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Extensive Air Shower

● Hadronic interaction

● Electromagnetic 
Cascade:

– Isotrope fluorescence 
light

– Focused Cerenkov 
light

● Disc of particles 
approaching ground

● Some reache ground
(muons)



J.Rautenberg, Bergische Universität Wuppertal 4 Bärnfels, 7th  Oct 2010

Surface Detector Arrays
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Fluorescence Detector
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Radio detection theory: Geo-synchrotron

● In the shower electron-positron 
pair-production

● Charge bended in Earth magnetic field 
radiate ― geo-synchrotron radiation 

● At wave-length larger than shower-disc 
coherent emission

● Emission is focused in beam-direction

● Foot-print size depends on distance to 
shower maximum

● Frequency spectrum rather smooth

Falcke & Gorham A.Ph. (2003)
Huege & Falcke, A&A (2005)
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Geo-synchrotron simulation: REAS1

analytic parametrisation 
of emission model

vertical, 1017 eV shower

steeper decrease 
in Frequency for larger 

distances from core

Field-strength 
close to proportional 

to primary particle energy

centre

100 m
250 m

thin: 0.5 analytics
thick: MC

Huege & Falcke, A.Ph. (2005)

Huege & Falcke, A&A (2005)

Data from Prah (1971)
and Spencer (1969)
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Geo-synchrotron simulation: REAS2

Huege, Ulrich, Engel, A. Ph. (2007)

 vertical 1017  eV p-induced shower, 60 MHz

75 m north of core 525 m north of core
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Macroscopic Model – Olaf Scholten et al.
DominantTransverse current

Moving Dipole

Charge Excess

Charge-excess described by Askaryan:
● Radiation from moving net charge
usually reffered to as Askaryan effect, 
important in dense media

● Radiation from change in net charge

~15 %

Static Dipole ~2 %

>25 %

D

D

e-
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Freq. vs. Time domain
Time

=0  cancelation

L

Frequenc
y

O. Scholten
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Polarization: key to emission mechanism

Geomagnetic 
polarization ~

β x B

Moving dipole 
polarization:

Depending on 
observer 
position.

Charge excess 
polarization:

Depending on 
observer position. 
Pointing inwards

O. Scholten
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End-point contribution in REAS3
T. Huege

arXiv:1007.4146
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REAS3 varying charge access

● Component in simulation has polar-type 
polarization-pattern

arXiv:1009.1994
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REAS3: 

● Comparison of end-point contributions

– vertical air shower with a primary energy of 1017  eV

– observer distance of 100m

– geomganetic angle 90°, horizontal magnetic field of 0.23G 

arXiv:1009.1994



J.Rautenberg, Bergische Universität Wuppertal 15 Bärnfels, 7th  Oct 2010

Footprint comparison
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Radio ohne Erdmagnetfeld
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Comparison:
 

MGMR 
-

 REAS3

arXiv:1009.0346
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Historical: Radio emission models

T. Huege
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The High Energy Universe observed with Radio
● Prospect: cost-effective, large-scale detector
● Particles: Charged CR, Gamma Rays, Neutrinos
● Targets: Air, Solids, Moon
● Theory: Geo-synchrotron, Askaryan
● Experiments:

– Air : LOPES, CODALEMA, AERA @ AUGER,
(Geo-synchrotron) LOFAR, R-ICETOP, 21CMA

– Solids: ARIANNA, ANITA, ICERAY,
(Askaryan) RICE, AURA, ARA, RAMAND, SALSA

– Moon: LUNASKA, NuMoon
(Askaryan) (WRST/LOFAR/SKA), LORD, 

GLINT, RAMHAND

here: here: Radio-detection of extended air shower (EAS)Radio-detection of extended air shower (EAS)
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Experimental results: LOPES

● For R&D ideal environment:

– take a running experiment (KASCADE-Grande)

– add new hardware (from new experiment, LOFAR)

– have a look, how EAS look like (Nature 435, 2005)
● externally physics-triggered 

understand radio-emission
of extended air shower
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Cosmic rays: spectrum

energy-range from KASCADE-Grande
balance shower-rate and signal-height
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KASCADE-Grande & LOPES

