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(Selected) Radio Detection Timeline
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1962
Gurgen Askaryan 

hypothesises 
coherent radio 
emission from 

particle cascades 
in dielectric media

1964/5

John V. Jelley et al 
record first radio 

pulses associated 
with high energy 
particles (from an 

air shower)

Trevor C. Weekes, 
who actually 

recorded the first 
radio event, is 

awarded the first 
PhD for the radio 

detection of cosmic 
rays

1966

1966-75

Radio experiments 
at Haverah Park, 

Jodrell Bank, 
Mount Chacaltaya,
Penticon, Medicini, 

Dublin and 
Kharkov



Timeline (continued)
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1983
Gusev and 
Zheleznykh 

propose 
constructing a 

“radio detector for 
muons and 

neutrinos” in ice.

1996/7

The first RICE 
antennas were 

deployed in 
conjunction 

with the 
AMANDA array

1996-2000
The Parkes and 
Goldstone radio 
telescopes stare 

at the moon 
(looking for 
neutrinos).

2002-

The 
CODALEMA 
and LOPES 
experiments, 

revisit the radio 
detection of air 

showers

2006-
The first 

ANITA flight 
launches 

from 
Williams 

Field, 
Antarctica



Interest in Radio Detection
• Measured in number of papers presented orally at the 

International Cosmic Ray Conference.
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Thanks to T. Weekes and H. Badran, for the 20th century data



Aside -- The GZK Effect

• Greisen-Zatsepin-
Kuzmin (GZK) 
calculated cosmic rays 
above 1019.5eV should 
be slowed by CMB 
within 50MPc.

• Berezinksy and 
Zatsepin realised this 
would produce a flux of 
neutrinos
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p + ϒCMB →  Δ*  → n + π+

                                    ➘ µ+ + νµ
                                          ➘ e+ + νµ + νe   
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Figure 5: The combined energy spectrum is fitted with two functions (see text) and compared to data from the HiRes instrument [43]. The
systematic uncertainty of the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated by arrows. A table with the Auger
flux values can be found at [44].
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From: Phys.Lett.B685:239-246,2010 (Auger)

+

= “Guaranteed” Neutrino “Beam”!



Radio Emission 
Mechanisms

Vertical Iron Shower at LOPES 
frequencies from T. Huege et al. 
ARENA2012



Radio Emission -- Early Theory
• Early theoretical work by Gurgen Askaryan predicted 

coherent Cherenkov radiation from air showers.

• The geomagnetic contribution was first proposed by 
Kahn and Lerche in 1965.
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• In 1962 Gurgen Askaryan hypothesised coherent 
radio transmission from EM cascades in a dielectric:

–20% Negative charge excess:
• Compton Scattering: 𝞬!  + e-(rest) ⇒ 𝞬 + e-

• Positron Annihilation: e+ + e-(rest) ⇒ 𝞬

–Excess travelling with,  v > c/n
• Cherenkov Radiation:  dP ∝ ν d ν

–For λ > R emission is coherent, so P ∝ E2shower
9

e± or ϒ Typical Dimensions:
L ≈ 10 m
RMoliere ≈ 10 cm

Radio Cherenkov -- The Askaryan Effect



Askaryan Effect in the Laboratory
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END STATION A side view

Approximately to scale
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cone

15 m

payload

8 m

Cherenkov

FIG. 1: Top: Side view schematic of the target and receiver arrange-

ment in ESA. Bottom: Perspective view of the setup, showing the

key elements.

Despite confirmation of Askaryan’s theory for sand and

salt, there are important reasons to test it in ice as well, since

so much study and experimental effort have been directed at

ice as the target medium. First, although the effect is primar-

ily determined by shower physics, the radio production and

transmission occurs under conditions where the properties of

the medium could play a role in modifying the behavior of the

emission; the possibility of unknownmedia-dependent effects

which might suppress the emission must be explored. Sec-

ond, the radio Cherenkov method is most effective at shower

energies above 10-100 PeV, where muon or other cosmic-

ray backgrounds are negligible, and the method thus “suf-

fers” from the virtue of having no natural backgrounds with

which to calibrate the Cherenkov intensity and corresponding

detection efficiency. In this context, laboratory calibrations

of the radiation behavior are critical to the accuracy of results.

And finally, the increased richness of these radio observations,

which directlymeasure electric field strength and vector polar-

ization, require more comprehensive experimental treatment

FIG. 2: (color online) Left: The ANITA payload (center) above and

downstream of the ice target (here covered). Right top, target with

cover removed, in ambient light. Right bottom: ice target illuminated

from interior scattered optical Cherenkov radiation.

and validation than observations of scalar intensity.

