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Abstract: Dedicated high-energy neutrino telescopes based on optical Cherenkov techniques have been scanning the cosmos for 
about a decade.  Consequently, neutrino flux limits have improved by several orders of magnitude in the TeV-PeV energy interval. 
At higher energies, detectors using radio Cherenkov techniques have produced aggressive limits on the neutrino flux.   In this paper,  
we describe a novel concept for the next generation of astrophysical neutrino detection, called ARIANNA, which takes advantage of 
unique geophysical features of the Ross Ice Shelf in Antarctica.  ARIANNA, based on the radio Cherenkov technique, is designed to 
improve the sensitivity to neutrinos with energies in excess of 1017 eV by at least a factor of 10 relative to current limits.  We de-
scribe the physics motivation for ARIANNA, which includes a measurement of the GZK neutrino flux, whose existence is relatively 
secure but frustratingly small,  and the search for non-standard particle physics.  We outline our plans to construct the Hexagonal 
Radio Array, the first stage of ARIANNA that was approved by the US NSF in mid 2010. 
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1 Detector Description  
 

 
Figure 1: Prototype ARIANNA station deployed in An-
tarctica in December 2009.  Radio receivers and electron-
ics (marked by flags) are buried under snow and not 
visible. 
 
The primary mission of the ARIANNA array will be to 
establish the absolute cosmogenic neutrino flux produced 
by the interaction of cosmic rays with CMB. The ex-
treme energies and solely weakly-interacting nature of 
cosmogenic neutrinos (from this perspective, neutrinos 
are the purest of nature’s known particles) provides a 

wonderful laboratory to search for new physics beyond 
the scope of the standard model of particle physics. The 
goals of this project also provide a complementary strat-
egy to those adopted by the teams of researchers who are 
now using the Large Hadron Collider (LHC) to search 
for new physics.      

The idea of using a surface array of radio re-
ceivers to search for astrophysical sources has a long 
history [1].  The ARIANNA (Antarctic Ross Iceshelf 
ANtenna Neutrino Array) concept [2,3] utilizes the 
enormous Ross Ice Shelf near the coast of Antarctica to 
increase the sensitivity to ultrahigh energy cosmogenic 
neutrinos by roughly an order of magnitude when com-
pared to the sensitivity of existing detectors and those 
under construction. ARIANNA exploits a fortuitous 
natural phenomenon: the water-ice interface at the bot-
tom of the Ice Shelf reflects radio signals with remarka-
ble fidelity [4].  Consequently, the reflected conical Che-
rekov pulses can be detected from neutrinos traveling in 
any downward direction that interact in the ice.  The 
reflected (and direct) radio pulses are detected by auto-
nomous antenna stations located near the top of the ice 
surface, which greatly simplifies deployment of a large 
array.  Moreover, shadowing produced by the gradient in 
the index of refraction near the surface is mitigated by 
the mostly vertical paths taken by the reflected pulses.  

ARIANNA capitalizes on several additional fea-
tures of the site itself: it is geographically close to 
McMurdo, the major US base in Antarctica, and it exhi-
bits low levels of anthropogenic radio noise. Simulation 
tools were developed from a relatively mature simulation 
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package utilized by the ANITA collaboration [5]. Radio 
emission is estimated via standard parameterizations that 
were validated at accelerators. For concreteness,  each 
station consists of 4-8 single-polarization log-periodic 
dipole antenna (LPDA) with gain (~7), bandwidth (108 
MHz-1.3 GHz) and angular sensitivity specified by the 
manufacturer. The receiver antennas are arranged sym-
metrically with a diameter of 6m, point vertically down, 
and embedded in the topmost several meters of the ice 
shelf with a surface density of 0.3 g/cm3. As discussed in 
the next section, due to theoretical imprecision we must 
allow for substantial flexibility in detector sensitivity.  
Initially, ARIANNA stations can be deployed on a sparse 
31x31 grid with 1 km spacing to maximize collecting 
power – viewing ~0.5 Teraton of ice -  and since they are 
located on the surface, can be redeployed with a smaller 
separation ( ~0.3km) to maximize angular and energy 
resolution once the flux is known.   The surface area and 
configuration of the array can be adjusted to follow 
science.  

The high sensitivity of ARIANNA results from 
nearly six months (or possibly more with the addition of 
wind power or fuel-based electric generators) of conti-
nuous operation, low energy threshold (~3x1017 eV), and 
a view of more than half the sky (declination +20 to -90 
degrees).  

