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Status and recent results of the South Pole Acoustic Test Sgtu

THE ICECUBE COLLABORATION!
! See special section in these proceedings

Abstract: The feasibility and design of an acoustic neutrino detection array in the South Pole ice depend on the acoustic
properties of the ice. The South Pole Acoustic Test Setup (SPATS) was built to evaluate the acoustic characteristics of
the ice in the 10 to 100 kHz frequency range. SPATS has been operating successfully since January 2007 and has been
able to measure or constrain all parameters. Recent results including the absolute noise measurement of the South Pole
ice, the SPATS sensor calibration, and the frequency dependence of attenuation length are presented.

Corresponding authors: Yasser Abdoyyasser @inwfsunl.ugent.be)
Department of Physics and Astronomy, Gent University, B-9000 Gent, Belgium

Keywords: Acoustic neutrino detection, Acoustic ice properties, SPATS

1 Introduction floor, and transient noise sources in situ at the South Pole.
Measurement of these parameters will allow us to obtain a
The detection of ultra-high energy neutrinos of extraterregealistic sensitivity estimate for a possible future acoustic
trial origin is a big challenge because of their low flux andheutrino telescope in the Antarctic ice.
small interaction cross-sections. To detect the cosmogenic
or Greisen-Zatsepin-Kuzmin (GZK), neutrinos of energ)é
10'7=29 eV produced by ultra-high-energy cosmic rays in-
teracting with the cosmic microwave background radiation, ) ) .
a detector with effective volume in the order &0 km3  1h€ Sguth Pole Acoustic Test Setup consists of four verti-
is needed. Such a large volume is necessary since the 88l Strings that were deployed in the upper 500 meters of

timated rate of GZK neutrino induced showers is on thé€lected IceCube holes to form a trapezoidal array, with
order of0.1 km—3yr—" [1, 2]. inter-string distances from 125 to 543 m [9]. Each string

. . . . o has 7 acoustic stages, each stage is comprised of a sen-
The interactions of high enegy neutrinos in ice produce op- 9 g P

. : ‘ I . _'sor and a transmitter. The transmitter module consists of a
tical [3], radio [4], and acoustic radiation [5], each of WhIChsteel ressure vessel that houses a high-voltage pulse gen-
therefore provides a possible method of detecting the neu- P g gep g

. : L —erator rd and a temperature or pr r nsor. Trig-
trinos. Both radio and acoustic signals have attenuatloena or board and a temperature or pressure senso 9

. . . ered HV pulses are sent to the transmitter, a ring-shaped
lengths that are larger than in the optical signals [6]. giezo—cerarrjnic element that is cast in epoxy for e?ectric?al
While the optical method is well understood and calibrateghsiation and positioned 13 cm below the steel housing.
with atmospheric neutrinos, the density of instrumentarhe motivation of using ring-shaped piezo-ceramics is to
tion required makes it prohibitively expensive to scale t@ptain an azimuthally isotropic emission. The actual emis-
a100 km® detector size. The acoustic and radio methodsjon directivity of such an element was measured in the az-
on the other hand, can in principle be used to instrumentigyythal and polar directions [10]. The sensor module has
large volume sparsely and achieve good sensitivity per Cogfree channels, ead0° apart in azimuth, to ensure good
in this energy range [8]. angular coverage.

South Pole ice as a medium is predicted to be especially retrievable pinger was also deployed in 13 water-filled

well suited for acoustic detection of extremely high-energycecube holes: 6 holes were pinged in December 2007-
neutrinos [7]. To test the theoretical estimates, the Sougﬁmuary 2008 and 7 more holes were pinged using an im-
Pole Acoustic Test Setup (SPATS) was deployed at thgoved pinger design; 4 in December 2008-January 2009
South Pole. The main purpose of SPATS is to measukgq 3 in December 2009-January 2010. In 2009/2010,
the acoustic attenuation length, sound speed profile, noigg pinger was modified to emit lower bandwidth pulses at

SPATS Array
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Figure 1:Sound speed for both pressure and shear waves, at ul- Amplitude (ADC counts)

trasonic frequencies, versus depth in the South Pole ice. A previ-
ous measurement, made by Weihaupt, at seismic (Hz) frequenc

is shown for comparison [11]. '—e@ure 2:An example for the South Pole noise floor recorded by

one of the SPATS sensors.

three well defined frequencies (30, 45, and 60 kHz) and dgg|ow 200 m integrated over the frequency range relevant
ployed in three boreholes going down to 1000 m depth. Thg acoustic neutrino detection of 10 to 50 kHz. The ori-

measured data is used to study the frequency dependegge and significance of the decrease in the noise level with
of the attenuation length, as well as the speed of sound @@pih remains unclear. One possible qualitative explana-

inclined paths. tion for the observed depth dependence is a contribution of
noise generated on the surface. Due to the gradient in the
3 Results sound speed with depth [11], all noise from the surface will

be refracted back towards the surface, thus shielding deeper

3.1 Sound speed regions from surface noise.

The speed of both pressure waves and shear waves are @8- Transient noise events

sured in the dense ice between 80 m and 500 m as a func-

tion of depth using the SPATS pinger setup [11], and werdsing a threshold trigger mode for the active SPATS chan-
found to be3878 & 12 m/s and1975.8 + 8.0 m/s, respec- nels and offline coincidence window of 200 ms, corre-
tively. The resulting vertical sound speed gradient for botaponding to a pressure wave with the longest distance
pressure and shear waves is consistent with no refractiagross the SPATS array of approximately 775 m, the ver-
between 200 and 500 m depth as shown in Fig. 1. The#ex of transient events producing triggers on all four strings
results have encouraging implications for neutrino astrons reconstructed using an idealized global positioning sys-
omy: the negligible refraction of acoustic waves deepdem algorithm [12]. The horizontal positions of all recon-
than 200 m indicates that neutrino direction and energy rétructed vertices are shown in Fig. 3. SPATS registered
construction, as well as separation from background evenggoustic pulse-like events in the IceCube detector volume
could be done easily and accurately. and its vicinity. All sources of transient noise are well
localized in space and have been identified as being man
made; IceCube boreholes re-freezing after the deployment
of the optical module produce cracking noise for a period

The energy threshold for the detection of acoustic sngf about 20 days. Rodriguez Wells, caverns melted in the
nals from ultra-high energy neutrino interactions dependS€ at @ depth of 50-100 m as a water source for IceCube
strongly on the absolute noise level in the target materidi"illing, also produce a cracking noise during refreezing.
SPATS has monitored the noise in Antarctic ice at the ged-he acoustic signals from refreezing IceCube holes and
graphic South Pole for more than two years down to 500 fiiom anthropogenic sources have been used to localize
depth. The noise is very stable and Gaussian distributed @goustic events. The absence of any transient events
shown in Fig. 2 [12]. The resulting noise level for all op-observed from locations other than known sources al-
erative SPATS channels is presented in ref. [12]. The cotews us to set a limit on the flux of ultra high energy
tribution from electronic self-noise that has been measurddr, > 10%° eV) neutrinos. Fig. 4 shows the neutrino flux
in the laboratory prior to deployment is found to be 7 mPdimit of the 2009 SPATS configuration (70 mPa threshold,
Subtracting this contribution quadratically from the mea= 5 hits per event) compared to different neutrino flux lim-
sured mean noise level leads to an estimated mean noitse[12].