The experiment, SLAC T486, was performed in the End

Station A (ESA) facility during the period from June 19-24,

2006. A target of very pure carving-grade ice was constructed

from close-packing rectangular 136 kg blocks (about 55 were

used) to form a stack approximately 2 m wide by 1.5m tall

(at the beam entrance) by 5 m long. The upper surface of

the ice was carved to a slope of ∼ 8◦ in the forward direc-
tion giving the block a trapezoidal longitudinal cross section

along the beam axis. This was done to avoid total-internal

reflection (TIR), of the emerging Cherenkov radiation at the

surface. The surface after carving was measured to have a

root-mean-square (rms) roughness of 2.3 cm. The beam en-

tered this target about 40 cm above the target floor, which was

lined with 10 cm ferrite tiles to suppress reflections off the

bottom.

The showers were produced by 28.5 GeV electrons in

10 picosecond bunches of typically 109 particles. Monte-

Carlo simulations of the showers indicate that about 90% of

the shower was contained in the target; the remainder was

dumped into a pair of downstream concrete blocks. In contrast

to previous experiments [5, 12], we did not convert the elec-

trons to photons via a bremsstrahlung radiator. Such meth-

ods were used in earlier Askaryan discovery experiments to

avoid any initial excess charge in the shower development. In

our case, the typical shower had a total composite energy of

3× 1019 eV, with a total of ∼ 2× 1010 e+e− pairs at shower
maximum. EGS simulations of the charge excess develop-

ment indicate a net charge asymmetry of about 20%. Thus the

initial electrons contribute at most∼ 15% of the total negative
charge excess in the shower, and we have corrected for this

bias in the results we show here. In addition, radio absorbing

foam was in place on the front face of the ice, and very effec-

tively suppressed RF signals from the upstream metal beam

vacuum windows and air gaps.

A schematic of the experiment layout is shown in Fig. 1.
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raw RF Cherenkov

partially deconvolved

raw impulse response

partially deconvolved

FIG. 3: Top: Raw, and partially-deconvolved impulse response of

the ANITA receiver system. Bottom: Pulse received during the T486

experiment in an upper-ring antenna near the peak of the Cherenkov

cone, also showing the raw pulse, and partially partially-deconvolved

response. The apparent “ringing” artifact of the raw impulses is due

to group delay variation of the passband edges of the bandpass filters

employed.

The ice was contained in a 10 cm thick insulating foam-lined

box, and a 10 cm foam lid was used during operation, along

with a freezer unit, to maintain temperatures of between -5

to -20 C. Such temperatures are adequate to avoid significant

RF absorption over the several m pathlengths of the radiation

through the ice [9].

The ANITA payload, consisting of an array of 32 dual-

polarization quad-ridged horn antennas was used to receive

the emission at a location about 15 m away from the center of

the target, as shown in Fig. 2. The antenna frequency range

is from 200-1200 MHz, which covers the majority of the fre-

quency range over which the RF transmissivity of ice is at its

highest [9]. Eight additional vertically polarized broadband

monitor antennas (four bicones and four discones) are used

to complement the suite of horn antennas. The ANITA horn

antennas are arranged so that adjacent antennas in both the

lower and upper payload sections respond well even to a sig-

nal directed along their nearest neighbors’ boresights. This

allows multiple antennas (typically 4 to 6 horns and 3 to 4 of

the bicone/discones) to sample the arriving wavefront. The

signals are digitized by custom compact-PCI-based 8-channel

digitizer modules [22], 9 of which are used to record all 72

antenna signals simultaneously at 2.6 Gsamples/sec.

Figure 3 shows an example of the impulse response of the

system (top), and one of the measured waveforms near the

peak of the Cherenkov cone. The apparent “ringing” of the re-

ceiving system is due to the group delay of the edge response

of the bandpass filters, but most of the energy arrives within a

fraction of a nanosecond, as determined in previous measure-

ments of the Askaryan effect [7]. In the measured T486 wave-

form of Fig. 3 (bottom), later-time reflections from shielding

and railing near the target, as well as the payload structure,

introduce some additional power into the pulse tail.

FIG. 4: Left: Field strength vs. frequency of radio Cherenkov radia-

tion in the T486 experiment. The curve is the theoretical expectation

for a shower in ice at this energy. Right: Quadratic dependence of

the pulse power of the radiation detected in T486, indicating the co-

herence of the Cherenkov emission.

