1977, MacDonald and Prescott 1981)
showed:
• Spectrum Flat over 30-100 MHz
•Large fluctuations in field strength (100 %)

– no clear dependence on energy
What’s the story today?
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Radio Detectors

15



Large-scale radio detectors
to measure extensive air showers

0.5 km2

5 km2  (core)
~1800 antennas

20 000 km2

next-
generation 
cosmic-ray 

detector

Auger Engineering Radio Array
AERA

CODALEMA

20 km2

~160 antennas

0.5 km2
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radio antennas

particle detectors

Objectives:
• understand radio 

emission processes

• measure properties 
of cosmic rays
- energy
- mass
- direction
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LOPES
Lofar Prototype Station
30 antennas operating at 
KASCADE-Grande
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Fig. 1. Outline of the LOPES hardware. The signal is picked up by the
antenna, sent via a coaxial cable to the receiver module, digitized and sent to
the memory module. From there it can be read out by the front-end PC and
transmitted to the central data acquisition PC. The clock signals are generated
by the master clock module and, together with the sync-signal, sent to the
slave modules for further distribution.

ray measurements. LOPES is set up at the site of KASCADE-
Grande an existing air shower array.

In this paper the hardware, configuration, calibration, and
the analysis software of LOPES is presented. A more detailed
description of LOPES can be found in [2], details about the
Self Trigger Array LOPES-STAR can be found in [3].

II. EXPERIMENTAL SETUP

A. The Hardware of LOPES

LOPES operates in the frequency range of 40 MHz to
80 MHz. This is a band with relatively little RFI in between
the short-wave- and the FM-band. Additionally this frequency
range is low enough that the emission from air showers is
strong, but not so low that the background emission from the
Galactic plane is too strong.

Although we chose a relatively quiet frequency band
LOPES still has to deal with significant RFI (see fig. 8). But
LOPES must also be able to detect faint radio pulses from
air showers. This leads to two design goals for the hardware.
The first is that the noise added by the hardware should be
less than the background noise from the sky. As the average
sky temperature in our frequency band ranges from 2000 K at
80 MHz to !10000 K at 40 MHz this goal is relatively easy to
meet. The second goal is that the dynamic range of the system
has to be large enough to handle both the RFI and the small
signals, i.e. distortions of the signal caused by the RFI in our
electronics should be also less than the background noise. This
puts a significant restriction on the kind of ADCs we can use,
i.e. we cannot use 8-bit ADCs. The availability of ADCs with
a sufficient dynamic range limited the bandwidth to 40 MHz
and thus prevented us from using the range between 40 MHz
and the short-wave-band.

The outline of the hardware used for LOPES can be seen in
figure 1. It samples the radio frequency signal after minimal
analog treatment without the use of a local oscillator.

1) Antenna: The antennas for LOPES are short dipole
antennas with an “inverted V” shape. One of the LOPES
antennas at the KASCADE-Grande site is shown in figure 2.
The visible parts are commercial PVC pipes holding the active
parts in place, while being transparent to the radiation. The

Fig. 2. One of the LOPES antennas at the KASCADE-Grande site. The
active balun resides inside the container at the top of the antenna. The radiator
consists of cables in two opposing edges of the pyramid. By choosing the
east-west or north-south edges our antenna is sensitive to the east-west resp.
north-south polarized component of the radiation.

Fig. 3. Gain pattern of a single LOPES antenna [4]. The vertical direction
(azimuth = 0! or = 180!) is the direction perpendicular to the dipole, the
horizontal direction is the one parallel to the dipole. The contours (dashed
lines) are at the 50% and 10% levels.

radiator consists of two copper cables extending from the top
down two thirds of two opposing edges of the pyramid. The
PVC exterior of the antenna resides on an aluminum pedestal.
This acts as a ground screen and protects the antenna from
being damaged by lawn mowers.

This geometry determines the antenna pattern of the sin-
gle antenna. The pattern, as obtained from simulations [4],
is shown in figure 3. The half power beam width of the
antenna ranges from ! 85! in the direction parallel to the
dipole (E-plane) to ! 130! in the direction perpendicular to
the dipole (H-plane). The four edges can be used for two
orthogonal linear polarizations of the signal. If one measures
both polarization directions one can do full polarimetry of the
signal.

