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Measuring cosmic ray composition

Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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Image credit: The Auger Collaboration

Fluorescence: good but 10% 
duty cycle



10%? we can do 
better with radio!

Goals:

• Detect radio emission from cosmic ray air 
showers

• Understand radio emission from cosmic 
ray air showers

• Use radio emission to study cosmic rays
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Multiple emission 
mechanisms
• Geomagnetic

• Electrons and positrons are 
deflected in the 
geomagnetic field

• Linearly polarized in v x B 
direction

• Charge excess

• Negative charge buildup at 
shower front

• Linearly polarized in radial 
direction away from shower 
axis

• Cherenkov effects



Automated detection pipeline (400+ showers measured)

Particle Detector & Radio Agree

Curvature

Single LBA dipole!
300+ measurement 

points Schellart et al. 2013

Typical event:



Antenna model verification30 Absolute Gain Calibration

Figure 5.1: Left: Biconical antenna used for the calibration measurements. Right: Oc-
tocopter with the transmitting antenna mounted below.

The antenna is calibrated within a frequency range between 30 and 1000 MHz. There-
fore, this antenna is suitable as transmitting antenna for the calibration of the LBA.
The frequency-dependent isotropic gain of the biconical antenna is listed in Table 5.1.

Table 5.1: Frequency-dependent isotropic gain of the biconical antenna [57].

Frequency f [MHz] Isotropic gain [dBi]

30 -32.41
35 -30.55
40 -28.64
45 -26.65
50 -24.79
55 -23.10
60 -21.60
65 -20.36
70 -19.06
75 -17.81
80 -16.74
85 -15.68
90 -14.68
95 -13.82
100 -12.97
105 -11.57
110 -11.00

Master thesis M Krause (available soon)

Horizontal Absolute Gain 51

Figure 5.19: Comparison between the measured horizontal gain pattern of the LBA
(black dots) and a simulation of the LBA with WIPL-D (blue line) at
several frequencies. The simulated gain is adjusted by an o↵set which is
highlighted in the upper right corner. Thus, the shape of the gain pattern
is comparable.



Complex polarization signature
There is a lot of information here...

2 Simulations at low frequencies

The main motivation for the development of modern radio emission theory were
the pioneering experiments LOPES and CODALEMA working at frequency
ranges of tens of MHz. A lot of progress has been made in recent years in
the study of the air shower radio emission, and simulations have always been
a fundamental guideline for interpreting the measurements. One of the most
important goals for radio detection is to reliably reconstruct the energy and
mass of the primary cosmic rays. Figure 1 illustrates two important aspects
that such analyses have to take into account: First, the footprint of the radio
signal total field strength exhibits significant asymmetries. They result from
the well-understood superposition of the dominant geomagnetic and sub-leading
charge excess components of the radiation. In particular when fitting a lateral
distribution function to radio measurements, these asymmetries have to be taken
into account. Second, it becomes obvious immediately that there can be very
significant differences between the lateral distribution functions of radio signals
emitted by proton-induced air showers (deeper shower maximum) and iron-
induced air showers (shallower shower maximum). Naturally, shower-to-shower
fluctuations wash out these signatures, yet they can still be exploited in practice
(Huege et al., 2008; Palmieri et al., 2012).
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Figure 1: Footprints of the 40-80 MHz total field strength for vertical 1017 eV
air showers induced at the LOPES site by a proton (left) and an iron (right)
primary. Please note the different absolute scaling. Both the asymmetry of the
footprint and the systematically different slope of the lateral distribution caused
by the different depths of shower maximum are obvious.

The interaction of the geomagnetic and charge excess components of the
radio emission from a vertical air shower are illustrated in some more depth in
Figure 2. In the middle, the inner 100 m radius of the radio footprint are shown.
At the outside, scatter plots of the north-south component versus the east-west
component of the electric field vector as a function of time as observed at various
observer positions at 100 m radius illustrate the polarisation characteristics of
the radio signal. For observers in the east, the geomagnetic and charge excess
components superpose constructively, the resulting polarisation is purely linear
east-west. Similarly, for observers in the west, the two components interfere
destructively. This is the reason for the asymmetry already observed in Figure 1.
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CoREAS simulation Huege et al. 2013Schellart et al. (in prep)



Wavefront curvature

• Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

• This can be directly measured 
with LOFAR

• Preliminary results point to 
hyperbolic wavefront shape

• Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 
(Schröder et al. ICRC 2011)

Corstanje et al. (in prep)
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First ever radio measurements of Xmax!

Stijn Buitink - ICRC 2013

ID 81409140

zenith 26 deg
279 antennas
χ2 / ndf = 1.3

Buitink et al., in prep 
(2013)

best fit out of 40 simulations

Stijn Buitink - ICRC 2013

1D LDFs don’t fit ! - core shifted by ~ 50m 
- revised energy estimate

best fit out of 40 simulations

Stijn Buitink - ICRC 2013

Preli
mina
ry

Buitink et al., in prep 
(2013)

Xmax = 637 ± 20 g/cm2

χ2 / ndf = 1.3
279 antennas



Conclusions
• Detect radio emission from cosmic ray air showers

• 400+ air showers detected with LOFAR using fully automated pipeline
(Schellart et al. submitted to LOFAR publication committee)

• Understand radio emission from cosmic ray air showers

• Polarization measurements allow disentangling of emission mechanisms 
(Schellart et al. in prep)

• Wavefront curvature measurements indicate hyperbolic wavefront
(Corstanje et al. in prep)

• First measurements of air shower radio emission in HBA 110 - 240 
MHz range where Cherenkov emission is expected to be stronger
(Nelles et al. in prep)

• Use radio emission to study cosmic rays

• First ever radio measurement of Xmax!
(Buitink et al. in prep)


