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Abstract. The Askar’yan Radio Array (ARA), a neutrino detector to be situated at the South Pole next to the IceCube detector,
will be sensitive to ultrahigh-energy cosmic neutrinos above 0.1 EeV and will have the greatest sensitivity within the favored
energy range from 0.1 EeV up to 10 EeV. Neutrinos of this energy are guaranteed by current observations of the GZK-cutoff
by the HiRes and Pierre Auger Observatories. The detection method is based on Cherenkov emission by a neutrino induced
cascade in the ice, coherent at radio wavelengths, which was predicted by Askar’yan in 1962 and verified in beam tests at
SLAC in 2006. The detector is planned to consist of 37 stations with 16 antennas each, deployed at depths of up to 200 m under
the ice surface. During the last two polar seasons (2010 – 2011, 2011 – 2012), a prototype station and a first detector station
were successfully deployed and are taking data. These data have been and are currently being analyzed to study the ambient
noise background and the radio frequency properties of the South Pole ice sheet. A worldwide collaboration is working on
the planning, construction and data analysis of the detector array. This article will give a short report on the status of the ARA
detector and show recent results from the recorded data.
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1. INTRODUCTION

While having acquired a fairly good knowledge of the
biggest part of the cosmic ray spectrum on Earth, its
upper edge is still mostly unexplored. Even the biggest
air shower arrays like the Pierre Auger Observatory
and the HiRes Observatory still have large uncertainties
on measurements of cosmic rays with energies beyond
1018 EeV, due to the low incoming flux. Nevertheless,
a cutoff in the cosmic ray spectrum in this energy re-
gion has been observed [1, 2]. This can be connected
to the so-called GZK cutoff, which was predicted by
Greisen, Zatsepin and Kuzmin in 1966, postulating an in-
teraction of ultrahigh energetic Cosmic Rays (UHECR)
and the Cosmic Microwave Background (CMB) [3, 4].
Shortly afterwards, a neutrino flux was predicted to re-
sult from the given interaction [5]. The cosmic ray par-
ticle, interacting with the CMB will go into a delta reso-
nance which decays producing pions and consecutively
neutrinos. The cross-section for this reaction was pre-
dicted to rise abruptly, causing the cutoff in the cosmic
ray spectrum observed on Earth. Apart from the effi-
ciency and the actual cross-section, there are different
preconditions for this reaction, having a big influence on
the resulting neutrino flux. Source models and in general
the UHECR composition strongly impact the expected
number and energy distribution of the neutrinos. By in-
vestigating these neutrinos, important information can be
gained, amongst others about reactions in distant cosmic
ray sources and the UHECR composition, which is still

not unambiguously determined.
The Askaryan Radio Array (ARA) is planned to de-
tect GZK neutrinos by the radio-Cherenkov emission of
neutrino-induced cascades in ice. The detector will con-
sist of widely spaced antenna clusters, surveying a vol-
ume of O(100km3) for the detection of coherent radio-
Cerenkov emission originating from the point-like cas-
cades. This emission was predicted by Askaryan in 1962
and has been verified in test beam experiments on ice tar-
gets at SLAC [6, 7]. Each ARA antenna cluster will con-
sist of 16 antennas, and the recorded waveforms, their
polarization and timing information are used to recon-
struct neutrinos.
With a virtually unlimited area and a thickness of more
than 2.5km, which is more than three times the expected
attenuation length for radio waves in ice, the South Pole
ice sheet is a perfect environment for a large neutrino
detector. Especially for measurements at radio frequen-
cies (RF) good conditions are provided by a very low
ice temperature, which enhances the radio attenuation
length. Moreover, the available science infrastructure at
the South Pole as well as its remoteness from man-made
RF-noise makes this place advantageous.
The following description of the ARA detector will sum-
marily overview the main components. More detailed in-
formation can be found in the design article [8].



FIGURE 1. The ARA station map at South Pole, as planned
next to the IceCube detector.