Inside the container at the top resides the active balun.
Its main functions are balanced to unbalanced conversion,
amplification of the signal and transformation of the antenna
impedance to the 50! impedance of the cable. The amplifier
is a negative feedback amplifier, with a passive feedback net-

digital radio interferometer
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ray measurements. LOPES is set up at the site of KASCADE-
Grande an existing air shower array.

In this paper the hardware, configuration, calibration, and
the analysis software of LOPES is presented. A more detailed
description of LOPES can be found in [2], details about the
Self Trigger Array LOPES-STAR can be found in [3].

II. EXPERIMENTAL SETUP

A. The Hardware of LOPES

LOPES operates in the frequency range of 40 MHz to
80 MHz. This is a band with relatively little RFI in between
the short-wave- and the FM-band. Additionally this frequency
range is low enough that the emission from air showers is
strong, but not so low that the background emission from the
Galactic plane is too strong.

Although we chose a relatively quiet frequency band
LOPES still has to deal with significant RFI (see fig. 8). But
LOPES must also be able to detect faint radio pulses from
air showers. This leads to two design goals for the hardware.
The first is that the noise added by the hardware should be
less than the background noise from the sky. As the average
sky temperature in our frequency band ranges from 2000 K at
80 MHz to !10000 K at 40 MHz this goal is relatively easy to
meet. The second goal is that the dynamic range of the system
has to be large enough to handle both the RFI and the small
signals, i.e. distortions of the signal caused by the RFI in our
electronics should be also less than the background noise. This
puts a significant restriction on the kind of ADCs we can use,
i.e. we cannot use 8-bit ADCs. The availability of ADCs with
a sufficient dynamic range limited the bandwidth to 40 MHz
and thus prevented us from using the range between 40 MHz
and the short-wave-band.

The outline of the hardware used for LOPES can be seen in
figure 1. It samples the radio frequency signal after minimal
analog treatment without the use of a local oscillator.

1) Antenna: The antennas for LOPES are short dipole
antennas with an “inverted V” shape. One of the LOPES
antennas at the KASCADE-Grande site is shown in figure 2.
The visible parts are commercial PVC pipes holding the active
parts in place, while being transparent to the radiation. The

Fig. 2. One of the LOPES antennas at the KASCADE-Grande site. The
active balun resides inside the container at the top of the antenna. The radiator
consists of cables in two opposing edges of the pyramid. By choosing the
east-west or north-south edges our antenna is sensitive to the east-west resp.
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Fig. 3. Gain pattern of a single LOPES antenna [4]. The vertical direction
(azimuth = 0! or = 180!) is the direction perpendicular to the dipole, the
horizontal direction is the one parallel to the dipole. The contours (dashed
lines) are at the 50% and 10% levels.

radiator consists of two copper cables extending from the top
down two thirds of two opposing edges of the pyramid. The
PVC exterior of the antenna resides on an aluminum pedestal.
This acts as a ground screen and protects the antenna from
being damaged by lawn mowers.

This geometry determines the antenna pattern of the sin-
gle antenna. The pattern, as obtained from simulations [4],
is shown in figure 3. The half power beam width of the
antenna ranges from ! 85! in the direction parallel to the
dipole (E-plane) to ! 130! in the direction perpendicular to
the dipole (H-plane). The four edges can be used for two
orthogonal linear polarizations of the signal. If one measures
both polarization directions one can do full polarimetry of the
signal.

Inside the container at the top resides the active balun.
Its main functions are balanced to unbalanced conversion,
amplification of the signal and transformation of the antenna
impedance to the 50! impedance of the cable. The amplifier
is a negative feedback amplifier, with a passive feedback net-

digital radio interferometer

5 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

LOPES started in 2003 as 
 LOFAR prototype station 

Proof-of-principle for air-shower detection 
with digital radio interferometry 

Now LOPES 3D using tripole antennas 
  see poster by D. Huber (LOPES Coll.) 

