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• Two main contributions to signal:

Radio emission from air showers

Actual emission seems far more complicated:

• Time varying currents

• Cherenkov effects

• Transition radiation, .........

• Shower disc is ~ (2-3)m thick

• e- & e+ produce (mostly) synchrotron 
radiation in geo-magnetic field

• This corresponds to a wavelength of ~ 
100 MHz radiation

• Coherence effect expected at 
frequencies below ~100 MHz

∝No. of e+-

B~0.3G~50 MeV

Synchrotron 
radiation (~80%)

Total charge
variation (~20%)



CODALEMA, France 
LOPES, Germany 

24 antennas (0.5 km2) 30 antennas (0.5 km2)

LOFAR, Netherlands+ 

2000+ antennas (core)
~5 km2

Air shower radio measurements: 
Recent experiments

Argentina 20 antennas (1 km2)

Tunka-Rex, Siberia 
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An ideal instrument to probe 
complex radio properties of air 
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• An astronomical radio telescope in the 
Netherlands and  its neighboring countries

• 33 Dutch + 8 International stations

• Replaced big dishes by many cheap dipole 
antennas

• 24 stations in a dense core of (2x3) km2 
in the Netherlands

• Each station consists of 96 low band + 48 
high band antennas

• Low band: (10-80) MHz and High band: 
(100-240) MHz

• For air shower measurents: Only core 
stations ~ 2000+ low band antennas

LOFAR:  The LOw Frequency ARray
(2013, A&A accepted, arXiv: 1305.3550)
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• An astronomical radio telescope in the 
Netherlands and  its neighboring countries

• 33 Dutch + 8 International stations

• Replaced big dishes by many cheap dipole 
antennas

• 24 stations in a dense core of ~5 km2 in 
the Netherlands

• Each station consists of 96 low band + 48 
high band antennas

• Low band: (10-80) MHz and High band: 
(100-240) MHz

• For air shower measurements: Only core 
stations ~ 2000+ low band antennas

300m

Superterp: center of LOFAR

LOFAR:  The LOw Frequency ARray
(2013, A&A accepted, arXiv: 1305.3550)
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LOFAR: Phased Array Detectors
• It can point to different directions in the sky at one time
• Also, useful for cosmic-ray measurements

Big dishesLOFAR
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• Purpose is to provide:

• CR trigger to LOFAR

• Air shower parameters

• 20 scintillation detectors

• Detector spacings ~ 50-100 m

• Energy range > 1016 eV

• Energy resolution ~30%

• Core position accuracy <5m

• Arrival direction accuracy <1o 

LORA: LOFAR Radboud air shower Array

LORA

LOFAR
Core

LOFAR



LORA
*Online processing
*Determine shower parameters
*Overall processing time ~ (100+30) ms

*For bright events (>1016 eV):
Send trigger to LOFAR

* Trigger rate ~ 1/hr

CR event

LOFAR
(Data stored in a 
memory ring buffer 
for 1.3 s)

*Dump radio data

Cosmic-ray observation

*LOFAR started taking data in June 2011
*Regular observation started early 2012
*Collected ~400 good quality events



A measured cosmic-ray event

LORA directional estimate LOFAR antennas
LORA detectors

Size denotes signal strength
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Signal at one station Beamformed signal 

Lateral distribution

A measured cosmic-ray event
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More events

P. Schellart, A. Nelles



Measured distribution of events 

• All events triggered by LORA

• 367 events fully reconstructed

• North-South asymmetry: (vxB) effect

Energy distribution

Arrival direction distribution

P. Schellart, A. Nelles

4x1016 eV



On-going works
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Figure 2: Normalized REAS3 lateral distribution function

for the events in the first ∆θ, simulated once as proton
(black), once as iron (gray). The point are fitted with eq.1

The so-called flat region (dflat), mainly the distance from

the shower axis at which the detected electric field in the

antenna (εflat) does not depend on the primary particle type,
is identified. At dflat the εflat normalized by the primary
energy and direction of the shower is expected to be almost

the same for all the events and the LDFs to intersect in one

point. In this analysis the flat region is identified where the

relative spread of all the LDF fits is at the minimum and

this occurs at around 60±5 m for the first zenith bin. The
flat regions for all zenith angle ranges are listed in Table 1,

suggesting that the slope-method can be easily applied to

the LOPES data, since they are predicted inside the LOPES

array. Anyway it should be stressed that the value for the

dflat depends both on the observing frequency and the alti-

tude of the experiment [6], so it is a LOPES-specific value.

From the simulations one expects the charge excess contri-

bution to the radio emission to strongly depend on the az-

imuthal observer position with respect to the shower core

[1, 3]. Since REAS3 includes this contribution and, more-

over, the simple one-dimensional-exponential fitting func-

tion (eq.1) is used, one could expect a high value even for

the minimum dispersion of the LDFs fit. This is actually

quite small, around 6-8% in the complete zenith range (Ta-

ble 1), and it is the uncertainty on the electric field mostly

due to the shower-to-shower fluctuations.

