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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 
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Figure 3.16: Reconstructed mean depth of shower maximum Xmax and its fluctuations for the two
scenarios: (1) maximum-rigidity model; (2) photo-disintegration model. The RMS(Xmax) contains
the intrinsic air-shower fluctuations and the detector resolution. The same quantities as expected
for pure p and pure Fe compositions are illustrated. The difference in the evolution of the mass
compositions of the two models in the energy range of the flux suppression can be distinguished
with high significance.
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Figure 3.17: Reconstructed mean relative muon number Rµ for an equivalent shower at 38� zenith
angle. The expectations for pure p and pure Fe compositions are shown together with the two sce-
narios: (1) maximum-rigidity model; (2) photo-disintegration model. In the energy range of the flux
suppression the models can be distinguished with high significance.

and the RMS(Xmax) are depicted in Fig. 3.16. The RMS contains the intrinsic air-shower
fluctuations and the reconstruction resolution. The number of muons, Rµ, relative to that
expected for an equal mix of p-He-CNO-Fe as primary particles, is shown in Fig. 3.17. The

Will clarify if the observed flux suppression is caused by energy 
loss effects during the cosmic-ray propagation or the maximum 
energy of particles injected by astrophysical sources.
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range

maximum rigidity photo disintegration
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maintenance will be covered by the entire collaboration through the AHUEKNA foundation in Argentina. 
 
The Dutch consortium is since more than a decade a member of the PAO, fully contributing to the construction, 
operation, and scientific exploitation. In particular the Dutch consortium has played a key role in the development, 
installation, operation, and scientific exploitation of the AERA radio array. This implies that all management steps 
needed for the proposed project have been exercised successfully in the past for AERA. All procedures regarding 
management, organization, finances, etc. are well established and proved to work in practice since more than a 
decade. To include the proposed project in those structures is straightforward and highly appreciated by the 
management of the PAO. 
 
Access to the requested facility 
All PAO members will have access to the data from the new detector layer. All data of the PAO are available to all 
member scientists. Interested Dutch scientists (which are not yet members) can become associated members as 
part of the Dutch consortium and will have full data rights. Main users of the PAO data are the more than 400 
scientists from about 70 scientific institutes in 16 countries (Argentina, Australia, Brazil, Colombia, Czech Republic, 
France, Germany, Italy, Mexico, the Netherlands, Poland, Portugal, Romania, Slovenia, Spain, USA). A full list of 
institutions is available at https://www.auger.org/index.php/about-us/institutions. 
In addition, there is great interest in the PAO data (including the new detector layer) from the worldwide cosmic-ray 
community. A fraction of the PAO data is made public on a regular basis. It is the goal of the PAO to make all data 
public in the future. A Data Release Committee is working on this issue. 
The Pierre Auger Collaboration has MoUs in place to exchange data and to write common publications with the 
Telescope Array (TA) cosmic-ray experiment, the IceCube neutrino detector, and the LIGO/VIRGO gravitational 
wave detectors. There are already common publications between Auger, TA, and IceCube. 
 
Budget analysis  
Objective of the proposed program is the development and installation of new detector stations at the PAO to 
measure the radio emission of EAS.  
The costs per RD station (based on existing prototypes and experience from AERA and the Tunka experiment) 
break down to: 

450 € for the radio antenna and the pre-amplifier, and mechanical structure 
650 € for the analogue filter and the digitizer, interfacing cables and connectors 
400 € to adapt the UUBs 
200 € for solar panel 
100 € for shipping and deployment 

1800 € sum 
270 € 15% contingency, spares, inflation 

2070 € total cost per RD station 
 
This yields the following budget for the complete project: 

126 k€ for 61 RD stations on the 750 m dense grid 
3312 k€ for 1600 RD stations on the 1500 m grid 

81 k€ for design and prototyping (70 k€ + 15% contingency) 
173 k€ for the central DAQ and communication system (150 k€+ 15% contingency, spares) 