Inverted V-shape short dipole

40 ― 80 MHz

10, later 30 channels

mainly EW-polarisation

triggered by KASCADE

Air-shower at 
100 TeV ─ 1 EeV

well calibrated

Karlsruhe Shower Core and Array DEtectorKarlsruhe Shower Core and Array DEtector

LOfar PrototypE Station
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LOPES Collaboration

www.astro.ru.nl/lopes
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LOPES: Cross-correlation

● beam-forming by adding signals with different time-offsets

● time-offsets determine
geometry 

cleaned signal traces
for one event

cross-correlated
beam with
Gauss-fit
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LOPES: beam-forming
time-offset for cross-corelation:

● oriantation of plane

● curvature for focus

Heino Falcke, Andreas Horneffer, Lars Bären
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LOPES-30 EW polarised

– Jan-Jul 2006
– High energy, Nμ>105

– High inclination, θ > 50°
– beam-forming
– KASCADE-Grande reconstruction (316 events)
– 161 well radio-reconstructed
– 14 clear, coherent signals
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ε
est-EW

 = A•(1+B-cos α) •cos θ• exp(-R/R
0
 )•(E/ 1017 eV)γ

A = 10.9 ± 1.1 B = 1.16 ± 0.02
R

0
 =202 ± 64 m γ = 0.94 ± 0.03

LOPES: pulse-height correlation 

Correlation of radio pulse-height
with shower-variables 
(KASCADE-Grande reconstruction)
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LOPES: lateral distribution
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LOPES: lateral distribution

Some are very strange, 
flat close to core 
or even flat at all

Amplitude estimator fails?
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Composition with Radio

● Measure energy at ca. 175 m

● Composition sensitivity at larger distances

arXiv:0806.1161
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Proton Eisen



SANTIAGO

A R G E N T I N A

Pampa AmarillaPampa Amarilla
Province of MendozaProvince of Mendoza
1400 m a.s.l.1400 m a.s.l.
35° South, 69° West35° South, 69° West
3000 km3000 km22

Pierre Auger Collaboration:Pierre Auger Collaboration:
  >400 scientists>400 scientists

from 17 countriesfrom 17 countries
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 Pierre Auger Experiment in Argentina
Hybrid detection: surface- (SD) / fluorescence-detectors (FD)

FD: 4 buildings 
x 6 cameras

SD: ~1600 
tanks
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Pierre Auger Observatory: Surface detector
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Fluorescence-Detectors 

Camera with Schmidt-
optics and 440 PMTs

30° x 30° field of view

only active in clear,
 moon-less nights lg( E /eV)=19



J.Rautenberg, Bergische Universität Wuppertal 36

Pierre Auger Observatory: status
● 4th fluorescence building first light in April 2007

● Last tank has been deployed on Friday 13th June 2008

Status: 7th Oct 2010
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Radio at Pierre Auger Observatory

● 2 main motivations to go to PAO:

Pampa Amarilla is radio-quiet

Best EAS-detector, i.e. for high energies E>1018  eV

(But magnetic field anomaly and rather high altitude)

● Auger established a Radio Detection R&D Task Force

● Sep. 2006 data acquisition started with up to 4 test-setups

● After some problems (autonomy, power, ground-loops):

Data exists now for three different data formats

EAS have been measured --- they are in the data!
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Radio Auger: People



J.Rautenberg, Bergische Universität Wuppertal 39 Bärnfels, 7th  Oct 2010

Radio at Auger: 2 test-sites

● measurements at different 
locations in the field

– accessibility

– power provided

– noise
● additional SD-tanks

to lower energy-
threshold

● about 1 Event with
E>1018  eV
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Auger test-site at Ballon-Launching Site:

Stre
et to

 Ju
nta

Infill Tank:
Olaia

~100m

wired wired 
antenna-triangleantenna-triangle

wirelesswireless
antenna-triangleantenna-triangle

Data-acquisition 
at BLS

Po
wer

-li
ne

Po
wer

-li
ne

Infrastructure:
street
BLS-Container
Power

Noise-sources:
street
power-line
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Auger test-site at Ballon-Launching Site:

Stre
et to

 Ju
nta

Infill Tank:
Olaia

~100m

Data-acquisition 
at BLS

Po
wer

-li
ne

Po
wer

-li
ne



J.Rautenberg, Bergische Universität Wuppertal 42 Bärnfels, 7th  Oct 2010

Auger coincident events

● Externally (Szintillator) 
triggered events

● 313 events in coincidence 
with Auger 
(GPS-time matching)

● up to 1.5 km distant

● energy-threshold ~ 0.4 EeV 
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Auger test-site at Central Laser Facility:

● CLF more radio-quiet

● difficult accessible solar panel

wifi-antenna

electronics-box

NS dipoleEW dipole
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CLF: event analysis
● 25 coincidences with Auger

matched by time-stamp

● autonomous DAQ!

● No 3-fold event:

– dead time

– variable noise rate
● Auger-events:

– compatible with Auger 
density-map 

– show south predominance
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Background

● BG measured with
simple monopole

● Below 30 MHz strong 
rise of galactic noise

● In addition day-night 
ionospheric variation

● narrow-band emitters 
above 80 MHz

J. Auffenberg et al.
ICRC 2007
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Transient background

trigger at ~ bin 500 Coincidence: 16 bins

E/W Pol.N/S Pol.

12.5ns / bin

6.25µs
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Intelligent trigger: cut-off filter

● Narrow band noise emitters: cut out in frequency domain

● radio-emission of shower: smooth in frequency

● but for triggering needed online

● cut-off too complicated: calculate mean, cut backwards
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Intelligent trigger: shape analysis

● Try to remove multiple 
spikes by shape analysis

● Crossings of two 
threshold levels 
in defined time intervals
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Radio Auger: Phase 2
● Phase 1a (2007): 3 double-pol. antenna, 

baseline ~ 100 m,
hardware and trigger problems

● Phase 1b (2008): up to 10 antenna,
baseline ~ 400 m, 
advanced hardware and 
trigger strategies 

● Phase 2 (>2009): ~ 140 antenna, 20 km²
baseline ~ 150-380 m,
self-trigger, autonomous detector,
enhancement area close to Coihueco
(AMIGA, HEAT) 

autonomous radio detection (at E>1018  eV)

super-hybrid detector (surface, fluorescence, radio)
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AERA site layout

Co-located with Auger 
enhancements:

● HEAT

● AMIGA (Infill)
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● LPDA Antenna

● GPS-Antenna

● Comm-Antenna

● Solar Panels

● Electronic Box
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Test of Antennas at Nancay
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Test of Antennas 
at Nancay

● Broad Band: ~28 to ~80 MHz

● Galactic Back-Ground 
clearly visible
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Digital Front-End Cards

● Cyclone FPGA

● Soft-Core NIOS

● Lot's of communications

● 2 high/low gain channels
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● Central Radio StationCentral Radio Station

● Data-acquisitionData-acquisition

● WorkshopWorkshop

● Weather-station with E-FieldWeather-station with E-Field
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● Communication for first 25 Station via fibreCommunication for first 25 Station via fibre
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Antenna installation finished
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Summary

● Radio-emission of extended air shower described by Radio-emission of extended air shower described by 
geo-synchrotron effect geo-synchrotron effect 

● LOPES-measurements to understand general amplitude- LOPES-measurements to understand general amplitude- 
dependence, LDF and polarisationdependence, LDF and polarisation

● Auger started R&D in radio-quite Pampa Amarilla,Auger started R&D in radio-quite Pampa Amarilla,
measure at E>10measure at E>101818 eV, super-hybrideV, super-hybrid

● Need intelligent self-triggerNeed intelligent self-trigger

● Construction for 20 km² array with ~160 antenna ongoingConstruction for 20 km² array with ~160 antenna ongoing

● First 25 Stations readyFirst 25 Stations ready
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LOPES-30 EW polarised

– Jan-Jul 2006
– High energy, Nμ>105

– High inclination, θ > 50°
– beam-forming
– KASCADE-Grande reconstruction (316 events)
– 161 well radio-reconstructed
– 14 clear, coherent signals

NN

EE

SS

W

magnetic field line
Northern Europe
 Φ = 700 , ψ = 1800 50’’

Alexandra Saftoiu
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Transient background

● Power-line producing Spikes?
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