In Figure 4 (left) we display measurements of the abso-

lute field strength in several different antennas, both upper

and lower quad-ridged horns, bicone, and discone antennas.

The discone and bicone antennas have a nearly omnidirec-

tional response and complement the highly directive horns

by providing pulse-phase interferometry. The uncertainty in

these data are dominated by systematic, rather than statistical

errors, and are about ±40% in field strength (±3 dB). These
are dominated by a combination of the 1-2dB uncertainty in

the gain calibration of the antennas, and by comparable un-

certainties in removing secondary reflections from the mea-

sured impulse power. The field strengths are compared to a

parameterization based on shower+electrodynamics simula-

tions for ice [10, 11], and the agreement is well within our

experimental errors. Figure 4(right) shows results of the scal-

ing of the pulse power with shower energy. The dependence is

completely consistent with quadratic scaling over the energy

range we probed, indicating that the radiation is coherent over

the 200-1200 MHz frequency window.

Figure 5 shows the measured and predicted angular depen-

dence of the radiation. The Cherenkov cone refracts into the

forward direction out of the ice, and is clearly delineated by

the data. Here we show statistical+systematic errors within

a measurement run; the overall normalization (with separate

systematic error) is taken from Fig. 4. We scale these data

within the overall systematic errors to match the peak of the

field strength. The radiation frequency limit where full coher-

ence obtains is given approximately by the requirement that

kL ! 1, where the wavenumber k = 2πnν/c for frequency

  Ryan Nichol  University College London, 19th September 2005  13

Where does Askaryan win?Where does Askaryan win?

! Huge dynamic range ! SNR dominant for E >  10 PeV

PRL 99, 171101 (2007) 
see also: 
PRE 62, 8590 (2000), 
PRL 86, 2802 (2001), 
PRD 72, 023002 (2005) 
PRD 74, 043002 (2006)



Radio Emission from Air Showers
• Air shower emission 

is complicated
–Geomagnetic 

component from 
positron-electron 
separation

–Askaryan component 
–Cherenkov effects 

from the varying 
refractive index of air, 
compresses pulse 
giving high frequency 
component
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Geomagnetic Askaryan

v x B ‘radial’
Diagrams from T. Huege, ICRC2013



Earlier Experiments

From T. Weekes, 
RADHEP2000



A few of the radio detection experiments
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LOPESJelley et al
Section 2 describes the new experimental setup and presents

the reconstruction methods. The detection efficiency of the anten-
na array as a function of the energy is studied in Section 3.1. Sec-
tion 3.2 demonstrates and quantifies the counting rate
asymmetry between air showers coming from the North and the
South. An interpretation of this observation by a proportionality
of the electric field strength to v ^ B is proposed and discussed in
Section 3.3. The observed angular distribution of the electric field
polarity is presented in Section 3.4. Conclusions and some pros-
pects are given in the last section.

2. The experimental setup

2.1. The antennas

In the early stage of the CODALEMA experiment, the use of
some of the 144 conic logarithmic antennas from the Nançay Deca-
metric Array [13] demonstrated the possible detection of radio sig-
nals in coincidence with ground detectors [14,1]. Fully operational
since the 1980s, these antennas are tilted toward the ecliptic plane
(20! South in the meridian plane) and are consequently character-
ized by a slightly asymmetric detection lobe, thus favouring the
detection efficiency toward the South [13]. In our first analysis
[15] of the main features of the detection method, this was not
identified as an annoyance factor though some biased interpreta-
tions could have been revealed in a more detailed analysis phase.
In other respects, the huge size (6 m high and 5 m wide) of these
antennas prevented the development of such units over a larger
area.

In the new CODALEMA setup, simplicity, size, cost and perfor-
mance were the major criteria for the design of a new broadband
antenna based on a fat active dipole concept [16]. This dipole an-
tenna is made of two 0.6 m long, 0.1 m wide aluminum slats of
1 mm thickness, separated by a 10 mm gap and is held horizontally
above the ground by a 1 m high plastic mast. The wires are loaded
by a dedicated, high input impedance, low noise (1 nV/