level in South Polar ice of 20 mPa above 200 m and 14 mPa

3.2 Properties of noise floor
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Figure 5: The attenuation coefficients with standard error for

) N ) different SPATS sensors at 30 kHz.
Figure 3: The vertex position for all transient events recorded
since August 2008 in the horizontal plane of the the IceCube co-

ordinate system, see the original figure from Ref. [12]. unknown angular response, the attenuation length was de-
termined with each sensor individually placing the sound
source at different distances to the receiver, while trying to
keep the same direction seen from the sensor. All meth-
ods consistently deliver an attenuation length of about 300
m with a 20% uncertainty [13]. These measurements ob-
served a weak frequency dependence below 30 kHz. This
3 result is in strong contradiction with the phenomenological
H model prediction of &+ 3 km with absorption as the domi-

* nant mechanism and negligible scattering on ice grains [7].

To investigate this discrepancy the pinger was modified for
the 2009/2010 Pole season to allow us to measure the at-
"u, tenuation length at different frequencies from 30 kHz to
60 kHz. The result will help to discriminate between dif-
ferent contributing attenuation mechanisms: the scattering
sl ad il vl coefficient is expected to increase wifH while the ab-
10~ 1010107 10" 10~ 10 . . . .

log (E,/GeV) sorption coefficient should be nearly frequency indepen-

dent. The modified pinger was successfully deployed in

Figure 4: The neutrino flux limit of the 2009 SPATS configu- three IceCube holes aligned with respect to the SPATS ar-
ration (70 mPa thresholdz 5 hits per event), for the detailed ray at horizontal distances between 180 m and 820 m and
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discription of the limits see Ref. [12]. delivered high quality data.
Each waveform consists of six pulses, two sets of 3 pulses
3.4 Attenuation length in a (30,45,60) kHz cycle. The energy contribution from

the noise-subtracted waveform was calculated at each fre-
Measuring the attenuation length requires the comparisgpiency in order to calculate the attenuation coefficient as
of signal amplitudes or energies after different propagatiogxplained in [13]. Fig. 5 shows the attenuation coef-
lengths through the ice. To achieve this, the 2008/200%cient as obtained from the available horizontal pinger-
pinger was equiped with mechanical stabilizers, in order teensor configuration at a frequency of 30 kHz. The data
keep the pinger close to the central axis of the hole. Cepoints scatter more than their error bars indicate, implying
tralization of the pinger minimized pulse to pulse variationghat there are additional systematic uncertainities, e.g. aris-
caused by different signal transmission characteristics #tg from local ice properties or the interface between the
the water-ice interface. The pinger emission rate was iftole ice and the sensors. The error represents the spread be-
creased from 1 Hz (used in the previous season) to 10 Hween attenuation lengths measured with each sensor. The
in order to improve the signal to noise ratio. weighted mean for the attenuation lengti2¢$ + 27 m at

The data sets from 2008/2009 were analyzed using diffep? kHz and300 + 88 m at 45 kHz. The contribution of 60
ent sound sources, the pinger, the frozen-in SPATS traffddiz is not strong enough at large dlstances.to calculate the
mitters and transient signals from freezing IceCube holédténuation length. The measured attenuation length at 30
to determine the attenuation length. To minimize the urgnd 45 _kHZ is independent _Of the freqqency within the un-
certainties due to different sensitivity of the sensors angfrtainties. Because Rayleigh scattering depends on grain
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attenuation length, which seems not to depend on
scattering, has been found to be about 300 m. This
is less than expected from theory. However, for
10'® eV neutrinos, the typical distance over which

| they can be detected is reduced only by a factor of
about 2.

Sensitivity [V/Pa]
TTTT ‘
L1l ‘

e A SPATS sensor has been absolutely calibrated by
the reprocity method in ice.

101

= Channel 1
o Channel 3

SPATS is continuing to take data. An upgrade of the DAQ
software to read out all sensor channels simultaneously and
to form a multiplicity trigger online, will increase the de-
tector sensitivity. SPATS results show that the acoustic de-
Figure 6: Absolute sensitivity in ice for two different SPATS teCtic.)n teChiqu.e represents a promising tO.OI to build a large
sensor-channels hybrid (acoustic/radio) neutrino telescope in the South Pole
ice. Individual hits from an acoustic array operated syn-

i ) chronously with a radio array could still be valuable. The
diameter and frequency, the measured attenuation length-gfncidence between radio and acoustic hits could provide
the South Pole is not dominaned by scattering. much-needed confirmation about the direction and energy
reconstruction of the events.

P I N B R Ll 1 Tae?
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3.5 SPATS sensor calibration

The SPATS sensor calibration was performed in the Aachéh ACKNOWLEDGMENT

Acoustic Laboratory (AAL) as a complement to the in-situ

test at South Pole with SPATS [14]. Sensor absolute selVe are grateful for the support of the U.S. National Science
sitivity was measured in water and in ice using reciprocity-oundation and the hospitality of the NSF Amundsen-Scott
calibration [15]. For this method, no absolute calibratedouth Pole Station.

receiver is needed as reference. Fig. 6 shows the absolute

sensitivity for two different SPATS sensor-channels in ice
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) ) {10] J.-H. Fischer, 2006, Diploma thesis,
e The absolute noise at the South Pole is very stable ° . wpoldi-Universiat zu Berlin.
and Gaussian distributed. The measurements of ﬂffl] R. Abbasi, et. al., Astropart. Phys., 2083:277-286.
absolute noise level allow us to put a threshold f°[12] R. Abbasi, et. al., submitted to Astropart. Phys.,
a future acoustic neutrinos detector at South Pole = ,.vi-1103.1216v1.

which depends on the noise level. [13] R. Abbasi, et. al., Astropart. Phys., 208%;382-393.

e SPATS identified sources for the transient noisd14] T.- Meures, L. Paul, and M. Ribordy, submitted to

acoustic pulse-like events, in the IceCube detector  NIM-A, arXiv:1010.2313v2.
volume and its vicinity. [15] R. J. Urick.: 1983, Principles of underwater sound,

3rd ed., Peninsula Publishing.
e The attenuation length including the recent multi-

frequency measurements is presented. The measure-
ments do not show a strong depth dependency. The
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The Radio Air Shower Test Array (RASTA) — enhancing the IceCubeobservatory
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Abstract: Radio detection offers the opportunity to measure cosmic ray induced air showers at greater than PeV energies
via their electromagnetic emission in the MHz region. We intend to use this technique to extend the capability of the
IceCube and IceTop detectors at the South Pole to measure cosmic ray observables. The radio emission is dominated by
the electron contribution in the shower maximum, hence providing an integral measure of the shower development. It
supplements the measurement of high energetic muons deep in the ice by IceCube and the sampling of the air shower on
the surface by IceTop. Using these new, complementary observables, a radio extension can improve the measurement of
the composition of cosmic rays. Further, the surface radio detector will increase the neutrino sensitivity of lceCube by
providing a veto for air showers. It also may allow the study of photon induced air showers, which contain a smaller muon
component than air showers induced by charged particles. We present simulation and experimental studies demonstrating
the feasibility and providing a first impression of the physics potential of this approach.

