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Abstract: Radio receivers (RICE, AURA) have been deployed to detegulgive emissions from
neutrino interactions in ice at South Pole. An alternativarse of pulses is the cores of cosmic ray
induced air showers. AIRES and CORSIKA simulations sugtfest> 10% of the primary cosmic
ray energy enters the ice within 20 cm of the primary axis icop@int. The resulting 5-10 m cascade
will make Askaryan type pulses that can be detected by iéceivers. Strategies are discussed for
deploying a modest number of antennas which could operateimtidence with IceCube to validate the
in-situ detection of Askaryan pulses and produce a new idigtant for studying cosmic ray primary
composition for energies above'£GeV.

Introduction sults as an indicator of upper limits on flux mo
els. In addition, when (if?) signals are detectt
Askaryan[1] proposed that compact showers pro- one may question the results until a single exg
duced by high energy particles interacting in a iment detects events by both the radio Cerenl
dense medium would produce observable radio method and some more conventional high ene
pulses. The pulses result from an excess of neg-astrophysics technique.
atively charged electrons moving relativistically In this report we describe the potential to det
through a dielectric medium. A coherent Cerenkov Askaryan pulses produced by air shower co
pulse is created for wavelengths longer than both a) striking the ice surface at South Pole. A mo
the true transverse dimensions of the shower and b)est array of antennas could plausibly detect eve
the apparent length of the shower when foreshort- in coincidence with IceTop at a rate of 1 per
ened by viewing from near the Cerenkov angle.  hour. Such an experiment would provide a) cc
This concept has been the basis for several existingvincing evidence for the feasiblity of triggering ¢
and proposed experiments looking for said pulses radio pulses created by high energy showers
in the icecaps of Greenland and Antarctica, the Lu- b) experience with reconstruction of events ba
nar regolith, and salt domes. Although no evidence on signals from a distributed antenna array ope
for these signals has been seen in a natural environ4ng in a noisy environment. Both are needed st
ment, the Askaryan effect has been confirmed in a ping stones on the path to a 1000%ker GZK neu-
series of laboratory experiments at SLAC utilizing trino detector. In addition, the radio signals shot
sand[2], salt[3], and ice[4]. provide an additional event by event handle on
It is broadly accepted that the natural effect has Shower development, which may be used to i
not been observed due to the low fluxes of parti- Prove determinations of cosmic ray composition
cles with sufficiently high energy to make obsery- 1€ €nergy range above 10 PeV.
able pulses; however, practical experiments must
detect signal against a background of natural and
manmade noise sources. Thus, although the tech-
nique has great potential, the possibility of system-
atic errors clouds the interpretation of negative re-
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Geometric and energy considerations

Askaryan pulses result from the excess charge
which develops in a shower. This charge is primar-
ily the result of low energy processes: Compton y
scatteringg-ray production, and in flight positron &
annihilation. Here, by low energy we mean pro- (

cesses with momentum transfers of a few electron
masses. The transverse length scale of such par-| \
ticles in a shower is characterized by the Moliere
radius, which in ice is of order 10 cm, but in air is
of order 100 m. Air showers do not directly make
Askaryan pulses with the same frequency content
as showers developing in a dense medium.

On the other hand, air showers do have a core
of high energy particles. Early in the shower

the core is dominated by hadronic particles, but
it eventually converts to electromagnetic energy,
after which the core evolves by pair production J
and bremstrahlung - processes which do not cre-
ate excess charge. As such, the compact core
of high energy particles does not produce a sig-

nificant Askaryan pulse. For modest energy air

showers, the core dies out before it reaches the
ground and that is the end of it. For sufficienty Monte Carlo results
energetic showers, however, the core penetrates

through the atmosphere and an Askaryan pulse iswe employed AIRES and CORSIKA to study tt
created when the core hits the surface of the ice fraction of shower energy which strikes the grou
and evolves into an inice shower. Qualitatively, as 10 GeV or higher particles. We ran the si
any energy of the air shower closer to the shower ylations for protons and iron for a South Pole
axis than a Moliere radius for ice will contribute mosphere_ Since we are not interested in the
to an Askaryan pulse. More generally, the fre- energy particles at all, we set the particle thresh
quency content of the Askaryan pulse depends ontp 10 GeV, enabling us to complete simulations

the profile of energy contained within a radius cor- showers with primary energies up to 1 EeV wi
responding to the wavelength of radiation. modest computing resources.

For purpose of discussion, we consider the fre- The ground level particles include radiative par
quency of 500 MHz, qualitatively central to the cles, muons, mesons and baryons. As expec
RICE[5], ANITA[6] and AURA[7] efforts. Infirn  the £ > 10 GeV radiative particles are tightl
at the surface, this corresponds to a wavelength of c|ustered in the shower core. Mesons and bary
about 40 cm. Demanding phase coherence over theg|so shower in ice, but have larger production :
core suggests a length scale-of10 cm. Within - gjesg . 2acp are more distributed at the surfac
the air shower, high energy particles have a trans- anq are less abundant than electrons and phot
verse spacingz ~ 0,4, Wherex,qq ~ 500 mis There is a significant amount of energy in muc
the radiation length in air, anfi~ > ~ %= isthe  apove 10 GeV of energy, but since muons do

opening angle for bremstrahlung and pair produc- shower and are widely distributed, they do not cc
tion. Folding these numbers together, radiative par- yjpyte to Askaryan pulses. We find that the fre
ticles with £/ > 10 GeV, which survive to hitthe  on of shower energy in- 10 GeV radiative par-
ice, contribute to the creation of anin-ice Askaryan ijcles increase with primary energy, from typical

pulse. a few percent at 1 PeV to greater than 10% &

Figure 1: Geometry of air shower core.
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Figure 3: RF pulse at 20 m from the radi
tive(black), baryonic(red), and mesonic(blue) p
ticles with £ > 10 GeV from an air shower cori
induced by a 21 PeV proton.

