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Measurement of the particle type with LOFAR
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Radio Emission in Air Showers

n Mainly: Charge separation in 
geomagnetic field

Theory predicts additional 
mechanisms:

n excess of electrons in shower:
charge excess

n superposition of emission due to 
Cherenkov effects in atmosphere
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band

antennas, projected onto the shower plane. Each arrow represents the electric field measured by one

antenna. The direction of the arrow is defined by the polarization angle ψ with the ê�v× �B axis and

its length is proportional to the degree of polarization p. The shower axis is located at the origin

(indicated by the black dot). The median uncertainty on the angle of polarization is 4◦ and the value

for each antenna is indicated by the grey arrows in the background. Except for a few antennas in

the lower left station they are mostly small, indicating that the pattern is not the result of a random

fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly

be seen for two measured air showers.
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location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly

be seen for two measured air showers.
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Charge excess fraction

geomagnetic Askaryan

Table 1. Charge-excess fraction as a function of the distance from the shower axis for three different
zenith angle bins.

Charge-excess fraction (a)
r� θ = [0◦, 20◦) θ = [20◦, 40◦) θ = [40◦, 60◦)

0− 50m (8.15± 1.59)% (6.87± 0.68)% (3.47± 0.79)%
50− 100m (13.71± 0.47)% (11.15± 0.25)% (5.84± 0.43)%
100− 150m (16.91± 0.66)% (12.80± 0.21)% (9.93± 0.46)%
150− 200m (18.74± 0.57)% (14.89± 0.24)% (10.76± 0.49)%
200− 250m (20.80± 0.98)% (15.66± 0.35)% (10.44± 0.54)%

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three different
zenith angle bins.

obtained, and listed in table ??, still depend on the event set used due to shower-to-shower
fluctuations.

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for
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Large-scale radio detectors
to measure extensive air showers
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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

S. Thoudam et al., Nuclear Instruments and Methods A 767 (2014) 329
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A measured air shower
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zenith angle 31°
336 antennas
χ2 / ndf = 1.02

LBA 10-90 MHz
Simulations & Measurements
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HBA 110-240 MHz

Relativistic time compression gives a Cherenkov ring

Simulations & Measurements
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Three sources - one goal: calibration of LOFAR
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Figure 11. Gain factor of the antenna as a function of the zenith angle of the incoming signal at 60 MHz.
The black points show the measured data averaged over several frequency scans. The red line indicates the
predicted gain of the antenna model.

4.1 Frequency behavior

Figure 10 shows a number of frequency dependent gain measurements for two different zenith
angle bins together with the average expectations given by the antenna model. The strongest signals
are measured at the resonance of the system near 61 MHz. The figure also shows that the antenna
sensitivity is only slightly reduced with increasing zenith angle.

Comparing the antenna model in detail with the measurements, it has to be noted that the
simulated resonance frequency does not fully match the measured position. Foremost, outside of
the central band of 30−80 MHz the quality of the match is significantly worse. This is partly
expected due to the missing modeling of the filters on the RCU. As those filters are also selectable
and the frequency region is currently not used for air shower measurements, these mismatches are
not considered for this analysis. Inside the central region the differences observed in the shape of
the distributions are less severe, however, significant. Both issues give an indication that the sim-
plified model of the antenna and the electronics chain that is used for the modeling for the antenna
system might not be fully sufficient. A renewed simulation of the LOFAR antennas is foreseen
in the future. This will involve a lot more complexity in modeling the individual components and
requires a significant effort. For now and given the complexity involved, the current antenna model
is kept and second order corrections to this model will be derived as part of this analysis.