2 Science Motivation 
 
Somewhere out in space, cosmic rays are born at ex-
tremely high energy. During their travels from the most 
distant recesses of the Universe, the highest energy cos-
mic rays collide with photons [6] in the microwave back-
ground to create “cosmogenic” or “GZK” neutrinos [7]; 
potent new messengers with remarkable properties. They 
provide a novel opportunity to help unravel the origins of 
the cosmic rays [8].  More dramatically, the neutrino 
“beam”, which interacts solely by the weak force, can be 
exploited to attack the question of what lies beyond our 
current understanding of the physical world, as defined 
by the standard model of elementary particle physics. 
ARIANNA can probe for physics beyond the standard 
model [2] by measuring the neutrino cross-section at 
center of mass energies near 100 TeV with good preci-
sion. Unfortunately, despite tremendous growth in in-
strumental sensitivity over the past decade,  no detector 
has yet observed a source that emits neutrinos with ener-
gies above 100 GeV due their small fluxes and incredibly 
weak interaction with matter. We believe that the 
ARIANNA concept has sufficient power to dramatically 
improve the odds of success at cosmogenic energies.   

During the past decade, Antarctica has emerged 
as one of the preferred locations to construct and operate 
high energy neutrino telescopes.   Neutrinos interact so 
infrequently that a realistic detector must encompass or 
survey an enormous number of target nuclei, and the 
target medium must be transparent to the electromagnetic 
signals generated by the interaction.  Several large 
projects (AMANDA [9], ANITA [10], IceCube [11], and 
RICE [12] and newer proposals such as ARA[29]) ex-
ploit the fact that Antarctic ice is transparent to radio and 

optical emission. At the very highest energies, the most 
secure prediction for a measurable flux of neutrinos aris-
es from the “GZK mechanism” [6], which involves the 
collision between cosmic rays and cosmic microwave 
photons. The subsequent neutrino production at energies 
between 1017eV-1020eV from the GZK mechanism is 
called “GZK neutrinos” or “cosmogenic neutrinos” [7]. 
Recently, the Auger [13] and HiRes [14] collaborations 
have reported strong evidence for GZK suppression in 
cosmic ray spectra, thereby increasing confidence in the 
existence of cosmogenic neutrinos.  

Since the now confirmed GZK mechanism is 
based on widely accepted tenets and measurements, the 
predictions for the neutrino flux is perhaps the most se-
cure of any in high energy neutrino astronomy.  Neutri-
nos are uncharged and only interact weakly.  Conse-
quently neutrinos can travel unimpeded from the most 
distant sources and point back to their origin. In particu-
lar, GZK neutrinos are produced within a few tens of 
Mpc of the cosmic ray source, so it is expected that GZK 
neutrinos will point back with sub-degree accuracy.  
Moreover, the neutrino energy spectrum helps to break 
model degeneracy between source distribution and evo-
lution [8]. Thus, the scientific promise of high energy 
neutrino astronomy remains as exciting, compelling and 
elusive as ever. 

Despite the recent exciting developments from 
Auger and HiRes, there remains significant theoretical 
imprecision in the estimating the energy spectrum of 
cosmogenic neutrinos due to uncertainty associated with 
the elemental composition and injection spectra of the 
cosmic rays, source evolution, and cosmology. Repre-
sentative) predictions for the cosmological neutrino flux 
are shown in Table 1. Many authors assume pure proton 
composition injected with an energy spectrum propor-
tional to E-2. Different assumptions for source evolution, 
injected energy spectrum and cutoff at high energies 
account for the variation, and predictions almost 1 order 
of magnitude higher exist [18]. Given the current level of 
uncertainty, it is plausible that the flux is too low for 
currently operating instruments.  The next generation of  
UHE neutrino telescopes must be flexible and powerful 
enough to observe potentially very small fluxes. 

When ultra-high energy neutrinos interact in a 
dense medium, such as the ice in the Ross Ice Shelf, the 
enormous cascade of secondary particles emit an intense 
sub-nanosecond pulse of coherent Cherenkov radiation at 
radio wavelengths. This emission mechanism,  known as 
the Askaryan effect [15], was experimentally confirmed 
in ice and other media less than a decade ago [16,17].  
The effect arises from the excess of negative charge that 
builds up as electrons are swept out by the development 
of the cascade. The longer wavelengths of the broadband 
emission from the collective motion of the net charge 
will add coherently, producing a short duration, intense 
radio pulse.  The shower dimensions determine the wave-
lengths of coherent emission, typically less than 5 GHz, 
but absorption in the media tend to limit the upper fre-
quencies to ~1 GHz.  