p
Hz), 36 dB

amplifier with a 100 kHz–220 MHz bandwidth at 3 dB [17]. To
avoid possible non-linearity effects due to a 2 GW broadcast local
transmitter at 162 kHz, the input of the preamplifier is high pass
filtered (20 dB at 162 kHz) resulting in a 1–220 MHz output signal
bandwidth at 3 dB. The effective length of the free space antenna is
almost constant for low frequencies whereas the directivity gain
stays almost isotropic. The antenna radiator length results in a res-
onating behaviour around 115 MHz. Compared to a wire dipole, a
radiator with a small length/thickness ratio has a bigger capaci-
tance (9 pF) and a smaller inductance and, consequently, a smaller
Q-factor. The antenna resonance is decreased and the antenna
losses are thus minimized. Above the resonance, the inductive
behavior dominates and the gain decreases. The effective length
of the free space antenna is almost constant for frequencies below
25 MHz (short dipole) but increases to 7 dB in the 10–100 MHz
band. This variation grows to 19 dB if the antenna is held 1 m
above a perfect ground plane. In this band, the antenna directivity
stays almost isotropic. Validation of this dipole concept was ob-
tained by observing the radio source Cassiopeia A in correlation
[17] with the Nançay Decametric Array. Its sensitivity to the galac-
tic noise variations has been deduced from a measurement of the
sky background spectrum [18].

2.2. The two arrays of detectors

Two dedicated overlapping arrays of detectors (Fig. 1) have
been deployed in order to measure simultaneously the particles
reaching the ground and the radio signals. Currently, the radio ar-
ray consists of 24 antennas spaced 90 m from each other, forming a

cross with arms of 600 m length. The 14 antennas on the NS and
EW arms have been used for the present work. The particle detec-
tor array is made of 17 scintillators located on a grid with an
approximate spacing of 85 m. It covers a 340 ! 340 m2 area where
the center roughly corresponds to the radio array center [19].

Each particle detector station includes a thick plastic scintillator
viewed by two photo-multiplier tubes inserted in a stainless steel
box. Each particle detector is weather sheltered by a 1 m3 plastic
container. The two photo-multipliers have their high voltage sup-
ply set to work at two different gains in order to handle an overall
dynamic range from 0.3 to 3000 vertical equivalent muons (VEM).

All the detectors and antennas are wired to a central shelter
housing the power supplies, the racks of electronics and the com-
puters for data acquisition. In the standard acquisition mode, the
particle detection system acts as a master EAS trigger while the
antennas are configured in a slave mode.

Signals from both arrays of detectors are directed to 4 channels
6U VME waveform digitizer boards [20]. The Matacq board per-
forms a fast 12-bit waveform digitalization with a 300 MHz analog
bandwidth at a sampling rate set to 1 GS/s and in a memory depth
of 2560 points (2.5 ls of signal). The maximum range of 1 V on the
ADC analogical inputs defines a lowest significant bit at 250 lV.
The noise of the antenna chain (antenna + preamplifier + cable)
measured at the input of the digitizer is less than 200 lV rms.

All the ADC boards are externally triggered by a dedicated
16-fold multiplicity circuit. This circuit discriminates the photo-
multiplier signals with a threshold corresponding to 0.3 VEM and
compares the resulting multiplicity to a remote controlled level.
In standard data acquisition conditions, a firing of the 5 central sta-
tions within a 600 ns time window is required. This trigger condi-
tion leads to an event rate of about 8 events per hour.

2.3. Offline data processing

At the first stage of the offline analysis, as explained in detail in
previous articles [1,15], the antenna signals are numerically fil-
tered (23–83 MHz) and corrected for the cable frequency response.
The relative gains are adjusted using the galactic background.
Transient radio pulses indicating the presence of a cosmic ray
shower are searched independently in each antenna signal, with-
out the help of a beam forming technique. In the previous CODAL-

Fig. 1. Schematic view of the Codalema experimental setup in January 2008
superimposed on an aerial view of the Nançay observatory. Plastic scintillators are
depicted as squares. ‘‘T” represent dipole antenna oriented in the EW and NS
directions. Only EW antennas along the EW and NS main axis of the array are used
in this analysis. The large light gray square is the Nançay Decametric Array.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 193CODALEMA

selection criteria. However, we limit the angular difference to 20!
in order to keep only well reconstructed events for the analysis
reported in the paper. About 25% of the events (217 among 891
events) are outside the coincidence window instead of 90% in the
previous analysis. We estimate that only few random events are
within the coincidence window. Second, with the upgraded parti-
cle detector array, 68% of the events have an angular difference be-
low 3.5! in the coincidence window, instead of 6! in the previous
analysis. Compared to the previous analysis, the quality of the
event reconstruction is improved.