Figure 2: Contained energy vs radius. Energy
within ~10 cm contributes to coherent radio emis-
sion at frequencies 300 MHz.

8 Score(r=10): 100 tev - 10 pev

EeV. Further, the concentration of this energy into : /
a tight core also improves with primary energy. ;

Askaryan pulses i

The next step is to determine tliefield produced s
by the multitude of subshowers in the core. Co- “h
herence is critical. Accordingly, we perform a syn- d :
thetic waveform calculation keeping track of the HeaSeore
relative arrival phase of the field from each sub-
shower, assuming the radiation is emitted from
shower max. For an observer near the Cerenkov
cone, the scatter in arrival time for radiation from
subshowers is dominated by the transverse posi-

tion of the subshower. Figure 3 shows the field energy which remains in the core also increas
from a107** GeV (21 PeV) proton induced air  Thys, if the core of a 20 PeV proton shower
gies greater than 10 GeV at the surface were in- core from a 1 EeV primary is detectable-at km.
cluded. The light radiative particles are more con- Figure 4 shows a scatterplot of field strength -
centrated near the core, and dominate the high fre- . L o
. energy contained within a 20 cm core, for prime
quency signal. Mesons and baryons are less Con'energies of 100 TeV. 1 PeV and 10 PeV. For e:
centrated and fewer in number, and the resulting . " N e
shower, the field was “measured” at two points

contnbutpns th are suppressed. degrees apart around the Cerenkov cone. Fol
The resulting signal was calculated for an observer pey these points are plotted in orange and ble
at about 20m from shower max, and relatively near Tne tight linear correlation of points for the 1

ground. The shape of the pulse is not particularly ztion from the air shower core, without huge fluct

smooth. This is probably a marginally detectable ations. At lower energies, the fluctuations are la
signal. As shown in Figure 2, as the energy of anq the signals are marginal.

the primary is increased, the fraction of primary

GeV

Figure 4: Demonstration that core energy cor
lates with peal&-field.
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p-fe separation by radio/in-ice sity of signal from EeV primary protons permi
3 ,_,A;!" detection at distances of roughly 1 km. With

5 2.5 P e . the footprint of IceCube, the rate & > EeV
S', 5 s Hat_;fr::\ 4 :.-"-.'"" primaries is about 50/yr. It follows that a mo
= R ‘?&r_ﬂ-}, est deployment of radio antennas at 1 km de
=] e NIRRT i on IceCube strings could expect an event rate
I B IO i o i e ~ 1/week. Similarly, if the depth is decreased
Qo5 R NSNS £ 100 m to reduce threshold, and the full footprint
0 N IceCube were instrumented, the rate would be

z 3 4 5 3 7 order one every few hours, although this numl
Log[10,etot20] must be taken with caution pending more detai
study. One might also consider a small shalli

. ) . o array within one “square” of IceTop, which coul
Figure 5: Correlation of-field and in-ice muons

: ) operate at 10 PeV threshold and have similar cc
can be used to separate air showers induced by pro

i qi i aries. Pri S ‘cidence rates.
on and iron primaries. Primary energies increase : I ,
from log,(E) = 5.67 10 8.0. Another possible application would be detecti

of UHE cosmic rays by the ANITA instrumen
Every day more than a thousand cosmic rays
Cosmic ray composition E > 10" eV land within the ANITA field of
view. Unfortunately their Askaryan pulses pro
The Askaryan signal relies on the air shower core agate into the ice, and must experience attenua
surviving to reach the ground. This is a func- and a bottom reflection to be seen by ANITA, -
tion of the energy per nucleon, and increases with thinice is preferred. Atthe same time the Ross ¢
Tmas. Thus, for the same energy, we expect a Ronne ice shelfs may not be appropriate since
significantly smaller radio signal from iron nuclei deeper atmosphere may prevent air shower ct
than from protons. At the same time, with smaller from penetrating to the surface. The detection
Tmas, iron are more likely to produce high en- UHECRs by ANITA is under further review.
ergy muons that penetrate through to the in-ice
component of IceCube. Thus, Figure 5 shows a)
an anticorrelation of core energy with the number References
of muons expected in IceCube and b) reasonably

good separation of iron and protons. [1] G. A. Askaryan, Zh. Eksp. Teor. Fiz1,

616 (1961); Soviet Physics JTER}, 441

In fact, the only true simulated iron nuclei Fig- (1962).
ure 5 are pink dots representing 10 PeV Fe. The [2] D. Saltzbercet al., Phys. Rev. Lett36, 2802
grey dots are “pseudo-Fe” modeled by overlay- (2001).
ing the subshowers from 56 lower energy protons. [3] P. Gorhamet al. Phys. Rev.D72, 023002
The colored dots form an energy segmented pro- (2005).

ton band. From the figure, it seems that if a mod- [4] P. Gorham et al. hep-ex/0611008 (2006).
est array could detect events in coincidence with [5] I. Kravchenko, et al., Phys.Rev. D73 (200

in-ice and surface components of Icecube, that de- 082002.
termination of cosmic ray composition would be [6] S. W. Barwick, et al., Phys.Rev.Lett. 9
improved. (2006) 171101.

[7] H. Landsman, et al., 30th International Cc
Detection scenarios mic Ray Conf., Merida, Mexico (2007).

We make a few remarks concerning rates and
possible antenna arrays which may detect the
Askaryan pulses discussed here. First, the inten-

1032