Corresponding authors: Michael DuVernoi$ (duver nois@icecube.wisc.edu)
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Keywords: Radio air shower detection; RASTA, IceCube; ARA; South Pole

1 Introduction 2 Physics Motivation

After first being discovered in the late 1960s [1], radioThe all particle energy spectrum of cosmic rays follows a
emission of air showers has again received increasing intesimple power law with two prominent changes in spectral
estin the past years. This is mainly due to the achievementglex: a steepening at 4 PeV, called the “knee” followed
sin information technology, which open the possibility toby a flattening at a few timek)!® eV, termed the “ankle”.
use phased arrays of radio antennas in combination wilfhe knee is believed to result from the cut-off in protons
digital beam forming. Its main advantages are low cost arfdom galactic sources, while the region between knee and
simple design of the radio antennas as compared to clamkle would represent the dying out of heavier elements
sical air shower detector elements (such as scintillators nom galactic accelerators and the transition to an extra-
10 photomultipliers) and the very large field of view provideggalactic component at the ankle. However, the chemical
by the phased array (usually close2to sr). A first proof composition of cosmic rays in this energy range is not well
of this technology has been provided by the LOPES expeconstrained, yet. The composition is derived from the prop-
iment [2, 3], a prototype setup for LOFAR — a multi-site,erties of cosmic ray induced extensive air showers. The
multi-purpose radio telescope spanning half of Europe. R&wo quantities sensitive to composition usually used are
15 dio technology is today also being developed as an extethe depth of the shower maximum in the atmospherg,..
sion at many existing air shower experiments (KASCADE{and the width of theX,,,,.-distribution) and the electron-
Grande, Pierre Auger Observatory, Tunka). to-muon ratio at ground level.

In this paper, we will first outline the physics motivation forThe IceTopl km? air shower detector [4], part of the Ice-

an extension of the IceCube observatory with an extend&zlibe observatory [5] located at the geographic South Pole,
20 O(10) km? radio array, then describe the current prepasdias an energy threshold &0 TeV primary energy and can

tory measurements, and finally outline a roadmap towaraseasure up te- 1 EeV where it becomes limited by statis-

a prototype experiment at the South Pole: RASTA (Raditics. We propose to enhance the IceCube observatory with

Air Shower Test Array), that will allow us to fully quantify a large area ((10) km?) antenna field on the surface, cen-

the physics potential of a large scale radio extension for thtered at IceTop, to detect radio emission from air showers
25 IceCube observatory. soin the MHz frequency band. The envisioned radio detec-
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tor is expected to have an energy thresholdgf0) PeV
and its larger area will allow us to collect statistics up to
higher primary energies, resulting in a significant overlap
with the energy range accesible to the Pierre Auger Obser-
ss vatory. The range of cosmic ray primary energies covered
by the enhanced IceCube observatory will in particular al-
low for measurements in the transition region between knee 10
and ankle of the cosmic ray spectrum and will enable sys- -
tematic studies and cross calibration between IceTop, the C
0 radio detector, and the Pierre Auger Observatory. I

The IceCube observatory is a very well suited facility to
study cosmic ray composition via the electron-to-muon ra- 1
tio of air showers [6]. IceTop at the surface measures the
charged particles at ground level while only high energy

65 muons can penetrate through the Antarctic ice sheet and be
measured in the deep in-ice detector. The radio signal gives T T
an integral measurement of the electron component over 50 100 150 200
the whole development of the air shower and the largest dml
contributions are emitted in the shower maximum. The en-

70 hanced observatory would allow for three independent, céigure 1: Radio signal strength as function of distance from
incident measurements of air showers—charged particlée shower axis. The inset shows the distribution of record-
at ground level, high energy muons in-ice, and the radi®g antennas on the ground; the asterisk marks the position
signal emitted over the whole shower development—thu®f the shower core. The origin of the coordinate system is
improving the knowledge about the primary particle. Studlocated at the centre of IceTop.

75i€S on cosmic ray composition can be performed in two
ways. First, for air showers where the muon bundle in thg

shower core penetrates the geometric volume of the Ice: ; N .
b 9 ﬁlmulatlon software has been developed. This simulation

Cube in-ice detector, the amplitude of the radio signal on, . I for th i treat t of all th det
the surface can be used to estimate the electron numkﬁjéfrcgﬁm allows for the uniform treatment ot all three detec-

so the shower and thus its energy, while the muon number c o components and IS F:urrently_ gg,ed to ;tudy the energy
be estimated from the in-ice signal. With this method reshold and composition sensitivity of different detector

zenith range up t60° can be covered with a radio arrayconflguratlons. For simulations, a radial geometry reaching

reaching ou km from the centre of IceTop. Second theout to4.5 km radius has been chosen for the antenna array,

lateral distribution function of the radio signal is expecjt:'éé:omprISIng a total 01110 antennas. Since showers with

ss t0 be a composition sensitive variable [7, 8] which woulothe'r axis intersecting the geometric volume of the in-ice

: . : . detector are most promising, the spacing between antennas
allow for radio-only composition studies, largely increas- . ’ .
y b gely increases from80 m in the centre t@00 m at the outer cir-

ing the aperture of the detector since no geometric ove L . ; .
9 P 9 umference, taking into account the increasing zenith an-

I f th t try with | [ ired. Th . :
ap of the events geometry with IceCube is required %Ie of these “golden events”. A typical simulated event,

first method described above would also allow us to expfic _ _ L
90 itly search for UHE photons which manifest themselves algduced by_ al0 Pev brimary proton, is shown in Fig. 1
electromagnetic showers with no, or a very small, muobogether W'.th part of the sw_nulgted anten_na array and the
component in the deep in-ice detector. ateral distribution of the radio signal amplitude. The muon