As seen in Table 1, the number of detected events by the particle
and radio apparatus differ by almost two orders of magnitude. This
is due to a different energy threshold. The energy distribution mea-
sured by the ground particle array for internal events is displayed
in Fig. 3 and compared with the same energy distribution for
events measured in coincidence by the antenna array. While 1.8
events per day are recorded with the antenna array, the internal
events selection decreases this rate to 0.5 event per day.

The threshold behaviour of the radio detector is clearly visible
below 1017 eV. This behaviour has non-trivial consequences for
the observations described later. The energy threshold of the
ground particle array is far below the range shown in Fig. 3, around
1015 eV. Both distributions converge at the highest energies. This
reflects the increase of the radio detection efficiency (Fig. 4), de-
fined as the ratio of the number of radio detected events over the
total number of events. It regularly increases above 3 ! 1016 eV
and reaches roughly 50% at 2 ! 1017 eV. This efficiency will be dis-
cussed again in the Section 3.3.

3.2. Azimuthal asymmetry

Fig. 5 represents the arrival directions of the radio events
(known as sky maps) in local coordinates (zenith, azimuth). A
striking feature is the shape of the azimuthal distribution, and
more specifically the large asymmetry in the observed counting
rate between the North (top) and South (bottom) sectors.

The lack of events coming from the southern part of the (local)
hemisphere is expected only if the showers coming from North or
South generate different radio signals. Note that this South side
deficit is not observed on an antenna background (i.e. when the
antennas are running in a self trigger mode).

In order to characterize the North–South asymmetry, we con-
sider the ratio nSouth/nTot of the number of events coming from

Fig. 3. Energy distribution of ‘‘internal” events measured by the ground particle
detector array (squares) and seen in coincidence with the antenna array (triangles).

Fig. 4. Efficiency of the radio detection versus energy deduced from the scintillator
analysis.

Fig. 5. Sky maps of observed radio events. Raw event sky map (top) and 10!
Gaussian smoothed map (bottom) are shown. The zenith is at the center, the
azimuth is: North (top, 0!), West (left, 90!), South (bottom, 180!) and East (right,
270!); the direction of the geomagnetic field at Nançay is indicated by the dot.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 195

From: D. Ardouin et al. / Astroparticle 
Physics 31 (2009) 192–200 193
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Radio at the moon

Detection principle:

Askaryan-emission from 

the regolith of the moon

by !
 

AND cosmic rays 

interactions!

Strategy is to use or 

optimize existing 

infrastructures

Igor Zheleznykh / RAMHAND
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Radio at the moon: NuMoon

Olaf Scholten / NuMoon

110-130MHz

From I. Zheleznykh, ARENA 2008

June 2008 Andreas Haungs – ARENA 2008: Summary Radio 62

Radio at the moon: ASTROPEILER

Peter Kalberla / Astropeiler

Search for UHE neutrinos using a refurbished 25-m telescope

1.4 GHz; 140MHz bandwidth

Perfect for outreach!

Main problem: sponsoring!

LOFAR



ANITA



• The ANtarctic Impulsive Transient Antenna 
–A balloon borne experiment

• 32 dual polarization antennas
• Altitude of 37km (120,000 ft)
• Horizon at 700km
• Over 1 million km3 of ice visible 

15

ANITA 

Only top of Cherenkov cone escapes ==> vertically polarised E-field at payload



• Need a low power (only solar energy), 90 channel, 
GHz bandwidth oscilloscope.

• Split trigger and waveform paths
• Use multiple frequency bands for trigger
• ‘Buffer’ waveform data in switched capacitor array
• Only digitise when we have a trigger

16

ANITA Electronics and Trigger
Triggering

• Example: West Antarctica camp noise
– Yellow, L1: multiple bands above thermal noise for one antenna; ~150 kHz

– Green, L2: coincidence between adjacent L1 in the same ring; ~40kHz

– Blue, L3: coincidence between L2 triggers in same phi sector; ~5Hz

L1 - 
Antenna
L2 - Cluster
L3 - Global



ANITA I&II
• Over 65 days of flight over 

Antarctica

17

• Over 35 million triggered 
(noise) events



18

P. Gorham, Neutrino 2008 11 of 27

Pulse phase Pulse phase interferometryinterferometry

! Waveform cross-correlation delay precision 
determines angular resolution

" ~30-40 ps vertical at SNR~5!