2. THE INSTRUMENT

2.1. General detector setup

The ARA detector baseline design will consist of 37
antenna clusters, so called stations, deployed 2km dis-
tant from each other in a hexagonal structure (see figure
1). Currently a prototype and three ARA stations are de-
ployed in the ice. The core of each station includes 16
antennas deployed in four 15cm diameter holes, going
down to 200m under the ice surface. This depth has been
chosen due to the ray tracing effect in South Pole ice.
The refractive index n changes with depth inside the ice,
especially in the upper 200m, mainly due to changes in
density and temperature. This leads to a downwards bent
path of propagating radio waves which causes a shad-
owed region in the upper part of the ice. This region can
be reduced by a deep antenna deployment. Apart from
that, vertex reconstruction becomes complicated due to
the curvature of the path in the upper ice layer. Ac-
counting for drilling and deployment, an antenna depth
of 200m is an optimization of cost effectiveness for this
neutrino detector.
Each station string holds two vertically polarized (Vpol)
and two horizontally polarized (Hpol) antennas, sen-
sitive to radio frequencies together forming a cube of
O(10m) at each side (see figure 2). Having both antenna
polarizations sampled separately is crucial to measure
the polarization of incoming radio signals, needed for re-
construction of their direction. On top of the downhole
system, four surface antennas are deployed. Their main
purpose is the investigation of cosmic ray air showers. At
the same time, they can be used as a veto for the neutrino
detector.

FIGURE 2. Schematic view of an ARA-station, with embed-
ded string details.

FIGURE 3. The two antenna types used in the ARA-
downhole system; left: Wire frame bicone (Vpol), right: Quad-
slot antenna (Hpol).

In addition to this measurement system, a number of
transmitting antennas are deployed at the same depth as
the downhole system in different holes 60m away from
the station center. These antennas provide calibration
pulses of both polarizations to calibrate, among other
things, timing and geometry of the station. All calibra-
tion pulsers and measurement antennas are powered and
controlled by a central power and data acquisition box.
By these means, a complete ARA station can be oper-
ated as a single detector with full cascade reconstruction
capability. This is crucial for neutrino detection, since a
station spacing of 2km, chosen to maximize the detector
acceptance, makes signal coincidences between stations,
especially for low energetic events (primary energy be-
low 0.1EeV), unlikely.



2.2. The utilized technology

2.2.1. Antennas

Three different sets of antennas are used in the full de-
tector. The surface antennas, designed to detect the ra-
dio emission of air-showers, are operating in a range be-
tween 30 and 300MHz. Due to a limited channel number
in the data acquisition, they are diplexed with the down-
hole antennas, such that their upper sensitivity bound is
actually lower as they are integrated in the system.
In the deep part of the station, horizontally and vertically
polarized antennas are deployed. The Vpol antennas are
so-called wire frame bicones (see figure 3). Having a
very close to isotropic azimuthal acceptance and a good
sensitivity above 150MHz (see figure 4) makes these an-
tennas optimal for the given purpose.
Producing an Hpol antenna for the given frequency range
while fitting the available holes is not as simple. In the
case of a 150MHz incoming radio signal, a dipole an-
tenna length of about 50cm, i. e. half a wavelength,
would be needed to provide acceptable sensitivity. In
a hole with a diameter of about 15cm, special ferrite
loaded quad-slot antennas have to be used to meet the
sensitivity requirements (see figure 3). The first such an-
tennas have a very good sensitivity beyond 350MHz,
which does not fully cover the frequency range of in-
terest which starts from 150MHz. Newer designs show
promising improvements in that respect.

2.2.2. Filters and amplifiers

Before being transferred to the data acquisition system
(DAQ), the antenna signal goes through different filters
and amplifiers.

Notch filters are bandpass filters used to reduce back-
ground noise by limiting the antenna signal to the
interesting frequency range. Moreover, they filter
an identified signal source from South Pole station,
transmitting at around 450MHz, to avoid saturation
of the following amplifiers.

Low noise amplifiers (LNAs) amplify the output of the
aforementioned notch filter, to achieve a gain of up
to 80dB and make the signal robust for transmission
to the surface.

