
van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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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 � 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

Properties of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent 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-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ 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, x0, y0 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 �

+

,��, the o↵set 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 o↵set parameter O is introduced, as the CoREAS simulations su↵er 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.

5

A. Nelles et al., JCAP 05 (2015) 018

energy

7.5. Reconstruction of the distance to the shower maximum 129

]2 [g/cmmaxDistance to X
300 400 500 600 700 800 900 1000 1100 1200

 [m
]

+
σ

0

50

100

150

200

250

300

350

400

Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ 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 ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) 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 ⇥+ 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.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ 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

distance to Xmax
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Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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Event selection pipeline

Showers detected with 3+ LBA stations

Same direction all stations & LORA

Polarization features correct

Event ID 205634899  2016-06-12 18:06:42
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Xmax reco = 612 g/cm2

Simulation pipeline
Double Gaussian fit Xmax = 613 g/cm2

CONEX: dense coverage around Xmax estimate


sparse coverage of whole range  
(needed for bias evaluation)
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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 � 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

Properties of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent 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-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ 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, x0, y0 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 �

+

,��, the o↵set 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 o↵set parameter O is introduced, as the CoREAS simulations su↵er 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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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ 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 ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) 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 ⇥+ 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.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ 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

distance to Xmax

SB et al. PRD 90 082003 (2014).
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• Xmax with realistic GDAS atmospheres


• Absolute radio calibration


• Iterate simulations until: 
- Ereco in agreement with Esim (within 
resolution) 
- Xmax reco within dense simulation 
range


• Update anti-bias criteria 
(all simulations for shower should pass 
trigger & cuts)

Towards new composition results

analysis: Arthur Corstanje



GDAS atmospheres
• GDAS provides specific profiles for density and refractivity per event


• Previous: use density profile to do linear correction for Xmax


• New: implement density and refractivity profile directly into CORSIKA/CoREAS sims

Linear correction too small  
for very low pressures! 

See talk Pragati Mitra
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• Correction for pressure is 
important.

• Linear correction is not sufficient at
lower pressure.

• full GDAS-based simulations 
required.

Mean Xmax vs ground 
pressure



Energy calibration
• Crane calibration with reference source VSQ 1000


• Calibration on galactic background LFmap

Uncertainty (s ) 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 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).

methods use different types of signals. While the reference source calibration exploits signals of
several orders of magnitude above the noise level, the Galactic calibration relies on the noise level
itself. Being essentially a simple dipole, the LBAs are mostly 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 coaxial cables and the several amplification stages becomes
relevant. This, however, does not affect the strong signals of several orders above the noise level.
Consequently, the two curves show a slightly different shape with respect to the antenna model that

– 23 –
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Figure 7. Schematic illustration of the experimental set-up using the reference source. The source is sus-
pended 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) as it is done for cosmic ray
measurements.

Figure 8. Experimental set-up of the measurement with the reference source attached to a crane. Left:
Crane with the wooden construction and an LBA underneath. Right: Transmitting antenna as mounted on
the wooden construction in front of several LBAs.

For data-acquisition the LOFAR system has been used. The TBB ring-buffers of the supert-
erp stations were read out at least 5 times per position. The final data sample, after quality cuts,
consists of four read-outs, containing 10 ms of data for each of the 48 antennas at a distance of
r = 12.65±0.25 m vertically above the central antenna. In the measured LOFAR station the same
configuration is used as during air shower measurements, which ensures that the calibration in-
cludes the full signal chain.
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pended 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) as it is done for cosmic ray
measurements.

Figure 8. Experimental set-up of the measurement with the reference source attached to a crane. Left:
Crane with the wooden construction and an LBA underneath. Right: Transmitting antenna as mounted on
the wooden construction in front of several LBAs.

For data-acquisition the LOFAR system has been used. The TBB ring-buffers of the supert-
erp stations were read out at least 5 times per position. The final data sample, after quality cuts,
consists of four read-outs, containing 10 ms of data for each of the 48 antennas at a distance of
r = 12.65±0.25 m vertically above the central antenna. In the measured LOFAR station the same
configuration is used as during air shower measurements, which ensures that the calibration in-
cludes the full signal chain.

– 10 –

  

Simulating Galaxy Noise

pol 0 pol 1

Visible galaxy at 00.00,6:00,12:00,18:00 Local Sidereal Time

Average antenna response at 55 MHz

LST (h)v
a

ri
a

ti
o

n
 o

f 
re

c
e

iv
e

d
 p

o
w

e
r 

(d
B

)

3
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- system noise ?