" ~60-80 ps horizontal (due to DAQ clock alignment 
errors)
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ANITA-II Results
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Figure 4.20: All reconstructed events that are not associated with traverses or

airplanes and are not in the hidden signal box. The red dots are known bases of

human activity, the black dots are Hot Spots (local maxima from Figure 4.11),

and each cluster of events is given a different color/marker combination.
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Neutrino Limits
• ANITA-II Results

• Combine with 
efficiency to extract 
world’s best limit on 
UHE neutrino flux 
above 1019eV
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Erratum: Observational constraints on the ultrahigh energy cosmic neutrino
flux from the second flight of the ANITA experiment

[Phys. Rev. D 82 022004 (2010)]
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In a recent article [1,2] we reported a limit on a cosmic neutrino flux from the second flight of the ANITA
experiment. The limit was based on observing 2 events passing all cuts on a background of 0:97! 0:42. This
article corrects the previous article down to 1 surviving event. The limit on cosmic neutrinos becomes correspondingly
stronger.

One of the first steps in the analysis procedure was inserting several calibration events at undisclosed random times to
mimic a neutrino signal. These events were produced during flight by an antenna buried 97 m below the ice surface and
were driven by an autonomous pulser. These inserted events would be removed upon unblinding the analysis. This was one

FIG. 1 (color online). ANITA-II limit for 28.5 days livetime. The blue curve is the new limit, based on the one surviving candidate.
Other limits are from AMANDA, RICE, Auger, HiRes, and a revised limit from ANITA-I. The Berezinsky and Zatsepin (Greisen,
Zatseptin and Kuzmin) neutrino model range is determined by a variety of models. Full citations for the table and figure are given in
the original article.

PHYSICAL REVIEW D 85, 049901(E) (2012)

1550-7998=2012=85(4)=049901(2) 049901-1 ! 2012 American Physical Society

Isolated v-pol 
events

Expected 
background events

1

0.97 ± 0.42



ANITA-I H-Pol Results

• A combination of vxB 
and Fresnel coefficients 
result in air shower 
emission being 
horizontally polarised at 
the payload

• ANITA-I detected 16 
isolated H-pol candidate 
UHECR events

• ANITA-II did not trigger 
on the H-pol channels
–Doh!!

• Still detected 5 UHECR 
candidate events
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MHz; thus the ensemble behavior of all of the cascade
particles yields forward-beamed synchrotron emission,
which is partially or fully coherent in the radio regime.
Therefore, the resulting radio impulse power grows quad-
ratically with primary particle energy, and at the highest
energies, yields radio pulses that are detectable at large
distances. Current systems under development for detec-
tion of these radio impulses are colocated with and trig-
gered by cosmic ray particle detectors on the ground
[13–15]. They detect showers with primary energies in
the 1017–18 eV range because of their limited acceptance.
No such system has reported a sample of >1019 eV
UHECR events, nor any events detected solely by radio.

The ANITA long-duration balloon payload is launched
from Williams Field, Antarctica. It takes advantage of the
stratospheric South Polar Vortex to circle the Antarctic
continent at altitudes of 35–37 km while synoptically ob-
serving an area of ice of order 1:5! 106 km2. During
flight, ANITA records all nanosecond-duration radio im-
pulses over a 200–1200 MHz radio frequency band. The
threshold is a few times the received power (" 10 pW) of
thermal emission from the ice. The direction of detected
signals, determined by pulse-phase interferometric map-
ping [Fig. 1, [17]], is localized to an angular ellipse of
0:3# ! 0:8# (elevation! azimuth) which is projected back
onto the continent to determine the origin of the pulse.
ANITA’s mission is the detection of ultrahigh energy neu-
trinos via linearly polarized coherent radio Cherenkov
pulses from cascades the neutrinos initiate within the ice

sheets. Virtually all impulsive signals detected during a
flight are of anthropogenic origin, but such events can be
rejected with high confidence because of their association
with known human activity, which is carefully monitored
in Antarctica. For its first flight, during the 2006–2007
Austral summer, ANITA’s trigger system was designed to
maximize sensitivity to linearly polarized radio pulses, but
purposely blinded to the plane of polarization. However,
the entire polarization information—both vertical and hori-
zontal (Vpol andHpol)—was recorded for subsequent analy-
sis. Since radio pulses of neutrino origin strongly favor
vertical polarization, due to the geometric-optics con-
straints on the radio Cherenkov cone as it refracts through
the ice surface, we used the Hpol information as a sideband
test for our blind neutrino analysis.
Our results were surprising: while the neutrino analysis

