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Radio Detection Processes 
 We will discuss 2 distinct processes 

 Geo-synchrotron radio emission 
 Takes place in the atmosphere 
 Yields a detectable signal in the 10s-100s MHz 

radio frequencies 
 Applications to Cosmic Rays and possibly 

neutrinos 
 Radio Askaryan effect 

 Actually a different manifestation of the 
Cerenkov effect 

 Occurs only in dense media (not air) 
 Radio signals typically 0.1-1 GHz 
 Applications to neutrinos 



Geosynchrotron Emission 



Comparison with EAS array 

Note: by observing and measuring the shower as 
it evolves this provides complementary information 
to that provided by ground-based experiments 



Monte Carlo Results 



LOFAR 
 Very large area Low 

Frequency Array 
 Very broad science 

programme including 
cosmic rays and 
neutrinos (also, 
cosmology, transient 
detection, all sky 
survey, cosmic 
magnetism) 



LOFAR Prototype at KASCADE 





LOFAR Frequency coverage 



LOFAR Station Layout 

Core: 2 km, 18 stations 

Remote NL stations  

(12 + 6 stations) 



Extraction of Xmax and Composition 
with dense array 

With expected  
errors for LOFAR in 

reconstruction 
For shower maxima 
below 5 km the 
shower maximum 
could be better 
reconstructed then 20 
g/cm2 (>50% of all 
events). 

Fluorescence 
error circle 
(20g/cm2) 



NuMoon and LOFAR 
Predicted Sensitivities 



A large area radio air shower 
detector at ICECUBE 

Is the detector working as a background veto for EHE ν analysis? 
What is the energy threshold to detect air showers with radio? 

Antenna rings around IceTop 
 with increasing radius  

up to e.g. 3km 



Radio at AUGER - MAXIMA 



Radio at AUGER - MAXIMA 



Radio at AUGER - RAUGER 



Radio at AUGER - RAUGER 



Radio at AUGER - MAXIMA 



Geosynchrotron Radio 
 Still some open questions remain 

 Lateral distribution of signal 
 Polarization effects 
 Efficiencies 
 Structure of wave front 
 Geomagnetic effects 
 etc. 
(from A. Haungs, ARENA 2008) 



Radio Askaryan Effect 
 Proposed in 1961 
 In a neutrino-induced 

cascade there is a net 
moving negative charge 
~20% of overall charge 

 Predominantly due to 
positron annihilation and 
A  Az+1 + e- 

 This relativistically 
moving charge will 
produced Cerenkov 
radiation 

 Radiation emitted in the 
radio spectrum - 
typically 0.1 to few GHz 

 Should be coherent (PRF 
∝ E2

 at radio frequencies 
 Should be above 

thermal noise at high E 
 Detectable at a distance 
 Radiation polarised 

Target requirements: 
•  radio quiet 
•  instrumentable 
•  radio transparent 







Where can we look? 
 Water is no good - strong absorption of 

the radio signal 
 Ice is relatively radio clear 

 Antennae in ice (RICE, AURA, ARIANNA) 
 Overfly the ice (ANITA) 

 Salt also looks good 
 Here we need to deploy antennae in salt 

(SALSA) 

 Silica is also relatively radio pure 
 Lunar regolith?? 





Test Beam (Silica) 









Radio Askaryan - Test beam 





ANITA/ANITA-Lite 



















RICE 
 Radio antennae deployed in the South Polar 

ice 
 Key Parameters 

 17 dipole antennas, depths: 100-300 m, 200m x 
200m 

 3 dipoles on optical fibre (test channels) 
 5 transmitters for timing/amplitude calibration 
 Triggers:  

 4-fold in 1.25 microsecond SPASE .or. AMANDA 
coincidence w/ 1 Rx (1.25 us) 

 Problems: 
 EMI 
 Refractive Index 

   



Refractive Index vs.Depth 



RICE Reconstruction 



RICE Sensitivity 











Askaryan Underwater Radio Array (AURA) 
 Basically seeking 

to co-deploy radio 
antennae into the 
ice as the ICEUBE 
optical modules 
are deployed 

 Various deployment 
strategies are being explored 

 Notch filter to remove 450 
MHz comms channel 



Improvements in Veff 



ARIANNA Array 

Antarctic Ross Ice shelf ANtenna Neutrino Array 



ARIANNA concept 
 Looks at reflected radio emission from 

Ross ice shelf 
 500m of ice on top of salt water 
 High reflectivity 









Measurements of Attenuation 

δ related to ratio of real/imaginary parts of complex permittivity 



SALSA Angular Resolution 



SALSA Simulations 





FORTE 

1.9x106 km3 !! 
38 days 



Detection of Radio Emission in 
the Lunar Regolith 



High threshold 1020eV 
105km3 effective volume 

Co-incidence 
removes Earth RFI 



 NuMoon 
 Proposal to to repeat 

the GLUE experiment 
with a Dutch based 
radio telescope array 
at Westerbork •  Key Parameters 

•  117-175 MHz band 
•   25 m diameter dishes 
•   5 degree field of view 
•   12-14 coincident receivers 
•   500 hour observation time 
•   40 M samples/sec (PuMa2) 
•   Polarization information 



LORD (Lunar Orbiter Radio 
Detector 

1. For CR spectrum E-3 statistics per year 
in the LORD experiment : 

  for CR – one hundred events; 

  for  GZK neutrino (maximum flux 
model) – “a few” events. 