) bundle from this air shower generated a signdl’imh opti-
Further, the increased area of the surface detector can b8 nodules of the deep IceCube detector.
used as a veto against air shower muon bundles in the deep

ssin-ice detector which are the main background channel
in EHE neutrino searches in IceCube [9], increasing Ice3 Preparatory Measurements
Cube’s sensitivity to horizontal and down-going high en-
ergy neutrinos. An estimate shows that the sensitivity t@ne important ingredient for the simulation of a radio de-
cosmogenic neutrinos can be increased by a factor of maggttor and the estimation of its sensitivity is the knowledge
wothan three using a radio array extendhigm around the of the electromagnetic background conditions at South
centre of IceTop [10]. 130 Pole station. This includes both, the continuous back-
To proof the technical feasibility of such a large area raground noise and its variations on different time scales, and
dio detector and to quantify the physics potential more prgossible transient backgrounds. In the past several mea-
cisely the installation of the RASTA test setup is proposeg@urement campaigns have been performed [10, 13], which
105 (cf. Sec. 4). In parallel, to study the physics potential ofor technical reasons always took place close to South Pole
the envisaged radio detector, a detector simulation chastiation buildings and thus yielded only upper limits on the
based on CORSIKA [11] simulations, the air shower ra-
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Figure 2: ‘Fat Wire Dipole’ surface antenna deployed irFigure 3: Time averaged background noise measured with

the ARA test setup. Th&.7 m long antenna is made from the two ARA surface antennas. For comparison, the galac-

copper pipes stabilized in a wooden frame. tic [15] and thermal noise expectations, convoluted with the
ARA amplification and system response, are shown.

noise conditiong)(1) km away from all buildings, where
a radio detector would be built.

In the austral summer 2010/2011 the ARA (Askaryan Ra- g

dio Array) collaboration deployed a test setup [14] about T R
140 2.5 km away from South Pole station, outside the IceCube —e = 50-75MHz
footprint. ARA is searching for Askaryan GHz radio emis- 07— r=7s100MHz

—+— f=100-125MHz

sion in the ice from EHE neutrino interactions. Two DAQ
channels of the test setup have been instrumented with

= 125-150MHz

|

3.7 m dipole antennas on the surface (cf. Fig. 2) that are 05

145 Sensitive in the frequency ran@é — 160 MHz. The sig-
nal from the antennas is amplified with two low noise am- OAL s A
plifiers (37 + 41 dB) and read out with 2-bit ADCs at a R
sampling rate ol GHz. ° ° 10 ' % ime

Minimum bias data recorded with the surface antennas of
150 this setup allowed us to measure the power spectral densktigure 4. Modulation of the noise RMS in the surface an-
(PSD) of the electromagnetic background away from Soutiennas for different frequency bands during the sidereal
Pole station in the frequency band frazd — 160 MHz.  day. See text for details.
Figure 3 shows the measured PSD (ARA channel 15 and
16) at the input of the ADC averaged over all data avail-
1ss able from 18 January to 6 April 2011. For comparison
parameterization of the expected galactic noise (from [15
and thermal noise folded with the ARA system respons . . .
are shown. The antenna response has been simulated u AY The'ampllt.ude of the modulation decr'eases fqr higher
NECA4 [16]. The data are well described by a superpositior'ie uencies as is expected from the galactic €mISSIon Spec-
160 Of galactic and thermal noise. The cut-off-at30 MHz trum (cf. Fig. 3). At~ 90 MHz the phase of the modulation

is suspected to be due to unaccounted features in the 2 is\inverted. This effect is understood from simulations of
system response the antenna response function.

The surface antennas have been deployed in air in a trenIBHring the austral winter 2011 a dedicated surface trigger
which will we be snowed in during the year. This will al- In the ARA test setup will allow us to study transient back-

165 low Us to study the difference in the antennas response ounds at South Pole far from the station buildings and the

and under the snow surface in both data and antennad®&ifeCube array.
ulation and the long time performance of the antennas in
the Antarctic environment. 4 Roadmap

Sensitivity of the setup to galactic noise can further be

170 shown by analyzing the variation of the background noisgonsidering the restricted deployment cycle due to the re-
during the sidereal day. At South Pole the galactic centi@ote location, a staged proposal spanning three years has
always has the same elevation but the antenna responsgdgen made. In the first year we will aim towards unambigu-
not uniform in azimuth. Figure 4 shows the RMS of theously establishing the detection of air showers above the

ackground noise in ten minute bins modulo one sidereal
ay for different frequency bands. Following the symme-
y of the antenna, two full oscillations are observed per
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5 Conclusions and Outlook
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220 A large area surface radio detector is a promising enhance-
ment for the IceCube observatory to study the composition

~. of cosmic rays in the transition region from the knee to the

ankle and improve IceCube’s sensitivity to UHE neutrinos.

| network

b o %ff_"m | h“b A full detector simulation chain based on REAS3 has been
. ol /‘2’:_"_‘__?3?" 225 developed and different detector configuration and their

P / T‘T\' physics potential are presently studied. In-situ measure-
~ —T - o ments of electromagnetic interference show promisingly

P T’""” low noise levels. A path towards RASTA, a full test setup

- N 3 to demonstrate the viability of a full detector, has been pre-

: A 230 sented.
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Figure 5: Possible configuration for RASTA having partial g

overlap with the IceCube footprint (gray shaded area). The{Z
configuration of the antenna pairs is shown in the upper Jeft
inset. The dashed lines indicate the data and power trangs
mission network. The upper right inset illustrates the con-ry
nection to the lceCube network using existing spare cables
running to the IceTop stations. 5]

240

background noise and provide a proof-of-viability for this [6]
detection technique in the Antarctic environment. Using
a conservative estimate based on REAS2 [17] simulations[,7]
air showers with a primary energy @, > 1017 eV
105 should be detectable at 50 above the ambient noise levél
at a distance o025 m [10]. Antennas will be deployed [8]
in orthogonally polarized pairs. Four such pairs forming an
equilateral triangle witB5 m side length and one pair in its ]
centre and requiring a three-fold coincidence will provide
200 an effective area of - 10* m?. Using the charged cosnfit’ [10]
ray flux as measured by the KASCADE experiment [18]
each of these clusters will deteest8 events per day. Even [11]
allowing for considerable inefficiencies (e.g. due to anthro-
pogenic backgrounds), somé? events will be accumu- [12]
205 lated per year. 25

In the second and third seasons all of the key technologiLlss]
that are required for a several-knarray should be em-
ployed. This will also allow us to demonstrate the scala[14]
bility of the approach. With a significantly larger numtz)éaor

210 of antennas on an enlarged footprint, this second stage wr I5]
collect a data sample large enough to allow detailed verifi-
cation of the array performance and shower reconstructiogf.G]
Figure 5 shows a possible setup for the third year stage
RASTA. Partial overlap with the IceCube footprint aIIO\Z/\G/SS 7]