Data used in this talk from 2005-2009 

LOPES history 

shower detection 

Now LOPES 3D using tripole antennas 
(LOPES Coll.) 
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17 core stations
17 remote stations
+ international stations

Station Layout

each (dutch) station:
  96 low-band antennas                   30-  80 MHz
  high-band antennas (2x24 tiles) 120-240 MHz

low band high band

low band high ban
d

www.lofar.org

85 m

130 m
LOFAR Opening
12th June 2010
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Tautenburg (DE)

LOFAR stations across 
Europe

Chilbolton (UK) Potsdam (DE)

Unterweilenbach (DE)

Nançay (FR)

Jülich (DE)

Effelsberg (DE)

Onsala (SE)
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Dense core 
in NL

18 stations
~ 5 km2
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LOFAR Radboud Air Shower Array - LORA

20 scintillator units
(~1 m2 each)
read out by 
wavelength shifter 
bar and PMT
in LOFAR core

             provide 

- properties of EAS 
- and trigger
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Digital beam forming

Solar burst observed with LOPES

IBM Blue Gene Supercomputer
23



M87

M84

A1552

NGC4568

Virgo A 

de Gasperin et al.
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Auger Engineering Radio Array
AERA
Objective:
• measure radio emission from EAS in frequency range 30 MHz - 80 MHz
• ~20 km2 array with ~160 antennas
•  operation together with infill/HEAT/AMIGA
•  three antenna spacings to cover efficiently 17.2 < lg E/eV < 19.0
•  measure composition of cosmic rays in energy region of   

 transition from galactic to extragalactic cosmic rays

fence

power line

fence

ppo
train

station

CRSHEAT
road

BATATA

1 23 4 56 7 8 910 11 1213 1415 16 1718 192021 22
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2000
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0 1000 2000 3000 4000 5000 6000 7000

antenna

communication
presently fiber
later wireless

electronics

GPS

solar panel

pre-amplifier
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Deployment of Stations Sept 2010
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Auger Engineering Radio Array
AERA      24 stations installed and taking data

+ 100 stations (Nov 12- Mar 13)
+   30 stations 2013
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Anna Nelles, ARENA 2012, Erlangen

Air shower properties: shower front

16

Ability of LOFAR to 
measure shape of 
shower front

LOFAR can resolve 
2 ns 
(no additional phase 
calibration)

Simulated spherical 
shower front for 
measured air shower 
signals

Differences in time 
with respect to plane 
wave are resolvable

Deviations from plane wave

A.Corstanje

high antenna density:
precission measurements 
of radio emission
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Auger Engineering Radio Array
AERA complementary techniques to observe 

air showers:
cross calibration between techniques

shower properties: energy, mass, direction
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Air shower measured in
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Air shower measured in
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Calibration & Data Analysis
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Fig. 7. Total electronic gain (amplification factor) of the 30 LOPES antennas,
from the measurements with an external reference source. The different colors
and line styles are used to distinguish the three antenna clusters. (Taken from
[5])

as is accounted for by our measurements of the gain of the
electronic parts.

2) Electronic Gain: We measured the gain of all electronic
parts together by suspending a calibrated reference transmitter
above the antennas and recording the data from the ADC. With
the information about the reference transmitter, its distance to
the antenna and the antenna gain we can calculate the power
received from the transmitter for every frequency. By compar-
ing this to the power measured by the ADC we can determine
the amplification of the electronics: Vele = PADC/Prec The
process is described in detail in [5], the results for all antennas
can be seen in figure 7.

3) Antenna Gain: The gain of an antenna G(!,") in a
given direction (!,") is defined as the ratio of the power
transmitted or received in that direction to the power an
isotropic radiator would radiate in/receive from that direction:
G(!,") = P(!,")/Piso

This antenna gain has been calculated from electromagnetic
simulations of the geometry of the antenna [4], and the re-
sulting antenna pattern can be seen in figure 3. Measurements
at LOPES with the reference transmitter [5], and at LOFAR-
ITS, which uses a similar hardware [6], have shown that these
simulations are generally quite reliable. Deviations are mostly
at higher zenith angles, for zenith angles less than 50! the
error is less than 10%.

4) Calculating the Field Strength: The power picked up
by the antenna is proportional to the square of the electric
field strength3 If the bandwidth of the signal is larger than
the bandwidth of the receiver, one measures only parts of
the signal, so the measured values depend on the receiver
bandwidth and may depend on the receiver frequency. To get
values that are better comparable between experiments with
different bandwidth, one can divide the measured peak field
strength by the effective receiver bandwidth.

Together with the results from the previous sections one
can calculate the field strength per unit bandwidth from the
measured ADC values:

!# =
|E|
!#

=
1

!#

!
4$#2µ0

G(!,")c

1
Vele

U2
ADC

RADC
(1)

3Full calculations can be found in [2].

