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Abstract: Astrophysical neutrinos in the EeV range (particularlysth@enerated by the interaction of
cosmic rays with the cosmic microwave background) pronadeeta valuable tool to study astrophysics
and particle physics at the highest energies. Much coulédméd from temporal, spectral, and angular
distributions of~100 events, which could be collected by a detector wittD0 kr? effective volume

in a few years. Scaling the optical Cherenkov techniqueitodbale is prohibitive. However, using the
thick ice sheet available at the South Pole, the radio andsticdechniques promise to provide sufficient
sensitivity with sparse instrumentation. The best stratagy be a hybrid approach combining all three
techniques. A new array of acoustic transmitters and seniee South Pole Acoustic Test Setup, was
installed in three IceCube holes in January 2007. The perpbSPATS is to measure the attenuation
length, background noise, and sound speed for 10-100 kHisticavaves. Favorable results would pave
the way for a large hybrid array. SPATS is the first array tagtthe possibility of acoustic neutrino
detection in ice, the medium expected to be best for the perplirst results from SPATS are presented.

Introduction is predicted to be several km by extrapolating a
model that explains laboratory data [4]. Ambient
An observatory capable of detectingl00 cos- noise is expected to be quieter than ocean water

mogenic neutrinos in several years of operation due to the lack of animal, human, and wave noise.
promises to address fundamental questions of as-The sound speed as a function of depth was mea-
trophysics and particle physics. A possible real- sured in the upper 186 m for Hz-scale frequencies
ization of such a detector is to combine the op- using surface explosions [6].

tical, radio, and acoustic methods in a hybrid ar- SPATS consists of three independent strings in Ice-
ray in South Pole ice [2]. The optical method Cube holes. Each string has seven stages, with one
has detected thousands of neutrinos, and the radiceach at 80, 100, 140, 190, 250, 320, and 400 m
method has been used to set the most stringent fluxdepth (Fig. 1). Each stage consists of a piezo-
limits on the highest energy neutrinos. The acous- electric transmitter and a sensor module with 3
tic method, on the other hand, is still in early devel- piezoelectric channels. The SPATS array was de-
opment and the first step is to determine whether ployed in January 2007 and has been taking data
the acoustic properties of the ice are as favorable continuously since then. For a description of the
as has been predicted. SPATS technical design and performance, see [3].
The South Pole Acoustic Test Setup (SPATS) was In the same month three IceCube holes were also
designed to measure the attenuation length, ambi-instrumented with radio receivers and transmitters
ent noise, and sound speed. The attenuation lengthas part of the AURA project [1]. This includes
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Figure 1: SPATS layout (triangle). All 22 IceCube

strings installed as of July 2007 are shown. SPATS

(IceCube) string ID’s are indicated. Distances be-
tween strings are given in meters.

the first hole instrumented with optical, radio, and

acoustic sensors (IceCube Hole 78), a milestone to-

ward a possible large hybrid array.

Background noise

The acoustic noise floor in the relevant bandwidth
(10-100 kHz) determines the minimum amplitude
pulse detectable, which for a given array design
determines the neutrino energy threshold. A low

sigma=0.088736 (+/-) 0.000015. Entries: 18125000
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Figure 2: ADC voltages on a single sensor channel,

recorded intermittently over two weeks. Histogram
and Gaussian fit are shown.

noise floor permits a low neutrino energy threshold
(or sparse instrumentation), while a stable noise
floor permits straightforward triggering and anal-
ysis.

Ocean and lake water, where all previous acoustic
neutrino studies have been performed, suffers from
a noise floor that is highly variable on a wide range
of time scales [5]. SPATS measurements, in con-
trast, indicate a noise floor that is Gaussian (Fig. 2)
and stable on all time scales from minutes to the
entire observation period (3 months).

The widtho of the Gaussian noise is observed to
decrease with depth on each string. This is consis-
tent with the expectation that much of the ambient
noise originates from human and wind activity on
the surface and decreases with depth due to waveg-
uiding in the upper-190 m.

The noise level has increased slightly but steadily,
typically increasing by a few percent in each chan-
nel over the first three months (February - April
2007). It has not varied in bursts as weather-
induced surface noise would. The strings were de-
ployed by melting a column of ice and then allow-
ing the water to refreeze surrounding the equip-
ment. This refrozen ice is known to asymptotically
return to ambient (depth-dependent) ice tempera-
ture with a time constant of several months, which
may explain the observed noise increase with time:
as the ice cools it stiffens, better coupling the am-
bient noise from the bulk ice to the sensors.

The Gaussian noise is 1-2 times at South Pole what
it was during tests of the same sensors in the water
of Lake Tornetrask, in Abisko, Sweden, when the
lake was covered with 90 cm of ice.