215 for coincident air shower measurements with IceTop anH’
allows us to study both, influences of possible noise frorr%8]
IceTop and data measured at some distance to existing in-
frastructures.
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Abstract: In preparation for designing a large scale array sensitive to high energy neutrinos (EeV), several Radio
Frequency (RF) detectors and calibration equipment were installed with the IceCube neutrino detector at the geographic
South Pole between the years 2006—2010. The wide and deep holes drilled for IceCube provided a unique opportunity
for deep-ice RF detection studies at depths never surveyed before. The deployed detectors are installed between 5 to
1400 meters deep in the ice, and are sensitive to frequencies in the range of 200 MHz—-1 GHz. We will present results of
ice properties studies (attenuation length and index of refraction) and environmental noise study.
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1 Introduction 2 Hardwaredescription

The concept of high energy neutrino radio frequency dete@1 Full digitization detectors
tor buried in ice at shallow depths or deployed as a surface
array was suggested nearly 30 years ago [1]. The RicieeCube’s radio extension modules, consisting of several
[2] array and the ANITA experiment [3] are already takingradio frequency (RF) detectors as well as calibration equip-
advantage of the Askaryan effect and the massive volunfgent, were installed on IceCube strings during the austral
of ice in Antarctica for neutrino detection by looking for Summers between 2006 and 2010 at depttistofl 400 m.
the coherent radio Cherenkov emission from charge asyrfrach radio module was installed directly above IceCube’s
metry in high-energy neutrinos cascades. Future expefligital optical modules (DOMs). The RF components were
ments include ARIANNA [4], a surface array on the Rosgnechanically attached to the 3 km-long IceCube main
Ice Shelf, and ARA [5], an in-ice array at shallow depthgable (a 5-cm-diameter cable bundle for communication
near the South Pole. Our unique access to IceCube’s dedipd power) which simply served as a mechanical support;
and wide holes have provided us with an opportunity fofome of the modules, however, were tapped into one of
deploying radio frequency (RF) detectors in the deep pdbe auxiliary twisted-pairs within the main cable designed
lar ice. These detectors use the communication and tinf@" specialized device operations. The main cable, being a
calibration systems developed for IceCube and rely on tHgassive conducting object, can shadow the RF antennas.
experience within the IceCube Collaboration for developburing the first two seasons five detectors capable of full
ing hardware and software and for building and deployingvaveform (WF) digitization were deployed. These so
highly-sensitive equipment in the extreme South Pole envealled “clusters” consist of four receiving channels equally
ronment as well as on radio technology expertise from thepaced over 40 m along the IceCube cable, a transmit-
RICE and ANITA Collaborations. IceCube’s deep holesing channel and a central electronics module. Each re-
and well-established data handling system provide a uniggeiver channel consists of a broadband dipole antenna (with
opportunity for deep-ice RF detection studies. the gain centered at 400 MHz in air and~ 250 MHz in

ice), and a set of front-end electronics (housed in a metal

tube), including filters 450 MHz notch filter for reject-

ing constant interference from the South Pole communica-
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tion channel, an@00 MHz high-pass filter) and amplifiers
(~ 50 dB low-noise amplifier). An additional 20 dB am-
plification is done at a later stage within the electronic mod-
ule for a total amplification of- 70 dB. A schematic of the Lo .
2006-2007 cluster is shown in Figure 1. Three clusters C L A e
were deployed at depth ef 300 m, and two atv 1400 m. - :
A detailed description of the electronics installed inside the

DRM can be found elsewhere [6, 7].
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2.2 Transent detectors
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The idea of using an array of simple transient sensors to
image the unique spatiotemporal signature of neutrino in-

teractions in Antarctic ice was proposed by Gusev anfligyre 2: Map of the IceCube radio detector deployments,
Zheleznykh nearly thirty years ago [1]. In this type ofpotted on top of the full IceCube array. Also shown are the

detector system, the pattern of coincident hits among @eployment depth of each unit relative to the surface, and
large number of sensors provides event confirmation, ifpe |ocation of the RICE transmitters.

dication of direction and energy, and information for re-

jecting sporadic noise on the basis of time-of-arrival and

amplitude. Six units of transient-prototype-detector werEigure 2 summarizes the in-ice locations and depths of the
deployed in the 2009—2010 season. Each unit consists @Ployed units.

a discone wide-band omni-directional antenna feeding into

a Transient Detector Assembly (TDA), an exploratory de .

vice, whose block diagram is shown in Figure 1. Each um% |ce Properties

is read out using a control motherboard (MB) developeglihe . . . . .

for the IceCube DOM [8]. The IceCube cable and cali- properties of ice at radio frequencies determine the

bration system also facilitates timing calibration and dat aS|t_)|'I|ty and design of.future GZK neutrino dete.ctors.
handling. The units were deployed in pairs above thre pecifically, the attenuation length affects the spacing be-
IceCube strings, with one unit at= —5m and the other tween channels and the effective detector volume, whereas

atz — —35m. The Local Coincidence (LC) capabilities of uncertainties in the index of refraction determine the recon-

the IceCube MB are also exploited; when LC is enablec?,trUCtlon capabilities and simulation quality.

each TDA pair reads out data only if both units in the pair

are triggered in some adjustable time window. The rise3.1 Attenuation Length

time of the output pulse from these units is on the order of

10-20ns and is largely independent of amplitude. The attenuation lengthis the distance over which the sig-
nal amplitude diminishes by a factor efdue to absorp-
tion and/or scattering. In general varies with the density
and temperature of a medium and with the frequency of the
radiation. In South Pole ice, the density and temperature
vary with the depthe, and so the attenuation length is also
a function of depth.

The previous in-ice RF attenuation data from the South
Pole were obtained by sending signals down into the ice us-

Envelope .
Output N

13.3m

80dB log
Detector

ey
100MHz- vi
800MHz i
Band Pass Transient

Communications

& E ing a surface transmitter and recording the signals reflected
.71’ N N Derector from the bedrock below. This measurement provided an
ACU N average RF attenuation over the round-trip, weighted by
- AN the temperature profile along the path [9].
oo £ o The IceCube Radio Extension provides us with the first
electronics 2 S~ opportunity to make a point-to-point attenuation measure-
Dol _pl— pueily ‘A“%W/ ment independent of the unknown bedrock reflection co-

efficient. Of 20 available receiver channels, we use the 6
which have similar amplifiers and electronics. Our sources

Figure 1: The radio cluster, consisting of the DRM (Digi-are RICE antennas which transmit signals from a pulser op-
tal Radio Module), 4 receiving antennas and 1 transmittingrated in an on-site lab. The pulse power can be varied by
antenna (left); Block diagram of the Transient Detector Asinserting attenuators in the line. The transmitting antennas
sembly (right). are similar to the receiving antennas and are located at var-