- ref source specs ?
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LOFAR LBA Calibration

measured signal
recorded in ADC

counts (P
m
)  

1. Reference Source
  

● Angular response
● Relies on conflicting manufacturer 

data sheets
● Not easily repeatable

2. Galactic Emission
   

● Average over whole sky
● Can be done anytime
● Large error bars due to 

electronic noise

voltage received 
at the antenna (P

e
)
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-

-
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Nelles, A. et al. 2015,Journal of 
Instrumentation, 10, P11005

2 independent methods 
reference source 1
reference source 2
galaxy
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Improved calibration

• Complete signal chain calibration


• Systematic uncertainty of Galactic calibration ~14% 
(below 77 MHz)


• Spectral slope in agreement with CoREAS sim
  

Calibration Results

Sky + elec.
 noise

● Galaxy model now limits systematic
uncertainties

● Uncertainties from electronic noise are
found by comparing resulting calibration
constants for different antennas

12

  

Comparison to CoREAS

Event: 92380604 
Station:  CS017

Event: 48361669 
Station:  CS004

For ~20 strong events (x 3 stations x 48
antennas), compare slope on either side of
resonance frequency

Fully calibrated spectra, normalized, for
data, sim. of specific antenna locations 

sim
gal.
crane 1
crane 2

n
o

rm
. 
|f

ft
|2

n
o

rm
. 
|f

ft
|2

frequency (MHz)

frequency (MHz)

preliminary

13
● Requires simulations of exact antenna

positions for more events for further studies

8

See talk Katie Mulrey



Energy scale

Radio energy scale in agreement with CoREAS & AERA !

9

See talk Katie Mulrey

Integrated  
fluence

LORA energy

preliminary



Spectral analysis

Comparison simulations – real data Comparison simulations – real data 

  

X
max

 (sim) =  711.8 g/cm2

X
max

 = 700.7 g/cm2    
S

lo
p

e 
( 

M
H

z 
-1
 )

  
S

lo
p

e 
( 

M
H

z 
-1
 )
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Linear–fit slope as function of distance 

to shower axis:

→ follows a parabolic function

→ maximum around 100 m in agreement 

     with the Cherenkov ring region

→ sensitive to frequency range

→ sensitive to antenna calibration

      

→ Event selection criteria: 

     1)  at least 1 station with half antennas 

          having signal > 10 σ  → 142 events

     2)  events with at least 10 antennas with

            | FFT(ν
i 
) | 2  >  RMS ( | FFT(ν

i 
) | 2

Background  
)

                                       → 103 events

→ Linear–fit applied to all antennas 

     of each selected event

syst. unc.

Comparison spectral slope 
LOFAR data CoREAS sim

Allows independent fit of  
shower core & Xmax

Frequency spectrum analysis: simulations Frequency spectrum analysis: simulations 

The slope of the frequency spectrum depends on

     →  the distance to the shower axis

     →  the geometrical distance to X
max

 (i.e. D
max

)    

Laura Rossetto   –   8th ARENA Conference   –   June 14th 2018, Catania 8

S
lo

p
e 

( 
M

H
z 

-1
 )

  D
max

 =  5.319 km  

 

D
max

 =  5.319 km 

10
See talk Laura Rossetto

preliminary



Full Stokes polarisation 

• Fair weather: small amount of circular polarisation confirmed by data 
O. Scholten et al., PRD 94 1030101 (2016)


• Thunderstorms: strong signal in all Stokes parameters used to 
reconstruct atmospheric electric fields 
G. Trinh et al., PRD 95 083004 (2017)

11

See talk Olaf Scholten
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2.5 km

Existing station
New station

Sample New Station

220 m

Estimated
placement
of new detectors

LORA Extension

- Increased effective area at higher energies (stronger radio signal)

- Potential for more complicated trigger algorithms

- Potential to probe different parts of the radio footprint

- Reduction of particle bias

12



LORA extension
Different configurations were simulated to optimize scintillator placement


(constrained by locations of LOFAR stations)

To have an unbiased trigger, 
proton and iron showers need 

to trigger with same 
probability

p
fe

0°-30°

E=1016.5 eV

Trigger rate = 1/hour

(13 stations for LORA 20, 14 for LORA 40)


45% increase in events with 
possible radio signal

13



Phase 1 Installation 
(April 2018)

Phase I Scintillator housing, cables, and 
interface with the electronics cabinets 
installed April 2018 

Phase II Digitizing electronics, HV 
supplies, network interfaces, and 
scintillators installed ( summer 2018) 

14

LORA extension



Hybrid trigger

Triggering on particle signal guarantees CR, but is dominated by low energy events 

Triggering on radio ensures usable radio signal strength, but is dominated by RFI events 

Triggering on both ensures: CR + good radio signal + RFI rejection  

RFI level is low enough for hybrid triggering ~50% of time 

15



LOFAR mass composition S. Buitink

6. Future extensions

Figure 3: Detection probability for proton showers (solid) and iron showers (dotted) for different energies
and zenith angles, as a function of number of particle detectors required for a trigger. In a hybrid triggering
scheme, a detection efficiency of 100% down to 1016.5 eV is achieved by reducing the amount of required
triggers. The precise amount depends on the area under consideration. For this plot only showers having a
core inside the superterp, i.e. within 160 m of the LORA core, are considered.

The improved simulation pipeline is expected to yield more accurate measurements of Xmax ,
but the composition analysis still suffers from low statistics. For the (near) future, several upgrades
are planned that will increase the number of unbiased showers.