Here !# (= 33/31 MHz) is the bandwidth, # (=
59.5/58.5 MHz) is the observing frequency, G(!,") is
the (direction dependent) gain of the antenna, Vele is the
(frequency dependent) gain of the electronics, UADC is the
voltage measured by the ADC, and RADC(= 50") is the
input impedance of the ADC, that was used when calculating
the correction values (In brackets the values for LOPES10 and
LOPES30). As the same antenna gain values are used here
as for the reference measurements, any error of the simulated
antenna gain is canceled out at least for the direction of the
reference measurements. One also has to keep in mind, that
the field strength calculated that way is just the field strength
in the polarization direction of the antenna.

IV. ANALYZING AIR SHOWER EVENTS

The goal of the processing of air shower events is to
reconstruct the radio field strength of the pulse emitted by
the air shower. Processing of air shower events proceeds in
the following steps:

1) Correlation between LOPES and KASCADE-Grande
2) Selection of interesting events
3) Fourier transforming the data to the frequency domain
4) Correction of instrumental delays from the TV-

transmitter
5) Frequency dependent gain correction
6) Suppression of narrow band RFI
7) Flagging of antennas with high noise
8) Correction of trigger delay
9) Beam forming in the direction of the air shower

10) Quantification of peak parameters
11) Optimizing the direction
12) Identification of good events

A. Correlation between LOPES and KASCADE-Grande

The KASCADE-Grande data is routinely analyzed with
the KASCADE-Grande air shower reconstruction program. A
selection that contains all events that satisfy the conditions for
the large event trigger for LOPES is written into a special
file. The data from these files is then merged with a list of all
LOPES events from the same span of time. This results in a list
with air shower parameters reconstructed from KASCADE-
Grande data and the filename of the corresponding LOPES
events.

B. Event selection

This off-line correlation is done for all events. The next
steps (steps 3–11) are done in an automatic pipeline. As this
pipeline takes a few minutes per event only selected events are
processed. These events are selected by KASCADE-Grande
data according to the goals of the analysis.

C. Fourier Transform

Fourier transforming a finite time series generates leakage,
in which power is shifted from one frequency bin to neigh-
boring bins. To reduce leakage the time domain data is scaled
with a modified Hanning window, that is flat in the center. This
has the advantage of reducing the leakage while not changing
the central part of our data with the pulse from the air shower.
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Fig. 6. The skymap (azimuth relativ to the zenith angle which is
less than 50 degrees) of the East-West selected events which are
mostly coming from North. The color code represent the Cross-
Correlation-Beam of the recorded pulse heights (pulse height >1.5
µVolt/m/MHz); the values are decreasing from the bottom to top.
The large cubic points represent the highest recorded pulse heights.

Fig. 7. The skymap (same as Fig.6) of the selected North-South
events which are coming from East and West. The color code repre-
sent the CrossCorrelation-Beam of the recorded pulse heights (pulse
height >1.5 µVolt/m/MHz). The large cubic points represent the
highest recorded pulse heights.

on the position of the observer relative to the incoming
shower direction.

4. Summary and Outlook

LOPES is performing polarization measurements which
allows a much more detailed analysis of the radio events,
than with East-West polarization measurements only. The

array is absolute amplitude calibrated in order to estimate
the electric field strength of the short radio pulse (of some
tens of nanoseconds) generated by the cosmic ray air show-
ers in the Atmosphere. With the help of these two features,
now we can fully compare our measurements with Monte
Carlo simulations.

As next steps in the analysis, we will consider:

a. The normalization of the pulse height using di!erent
iteration steps based on air shower parameters, like pri-
mary energy, geomagnetic angle, muon number, etc.

b. The reconstruction of the original signal by up-sampling
(interpolation between the sampling points) per single
antenna [1].

c. The reconstraction of the polarization vector, e.g. per
dual-polarized antenna, to draw the path to the com-
parison with simulations.