10



32ND INTERNATIONAL CosmiC RAY CONFERENCE BEIJING 2011

ious depths down tB20 m, and up to~ 1400 m away from  Other remaining work includes estimating other systemat-
the receivers (see Figure 2). ics such as receiver gain uncertainties; taking data with ad-

The simplest possible relative attenuation measuremefifional transmitters; and combining results for) with
would involve broadcasting a signal and measuring th@xisting density and temperature measurements to obtain a
relative power received by antennas at different distancédodel fori(z).

from the transmitter. However, IceCube Radio Exten-

sion digitizers have insufficient dynamic range for this ap3 2 |ndex of refraction

proach. Thus, we instead vary the transmitter power, mea-

suring the values which yield the same power at differeriincertainties in index of refraction lead to uncertainties
receivers. The differences between these valueAdkg,, of the order of a few ns in the time difference mea-
the total receiver—receiver difference in losses. sured between two receivers a few meters apart (geometry-

We assume that (in a logarithmic scaléylw = dependent); therefore, a precise knowledge of index of re-
ALdipote(0) + A Liree spack™, 1(2)) + A Lattenuatioh ™, A). We fraction is necessary for a sub-ns-resolution detector. The
use a standard dipole pattern for transmitters and réatestindex of refraction measurementat the South Pole re-

ceivers: I(0) = (3/8m)Iysin’(A). The free space losses, ported in [10] combines results using the RICE array down
which for uniform index of refraction would give the in- t0 150 m and ice cores down @40 m. The model used is
verse square law, are calculated using ray tracing sin®f the formn(z) = ngeep+ (nshatow — ndeepe™*, where
ulation. After obtainingA Ly from measurement and 7 & —0.0132m™", ngeep ~ 1.78, andnsnaiow ~ 1.35.

A Lgipole aNAA Liree spacdfom simulation, we can calculate The_changmg index c_)f ref_racnon causes rays to curve in
the path-averaged attenuation lengM®: A Lagenuation = the ice I.ayer_s, especially in the soft ice layers on top of
10log,, e~227/(\) | Figure 3 shows the measurement ofhe glacier (firn), and decreases the angular acceptance of
pulses from a RICE transmitter. Deep receiver channeffiallow-deployed detectors by causing total reflection of
show a linear response. Shallow receiver channels havd@ys Propagating between the layers. When looking at pos-
flatter response for higher power due to saturation; howaible paths connecting a transmitter and a receiver both in

ever, for sufficient transmitter attenuation, they also haveige there will be either zero or two solutions (direct ray

linear response. and reflected ray) to the ray-tracing problem. The reflec-
tion takes place at the ice-air boundary on the surface, as
illustrated in Fig. 4A.
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. ) . . . . Figure 4: A. Ray Tracing showing the direct- and reflacted-
Figure 3: Measured intensity vs. transmitter attenuatlon.rays solutions. The depths and separation between the

transmitter and the receivers in this figure correspond to
the transmitter-recievers used in the analysis. B. Average
WEF collected on the top (solid) and bottom (dashed) anten-

. . s of the transient detectors. The time delay between the
date, sufficient data has been taken only with one of RIC
) L . : irect and the refracted ray detected by the bottom antenna
transmitters. Preliminary values obtained from this data

for (A) range from 400 to 700 meters. These numbers ard consistent with simulations (137 ns).

somewhat lower than past results [9]; however, preliminar

systematic error estimates suggest that these results will nigte extremely shallow location of the TDA units makes
be inconsistent with each other. them sensitive to small variations in the index of refraction

. . . . . model, especially t@spaiow @andn.. Five out of six TDA
This measurementis ongoing. Our simulation of the foecEZT‘nits were able to trigger on a calibration pulse transmitted

O.f .re.flection and shadovying by an lC(?CUbe cable in thSy a calibration antenna from depth 6245 m. The sixth
vicinity of a broadband dipole antennais not yet completeh.mt that did not see the pulser (Top antenna at hole 8) was

A linear fit with a slope of-1 is done for the linear region
on each curve. The difference between thimtercepts for
any pair of fits is equal té\ Loty for that antenna pair. To

11
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in the shaded area where no solution exists. Limits on the

ice model parameters can be set by measuring the trigger
time differences between different units as well as the time

differences between the direct and reflected ray. This is il-

lustrated in Fig 4B where an average WF from a pulser run

for the top and bottom detectors is shown. The expected C . Deep, Sting10
time delay between the direct and reflected ray for the top s 5 o o
antenna was calculated to be abadts, and the direct £ oo
and reflected peaks are not resolvable. For the bottom an- 17 H:‘;gff
tenna the simulated time delay was ab®8 ns, in good  enmasansunsauntli® :
agreement with the measurement. Figure 5 shows prelimi- s 0 1 2
nary constraints onspaiow@ndn,. based on combined time

differences measured between detectors.

Shallow, String 57
Shallow, String 36 *
o Shallow, String 6 * Sox

= Deep, String 78

Average trigger rate [Hz]

25 30 35
Wwind Speed [knots]

Figure 6: Average trigger rate vs. wind speed for the five
_— clusters described in Section 2.1. The meteorological data
144 l:l Excluded by T ‘-Tammmsmm “ s . .
; EcudedbyT were taken from the “Clean Air” automatic weather station,
operated by The Antarctic Meteorological Research Cen-
ter (AMRC) and the Antarctic Automatic Weather Station
(AWS) Program [13].

n_shallow
=
iy
N

5 Summary

‘ , , hao? IceCube’s mature drilling and data acquisition technology
e have facilitated the deployment of the first fully digital ra-
dio test equipment in South Pole ice as well as deployment
Figure 5: Excluded parameters space for index of refra¢o greater depths in South Pole ice than was previously pos-
tion based on time delays between hits. This area includéile. Using the IceCube radio frequency extension, we
systematic uncertainties from the following uncertaintiegiave obtained tighter constraints on the index of refraction
timing resolution, slewing, geometry angdeep model parameters, and an attenuation length measurement
is also underway. We have also been able to characterize
and understand the RF noise environment at the Pole. This

) ) information will provide a valuable guide for the design of
4 Environmental Noise a future GZK neutrino detector.

