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1. Balck body radiation

The intensity of the Sun peaks in the optical range at a frequency of about !0 =
3.4 · 1014 Hz. What is the temperature of the Sun T!? Use the Wien displacement
law
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Assume all power is emitted at the frequency !0. How many photons per m2 arrive
at the Earth when the Sun is directly overhead? Calculate the power received on
Earth per m2, i.e. the solar constant.

Hints: The solar radius is R! = 6.95 · 108 m, 1 AU = 1.49 · 1011 m, and the Stefan
Boltzmann constant is " = 5.67 · 10"8 W/(m2 K4).

2. Antenna characteristics

Suppose your television set needs 1 µW of power at the input for good reception. The
transmitter radiates 100 kW in all azimuthal directions within an angle ±10# about
the horizontal direction and is located 100 m above the ground. Ignore reflections
and assume that the Earth is perfectly flat. Calculate the e!ective area, Ae that
your TV antenna must have if you live 60 km from the transmitter.

3. Faraday rotation

A 100% linearly polarized interstellar source is 10 kpc away. The average electron
density in the direction of this source is 0.01 cm"3. The magnetic field along the
line-of-sight direction, B$ is 3 µG. What is the change in the angle of polarization
at 500 MHz and at 20 GHz?

Hint:
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4. Saturn

The planet Saturn is observed at the distance of the closest approach, a distance
of 8.98 AU. 1 AU = 1.49 · 1013 cm. The radius of Saturn is 60000 km. What is
the full angular width of Satrun # in arc seconds? Suppose the measured brightness
temperature of Saturn at 5.0 cm wavelength in a telescope beam of $ = 1.0% is
TMB = 5.0 K. What is the actual surface brightness temperature of Saturn TSatrun?

See reverse side!
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~ 90% hydrogen nuclei (protons)
~   9% helium nuclei (alpha particles)
~   1% heavy nuclei

Cosmic rays

flux ~ 1000 particles per 
square meter and second



Interactions of high-energy particles

Energy is converted to mass
Generation of elementary particles

E=m*c2
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Electromagnetic Showers B. Rossi 1933
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Extensive Air Showers
Proton 1015 eV:
on ground
1000000 particles
 80% photons
 18% electrons/positrons
1.7% muons
0.3% hadrons
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J. Matthews, Astrop. Phys. 22 (2005) 387 

A Heitler Model – Electromagnetic Cascades

pair production γ  e++e-

bremsstrahlung e  e+γ

radiation length X0=36.7 g/cm2

splitting length d=X0 ln2

E = E 0 / N Ee
c = 85 MeVcritical energy energy per particle 

nc =
ln

!
E0
Ee

c

"

ln 2
Nmax = 2nc =

E0

Ee
c

number of particles at shower maximum

N = 2n = exp
!

x

X0

"
x = nX0 ln 2after n splitting lengths: and

JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Electromagnetic Cascades

depth of shower maximum

X !
max = nc X 0 ln 2 = X 0 ln

!
E 0

E e
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number of electrons at shower maximum

Nmax
e =
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gEe
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! 9.0 · 105 E0
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JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Hadronic Cascades

interaction length λiπ-air~120 g/cm2

„critical energy“ Ecπ~20 GeV

hadronic interaction π+A  π0 + π+ + π-

π  hadronic interaction
 decay

in each interaction 3/2Nch particles:        Nch π+- and ½ Nch π0       Nch ~ 10 

N! = (Nch)n E! =
E0!

3
2Nch

"nafter n interactions

nc =
lnE0/E!

c

ln 3
2Nch

= 0.85 lg
!