On the contrary the steep region is another distance from
the shower axis, where the electric field (εsteep) brings also
the information about the primary mass. For the LOPES

setup the εsteep is chosen to be at 170 m far from the dflat.
The εflat/εsteep ratio of each event can be used as indicator
of the radio LDF slope.

4 Xmax reconstruction for simulations and

LOPES data

To verify the correlation between the radio LDF slope and

the primary composition, the εflat/εsteep ratio of each event
is compared with the corresponding Xmax from the COR-

SIKA simulation. This will be here referred to as the true

∆θ dflat [m] Rflat [m] RMSmin%
0.◦-19.4◦ 60 ≤ 64 6.0

19.4◦-26.8◦ 70 ≤ 67 6.2

26.8◦-32◦ 70 ≤ 83 6.4

32◦-36.2◦ 90 ≤ 111 7.6

36.2◦-40◦ 90 ≤ 117 8.0

Table 1: Distance of the flat region and RMS of the elec-
tric field values at dflat. R is the distance from the shower

core, in the ground based coordinate system, while d is the

equivalent value in the shower plain coordinate system.
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Figure 3: Correlation between the true CORSIKA Xmax

and the radio simulated LDF slope, for proton (blue) and

iron (red) simulated primaries.

value for the air shower Xmax. The error on εflat/εsteep
comes from the Gaussian error propagation of the uncer-

tainties on the LDF-fit parameter R0 and on the dflat. For

the events in the first zenith angle bin this correlation is

shown in fig.3 and the points are fitted with function

Xmax = a

[
ln

(
b
εflat
εsteep

)]c
(2)

as in [6]; this nice behavior is similarly seen for all the other

zenith bins. The dispersion of the points around the fit of

fig.3 is calculated and the RMS spread of its distribution

is circa 29 g/cm2 (fig.4), which can be referred to as the

uncertainty of the slope-method in reconstructing Xmax. In

the whole zenith angle range, a maximum uncertainty of 40

g/cm2 is found for the most inclined showers.

One has to point out that the proton simulated events

(points), which have larger values for Xmax,true and for

εflat/εsteep, have also larger values for the εflat/εsteep er-
rors. This implies that the larger weight to the fit comes

from the iron-initiated showers (squares), which fluctuate

much less.

The Xmax,REAS3 reconstructed with the slope-method for

the proton and iron REAS3-simulated showers, i.e. the val-

ues of the fit in fig.3, are shown in fig.5.

Eq. 2 can be directly applied to reconstruct the experimen-

tal Xmax,LOPES for the LOPES data. The parameters a, b,
and c, in the formula applied, are the same obtained from

Vol. 3, 62
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Xmax measurements

PROTON IRON

100m 200m 100m200m

Steep
Flat

* Radio lateral distribution is sensitive to Xmax

* Mainly due to geometrical effect
* Protons penetrate deeper into the 
atmosphere
* Deeper Xmax=> Steeper distribution

Palmieri (LOPES), ICRC 2011
IRON

PROTON
PROTON

IRON

REAS3.0 REAS3.0



Xmax measurements

S.Buitink, in preparation
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Residuals with respect to plane wave

 Shower front studies

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

A.Corstanje



Understanding the emission components 

*Unfolding the antenna pattern to get 
xyz polarization of the signal

P. Schellart



Timing measurement

Octocopter

In-situ gain & timing measurements

M. Krause, A.Corstanje

Gain measurements
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Timeline and goal

Since the simulation will have a large impact 
on decisions in the data analysis, possibly 
even at trigger level, I plan to finish that in 
the first 1.5 years. In the same period, the 
first observation runs with LOFAR will be 
used to study the background and solve 
technical issues. The second half of the 
three-year period consist of performing 
observations and data analysis. Fig. 2 shows 
the expected sensitivity for a total of seven 
days of effective observation time. This 
sensitivity is  an order of magnitude below 
the current upper limit and for the first time 
probes beyond the Waxman-Bahcall flux  
estimate  [18] at such high energies. The 
purple band is a model-independent GZK 
neutrino flux prediction [2]. The solid green 
line represents the neutrino emission from 
the decay of topological defects [19]. LOFAR 
will be able to constrain several such top-
down (TD) models.