Example noise spectra are shown in Fig. 3. The
sensors were characterized in lab and lake tests be-
fore installation. Three new features are present
after installation in South Pole ice: a bump at
~20 kHz, a bump at~150 kHz, and a spike at
~55 kHz. The features could be acoustic noise due
to cracking ice during IceCube hole refreeze and/or
glacial ice sheet movement. The spectral features
(as well as the Gaussian width) are unaffected by
powering off AMANDA, IceCube, and IceTop, but
could be due to electromagnetic interference from
another experiment or South Pole station electron-
ics. On each string the spike amplitude increases
with depth. The location of the spike in frequency
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Figure 4: A transmitter pulse produced on String
Figure 3: Noise spectra for channel 0 of sensor A and recorded on String B.
module 21, in a lake (without spike) and in South

Pole ice (with spike at-55 kHz). _ ) ) ) )
possible 882 inter-string transmitter-sensor pairs,

and the number of pairs detected decreases with
is independent of sensor module on each string buttransmitter-sensor distance. It was expected that
varies from string to string: 55.5kHz on A, 56 kHz  the signal amplitude would decrease with distance
on B, and 58.5 kHz on C. due to1/r divergence, but that all combinations

By running with a threshold trigger, transient back- Would be detectable. A signal to noise ratio-at0
ground noises are recorded above the Gaussianivas measured at 800 min the lake, while the signal

background_ Rough|y one event per channel per to noise ratio reaches 1 &b600 m in ice. Account-
minute is triggered. ing for the different noise levels, this means the

recorded transmitter signals are an order of mag-
nitude lower at South Pole than in the lake test.

Transmitter runs This difference could be due to a difference in
transmitter/sensor performance or coupling, or to
The SPATS transmitters can be pulsed at up to 10's 3 gifference in attenuation during propagation (the
of Hz and recorded with sensors on the same or |gke attenuation length is likely several km). Cal-
different strings. Running in water immediately cyjations and finite element simulations indicate
after installation of each string, each transmitter {hat |ow temperature and high pressure improve
could be heard with multiple sensors on the same the performance of both transmitters and sensors.
string. After freeze-in, only the sensor on the same However, it is difficult to calibrate the transmitter
stage (30 cm below the transmitter) can hear it. anq sensor response in their deployed conditions.
This is likely because the cable, other instrumen- The module response was calibrated in water, and
tation, and the emission pattern of the transmitter pasic functionality was tested at low temperature.
prevent direct transmission to other stages on the gyt the response was not calibrated in ice, at si-
same string, while the water/ice boundary (with myltaneous high pressure and low temperature.
an impedance ratio 6¢2.3) permitted multiple re- The “holeice” (column of refrozen ice surrounding

flections guiding the signal to the other stages. o .

each string) is known to have poor optical proper-
Between strings, transmitter pulses have beenties due to its high concentration of air bubbles.
detected from each string to every other string |t acoustic properties are unknown. Bubbles on
(Fig. 4). However, in one-second runs with 18 ransmitter and sensor elements could have a sig-
pulses each, we have detected only 170 of the pificant effect. A small £100 um or larger) air
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‘ ber 2006 and February 2007. All 21 transmitters
_;fiok'r‘nm and 53 of 63 sensor channels are working nor-
— x=100m/|  mally. Data taking is ongoing and analysis has be-
gun. Ambient noise is stable and Gaussian, and
decreases with depth while increasing with time.
Transmitter signals have been detected from each
° string to every other string. Their amplitude is an
order of magnitude lower than expected. The cur-
rent data do not constrain the attenuation length.
Data will be taken next with 100 times as many
transmitter pulses, averaging over which will im-

prove the signal to noise ratio by a factor of 10.
25, 100 200 200 200 s00 This should allow us to detect new combinations
Distance (m) and decrease error bars on existing combinations,
hopefully sufficiently to constrain the attenuation
] ) o ] length. The timing of the transmitter pulses will
Figure 5: Amplitude multiplied by distance (10 5150 pe analyzed both to measure the sound speed

compensate /r dependence) vs. distance, for ev- a4 g determine the effect of refraction on the at-
ery transmitter - sensor channel combination with 1o, ation analysis.

a transmitter pulse detected above noise. Model
curves are shown for different attenuation lengths.
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nels or is randomly distributed, the data can still be [2]
used to estimate the attenuation length of the ice.
Fig. 5 shows amplitude times distance vs. distance
for the 170 detected inter-string transmitter-sensor
combinations. Each amplitude was determined by
recording a sensor channel continuously with a [3]
transmitter pulsing, averaging 18 recorded pulses,
and then determining the peak-to-peak voltage.
There is large scatter in the data, which is due both [4]
to noise and to module-to-module variation. The
current data set does not constrain the attenuation
length. (5]

Conclusion

_ [6]
The South Pole Acoustic Test Setup was success-
fully installed and commissioned between Decem-
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