E0

E!
c

"
after nc interactions Eπ=Ecπ:

superposition model
particle (E0,A)  A proton showers with energy E0/A

JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Nµ and Ne
Number of muons at shower maximum
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Number of electrons at shower maximum

JRH, Mod. Phys. Lett. A 22 (2007) 1533
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A Heitler Model – Xmax
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elongation rate
e/m shower
proton shower

estimator for mass A of primary particle
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multiplicity of charged particles produced in π-N interactions η=0.13

JRH, Mod. Phys. Lett. A 22 (2007) 1533



geo-synchrotron radiation
T. Huege, H. Falcke, A&A 412 (2003) 19  
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Measurements of Radio Emission in Extensive Air 
Showers with the LOPES Experiment



LOPES
Lofar Prototype Station

e+ e-

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-

LOPES

digital radio interferometer



LOPES Hardware

•short dipole
•beamwidth 
80°-120° (parallel/
perpendicular to 
dipole)

•direct sampling 
with minimal 
analog parts: 
amplifier, filter, 
AD-converter

•sampling with 80 
MS/s in 2nd 
Nyquist domain

•PC133 type 
memory

•depth: up to 6.1 
s/channel

•pre- and post-
trigger capability

•generates & 
distributes 
clock

•accepts & 
distributes 
trigger

LOFAR low-band 
antenna

receiver module memory buffer clock & trigger 
board
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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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LOPES Data Processing

1.Instrumental delay correction 
(TV transmitter or beacon)

2.Frequency dependent gain 
correction

3.Filtering of narrow band 
interference

4.Flagging of bad antennas
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LOPES Data Processing

5.Beam forming in direction of 
air shower

a) b)

c) d)

Fig. 8. a) Section of the unfiltered data. The different colors show traces
from different antennas. b) Gain calibrated power spectrum of one antenna
with a block-size of 65536 samples. The red/dark spikes sticking out from
the noise floor are narrow band RFI. In green the spectrum after filtering.
c) Filtered data, after filtering with a block-size of 65536 samples. A coherent
pulse at !1.78 µs is clearly visible. d) Filtered data, but with a block-size of
128 samples (i.e. 4 times the plotted data). In contrast to c) the coherent pulse
is not easily visible.

D. Delay and Gain Correction

The algorithm used for the determination of instrumental
delays is described in section III-A2. The delay corrections
obtained this way are added to the other delays and applied
during the beam forming process.

The gain calibration values from section III-B2 are multi-
plied to the data. In this step the frequencies outside our band
are multiplied by a smaller number, thus effectively removing
them.

E. Suppression of Narrow Band RFI

Narrow band RFI occupies only few channels in frequency
space, while a short time pulse is spread over all frequency
channels. So by flagging the channels with RFI one can greatly
reduce the background without affecting the air shower pulse
much. Figure 8 illustrates the effect of this. Panel a) shows a
section of unfiltered data with traces for all antennas. Panel b)
shows the power spectrum of one antenna before and after
the filtering. After filtering the RFI lines stay in the region
of the noise. Panel c) shows the time domain data after the
filtering. A coherent pulse at !1.78µs is clearly visible (i.e.
all the traces fall onto each other). Panel d) shows the effect
of insufficient frequency resolution. Less frequency resolution
has two effects. The first is that with each filtered line a greater
portion of the radio pulse is cut away. The second is that RFI
is more prone to be hidden in the noise and thus not filtered.
In this example the second effect is dominant, the amplitude
of the signals is only a little lower than in the unfiltered data.

F. Flagging of Antennas

Antennas are flagged and not used if:
• They have an unusual amount of noise, i.e. their peak

value is significantly larger than those of the other anten-
nas.

Source

Antenna 1

B

C

Antenna 2

Center

A

Fig. 9. Geometry within the plane containing the source point and antennas 1
and 2. A radio pulse from the source point first arrives at antenna 2 and later
at antenna 1.

• They have an extremely small signal, e.g. because they
were not connected.

• They are standing next to the muon tracking detector and
the shower core falls on top it. In this case lots of particles
penetrate the shielding of the detector and the detector
generates a large amount of RFI.

• The antenna is manually deselected.

G. Beam Forming

The essence of beam forming is to add the signals from dif-
ferent antennas in order to achieve sensitivity to one direction.
This direction is determined by time shifts of the signals from
the antennas. As an example figure 9 shows the geometry of
the source and two antennas. A pulse originating at the source
will first arrive at antenna 2 and then at antenna 1. To have
the pulse at the same position in both datasets the dataset
of antenna 1 has to be shifted in relation to the one from
antenna 2 by the delay that corresponds to the distance from
antenna 1 to point A. If both datasets are then added up, the
pulse will be enhanced in the resulting data, while a pulse
from another direction will be smeared out. We choose the
reference position for the calculation of the geometric delays
so that the radio pulse is always at about the same array index
in our time series.