(Vpol) gave a null result, a statistically significant sample of
6 Hpol events was found initially [20], and a more sensitive
analysis now yields 16. These events are randomly distrib-
uted around ANITA’s integrated field-of-view [Fig. 2], un-
correlated in location to human activity or to each other,
but closely correlated to each other in their radio pulse
profile and frequency spectrum [Fig. 3, top panel]. Their
measured planes of polarization are found in every case to
be perpendicular to the local geomagnetic field [Fig. 4], as
expected from geosynchrotron radiation. With two excep-
tions, the events reconstruct to locations on the surface of
the ice; the two exceptional cases have directional origins
above the horizon, but below the horizontal (at our altitude,
the horizon is about 6# below the horizontal). Earth-
orbiting satellites are excluded as a possible source since
the nanosecond radio temporal coherence observed is im-
possible to retain for signals that propagate through the
ionospheric plasma, which is highly dispersive in our
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Map details are covered elsewhere [20].

PRL 105, 151101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

8 OCTOBER 2010

151101-2

PRL 105, 151101 (2010)

120,000 ft.

balloon

payload

ra
dio

 w
av

es

Antarctic Ice Sheet

cosmic ray

Figure 2.3: The ANITA cosmic-ray detection geometry.

in Figure 2.3.

Note that the inclined air showers which produce directly-viewable signals happen

much farther from ANITA than the signals viewed in reflection. Since the cosmic rays

interact when they enter the atmosphere, the initial interaction would have to occur

hundreds of kilometers away at least. In contrast, events seen in reflection typically

occur at a third or less of the direct-event distances.

Geosynchrotron emission in Antarctica is created with the horizontal polarization

component dominant, due to the vertical magnetic field (Section 1.3.4). The rela-

tive Fresnel coefficients for reflection of the vertical and horizontal polarizations (Fig-

ure 5.13) further enhance the relative contribution of a cosmic-ray EAS’s reflected

horizontally polarized RF signal. This difference in polarizations between cosmic rays

28



Are they really cosmic ray signals?
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frequency regime. The 14 below-horizon events are phase-
inverted compared to the two above-horizon events, as
expected for specular reflection [Fig. 3, top panel]. From
these observations we conclude that ANITA detects a
signal, seen in most cases in reflection from the ice sheet
surface, which originates in the earth’s atmosphere and
which involves electrical current accelerating transverse
to the geomagnetic field. Such observations are in every
way consistent with predictions of geosynchrotron emis-
sion from cosmic ray air showers. The robust correlation
shown in Fig. 4 is strong evidence that the geosynchrotron
radiation from cosmic rays is the dominant emission
mechanism in this geometry and frequency range. Since
these far-field observations result in a simple plane wave at
the detector, these data will provide strong constraints on
cosmic ray radio emission models.

Our data represent the first broadband far-field measure-
ments of geosynchrotron emission in the ultra high fre-
quency range. The average observed radio-frequency
spectral flux density of the above- and below-horizon
events, shown in Fig. 3, is consistent with an exponential
decrease with frequency, with a mean exponential falloff of
ð180" 13 MHzÞ$1 for reflected events and ð197"
15 MHzÞ$1 for direct events. This observation indicates a
much flatter decay with frequency than that given by ex-
trapolations from ground-based measurements at lower
frequency and parametrizations [21,22]. The lack of any
statistically significant difference in the spectra for the
direct and reflected events indicates that ice roughness is
unimportant for the average surface reflection. To estimate
the electric field amplitude at the source of these emissions,
we model the surface reflection using standard physical-
optics treatments developed for synthetic-aperture radar
analysis. Such models use self-affine fractal surface pa-
rameters [23] and Huygens-Fresnel integration over the
specular reflection region to estimate both amplitude loss
and phase distortion from residual slopes or roughness. We
used digital elevationmodels fromRadarsat [24] to estimate
surface parameters for each of the event reflection points,
known to a few km precision. In most cases the surface
parameters are found to be smooth, yielding only modest
effects on the reflection amplitude; in a minority of the
events, surface parameters were estimated to be rougher,
but still within the quarter-wave-rms Rayleigh criterion for
coherent reflection [25]. Fresnel reflection coefficients were
determined using amean near-surface index of refraction of
n ¼ 1:33, typical of Antarctic firn.
To estimate the primary energy for the observed events,

we used a data-driven maximum likelihood fit to the

FIG. 3 (color). Top panel: Overlay of the 16 UHECR event
Hpol pulse shapes, showing the two direct events (red) and 14

reflected events (blue) with inverted phase. Inset: Average pulse
profile for all events. Bottom panel: Flux density for both the
averaged direct and reflected events, along with fits to an
exponential. Errors at low frequency are primarily due to system-
atic uncertainty in the antenna gains, and to thermal noise
statistics at higher frequencies.