Cosmogenic neutrinos, which can be thought of 
as a “beam” that interacts solely by the weak force,  
collide with nuclei in the ice with center of mass energies 
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at ~100 TeV, and thereby provide an opportunity to study 
physics at energies above that which is available at cur-
rent or planned accelerator facilities. Several ideas exist 
in the literature to measure the neutrino cross-section at 
extremely high energy [19], but in practice, suffer from 
limited statistical precision. ARIANNA has sufficient 
collecting power to ensure adequate statistics to deter-
mine the cross-section from the angular dependence of 
the measured flux near the horizon [9] using the opacity 
of the ice and earth.  Thus, ARIANNA is sensitive to 
models incorporating extra dimensions and other pro-
posed extensions to the standard model that impact the 
interaction length of the neutrino.   

�� Model N��� MRF 
Cosmogenic(GZK): 
ESS-Fig 9   [20] -p 
Y-QSO       [23] -p 
Y-GRB       [23] -p 
WB              [24] -p 
Ahlers et al. [25] -p 

Ave et al. -max  [26]- Fe 
Non-cosmogenic: 
AGN-MPR [27] 

AGN-M [28] 

 
40 
23 
51 
16 
12 
3 
 

154 
62 

 
0.05 
0.1 

0.044 
0.14 
0.19 
0.75 

 
0.015 
0.037 

Table 1: ARIANNA event rates (Nv) and MRF for cos-
mogenic flux models that span the range of flux predic-
tions. We also include a short, representative set of AGN 
and GRB models.  MRF computed assuming zero neutri-
nos observed.  Predictions are excluded for MRF<1. 
Computed for 1 year.  HRA event rate (see section 3)  is 
factor 400 smaller. 

 
Although we have focused on cosmogenic neu-

trino production,  it is not the only potential source of 
neutrino messengers at ARIANNA energies. The sources 
of cosmic rays may also produce neutrinos directly. 
ARIANNA can survey the southern half the sky for point 
sources of high-energy neutrinos from AGN or GRB 
with unprecedented sensitivity (see Table 1) for energies 
between 1017-1019 eV. It would also be sensitive to novel, 
if somewhat unlikely, components of cosmology such as 
topological defects produced in the Big Bang.  Of course, 
we recognize that the study of ultrahigh energy neutrinos 
with a uniquely sensitive instrument could reveal com-
pletely unexpected phenomena. 

The scientific advantages of ARIANNA are 
summarized as follows: 
(1) ARIANNA increases the sensitivity for the detection 
of GZK neutrinos by more than an order of magnitude 
when compared to present limits. Simulations indicate 
that the full ARIANNA detector can observe ~40 events 
per year of operation based on a widely-used prediction 
for the GZK neutrino flux (Fig. 9 of Ref [20]).  
(2) The “low” energy threshold of ARIANNA, combined 
with high statistics, provides an unparalleled opportunity 
to measure the flux over a broad interval of the GZK 
neutrino energy spectrum, rather than just the low energy 
or high-energy tail of the spectrum. Neutrino energy 
spectra provide critical constraints on source evolution, 

distribution, and cosmic ray injection spectra.  ARIAN-
NA can test models that assume that the extragalactic 
cosmic rays are mixed elemental composition [26].  
(3) Point source sensitivity is expected to reach 
E2(dN/dE)~ 3x10-9 GeV/cm2/s after one year, and uni-
quely test some models with spectra that strongly deviate 
from E-2 power laws. 
(4) As mentioned, ARIANNA can probe for physics 
beyond the standard model by measuring the neutrino 
cross-section at center of mass energies of 100 TeV,  a 
factor 10 larger than available at the LHC [2]. Prelimi-
nary studies indicate that the cross-section can be meas-
ured with a precision of 25%, benefiting from the large 
statistical sample of 400 events spanning >2� solid angle. 
In another example, recent papers [30, 31] have pointed 
out that small violation of Lorentz-invariance can dra-
matically impact the energy spectrum of cosmogenic 
neutrinos, emphasizing the need for a high statistics mea-
surement of the energy spectrum.  