The geometrical delays and the delay corrections are added
to give the final delays. The shift itself is done by multiplying a
phase gradient to the frequency space data before transforming
it back to the time domain. From the shifted data we calculate
several so called beams, that combine the data in different
ways:

• The data from all antennas is added pixel by pixel, but
then normalized by the number of antennas to have values
comparable to a single antenna.

f [t] =
1
N

F [t] =
1
N

N!

i=1

si[t] (2)

Where F [t] is the unnormalized field strength of the
formed beam, f [t] is the normalized field strength, N the
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Position of shower in sky

H. Falcke et al., Nature 435 (2005) 313

Proof of principle
LOPES-10

1.EAS properties (KASCADE)
2.radio signal analysis (cc beam)
3.sky map

•E ~1017 eV
•shower axis inside antenna field
•signal is coherent



3D Image of Air Shower Measured with LOPES
5 dimensional image cube:
•3D space
•frequency
•time



Correlation between radio signal and 
air shower parameters

.. angle with respect to 
geomagnetic field

.. number of muons,
i.e. primary energy

.. distance to shower 
axis

E. Bettini, diploma thesis, U Karlsruhe, 2006

!est = (11± 1)((1.16± 0.025)! cos ") cos # exp
!

!R

236± 81 m

" !
Ep

1017 eV

"0.95±0.04 #
µV

m MHz

$

A. Horneffer et al., 30th ICRC 4 (2008) 83

α   geomagnetic angle
θ    zenith angle
r    distance to shower axis
E0  energy of primary particle



Shower reconstruction with radio data

A. Nigl et al., A&A 487 (2008) 781

Reconstructed direction on sky

KASCADE LOPES

direction offset σ   = 1.3°+/-0.8°
  KASCADE       σΘ  < 0.2°
  LOPES             σΘ ~ 1.2°

enhanced electric 
fields 
(thunderstorms)

events with high 
signal-to-noise 

ratio



Air shower detection during thunderstorms
high electric fields

S. Buitink et al., 30th ICRC 4 (2008) 161

CONEX
simulation

LOPES measured

S. Buitink et al., A&A 467 (2007) 385



A. Nigl et al.: CR electric field spectrum with LOPES, Online Material p 2

Fig. 14. Single event cosmic-ray electric field spectra determined on six LOPES example events. Each plot includes a spectrum determined on
the cc-beam (circles) for 12 sub-bands, a spectrum determined on the f-beam (squares) by FFT of 32 time-samples around the radio pulse, and
a noise spectrum determined by FFT on 50 blocks of 32 samples o!set from the pulse (squares in the middle of each plot). The spectra of the
cosmic-ray air shower radio pulse are fitted with an exponential, visible as a straight line in these log-linear plots (cc-beam: dash-dotted & f-beam:
dash-dot-dot). In addition, the simulated data of an inclined shower (dotted) and a vertical shower (dashed) are plotted. For more details see the
second to last paragraph of Sect. 5.1.

Frequency Spectra of Radio Emission in Air Showers

A. Nigl et al., A&A 488 (2008) 807

Simulations CORSIKA/REAS
(Huege et al. 2007)
β = -0.012 α = -0.7

average spectrum

!! = K · ""

!! = K · exp("/MHz/#)

individual events
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Fig. 5. Lateral distributions reconstructed from single antenna signals, shown for
two individual showers. The left panel shows the same event as used for figure 2
and the right panel as used for figure 3.

ter R0 describes the lateral slope and !0 the extrapolated field strength at the
shower axis at observation level. The number of antennas used for the deter-
mination of the two fit parameters can change from event to event, because
an antenna can be flagged if the signal is disturbed by too high noise or by a
technical malfunction at the time of the event. Flagged antennas are not used
in the analysis of the corresponding event.

Examples of events including the resulting lateral field strength function are
shown in figure 5. The error bars of the individual values in x- and y-direction
are from the field strength and distance estimation, respectively. The dis-
played showers are typical for almost all 110 investigated events in which the
distribution could be described by an exponential decay function.

3.2 Unusual Lateral Profiles

For roughly 20% of the events lateral distributions were found which do not
show a defined exponential decay. Four of these special distributions are shown
in figure 6.