Furthermore, it should be noted that the calibration measurement is also only a snapshot of one
day. In the complete cosmic-ray data-set currently on disk, it can be observed that the resonance
frequency shows small shifts in the order of up to 1 MHz. It has been argued that the loop in the
terminating wires of the LBA, as well as the ground plate can accumulate water droplets. This can
act as an additional impedance and change the antenna behavior. It has, for example, been observed
directly that the resonance frequency shifts about 0.5 MHz to lower frequencies after particularly
heavy rain. These effects will always have to be considered as additional uncertainties.
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Figure 5. Schematic drawing of the experimental set-up with the flying source calibration in a closed loop.
The grey half circle denotes the path of the transmitting antenna. The angle θ highlights the zenith angle of
the transmitting antenna with respect to the LBA. The black dashed-dotted line indicates the cable connection
between the LBA and the amplifier used for the calibration of the network analyser.

For the measurement, a Rohde & Schwarz FSH4 vector network analyzer with two ports was
used, where one port was attached to a bias tee that supplied the receiving antenna with 6 V DC. The
other cable was directly connected to the LNA of the LBA and the received signal was measured
with the vector network analyzer. Via the second port a signal was sent through the cable to
the transmitting antenna attached to the drone. This signal was amplified (25 dB) in order to be
significantly stronger than the background noise.

In order to calibrate the network analyzer, the footpoints of both antennas were connected di-
rectly. This was done only once before the actual measurements, and is represented by the dashed-
dotted line in Figure 5. Thereby, losses due to the electronics of the calibration set-up and additional
group delay caused by the cables are directly taken into account during measurements. The vector
network analyzer has a systematic uncertainty on the gain of 0.6 dB.

For the actual measurements, the transmitting antenna has been located above the LBA with
the help of an octocopter drone, with the antenna mounted below the steering electronics. A view
of the octocopter drone with the antenna mount and transmitting antenna is shown on the left in
Figure 6. The drone had been programmed in such a way that it flew to several pre-defined points at
a certain distance to the LBA [28]. The position of the drone was measured via a differential GPS,
which enables a precise measurement of better than 30 cm of easting, northing and height above
ground every 0.5 s. The maximum height achieved in the campaign was 52 m above ground. The
rotation of the drone with respect to its yaw, pitch and roll axis has been measured and corrected
for, which allows us to use the same coordinate system for both antennas. A detailed description
of the octocopter drone including the electronic set-up can be found in [28].
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Figure 10. Several gain spectra as measured with an LBA in combination with the spectrum analyzer
attached to the octocopter drone. The spectra are shown for two zenith angle bins (θ < 10◦ in black and
40◦ < θ < 50◦ in gray) for the complete LBA band of 10−95 MHz. The lines indicate the gain values
of the antenna model for the corresponding zenith angles of 5◦ (blue solid line) and 45◦ (red dashed line).
Additional filtering outside of the band of 30−80 MHz is not taken into account in the current model and
indicated by the shaded regions.

system, as it is used in the flying source calibration, both can be translated into each other [30]. The
full LOFAR antenna system, however, includes an intentional mismatch to broaden the bandwidth.

The Friis Transmission Equation connects a transmitting antenna, which sends a signal, with
a receiving antenna detecting this signal [31] in the far-field and is used to determine the gain of an
antenna. Taking into account the effective area of the antenna, the power at the receiving antenna,
Pr can be determined by

Pr(ν) =
�

λ
4πr

�2

Gr(ν ,θ ,φ) Gt(ν ,θ ,φ) Pt(ν) |âr · ât |2, (4.2)

where Gr and Gt describe the gain of the receiving and transmitting antenna, respectively. The
last factor |âr · ât |2 accounts for any possible mismatch between the polarization of the impinging
wave and the polarization properties of the receiving device. If both antenna devices match in
polarization and reflection, it holds |âr · ât |2 = 1. If the two antennas are aligned, the gain of the
transmitter Gt is only frequency-dependent. If then Gt of the transmitting antenna is known, the Gr

can be easily calculated in units of decibel

Gr,dB(ν ,θ ,φ) = 20log10 (4πr)−20log10 λ +Pr,dB −Pt,dB −Gt,dB(ν). (4.3)

This equation does not include influences from ground conditions or reflections on nearby antennas.
Based on these equations and the flexible positioning of the octocopter, the directional and

frequency dependent behavior of the antenna model can be tested.
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Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30−80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.