The noise, added by this system to the antenna signal
lies at 80K, well below the expected thermal noise of the
antennas.

FIGURE 4. The Voltage Standing Wave Ratio (top) and cor-
responding transmission coefficient (bottom) of a Vpol an-
tenna used in ARA.

2.2.3. The data acquisition system (DAQ)

The amplified analog antenna signal is transferred to
the ice surface via optical fiber links. By translating the
incoming RF signal into a modulated laser pulse, the sig-
nal can be transmitted over the long distance of more
than 200m with minimal loss, dispersion and noise ad-
dition. A possible alternative to such a system would be
digital data transmission via optical fiber. The feasibility,
advantages, and drawbacks for this method are currently
being evaluated. Once at the surface, the signal is split
and fed into the two core systems of the DAQ, both con-
trolled by a Field Programmable Gate Array (FPGA).

The trigger system is built around an integrating tun-
nel diode, summing the signal over several nanosec-
onds to produce a broad envelope pulse for in-
coming GHz-frequency signals. This is crucial
to give the trigger logic, typically running on a
O(100MHz) clock, a chance to catch the pulses and
identify them as triggers. A threshold can be set as
a discriminator between signal and noise.

The Ice Radio Sampler (IRS2) is a custom designed
ASIC, buffering RF-signals with a sampling rate of
3.2GHz. This chip is specially designed to meet the
requirements of ARA, such as long data buffer of
several µs and very low power consumption. This is



achieved by providing random access to 512 analog
sampling blocks of 64 samples each. When identi-
fying a trigger, single blocks can be separated and
queued for digitization while data sampling pro-
ceeds in other blocks. In this manner, events at a
rate of about 1kHz can be digitized and read out
without suffering from any dead time. This makes it
possible to work at such a high sampling speed with
relatively slow low power digitizers.

3. FIRST MEASUREMENT RESULTS

Since the beginning of 2011, a station-like prototype
system, called the "Testbed", and a first actual ARA-
station have been deployed during the antarctic summer
seasons.
The first data originating from the Testbed have been
analyzed for evaluation of the suitability of the South
Pole site and the detector properties, such as:

• timing precision and reconstruction capability,
• the attenuation length of radio in South Pole ice,
• background noise level.

The Testbed is set up similarly to an ARA station.
The main differences are an irregular geometry, a rela-
tively shallow deployment depth of maximum 30m and
varying antenna types. Apart from the above mentioned
items, one important purpose of the Testbed is to evaluate
different hardware configurations and find an optimal an-
tenna and DAQ system for the given task. Therefore, im-
provements of the detector properties, partly explained in
the following paragraphs, can be expected with the cur-
rently deployed and future ARA stations.

3.1. Timing precision and vertex
reconstruction

For ARA, the timing precision of received signals is a
highly important factor in the systematic uncertainties.
To obtain a reasonable vertex reconstruction, relative
arrival times have to be determined with a precision of
O(100ps). Provided sufficiently fast waveform sampling
and high signal to noise ratio, this can be achieved by
looking at complete waveforms on different antennas and
applying a cross-correlation algorithm. With the Testbed
a timing precision of the required order has been proven
and an angular resolution in the reconstruction of better
than 0.4◦ in θ and 0.2◦ in φ has been reached (see figure
5). This angular resolution is a very important factor to
distinguish neutrino induced cascades from other radio
sources in the ice.

FIGURE 5. Example reconstruction of a calibration pulser
in the ARA-Testbed for repeated measurements, with zoom on
the φ -axis.

FIGURE 6. The radio attenuation length in South Pole ice as
extrapolated from the available full ice measurement; dashed
lines show the calculated error for the given depth.