The shower displayed top left shows apparently an exponential decay as others
do, but there appears a flattening for small distances. Maybe, a fit of two
exponential functions with a break at ! 140 m could better describe the lateral
profile. There are about 15 events that exhibit such a slope change to a flatter
lateral distribution close to the shower axis.

Also, for the shower in the top right panel a slope change at a distance of
about 90 m can be seen. In addition, this particular shower shows a lateral
distribution that is very flat for the distance range up to 90 m.

The even more extreme case of a flat lateral distribution is shown in the
bottom left panel of figure 6. Over the whole distance range that could be
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LOPES-30: Lateral Distribution Revisited

S. Nels, PhD thesis U Karlsruhe (2008)
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Fig. 6. Four lateral distributions with unusual shapes. Discussion see text.

measured, there is almost no decay in field strength. It should be remarked
that field strengths above 5 µV/m/MHz are at a level that the ambient noise
background cannot a!ect the measurement. For a statistically reliable analysis
too few of such flat lateral profiles have been measured so far. Nevertheless,
instrumental e!ects can be excluded as explanation of such shapes, which
makes them even more astonishing. In addition, these few events show no
significant correlation with any other shower parameter.

The event displayed in the bottom right panel of figure 6 is not included in the
final selection, because the cosmic particle arrived with ! = 53! at a too large
inclination angle. The KASCADE-Grande reconstruction led to a shower core
found in the center of the Grande array, i.e. all antennas are located in the
north-east of the shower core and are relatively distant. An incredibly high
primary energy is reconstructed, and a strong clear coherent radio pulse is
seen in all antennas. A few more high-energy and inclined events were found,
but those were without such a strange lateral distribution of the radio signal.
No reason could be found to explain the splitting in two parts of the field
strength for this particular event. Neither could antennas be distinguished
by their geometric location in the shower coordinate system nor were there
strange environmental conditions, like a thunderstorm.

12

but also „interesting“ events

dr
af

t
scale parameter    R0

  [m] 
0 200 400 600 800 1000 1200

nu
m

be
r o

f e
ve

nt
s 

0

5

10

15

20

25

30

35

Fig. 7. Distribution of the scale parameter R0. There are four events set to
R0 = 1300m whose actual R0 values are higher, i.e. these are very flat events.

3.3 The Scale Parameter R0

The scale parameter R0 describes the slope of the lateral distribution. Most of
the showers have a scale parameter smaller than 250 m (figure 7). There are
some showers with extremely large scale parameter, R0 > 1300m, that are set
in the plots to R0 = 1300m. The distribution peaks at a scale parameter of
R0 ! 125 m, but due to the ! 10% of very flat showers the mean value is in
the order of R0 = 250 m for the complete sample.

For a more detailed study of the lateral distributions the properties of the
scale parameter and possible correlations with EAS parameters have to be
investigated. In case of the LOPES experiment this can be done easily, as the
shower parameters are obtained from the KASCADE-Grande measurements.
For example, the shower arrival direction could play a role for the obtained
shape of the lateral distribution. In order to test this, the scale parameter
is correlated with the geomagnetic angle ! (using an (1 " cos !)-functional
dependence 8 ), the azimuth angle ", and the zenith angle # (figure 8). Neither
a correlation is found between the geomagnetic angle and R0 nor between the
azimuth angle and R0.

The situation is di!erent when the scale parameter is correlated with the zenith
angle of the incoming primary cosmic ray (lower left panel of figure 8). Here a
tendency to larger scale parameters is seen for inclined events. Expectations
from simulations [15] that very inclined showers generally exhibit a larger scale

8 Using the cc-beam, LOPES has found that this functional form describes best the
correlation of the field strength with the geomagnetic field; at least for the east-west
polarization component [14].
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Fig. 8. Relations of the scale parameter R0 with geomagnetic, azimuth, and zenith
angle of the showers as well as with the mean distance of the antennas to the shower
axes. The error bars show the uncertainty obtained by the fit with the exponential
function.

parameter can not be directly proven, as the cut for the zenith angle larger
than 44! inhibits any further conclusions at the moment.