• LORA expansion Twenty more particle detectors will be installed at five LOFAR stations
(rings of antennas) near the superterp. This will both increase the effective area by a fac-
tor of ⇠ 40% and allow triggering on a specific class of showers for which the superterp
is located outside of the Cherenkov angle. Here, the radio signal quickly becomes weaker
but may be more sensitive to the precise longitudinal evolution of a shower. The data will
be used to study the possibility of determining more shower evolution parameters than only
Xmax , which could both be useful for composition studies and constraining hadronic inter-
action models. This can be regarded as a first step towards shower radio tomography, which
has been proposed for SKA2. More details on the expansion are found elsewhere in these
proceedings [23]

• Hybrid triggering The current triggering system requires 13 out of 20 LORA detectors to
trigger. This has two disadvantages. First, while this setting yields a near 100% detection
efficiency for showers above 1017 eV, most of the triggers are from showers that are of much
lower energy and do not produce an observable radio pulse. Indeed, in 80% of the data that
is stored, no radio signal is found. Secondly, nearly half of the high-quality showers for
which we can reconstruct Xmax fall in the 1016.5 �1017 eV energy range, where the detection
efficiency is too small to allow for an unbiased composition study.

Both problems are resolved simultaneously by implementing a hybrid triggering system that
combines information from the particles detectors and radio antennas in real-time. Through
continuous monitoring of each antenna data stream it is possible to send trigger messages
to the central LORA computer for each radio peak that is above the noise background by a

2Apart from being a larger and more regularly spaced array, SKA-low has the additional advantage that it will be
sensitive to smaller sub-structures in the shower because of its increased frequency range (50-350 MHz).

5

proton
iron

Particle trigger dominated by low energy events 
80% does not have detectable radio signal


Hybrid trigger allows trigger on less LORA stations, while removing the low-energy event


Bias-free CR detection down to (at least) 1016.5 eV (currently ~1017 eV)  

Hybrid trigger

16

analysis: Katie Mulrey



Radio self-trigger
• Self-trigger algorithm for single stations for use at all 50 LOFAR stations


• Trigger based on polarisation, timing & signal strength


• ~20% CR efficiency above 1017 eV within 200m


• RFI at 1 event/hour level (based on 24h test run) A most-likely airplane RFI trigger

Towards real-time identification of cosmic rays with LOFAR              Arena 2018                           

Example irreducible RFI background (airplane)

17

See talk Antonio Bonardi



NuMoon: CRs & neutrino lunar Askaryan

observation pipeline designed for 
GPU cluster (pulsar KSP) 

- input HBA station beams 
- polyphase filter inversion 
- ionospheric dedispersion 
- beam forming on Moon 
- triggering

7

Tobias Winchen - Lunar Detection of Cosmic Particles

Resulting Central Beam

● Strong suppression beyond 3 deg from moon
● Complex sidelobes on moon

Simulation Simulation

Stations: CS003, CS013, CS030, CS031, CS501

2

Tobias Winchen - Lunar Detection of Cosmic Particles

The LOw Frequency ARray

 Fully digital radio telescope

 48+ Stations throughout Europe

 Dense core of 24 stations in the Netherlands

- 96 Low-Band (10 – 90 MHz) antennas 

- 768 High-Band (110 – 240 MHz) antennas

LBA antennas HBA tiles of 4x4 antennas

18



17

Tobias Winchen - Lunar Detection of Cosmic Particles

Difference to previous values (Bray 2016):
- 5 instead off 24 stations
- Increased bandwidth
- Reduced trigger threshold
- Full detector simulation instead of semi analytical parametrization

Cosmic Rays Neutrinos

Preliminary Preliminary

Expecteu Sensitivity (200h)

19

See talk Tobias Winchen
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• LOFAR Enhanced Generation & Operation (LEGO) 
Leverage of existing investments (hardware/software/brainpower)


• Upgrade to Cobalt central correlator/beamformer funded (NWO) 
Selected for list major scientific infrastructure on ~2025 timescale (KNAW)  
Proposal under review: DUPLLO (Digital Upgrade for Premier LOFAR Low-Band 
Observing (NWO)


• Triple electronics 
currently 48 LBA antennas active per station 
upgrade: all 96 LBA + 48 HBA per station 
better sampling of shower profile 
broader frequency range 


• Continuous feed of Transient Buffer Boards 
currently only piggy-back mode 
upgrade: nearly 100% duty cycle

20

KNAW Grootschalig 
Infrastructuur

• Roadmap for major Dutch 
scientific infrastructure on the 
~2025 timescale.
• Submitted on Jan 11th, 2016.
• LOFAR2.0 appears in KNAW 
report and brochure.
• One of 13 projects selected 
out of a pool of ~50.
• Will be useful for leveraging 
future funding for LOFAR2.0.

ASTRON LEGO Project

• Team of 15 from ASTRON 
AG, RO & R&D + LOFAR2.0 
Calibration Group (incl. also 
Leiden)
• Nico Ebbendorf: Project 
Manager.
• Jason Hessels: Project 
Scientist.
• Weekly meetings (yey!!!)

 
 
 
 
 

Project plan LEGO  1 
 

 
 
 
 
 
 
 
 
 

Project Management Plan 
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