We have previously shown that timing of elevated noise

rates coincided with the periods of winds stronger thafREf€rences

~ 20 knots (see Figure 6). Since the South Pole is elec-

trically insulated, electrostatic charge accumulates easily{1] G. A. Guseyv, |. M. Zheleznykh, JETP Lett. 38 (1983)
leading to a discharge causing EMI. There are two possi- 611-614.

ble mechanisms as to how electrostatic charge builds up if2] I. Kravchenko, et al., Phys. Rev. D73 (2006) 082002.
strong winds: “precipitation charging” [11] where blow- [3] P. W. Gorham, et al., Phys. Rev. D82 (2010) 022004.
ing snow causes structures to charge up; and “snowstorrf¢] L. Gerhardt, et al., arXiv:1005.5193.

electrification” [12], where charge separation occurs neaf5] P. Allison, et al., arXiv:1105.2854.

the snow surface. A preliminary reconstruction study has[6] H. Landsman, et al., Nucl. Instrum. Meth. A604
pointed to an area around large structures in the Dark Sec- (2009) S70-S75.

tor as the origin of this interference. Preliminary studies[7] H. Landsman, et al, Nucl. Instrum. Meth.

with radio detectors away from the station have shownno In  Press, accepted  manuscript, (2010)
such interference, supporting the assumption that the noise  doi:10.1016/j.nima.2010.11.144.

is originating from structures and not spotaneous charging8] R. Abbasi, et al., Nucl. Instrum. Meth. A601 (2009)

of the ice. However, additional data are required since this ~ 294.

analysis was preformed early in the austral winter, using[9] S. Barwick, et al., J. Glaciology 51 (173) (2005) 231.
limited statistics [5]. [10] I. Kravchenko, et al., J. Glaciology 50 (171) (2004)

We were also sensitive to weather balloon launches, hZﬁ_ 522. ) )
pening twice a day. Since this noise source is well defined] S: B. Dunham, J. Atmospheric Sciences 23 (1966)

in time and frequency, it will not be a problem for future
detectors. [12] M. Gordon, P. Taylor, Boundary-Layer Meteorology

130 (2009) 97-115.
[13] ftp://amrc.ssec.wisc.edu/pub/southpole/surfalsservations.
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First Step Towards A New Proton Decay Experiment In Ice
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Abstract: Grand Unified Theories (GUTs) predict a finite lifetime for the proton. The most recent limit, reported by

1 The Search for Proton Decay 14

Super-Kamiokande for a 172.8 kTonx year exposure, on the proton decay partial lifetime (p — 7° + e™) corresponds
to 1.01 x 10** years. In the supersymmetric extensions of SU(5), the lifetime of the proton is expected to be lower
than 103® years. To reach 103 years sensitivity to proton decay requires a detector with a volume on the megaton
scale sensitive to sub-GeV energy. Where and how such a detector might ever be realized remains an open challenge.
Installation of massive detectors underground is presently a technological challenge with costly excavation, engineering
and installation. We consider here the ice cap at the South Pole which might provide an alternative scenario for a megaton
ring imaging Cherenkov experiment in the search for proton decay. The ice, studied by the IceCube Collaboration, is
measured to be extremely pure and transparent. Further, IceCube has demonstrated the ability to instrument a detector
volume at the gigaton scale on-schedule and on-budget. The 86 strings of IceCube photosensors provide sensitivity to
particle interactions with energies between tens of GeV up to extremely high energies. Given the success of the IceCube
project in instrumenting the world’s largest Cherenkov neutrino detector, and the DeepCore sub-array to extend the reach
to low-GeV physics, it seems reasonable to consider the question if the same principle of IceCube, using the Cherenkov
medium as the detector support infrastructure, could provide a cost effective and simplified path to instrument megaton
scale detectors with sufficient photocathode area to permit a viable proton decay experiment sensitive to 103¢ year lifetime
and beyond. In this paper we present the very first steps of a developing design study for a proton decay detector to be
potentially deployed in the center of IceCube-DeepCore, based on Geant4 and the IceCube software with realistic optical
properties of the glacial ice.
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“golden” channel, p — 7%+ e, by the Super-Kamiokande

15
In Grand Unified Theories (GUTs), introduced by Hise
Georgi and S.L. Glashow in 1974 [1], baryon number vio47
lating processes, like proton decay, are allowed. A favoreds
predicted proton decay channel, by the minimal SU(5)e
gauge symmetry, is the decay into a neutral pion and @0
positron, where the neutral pion subsequently decays inte1
two gammas. If the proton decays inside a volume of ultra22
pure and transparent water (or ice), the decay productes
may be detected by observing the induced Cherenkov lighe4
cones, see Figure 1. Such a detection strategy is used bys
the Super-Kamiokande water Cherenkov experiment. Thes
most recent limit on the proton lifetime decaying into the

Collaboration corresponds to 1.01 x 1034 years [2]. This
result, based on 12 years of data taken between 1996 and
2008, already constrains part of the supersymmetry param-
eter space allowed by SU(5) supersymmetric extension. In
this paper we report first steps towards a new idea for a
proton decay experiment at the few megaton scale. The
detector material we investigate here is the deep Antarctic
glacial ice at the South Pole to be potentially instrumented
with novel optical modules deployed inside the existing
IceCube-DeepCore fiducial volume. The deployment strat-
egy we consider is the one used by IceCube, namely strings
of photo-sensors in holes drilled with hot water.

13
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Figure 1: Artist’s view of a proton decaying into a 7" (1Y)
and a e™. Shown in the figure are the Cherenkov cone .
that result from interactions involving the final states of the

decay products. 70

80
2 The IceCube Neutrino Observatory 81

82
IceCube is the world’s largest neutrino detector. It is situs3
ated close to the geographic South Pole at the Amundsens#4
Scott South Pole Station. With an instrumented volume5
of roughly one gigaton, it is the most sensitive neutriné
detector in a wide energy range, from tens of GeV up”
to the EeV scale. The detector operates on the principlés
of measuring the Cherenkov radiation emitted by charged®
particles, which have been produced in neutrino interac0
tions. The measurements are taken with optical sensor$!
(Digital Optical Modules, DOMs) deployed at depths be92
tween 1450 m and 2450 m, positioned along cables, called®3
strings. IceCube consists of 86 such strings in a configura4
tion of 78 laid out in a hexagonal grid with an inter-strin®s
spacing of 125 m and 8 DeepCore strings located at th&®®
center of the grid with an inter-string spacing of 40 m t&7?
72 m. Each string of the standard IceCube configuratior?®
is equipped with 60 DOMs with a uniform DOM spacing®
of 17 m, covering a volume of ~ 1 km®. The DeepCore
strings are equipped with 60 DOMs with high quantum ef-
ficiency PMTs and with a denser spacing of 10 m in the®
upper part (1,750 m - 1,850 m) and 7 m below 2,100 m.
With the dense instrumentation in the deepest, clearest icd!
and use of the high quantum efficiency PMTs, DeepCoré?
aims to achieve trigger threshold for muon neutrinos of A2*

10 GeV [3]. 104
105

106

2.1 The South Pole Ice as Detector Material  ,,,

The optical properties of the deep ice at the South Pole arlezz
excellent with a measured scattering length in the range 4Q-10
70 m and a maximum absorption length of about 200 m,

measured at 400 nm (see [4] and Figure 8 in [5]). The clear-
est ice is found at depths below ~ 2,100 m [5]. We note
that the wavelength dependence for scattering and absorp-
tion length are incorporated in the simulation reported here
just as they are in the IceCube general simulation chain.
The site is characterized by exceptional operational condi-
tions, including high radiopurity and low stable tempera-
ture. In this environment the IceCube optical modules op-
erate with very low noise, providing an average dark noise
rate of 400 Hz [6] and a somewhat higher rate in the Deep-
Core higher quantum efficiency modules.