A very interesting feature is seen, when the scale parameter is analysed with
respect to the corresponding mean distance to the shower axis of all partic-
ipating antennas in an individual event (figure 8, bottom right panel). It is
obvious that the lateral profile gets flatter when we measure closer to the
shower center. In particular, all the very flat events have a mean distance be-
low R0 ! 100 m. This is connected with the fact that we see showers which
flatten to the shower core discussed in the previous section. But as not all
events show such a flattening (even events with comparable shower param-
eters and shower geometry) the reason is still unclear and requires further
investigations with larger statistics.

In addition, a comparison of the scale parameter with the guessed primary
energy (figure 9, left panel) was performed, where no correlation could be
observed. This was also the case (not shown here) when the correlation of R0

with the lateral scale parameter 9 of the particle component of the EAS was
investigated.

9 The so-called ’age’ of the extensive air shower, which is reconstructed by using
the particle density measurements of KASCADE-Grande.
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Polarization Measurements

G. Isar et al., 30th ICRC 5 (2008) 1093 P.G. Isar et al., NIMA (2009)
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pulse height for the North-South components vs. the pulse height of
the East-West components. The error bars include the uncertainties
of the calibraion procedure [1].

tion, because the air shower geometry is the same for
both polarization directions. We investigated the ratio of
the pulse height (the North-South pulse height versus the
East-West pulse height) for correlations of the un-modified
(un-normalized) pulse height to shower parameters (e.g.,
geomagnetic angle, muon number, primary energy) per
individual polarization component. As example of correla-
tions of the pulse height ratio, see fig.5.

During the analysis of the polarization measurements,
we notice that the polarization is directly related to the
shower azimuth for a given zenith angle. By generating a
sky-map based on zenith relative to the azimuth angle of
the selected events per polarization components indepen-
dently, we conclude the following:
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Fig. 5. Correlation between the un-modofied pulse heights ratio
(North-South pulse height vs. East-West pulse heigth) with the ge-
omagnetic angle (top) and azimuth angle (bottom). One clearly see
the good correlation with the geomagnetic angle which confirm an
emission mechanism related to the geomagnetic field, as well as the
azimuth dependence of the pulse height ratio (e.g., ratio > 0, ra-
dio pulse recorded mostly in the N-S component of the polarization
direction; ratio < 0: E-W component dominat).

a. For the East-West selection (events with coherent signal
in the East-West polarization direction only), the high-
est radio pulse heights are for the showers coming from
North; see fig.6.

b. For the North-South selection (events with coherent sig-
nal in the North-South polarization direction only), the
highest radio pulse heights are for the showers coming
from West and East; see fig.7.

c. For the dual-polarization selection (events with coherent
signal in both, East-West and North-South polarization
directions), we use the pulse heights ratio, the ratio
between the North-South pulse height versus the East-
West pulse height; the highest pulse heights ratio are for
the showers coming from South. Within the correlation
of this ratio with the azimuth angle, we confirm the
theoretical prediction: the recorded signal per individ-
ual polarization component is related to the incoming
shower direction e.g., N-S polarization component is
dominat for showers coming from East and Weast, and
the E-W polarization component is dominat for showers
coming mostly from North.(See fig.5).

Monte Carlo simulations [4] of air shower radio emission
predict a highly linearly polarized signal, usually present
in both polarization components, East-West and North-
South, as well as the dependence of the recorded signal
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N-S
E-W

geomagnetic angle

azimuth angle

emission mechanism related 
to Earthʻs magnetic field

geo-synchrotron radiation



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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Polarization Measurements
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arrival direction of cosmic rays (sky map)
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inclination:  64° 36ʻ
declination:   1° 22ʻ  
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Radio Self Trigger - LOPESSTAR

Logarithmic Periodic 
Dipole Antenna (LPDA)

Short Loaded Beverage 
Antenna (SLBA)

•development and optimization of 
antenna design for application at Auger
•development of self trigger system on 
FPGA basis



Radio Self Trigger - LOPESSTAR

•development and optimization of 
antenna design for application at Auger
•development of self trigger system on 
FPGA basis30.05.2008 H. Gemmeke, ARENA 2008 13

Schematic of Trigger in the FPGA

Suppression of radio frequency interferences (RFI)

Suppression of noise and transients by

FPGA&CPU
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the next steps ... 
Radio Detection of Air Showers with LOFAR



� Cosmology (Groningen)
� Epoch of Reionization

� All-Sky Surveys (Leiden)
� Star forming galaxies, AGN, Clusters, etc.