– 10 –

Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.

5.1.1 Calibration curve

The frequency-dependent calibration factor X(ν) signifies the translation between the expected
power Pe(ν) in physical units and the measured power Pm(ν) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (ν)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(ν), so that
for X(ν)

X(ν)2 ≡ Pe(ν)
Pm(ν)

(5.1)

=
1
Z0

|V (ν)|2

|F (ν)|2 =
1
Z0

|�E(ν) · �H(ν)|2

|F (ν)|2 (5.2)

In the case of the reference source calibration, �E(ν ,θ = 0,φ = 0) is the electromagnetic field
emitted by the source, the amplitude of which is obtained from the manufacturer [32]. �H(ν) cor-
responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JXθ component of �H(ν) contributes. Note that X(ν)2 is proportional to power, so that X(ν) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ∼3 kHz in the 1−100 MHz range. The bandwidth is clipped to
30−80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.
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Figure 15. Integrated median uncalibrated power, as a function of the Local Sidereal Time, for the 50 - 60
MHz sub-band. Also shown is the predicted received power in both dipoles (dashed red lines), before (left)
and after (right) applying electronic noise corrections.

system is sky noise dominated and did not focus on providing an uncertainty. Thus, our data are
used to directly determine the most probable fraction of sky noise.

Different noise offsets have been applied to the predictions for the alactic emission in order
to find the best overlap between expected and measured powers. The most probable offsets due to
the electronic noise have been found using a least-squares fit. The data was binned in LST-bins of
about 15 minutes. With the current complete data-set every bin then contains the noise background
of an average 34 air showers per antenna. As the electronic noise is frequency-dependent, offsets
need to be determined in frequency sub-bands. Here, sub-bands of 10 MHz (i.e. ranging [30 - 39,
40 - 49, . . . , 70 - 79] MHz) were chosen. The reduced χ2 was calculated for every combination
of electronic noise offset per frequency band and the simulations of the Galaxy with respect to
the binned data. The best fitting voltage offset for each frequency sub-band was determined by
minimizing χ2 = χ2

min. The uncertainties per sub-band correspond to noise corrections at the point
where χ2 = χ2

min +1.
With these values, a measure for Tsky/Tsys can be constructed per sub-band ν0 as

Tν0, sky

Tν0, sys
=

Tν0, sky

(
V 2

ν0 , noise

J2
30 − 80, mean

)+Tν0, sky

. (5.11)

Here the temperature Tν0, sky in a certain sub-band ν0 is determined as the average sub-band voltage
divided by the average VEL amplitude in each sub-band. The electronic noise offset per band is
divided by the average value of the VEL in the full 30 - 80 MHz range for normalization. Resulting
values are depicted in Figure 16. Values are comparable to what has been established earlier [10].
The largest discrepancy is near the resonance frequency, which is most easily affected by using a
slightly different antenna model. As the uncertainties on the astronomical method can no longer be
obtained, no significance of this discrepancy can be given.

The variation of both measured spectral power and predicted power before and after noise
corrections are shown in Figure 15, for the 50−60 MHz sub-band, where LOFAR is most sensitive
due to the resonance frequency of the dipole. The figure shows that the predicted curves match
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Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30−80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.
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Figure 17. Calibration factor X for the measured amplitude as function of the frequency across the LOFAR

band derived from the calibration based on the diffuse Galactic emission. The dark region denotes the

statistical uncertainties of the method, while the lighter region illustrates the systematic uncertainties on the

absolute scale.

use of different models yields a difference of 5%. The scaling uncertainties in temperature result

in uncertainties on X(ν) of 9% and 2%, respectively.