Having fully understood the radio signals generated
by air showers, including polarization characteristics, we
open a new window in measuring the most energetic par-
ticles coming from the Universe. Therefore, we improve
and optimize the hardware for large scale application
in ultra high energy cosmic ray experimets, like Pierre
Auger Observatoy and LOFAR.
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Geosynchrotron component

E-W polarization N-S polarization

strongest events

arrival direction of cosmic rays (sky map)

magnetic field
inclination:  64° 36ʻ
declination:   1° 22ʻ  

P.G. Isar et al., Nucl. Instr. & Meth. A 604(2009) S81

v x B effect
synchrotron radiation dominates signal
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LOPES: direction of shower

13 20 June 2012, ARENA, Erlangen   LOPES Overview  
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Wavefront assumption for beamforming 

Beamforming with spherical or conical wavefront 
 

ground ground 

spherical wavefront conical wavefront 

F. Schröder, ARENA (2012)
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Direction reconstruction LOPES: direction of shower

13 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Wavefront assumption for beamforming 

Beamforming with spherical or conical wavefront 
 

ground ground 

spherical wavefront conical wavefront 

F. Schröder, ARENA (2012)
49



Energy

50



16 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Energy with CC amplitude, KASCADE 

)m180/exp(
)(

dBv
aE

EW

westeastbeamCC

 LOPES today: 
data from 2005-2009 
improved many details 
on analysis 

geomagnetic correction 
axis distance correction 
no zenith correction! 
(would increase spread) 

with interferometry, 
each point = one event 

16 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Energy with CC amplitude, KASCADE 

)m180/exp(
)(

dBv
aE

EW

westeastbeamCC

 LOPES today: 
data from 2005-2009 
improved many details 
on analysis 

geomagnetic correction 
axis distance correction 
no zenith correction! 
(would increase spread) 

with interferometry, 
each point = one event 

LOPES: energy correlation with 

KASCADE

17 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Energy with CC amplitude, Grande 

)m180/exp(
)(

dBv
bE

EW

westeastbeamCC

 LOPES today: 
data from 2005-2009 
improved many details 
on analysis 

geomagnetic correction 
axis distance correction 
no zenith correction! 
(would increase spread) 

b / a   

with interferometry, 
each point = one event 

17 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Energy with CC amplitude, Grande 

)m180/exp(
)(

dBv
bE

EW

westeastbeamCC

 LOPES today: 
data from 2005-2009 
improved many details 
on analysis 

geomagnetic correction 
axis distance correction 
no zenith correction! 
(would increase spread) 

b / a   

with interferometry, 
each point = one event 

KASCADE-Grande

17 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

Energy with CC amplitude, Grande 

)m180/exp(
)(

dBv
bE

EW

westeastbeamCC

 LOPES today: 
data from 2005-2009 
improved many details 
on analysis 

geomagnetic correction 
axis distance correction 
no zenith correction! 
(would increase spread) 

b / a   

with interferometry, 
each point = one event 

F. Schröder, ARENA (2012)
51



LOPES: energy correlation 
with KASCADE and KASCADE-Grande
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LOPES energy precision (CC beam) 

 LOPES precision comparable to KASCADE-Grande (20 %), 
but additional systematic and scale uncertainties unknown 

F. Schröder, ARENA (2012)
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AERA: direction of E field vector 
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AERA: direction of E field vector 
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C. Glaser, ARENA (2012)

AERA: measured vs. expected values
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Lateral Distribution and Xmax

T. Huege et al., Astropart. Phys. 30 (2008) 96
20 20 June 2012, ARENA, Erlangen   LOPES Overview  
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Theoretical prediction 

T. Huege, et. al., 
2008, Astropp. 30, 96 

 see also talk 
by N. Palmieri 

REAS 2 
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LOPES: mass sensitivity
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sufficient as approximation for most LOPES events 
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PRD 85 (2012) 071101(R) 

Significant correlation observed 
First experimental proof that radio is sensitive to longitudinal 
shower development (direct sensitivity to geometrical distance) 

Sensitivity to geometrical distance implies Xmax sensitivity 

significance of correlation: 
3.7 

59 events: 
after corr. for 
axis distance 
+ zenith angle 
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F.G. Schröder et al., ICRC (2011) #313
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Xmax via conical radio wavefront fit
Shower geometry by KASCADE-Grande 
LOPES pulse arrival times relative to plane wave 
Cone angle from fit 

cone angle 
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LOPES: Shape of Shower Front
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Xmax reconstruction with cone angle 

Xmax proportional to  after correction for zenith angle 
precision: ~30 g/cm!  for REAS3 simulations without noise 
precision: ~200 g/cm! for LOPES measurements 

LOPES, 
ICRC 2011 
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