� Transient detection (Amsterdam)
� Everything that bursts and varies

� Cosmic Rays (Nijmegen)
� Measurement of extensive air showers
� Cosmic rays & neutrinos impacting the moon

� Cosmic Magnetism (Bonn)
� Strength and distribution of weak intergalactic magnetic fields.

� The Sun (Potsdam)
� Space weather and solar flares

LOFAR key science projects
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Location of LOFAR
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each (dutch) station:
  96 low-band antennae                   30-  80 MHz



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



No noise

For various primaries

and energies 
>1017 eV

CORSIKA + REAS2
simulations

Xmax measurements with radio technique

Lafebre et al. (2008)



Huege et al. (in preparation)

Shower-to-Shower 
fluctuations are <5%.

Number of particles at shower maximum Nmax
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0.6 µs
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LOFAR Air Shower Array - LASA
20 scintillator stations (~1 m2 each)
read out by wavelength shifter bar and PMT
in LOFAR core
           provide basic information on EAS
           and trigger

~300 m



Ultra-high energy (super GZK) neutrino detection
 Ultra-high energy particle 

showers hitting the moon 
produce radio Cherenkov 
emission (Zas, Alvarez-Muniz, 
Gorham, …).

 This provides the largest and 
cleanest particle detector 
available for direct detections 
at the very highest energies.

 In the forward direction 
(Cherenkov cone) the 
maximum of the emission is in 
the GHz range.

 However at lower frequencies 
the radio emission is much 
more isotropic and count 
rates are higher.
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radio signal from 
neutrinos hitting the moon

Detectability of super-GZK cosmic rays 
and neutrinos hitting the moon

1022



LOFAR
A new experiment to record radio emission from air showers

Fall 2008:        roll-out of first stations
Spring 2009:   first 20 stations in field
End 2009:        36 stations + international stations

in parallel:
prototype studies of radio detection at Auger South
goal: 10 km2 antennae array in 2009

LOFAR       and    Auger radio         are complementary
high density                     large area
                                          good EAS info





20. May 2007    E ~ 1019 eV

A measured shower
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Figure 7: Layout of configuration 4.
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Figure 8: Layout of configuration 5.

inferred from Fig. 6. At energies around 1 · 1018 eV the e  ciency is similar to array 2. Since antennas
have been relocated to the core, at highest energies the e  ciency for array 4 is slightly smaller as for
array 2 (almost not visible in Fig. 6).

The e  ciencies for arrays 3 and 4 at 4 ·1018 eV are compared to each other in Fig. 5. The e  ciency
for array 3 is less homogeneous due to the larger and inhomogeneous antenna spacing. However, the
total e  ective area is slightly larger for configuration 3. This illustrates that the optimization is non
trivial, a homogeneous acceptance not necessarily guarantees the largest detection area at a given
energy.

To check a possible high-energy extension of array 4, configuration 5 has been introduced, see Fig. 8.
In the right-hand area the antennas are spaced at low density to fill the available area. The e  ciencies
for configurations 4 and 5 are shown in Fig. 9 for the highest energies investigated (1019 eV). As can
be recognized, no showers are reconstructed in the area of low antenna density. Since the total number
of antennas has been kept constant with respect to array 4, the total e  ective area of configuration 4
is slightly bigger, see Fig. 9. This indicates that in the energy range of interest the large antenna
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the next steps ... 
Radio Detection at the Pierre Auger Observatory

20 km2 radio array in preparation

Cosmic-Ray Event measured at Auger site

Explore possibility to 
instrument large area 
--> Super Auger-North

Antennas installed at Auger 
site in Malargue
first signals detected

MAXIMA
station



•radio detection of EAS 
progressing well to become 
independent and established 
technique to register EAS

•radio detection of EAS 
pioneered with LOPES

•understanding of 
emission mechanisms 
under way

•next speps: 
LOFAR
Pierre Auger Observatory

Summary