The statistical uncertainties contain several aspects. Per data sample, they contain all used

dipoles (up to a maximum of 96), as well as data collected over the course of several years. There-

fore, all occurring weather circumstances (ranging from sub-zero up to 35
◦
C, from dry conditions

to rain or snow) are included in the spread of the calibration curve. Measured statistical fluctua-

tions have a standard deviation of up to 5% over the full frequency range. Fluctuations are of the

same order when analyzing all events for any single antenna, so that it can be concluded that this

is mostly dominated by environmental circumstances rather than fluctuations between antennas.

An overview of all different contributing uncertainties can be found in Table 2. The total

uncertainties sum up to

σX(ν)

X(ν)
=±1% (antenna-by-antenna)±5% (event-by-event) ± 38% (calibration). (5.12)

More details about this analysis can be found in [33].

5.3 Comparison of calibration methods

Apart from a test for self-consistency of the two methods to calibrate the full signal-chain, the

consistency with other experiments is studied. The latter is especially relevant for studies of cosmic

ray properties and the corresponding energy scale.

5.3.1 Comparison of Galactic and reference source calibration

Both calibration methods result in frequency-dependent calibration factors with a very similar be-

havior as a function of frequency (Figure 18). The two curves yield near-identical results below

– 22 –

8 kpc

galaxy

40-50 MHz

LFmap 60 MHz

14



Three methods - one goal: calibration of LOFAR

Uncertainty (σ ) Value [%]
Antenna-by-antenna Variations between antennas 1

Total 1

Event-by-event Environmental 5
Total 5

Calibration Choice of sky model 2
Absolute scaling of model 9
Relative scaling of model 5
Electronic noise 37
Total 38

Table 2. Summary of the uncertainties on the calibration curve in amplitude that have to be considered for
the calibration on the diffuse emission from the Galaxy.

Figure 18. Calibration factors X as function of frequency across the LOFAR band for Galactic and reference
source calibration. Both calibration curves contain statistical uncertainties of the method in the dark region,
with systematic uncertainties illustrated by the lighter region (dashed for Galactic, filled for terrestrial).

60 MHz, and only above this frequency slight deviations are visible. Here, it is interesting to note
that the shape of the two curves also deviate. This can probably be attributed to the fact that the
two methods use different types of signals. While the reference source calibration exploits signals
of several order of magnitude above the noise level, the Galactic calibration relies on the noise
level itself. The LBA is due to its size most sensitive to the resonance frequency, meaning that for
higher frequencies the antenna becomes too long (inductive) and its impedance is no longer small
with respect to the LNA. Thus, the gain of the LNA decreases and the contributions of the noise
budget accumulated in the coax cables and the several amplification stages becomes relevant. This,

– 23 –
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ID 86129434

zenith 31 deg
336 antennas
!2 / ndf = 1.02

• Full sample:
50 showers

• 200 - 450 antennas/event

• Fit qualities range from
0.9 - 2.6

• Radiation mechanism 
finally completely 
understood!

Reconstruction of the depth of the shower maximum (Xmax)
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122 Chapter 7. Application of the parameterization to LOFAR data
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter

A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with

results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière

radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full

Monte Carlo values, can now also help exploring the correlation of the full data-set. The best

fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on

the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate

of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution

results from varying the data 300 times within their uncertainties and calculating the remain-

ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is

especially interesting that there is a cluster at lower energies where the signal seems to be

overestimated. This might be caused by an inaccurate treatment of the noise for small pulses

or a threshold effect and has to be investigated further. Two fits to the distribution are shown.

One to the full distribution and one excluding the tail of the distribution. According to both

fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the

magnetic field α and the distance to the shower maximum, mostly represented by the zenith

angle. In future studies, it should be investigated whether subdividing the set into bins of

zenith angles, can improve the prediction quality. For this more than 50 air showers or a more

sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower

is one of the major open questions. In principle, the expected amplitude everywhere in the

pattern should scale linearly with the energy of the incoming particle due to the coherence of

Energy of air shower

Figure 4: Interpolated pattern of the simulated total power for two different air showers in the shower plane. On the left a

shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.

Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power

from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in

the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is

however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured

at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an

exponential fall-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.

P (x
�
, y

�
) = A+ · exp

�
−[(x� −X+)

2
+ (y� − Y+)

2
]

σ2
+

�
−A− · exp

�
−[(x� −X−)

2
+ (y� − Y−)

2
]

σ2
−

�
+O (2)

Here, P is the total power of the integrated radio signal, x�, y� are the spatial coordinates, centered around

the position of the shower axis in the plane spanned by the vectors �v × �B and �v × �v × �B. This function has

nine free parameters that need to be fitted. Those are the location parameters X+, X−, Y+, Y−, the width

parameters σ+,σ−, the offset parameter O and the two scaling parameters A+ and A−, which are positive

and it holds A+ > A−. This means that the parameterization is made up of two Gaussians, which are shifted

with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,

it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a

standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one

single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here

(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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7.5. Reconstruction of the distance to the shower maximum 129
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the σ+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for σ+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(θ) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of σ+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

σ+ = −54.3 + 0.438 ·D(Xmax)− 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · σ+ + 0.0080 · σ2
+ (7.16)

Using relation 7.16 that connects σ+ and Xmax one can derive the Xmax-resolution by
using σ+ as an indicator. In order to do so, the values of σ+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

Particle type/mass
distance to Xmax

Figure 4: Interpolated pattern of the simulated total power for two different air showers in the shower plane. On the left a

shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.

Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power

from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in

the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is

however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured

at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an

exponential fall-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x�, y� are the spatial coordinates, centered around

the position of the shower axis in the plane spanned by the vectors �v × �B and �v × �v × �B. This function has

nine free parameters that need to be fitted. Those are the location parameters X+, X−, Y+, Y−, the width

parameters σ+,σ−, the offset parameter O and the two scaling parameters A+ and A−, which are positive

and it holds A+ > A−. This means that the parameterization is made up of two Gaussians, which are shifted

with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,

it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a

standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one

single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here

(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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ID 86129434

zenith 31 deg
336 antennas
!2 / ndf = 1.02

• Full sample:
50 showers

• 200 - 450 antennas/event

• Fit qualities range from
0.9 - 2.6

• Radiation mechanism 
finally completely 
understood!

Full simulation of radio emission in air 
showers
Fit simultaneously to radio and particle 
measurements
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ring structure of the LOFAR stations. From the shower in
the top row, it is clear that the position where the radio
power reaches its maximum can be far from the shower
axis (in this case ∼150 m). As explained in Sec. III A,
this is due to the interference between geomagnetic and

charge excess radiation, and Cherenkov-like propagation
effects.
The fits displayed in Fig. 5 correspond to the simulation

that yielded the lowest χ2. The reduced χ2 values for all 40
simulations that are performed per detected shower are

FIG. 5 (color online). Two-dimensional radio air-shower reconstructions. The measured power for three different showers
(top, middle, and bottom) is fitted to a simulated radio map (left panels). The one-dimensional lateral distribution functions
(right panels) are not single-valued functions of distance to the shower axis.

S. BUITINK et al. PHYSICAL REVIEW D 90, 082003 (2014)

082003-6

plotted in Fig. 6 as a function of the slanted atmospheric
depth of the shower maximum Xmax. While Xmax is not the
only shower parameter that is different between simulations
because of shower-to-shower fluctuations, it is clearly the
parameter that most strongly determines the quality of
the fit. However, smaller effects due to other variations in
the shower development introduce a “jitter.” It is therefore
not expected that the data points in Fig. 6 lie on a
completely smooth curve.
The blue circles represent proton simulations, and the

magenta squares stand for iron simulations. Proton showers
on average penetrate deeper into the atmosphere than iron
showers and have larger shower-to-shower fluctuations.
Indeed, the proton showers cover a larger range of higher
Xmax values than the iron showers. Interestingly, in the
region of overlap, the data points of the different primaries
follow the same curve, at least within the uncertainty of the
above-mentioned jitter. We therefore conclude that showers
with the same Xmax produce a very similar radiation pattern
regardless of the mass of the cosmic-ray primary.
We fit a parabola to the data points within a 200 g=cm2