3692 k€ total project costs  
 
The proposed project is scalable, i.e. the size of the array scales with the available resources. Objectives are mass-
sensitive cosmic-ray measurements over the whole energy range of the PAO and specifically sensitive to horizontal 
UHE photon and neutrino showers. In the region of the fall-off of the spectrum, i.e. above 1019.5 eV we aim to 
conduct mass-resolved anisotropy studies. For those, a significant number (~500) of fully characterized cosmic rays 
are needed. With the full 3000 km2 array we need about 4.2 years to record these data. 
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Table 1) Requested NWO-funding 
Request from this NWO-G application: 
We ask 75% of the total costs in this NWO-G application. 75% × 3692 k€ = 2769 k€. 
For the remaining 25% we are seeking to raise funds in cooperation with our international and Dutch partners within 
the Pierre Auger Collaboration. This includes various efforts, such as negotiations with our partner countries, in 
particular Germany, France, and Spain, ERC Advanced Grant applications, and a NOVA application (Netherlands 
School for Astronomy). The German partners have already received ~100 k€ for contributing to the prototype 
design. 
The proposed project to add radio detectors to all SD stations of the PAO forms together with the AugerPrime 
project (adding a scintillator layer to each SD station and upgrading the read-out electronics) the Upgrade of the 
PAO, significantly increasing the scientific potential of the Observatory. The total costs of the PAO upgrade amount 
to ~17 M€, which can be broken down as: 

Pierre Auger Observatory upgrade Cost 

SSD scintillator upgrade 8504 k€ 
UUB electronics upgrade 

     

  3605 k€ 
AMIGA muon detector upgrade 1584 k€ 
Radio upgrade 3692 k€ 
Total 17385 k€ 

 
The Dutch consortium contributed so far with 450 k€ to AugerPrime for the development and construction of the 
scintillation detectors. Including the request from this NWO-G application, the total Dutch contribution to the PAO 
upgrade would be 3219 M€. In return the Netherlands will be recognized on an international level as leaders of the 
radio detection technology, opening new possibilities for CR research. 
Note that the Dutch PAO consortium has already significantly invested in establishing the radio detection technique, 
with contributions of over 1 M€ for materials and over 4 M€ in manpower over the period of the last decade, notably 
in the leading Dutch role in the AERA project. 
 

R&D and preparatory work for this project 2007-2017 

Material ~1 M€ 
Personnel 

     

 ~4 M€ 
Total ~5 M€ 

 
Planned starting date: 1 September 2018; Expected completion date: 31 August 2023 
 

Requested NWO-funding 
Item description 

 Total 

2018 (2019) (2020) (2021) (2022)  
Material for RD stations

     

 

     

 838 k€ 838 k€ 838 k€  2515 k€ 
Design and prototyping

     

 81 k€ 

     

 

     

 

     

  81 k€ 
Central DAQ

     

 173 k€ 

     

 

     

 

     

  173 k€ 
Total 

     

 

     

 

     

 

     

  2769 k€ 
 
 
 
 
 
 
 
 

~3.7 M€ total 
hardware costs

47%
20%

12%

21%
2122

17923
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Radio Upgrade of the Pierre Auger Observatory
Budget

• 3.5 M€ ERC Advanced Grant Hörandel 
personnel (PhD stud., post docs, engineers)  
+ ~1 M€ hardware  

• 2.7 M€ NWO-Groot application 
de Jong, Hörandel, et al 
decision expected in July 2018  

• 1 M€ NOVA application 
Hörandel et al 
decision expected in Summer 2018 

• ~70 k€ R&D funds from Germany

http://particle.astro.ru.nl
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Budget analysis  
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The costs per RD station (based on existing prototypes and experience from AERA and the Tunka experiment) 
break down to: 

450 € for the radio antenna and the pre-amplifier, and mechanical structure 
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The proposed project is scalable, i.e. the size of the array scales with the available resources. Objectives are mass-
sensitive cosmic-ray measurements over the whole energy range of the PAO and specifically sensitive to horizontal 
UHE photon and neutrino showers. In the region of the fall-off of the spectrum, i.e. above 1019.5 eV we aim to 
conduct mass-resolved anisotropy studies. For those, a significant number (~500) of fully characterized cosmic rays 
are needed. With the full 3000 km2 array we need about 4.2 years to record these data. 

rough estimate  
mechanical mount: 
~200 € (side), 300 € (center) 
 
Tunka: 85 € (100 USD) for 
antenna+LNA 

—> 285 € - 385 €

140 € Luxor ECO line M72 LX-200 
(without VAT, need to work this out)

Hörandel + engineers are 
working on estimate. 
Complex issue … 
expect to be within budget

contribution to UUB

includes upgrade of comms 
backbone
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Radio Upgrade of the Pierre Auger Observatory
Time line

• as of today we have ~1M€ out of the required ~3.7 M€ for hardware 
 ~27%  —> 449 out of 1661 stations (842 km2) 
most likely the costs will be below budget, i.e. in practice we most likely have already 
more stations at present  

• financial decisions expected in July (NWO) and Summer (NOVA) 
—> financial situation should be clear at November 2018 meeting 

• TB is informed and integrated in R&D process 

• aim for CDR of the radio upgrade during November meeting 
—> freeze design before end  of October 2018 

• ask CB for formal decision during November 2018 meeting