The installation of additional future detector components
could follow the well established deployment methods
used for IceCube strings, exploiting the ice cap as both
Cherenkov medium and support infrastructure for the de-
tector elements. IceCube has already successfully demon-
strated the ability to instrument a gigaton-scale volume
water Cherenkov detector within prescribed schedule and
budget constraints. If the concept of Cherenkov ring re-
construction in the ice proves feasible, the underground
physics community would have an attractive alternative to
the daunting technological challenge of preparing few MT-
scale deep caverns for next generation experiments.

The proposed location for a new detector, at the center
of the IceCube-DeepCore ice bound arrays, would benefit
from an active veto against muons induced by cosmic rays.
DeepCore has already demonstrated the usability of Ice-
Cube as an efficient muon veto: as reported in more detail
in [8], a muon background rejection of about 8 - 1073 [7]
for the overall IceCube trigger (~ 2700 Hz) is achieved
with an on-line filter algorithm. Novel muon reconstruc-
tion methods, currently under investigation, are expected
to provide an overall muon rejection efficiency of the order
1075 [9]. Further, the inclusion of the DeepCore array in
such a veto scheme is expected to enhance the efficiency for
future low-energy detector installed in the ice. Although
cosmic muons, and the spallation products they produce,
are likely not the crucial background for the p — 70 + et
channel (as shown by Super-Kamiokande we expect the
main background to be atmospheric neutrino interactions
[10]) the veto does provide valuable information to identify
activity in the detector with an expected minimal impact on
detector deadtime.

3 Proton Decay Simulation

A first challenge, discussed here, concerns establishing a
robust Monte Carlo simulation which can provide the nec-
essary information to initiate a full design feasibility study.
Dedicated software for the simulation of proton decay
events has been developed that combines Geant4 [11], [12]
with a custom GPU-enabled simulation algorithm for pho-
ton propagation based on the IceCube software called Ice-
tray [13]. Geant4 is used to simulate the particle cascade
starting from the decay products of the proton, e.g. 7° and
et Integrating already existing or new Geant4 simulation
code into Icetray, and to additionally add parallel process-
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ing support to Geant4, required development of a suite of
tools. This suite includes a photon propagation algorithm
that takes into account the optical properties of the deep
glacial ice at the South Pole. Scattering and absorption are
modeled using horizontal ice layers with properties derived
from measurements taken by IceCube [4]. Photon propa-
gation is one of the most computationally intensive tasks
during event simulation and thus its optimization is highly
desirable. Since all photons are independent and may be
treated in exactly the same way, the algorithm lends itself
for implementation on dedicated parallel multiprocessors,
e.g. Graphics Processing Units (GPUs). One such imple-
mentation, using OpenCL [14], was developed specifically
for this task. Cherenkov photon-emitting particle steps
from Geant4 are collected and provided in bunches to the
GPU where, in turn, photons are generated according to the
Cherenkov spectrum. The photons are propagated through
the detector medium until either absorbed or incident on
an optical module. In the latter case, all photon properties
are stored for post-processing. After propagation, informa-
tion on the incident photons is transferred to the host PC
and used to generate hits. Decoupling hit generation from
photon propagation permits different optical module design
choices to be easily evaluated. We note that, while not the
focus of this particular paper, the simulations for the crité?
ical atmospheric neutrino background events will use thtss
GENIE software package [15] which is currently being inso
corporated into the IceCube simulation chain. 170

A first study is now underway with an idealized strawmatr1
detector, see Figure 2. The goal of such a geometry is to2
make it straightforward to optimize the detector geometryr3
for proton decay. The idealized detector consists of a cylin74
drical arrangement of 235 strings where each string on @5
ring has a distance of ~ 5 m to its neighboring strings otré
the same ring and the neighboring rings have a distance of7
15 m to each other. We note that the 5 m distance of closests
approach for the strings assumes no further improvement9
in the IceCube method of drilling. In the strawman desigio
each string has 400 optical modules, spaced evenly ovest
400 m. The simulation has the ability to consider a variety2
of optical sensor technologies; from the standard IceCubt3
digital optical modules, of which more than 5000 are curs4
rently successfully operating deep in the ice, to new multiss
PMT modules [16] that have the potential to significantlis
increase the photocathode coverage. 187
188
189
4 Beyond IceCube 190
191
The goal to achieve a sub-GeV energy threshold inside the,
Antarctic ice requires a very densely instrumented deteges
tor compared to IceCube-DeepCore. First steps towardsa
a better understanding of the feasibility of such sub-GeYes
detector is now underway. Interest in such a detector in-
cludes many members of IceCube and groups from the
broader community. An informal collaboration named
PINGU, for “Phased IceCube Next Generation Upgrade,”
has been formed in order to provide a framework for the

y coordinate [m]

—T5 { Min = 5.3 Mton |1 dinin = 4.98m |- - { hinse = 400.00 m
I I
—75 —50 —25 0 25 50 75
x coordinate [m]

Figure 2: The geometry of the idealized proton decay de-
tector used for this simulation study here reported.

design and R&D studies connected to future opportunities
for astroparticle physics at the South Pole. A first informal
PINGU workshop took place in Amsterdam in March 2011
(http://www.nikhef.nl/pub/conferences/icecube/pingu/).

The simulation tools we have introduced in this paper pro-
vide an effective starting point for determining the feasibil-
ity of an ice bound proton decay detector. As part of the
ongoing study, different geometries of strings and photon
sensors are considered. Particular attention at the current
stage is paid to the effective photon coverage of the de-
signs, which includes the photocathode coverage and quan-
tum efficiency for the sensors as well as a comprehensive
study of the background induced by atmospheric neutri-
nos. An ambitious goal has been set to test the feasibility
for designing a 5 MT ice ring-imaging Cherenkov detector
(1.6 x 1036 protons). The strategy aims to be competitive
in terms of budget, in particular considering infrastructure
costs, instrumented volume and time-line with respect to
other existing design studies like for example [18, 19, 20].
The Super-Kamiokande detector collects approximately 7
p.e. per MeV deposited for a wavelength range of 350 nm
to 500 nm [17] in order to reconstruct neutrinos of solar
origin to energies below 5 MeV. The detector contemplated
here would need to achieve a photon collection efficiency
sufficient to image rings at the higher energies relevant for
proton decay. In doing so, and assuming the dominant at-
mospheric neutrino background levels are the same, one
arrives at a potential scenario for y/Npigq improvement in
sensitivity for the increased fiducial volume.
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