range centered around the best-fitting simulation and regard
its extremum as the reconstructed value for Xmax. The
uncertainty on this reconstructed value is determined with a
Monte Carlo study (see the next section) and is different
for each shower. It is tempting to derive the uncertainty
from the width of the fitted parabola. However, this is only
possible if the data points really follow a smooth curve.
The jitter on the χ2 values introduced by shower-to-shower
fluctuations affects the shape of the parabola and therefore
renders it impossible to use the width of the parabola to find
the uncertainty.

C. Uncertainty on Xmax

For each measured shower, the uncertainty on the
reconstructed value for Xmax is found by applying the
following procedure to the set of simulated showers. First,
one simulation is singled out, and “fake” data are produced
by evaluating the radio map at the position of each LOFAR
antenna and adding Gaussian noise of the same level as
found in the original data. For the position of each LORA
particle detector, the total deposited energy as simulated
with GEANT4 is determined, and again appropriate noise
is added to the signal. Then, the remaining 39 simulated
showers are fitted to the fake data set using the same fitting
procedure as described in Sec. IV. This yields a value Xreco
that can be compared to the actual Xreal of the simulated
shower. Finally, the procedure is repeated for all 40
simulated showers (each time taking care that the simu-
lation that is used to produce the fake data set is excluded
from the set of simulations that is used for reconstruction).
Figure 7 shows the distribution of the jXreco − Xrealj for

the 40 simulations corresponding to one particular shower.
We define the 1σ uncertainty as the value of jXreco − Xrealj
that contains 68% of the histogram. The uncertainty that is

FIG. 6 (color online). Reduced χ2 as a function of Xmax for the
same three showers as Fig. 5. The proton simulations (blue
circles) and iron simulations (magenta squares) lie on the same
curve, at least within the scatter. A parabola (red line) is fitted to
the data points near the minimum to reconstruct Xmax. The insets
zoom in on this region.
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Reconstruction of the depth of the shower maximum (Xmax)
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• Detecting cosmic rays with the LOFAR radio telescope
Astronomy & Astrophysics 560 (2013) A98

• Calibrating the absolute amplitude scale for air showers measured at LOFAR
in preparation

• Polarized radio emission from extensive air showers measured with LOFAR
Journal for Cosmology and Astroparticle Physics 10 (2014) 014

• Method for high precision reconstruction of air shower Xmax using two-dimensional radio 
intensity profiles
Physical Review D 90 (2014) 082003

• Radio detections of cosmic rays reveal a strong light mass component at 1017 - 1017.5 eV
in preparation for Nature

• LORA - A scintillator array for LOFAR
Nuclear Instruments and Methods A 767 (2014) 329

• Measurement of the cosmic-ray energy spectrum above 1016 eV with the LOFAR Radboud Air 
Shower Array
submitted to Astroparticle Physics

• A parameterization for the radio emission of air showers as predicted by CoREAS 
sumulations and applied to LOFAR measurements
Astroparticle Physics 60 (2015) 13

• The radio emission pattern of air showers as measured with LOFAR - a tool for the 
reconstruction of the energy and the shower maximum
Journal of Cosmology and Astroparticle Physcis 05 (2015) 018

• Measuring a Cherenkov ring in the radio emission from air showers at 110 - 190 MHz with 
LOFAR
Astroparticle Physics 65 (2015) 11

• The shape of the radio wavefront of extensive air showers as measured with LOFAR
Astroparticle Physics 61 (2015) 22

• Probing atmospheric electric fields in thunderstorms through radio emission from cosmic-
ray induced air showers
Physical Review Letters 114 (2015) 165001

LOFAR key science project Cosmic Rays
Precission measurements of the radio emission from extensive air showers
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