3 Hexagonal Radio Array (HRA) 
 
In September 2010, NSF agreed to support the construc-
tion of seven ARIANNA stations arranged in a hexagonal 
pattern (plus one in the center) over a period of four 
years. The separation between stations in the hexagonal 
radio array (HRA) is 1 km. NSF also agreed to operate a 
long-range wireless link to transfer data from the 
ARIANNA site to the northern hemisphere. We plan to (1) 
continue to investigate physics and anthropogenic back-
grounds over a two year period, (2) improve our know-
ledge of the attenuation and reflection properties of the 
ice shelf, (3) procure station components, (4) integrate 
subsystems, (5) deploy and commission the autonomous 
stations, and (6) evaluate the performance of the data 
acquisition and control systems based on the “advanced 
ATWD” integrated circuit [21]. The advanced ATWD 
combines trigger decisions in the time domain with high 
speed digitiziation that requires relatively low power and 
provides good dynamic range and linearity.   

A prototype single-channel waveform capture board  
incorporating the new digitizer was successfully tested at 
the ARIANNA site in 2010. The fidelity and functionali-
ty of the prototype DAQ electronics meets project re-
quirements. Our plan to develop the 8-channel data ac-
quisition electronics, and communication and calibration 
subsystems build upon the successful development and 
testing of the existing single-channel waveform capture 
system, thus minimizing the chance of inadvertent incor-
poration of hardware and software design errors. Stations 
will be deployed in a phased approach with sufficient 
time to evaluate and iterate between deployment seasons. 
 
3.1 Prototype station 
The ARIANNA concept was initially validated by in situ 
measurements of the radio properties at the site in 
Moore’s Bay, Antarctica [22]. Following concept valida-
tion, the ARIANNA team deployed a prototype station 
(see ref. [3] for technical specifications) - the primary 
technical component of the array- in December 2009 
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(shown in Fig. 1) to assess the mechanical and electrical 
robustness of the electronic components, especially dur-
ing the sunset and sunrise periods of the Antarctic year. 
The prototype station collects waveform data and auto-
nomously transmits housekeeping information to 
ARIANNA collaborators using an Iridium modem and 
high-speed wireless internet installed by Raytheon Polar 
Services. It consists of 4 log-periodic dipole array 
(LPDA) antennas and provides a wealth of information 
on technical issues associated with the ARIANNA con-
cept. The station computer controlled a set of relays to 
turn on the various systems in the station. When fully 
operational, the station consumes 25W of power, but 
near sunset, it was reduced to 14W by operating commu-
nication systems only when required. 
 

 
Figure 2: Planarity for simulated signal (filled histogram) 
and data events as a function of selection criteria.  At the 
final cut level (stripe), no events remain. 
 
  We summarize the key findings:  
(1) The ambient RF noise conditions are excellent.  In 
over one month of data collected between Jan. 5, 2010 
and Feb. 16, 2010 there are no events that were confused 
with neutrino signal (Fig. 2).  After minor cleaning, the 
triggered events are distributed randomly in time and 
completely consistent with thermal noise in the ice.  The 
average rates for the trigger condition of 2 of 3 antennas 
with amplitudes greater than a factor 5 above the rms 
noise fluctuations were measured to be 10-2 Hz.  
(2) During Austral summer, solar power is sufficient to 
operate the station.  During the continuous night of win-
ter, wind and/or electric generators may supply power. 
The measured average wind speed was typically 5-10 
knots, with only sporadic periods of winds over 20 knots, 
typically every 10 days.  We installed a larger wind gene-
rator (Aerogen-612-F) in December 2010 to continue to 
evaluate wind as a possible source of power during the 
winter months. 
(3) In Fig. 2, the planarity variable P sums the time dif-
ferences for the four baselines between neighboring an-
tennas (the diagonal baselines were not used in this anal-
ysis).  The nearly planar wavefront expected from a neu-
trino signal would sum to approximately zero in this 
variable as shown by the solid black histogram. The P 
values for triggers from thermal noise are more diffusely 
distributed. The event cleaning removes a small sample 
of events with periodic time structure associated with 

Iridium communication and writing events to flash drive 
memory. Selection criteria based on straightforward 
timing causality and amplitude minimums remove all but 
2 events and none in the signal region.  The analysis of 
the triggered events indicate that the ARIANNA site has 
low anthropogenic sources of RF noise that mimic neu-
trino signals, which is expected because the site is 
shielded from narrow band transmitters at McMurdo by a 
high ridge known as Minna Bluff.  
(4) A heartbeat and calibration transmitter demonstrated 
timing resolutions of 0.1ns per receiver channel and 
monitored slow drifts of absolute time delays.  
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