3.2. The attenuation length

In the South Pole summer season 2010/2011 two
strong radio pulsers were deployed with the last Ice-
Cube string. They are mounted right below the detector
at 2500m depth and right above it at 1500m depth. The
main purpose of these pulsers is to determine the atten-
uation length in the ice sheet, by recording their signal
with the very shallow Testbed antennas. While the upper
pulser emits signals which saturate for a station as close



FIGURE 7. Measured trigger rates at thermal noise level for
the beginning of 2011; the color scale indicates the trigger rate
in Hz.

as the Testbed (it will be used with stations deployed fur-
ther away), signals emitted by the deep pulser could be
recorded by the 3.1km distant Testbed and used to cal-
culate an average attenuation length of 820m for the full
ice sheet. Given the density and temperature profile, the
attenuation length in South Pole ice can be extrapolated
as shown in figure 6. A description of the calculation and
the reference to the used models are given in [9]. Fu-
ture measurements, performed with the shallower pulser
in combination with more distant ARA stations, are ex-
pected to add precision for the attenuation length at shal-
lower depths.

3.3. Background noise

The background noise for ARA appears to be domi-
nated by the thermal noise in the ice. This is the result of
a trigger study, showing a very low trigger rate while set-
ting the threshold close to thermal noise of the setup (see
figure 7). Apart from one well known man-made signal,
a balloon launch twice a day, no frequent non-thermal
noise could be discovered. This study indeed revealed the
sensitivity of ARA to a solar flare, happening on Febru-
ary 11 in 2011. At the time of this solar flare, which was
detected by the Green Bank Solar Radio Burst Spectrom-
eter [10], an elevated trigger rate and a clearly outstand-
ing radio signal were observed in the ARA detector (see
figure 8).

FIGURE 8. Top: The Feb. 11 solar flare as observed by
ARA; the color indicates the relative RF-power measured on
various antennas for different frequencies at different times.
Bottom: The same solar flare observed by the Green Bank
Solar Radio Burst Spectrometer. The plots show the measured
spectra and radio-intensity versus time.

4. OUTLOOK AND EXPECTED
SENSITIVITY

The first ARA station deployment in the austral summer
season 2011/2012 met difficulties in terms of drilling and
hardware readiness. Since the ARA detector requires dry
holes for deployment and drilling is done on a much
smaller scale and has to be much faster than in Ice-
Cube, the experience gained from the IceCube deploy-
ment could only be partly used to set up a suitable sys-
tem. The used drill turned out to be not powerful enough
and not sufficiently optimized to produce the needed
200m dry holes for an ARA station. Because of this, the
downhole antennas could only be deployed at a depth of
100m for the first ARA station.
Problems were identified and investigated carefully and
the gained experience was applied to this year’s station
and drill production. Encouraging improvements have
been applied which greatly increase the confidence of



FIGURE 9. Different neutrino flux predictions and current
best limits on an ultra-high energy neutrino flux from different
experiments; references to the used flux models and detector
limits are given in [8].

achieving our goal of two station deployments during the
upcoming polar season. From IceCube experience with
ice drilling and instrumentation, an accelerated station
deployment process is expected also for ARA. Starting
from the current situation, this would lead to an expected
completion of the 37 station detector in 2016.
After extensive tests, the scheme for power supplies and
data transmission for the full array changed from pre-
viously reported plans and the schematics in figure 1.
While only the first ARA stations were going to be wired
to the IceCube Laboratory in the original sketch, cabling
of the full detector for power and data transmission ap-
pears to be more feasible than using autonomous station
clusters powered by windmills and connected via wire-
less data transmission. A future windpark, supporting the
South Pole station generators, is still a promising option
to keep the impact of ARA low on the South Pole power
budget.
In addition a unified ARA simulation and analysis soft-
ware framework has matured to a high level in the last
months to allow future data analysis and expedite a neu-
trino search.
Simulations performed show that the full ARA detector,
after three years’ operation, would have a much higher
sensitivity to GZK-neutrinos than all currently existing
experiments (see figure 9). While looking at different
flux predictions, ARA, with the current state of the used
technology, is expected to see neutrinos even for the
most pessimistic GZK-flux models. It will provide im-

portant information about the composition and sources
of UHECR and reactions at the highest energies in the
distant universe.
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