2. Conception of radio detector (first 
generation) is developed and 
optimized. 

3. There are principle possibilities for 
selection of the events from the radio 
pulse background and separation 
between CR and neutrino cascades. 

4.The LORD experiment is included in 
LUNA-GLOB mission, to be launched 
in ~2012    



Conclusions (radio) 
 A lot of activity in novel areas 
 Again, hydrid detectors being proposed 

too 
 In principle the geosynchrotron 

technique promises powerful 
complementary information to a ground 
based EAS array 

 Askaryan effect is being used in a 
number of areas to push limits on UHE 
neutrinos 



HE Neutrino Detection Methods 

neutrino 

neutrino 

neutrino 

muon 

Optical 
Cerenkov 

Radio 
Cerenkov 

Acoustic 
Pressure 
Waves 

PMT Array 

Antenna 
Array 

Hydrophone 
Array 

Cascade 

Radio Cerenkov 
Long (order km) 

attenuation lengths in 
ice and salt 

See Andreas Haungs’ 
summary talk 

Acoustic Detection 
Very long attenuation 

lengths in water (order 
10km), ice and salt 

Huge effective volumes 
may be possible 

Cascade 



Technique Comparison 



Acoustic Detection Principle 



Acoustic Signal Production 



Acoustic Detection Features 
  Typical cylindrical 

volume over which the 
hadronic energy is 
deposited is ~20m 
long by a few 
centimetres wide 
(95% of energy at 
1020eV) 

  The energy deposition 
is instantaneous with 
respect to the signal 
propagation 

  Hence the acoustic 
signal propagates in a 
narrow "pancake" 
perpendicular to the  
shower direction in 
analogy with light 
diffraction through a 
slit



Acoustic Pulse Attenuation 
 The acoustic signal detected at the hydrophone is modified 

by 3 factors: 
1.  geometric (1/r)  attenuation, 
2.  angular spread using parametrisations of the modelled spread (using Fraunhofer 

diffraction theory) fit to 2 Gaussians (hydrophones more than 5 degrees out of the 
pancake plane are not considered) 

3.  attenuation due to the medium - again from studying the acoustic signal as a function 
of the distance from the source and the water properties. Performed on matched filter 
output

Angular spread 

Medium losses 



Test Beam Experiments 
  Results from test beam experiments in late 1970’s 

confirming bi-polar acoustic pulse in a test beam 

  Signal amplitude vs. energy deposition along 
with our prediction from first principle 
studies 

  Pressure proportional to Energy - coherence 

SULAK ET AL 
NIM 161 (1979) 203 

  Signal amplitude vs. water temperature - 
warmer is better! 

  P proportional to β(T) - thermo-acoustic origin 



SPATS (ICECUBE) 



Material Properties 
  Also developing a fuller 

understanding of propagation of 
acoustic waves in salt and ice 

  Many things to consider including: 
  Cost of drilling 
  Scattering (gets worse as grain size 

increases) better for ice 
  Noise 
  Conditions are temperature 

dependant - not all ice is the same! 























SAUND 





195 days livetime 







ACORNE 







Rona Field Trips 2007/08 
  In August 2007 and September 

2008 we injected a number of 
different pulse types and 
amplitudes directly above the 
Rona hydrophone array 











AMADEUS (ANTARES) 











AMADEUS Online Trigger and Filtering Methods 









ONDE (NEMO) 













Lake Baikal 









Other studies 
  Other detection media 
  Alternative acoustic sensors 
  Calibration and parametrization 

techniques 
  Acoustic integrals 
  Software methods 
  Acoustic detection in proton beams 
  Sensitivity calculations 









Beamforming 

























Conclusions 
 Multi-messenger observations of astrophysical 

objects clearly provide valuable information, this 
is also true at ultra high energies 

 Acoustic detection of UHE neutrinos is a 
promising technique that would complement high 
energy neutrino detection using the optical and 
radio techniques 

 It is likely that any development of a large 
volume acoustic sensor array would “piggy back” 
the infrastructure of first and second generation 
optical Cerenkov neutrino telescopes 

 This is already starting to happen (ANTARES, 
IceCube) 