2a.3 Embedding

In recent years I have collaborated with many groups involved with radio detection of 
particle cascades. I did my PhD at the  Radboud University Nijmegen, working on 
modelling of radio emission from air showers for LOFAR. I analysed data for LOPES, the 
LOFAR prototype station at the Forschungzentrum Karlsruhe. Many techniques, such as 
the suppression of interference from  TV stations, are relevant for the proposed research. 
I did the data analysis for the first phase of the  NuMoon experiment at the WSRT, in 
collaboration with the KVI and Astron. 
 Presently, I am a postdoctoral fellow at the Lawrence Berkeley National 
Laboratory working on optical Cherenkov neutrino detection with IceCube. I am  also 
involved with ARIANNA, a  proposed array of radio antennas aiming to detect neutrinos in 
the Ross Ice Shelf on Antarctica. This experiment shares many aspects with NuMoon, 
such as the complications of radio propagation through the medium, including reflection 
and refraction. My ties with IceCube and ARIANNA will ensure  a fruitful exchange 
between complimentary experiments. For example, the simulation part of my research 
will be applicable directly to ARIANNA.
 I plan to  start my veni research in the fall of 2011, at which time the LOFAR core 
stations are  operational. I will join the KVI group of NuMoon PI Olaf Scholten, in close 
collaboration with Nijmegen and Astron. 
 I have build up expertise in neutrino/CR astronomy and transient radio detection 
with LOFAR, LOPES, WSRT, IceCube and ARIANNA. A veni grant would give me the 
opportunity to expand on that background and become a  leading expert in the  physics 
involved with radio detection of neutrinos and CRs. The demand for such expertise is 
evident from the growing number of leading experiments that embrace the technique, 
such as the Pierre  Auger Observatory, ANITA and the LORD satellite [20]. The experience 
gained in this  research is also invaluable for LOFARs successor, the Square  Kilometer 
Array [21].

Vernieuwingsimpuls

Innovational Research Incentives Scheme 
Grant application form 2011 

Please refer to Explanatory Notes when completing this form               Veni scheme

Fig. 2 Expected sensitivity of one week of LOFAR 
observations.
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the case of a cosmic ray induced shower inside a
dielectric the concept of a formation zone does
not apply. This situation is very different from
that for the opposite geometry, an effectively infi-
nite electron beam in vacuum inducing Cherenkov
emission in a dielectric [28,29]. The essence of the
difference lies in the fact that for particle showers
in a medium the track length is necessarily fi-
nite. As a result Cherenkov and bremsstrahlung
emission cannot really be distinguished, as was
already noted in Refs. [30,31].
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Figure 3. [color online] The currently estab-
lished cosmic-ray flux limit from WSRT obser-
vations [15] (thick red drawn line) is compared
to the flux determined by the Pierre Auger Ob-
servatory [32] (data points with error bars) and
a simple polynomial expansion (black line, see
text). Also the prospective flux sensitivities are
indicated that can be obtained with LOFAR [21]
and SKA [33] observations.

Using the absence of a formation length for ra-
diation emitted by a shower in a dense material

we have calculated the detection probability for
observing radio emission from cosmic-ray impacts
on the lunar surface [27] and extracted, using the
results of the WSRT observations [15], the limit
on the flux of cosmic rays shown in Fig. 3. It
is well above what could be expected based on
the observations made by the Pierre Auger Ob-
servatory [32], indicated by the thick line corre-
sponding to a polynomial expansion E−4.3 as
advocated in Ref. [32] where the grey band corre-
sponds to an uncertainty in the exponent of 0.8.
On the other hand one may also compare the -so
called- model-independent differential flux limit
extracted from Ref. [32], given as the thin-dotted
straight line in Fig. 3, with the present limit.
This shows that the WSRT observations set a flux
limit that is considerably lower than the one from
Ref. [32] albeit at much higher energies.
Observations with LOFAR [21] have a much

larger sensitivity for pulse detection, resulting
in the correspondingly lower energy thresholds
shown in Fig. 3. At the SKA [33] a much larger
band width is offered which allows for observa-
tions in different frequency windows. At lower
frequencies (100-300MHz band, SKA-l in Fig. 3)
one is sensitive to a smaller flux while at inter-
mediate frequencies (300-500MHz band, SKA-m)
one is sensitive to cosmic-rays of lower energy.
The increased sensitivity will make this method
sensitive to cosmic ray energies of the order of
1020 eV where, due to the large collecting area,
competitive measurements are possible.
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tion, since the radiation at higher frequencies is emitted close
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4 Conclusion

We have derived a limit on the UHE neutrino flux using
WSRT observations of the Moon. Unprecedented sensitiv-
ity could be reached because the observation frequency is
much lower than other lunar Cherenkov experiments. With
the increased sensitivity of next-generation radio arrays like
LOFAR and SKA, lunar radio observations can potentially
become an important tool in neutrino astrophysics.
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Summary

• LOFAR, with its high density antennas, is an ideal instrument to measure complex 
radio properties of air showers 

• Since June 2011, LOFAR has measured ~370 good quality cosmic-ray events

• Current studies mainly focus on:

• Detailed comparison with simulations

• Xmax estimation

• Understanding emission mechanisms 

• Shape of the shower front 

• In near future, LOFAR will give us a detailed understanding of radio emission from 
air showers

Thank you for your attention