FIG. 4 (color). Plane of polarization of UHECR events com-
pared to the angle of the magnetic field local to the event and
Lorentz force expectation (red line). Reflected events are cor-
rected for surface Fresnel coefficients. Angles are from the
horizontal.
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Our data represent the first broadband far-field measure-
ments of geosynchrotron emission in the ultra high fre-
quency range. The average observed radio-frequency
spectral flux density of the above- and below-horizon
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events, surface parameters were estimated to be rougher,
but still within the quarter-wave-rms Rayleigh criterion for
coherent reflection [25]. Fresnel reflection coefficients were
determined using amean near-surface index of refraction of
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To estimate the primary energy for the observed events,
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Lorentz force expectation (red line). Reflected events are cor-
rected for surface Fresnel coefficients. Angles are from the
horizontal.
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Direct vs Reflected flip polarity
Correlation os measured 
polarisation with local 
geomagnetic field angle

More data needed to fully understand energy scale. ANITA III will fly in 2014 and should 
collect 500-1000 UHECR air shower events during its flight.
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Askaryan Radio Array
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FIG. 25: Planned layout of the 37 ARA stations with respect to the
South Pole Station and associated sectors.

dio methods for detection of UHE neutrinos since the mid-
1990’s and thus the heritage of our simulation methodology is
many generations deep and has been proven over a wide range
of active and completed experiments, including the RICE [2]
and AURA [20] experiments, which are direct pre-cursors to
ARA, the Goldstone Lunar Ultra-high energy neutrino Exper-
iment (GLUE) [21], and the ANITA experiment [3].

Our Monte Carlo tools include detailed ice attenuation
modeling and raytracing to account for the gradient in the in-
dex of refraction of the ice vs. depth. They provide state-
of-the-art modeling of the Askaryan radiation from show-
ers via tested parametrizations, which have been validated
by direct measurements of the Askaryan effect in ice at
SLAC [22]. Neutrino propagation through the earth and ice
sheets is modeled in detail, and the particle physics of the in-
teraction, including neutral and charged-current effects, fully-
mixed neutrino flavors, and secondary shower production due
to charged-current t- and µ�leptons are accounted for in the
models. Finally, the detectors are also modeled with high fi-
delity, including the effects of Rician noise in the detection
process, spectral response functions of the antennas, and full
3-D polarization propagation for the radio waves that interact
with the detector. We thus have reason to report these perfor-
mance estimates with some confidence.

A. Station Spacing

In initial studies of the ARA-37 array [23], we adopted a
1.33 km spacing between stations as a compromise which
gave adequate sensitivity while still allowing for enough over-
lap between the stations’ effective target volumes to yield rea-
sonable fraction of multi-station coincident events. However,
in the interim, indications of possible heavier nuclear com-
position for the UHECRs have led to estimates for the cos-

FIG. 26: Simulation of the effective acceptance for ARA-37 as a
function of the inter-station spacing, for an energy of 1 EeV.

mogenic neutrino flux which are significantly lower than for
a pure proton spectrum, and thus in our current designs, we
optimize the ARA-37 array for discovery potential, to maxi-
mize the number of detected events. Fig. 26 gives the results
of a parametric study of the neutrino acceptance of the array
as a function of the spacing for a neutrino energy of 1 EeV,
which is an excellent proxy on average for the total number of
detected events integrated over a typical cosmogenic neutrino
spectrum.

We find that the acceptance grows rapidly with spacing
starting with sub-kilometric sizes, and then becomes fully sat-
urated at about 2-3 km. In our current design we have thus
adopted 2 km as our baseline spacing; this choice reflects a
good compromise between maximizing the sensitivity while
still recognizing the potential logistical costs that grow with
array size.

B. Sensitivity

The primary metric for detection of cosmogenic neutrinos,
which are presumed to arrive isotropically on the sky, is the
volumetric acceptance V W, in units of km3 steradians. An
equivalent parametrization is the areal acceptance AW (km2

sr) and the two are closely related by AW = V W/Lint(En)
where Lint is the interaction length of the neutrinos as a func-
tion of neutrino energy En. The volumetric acceptance, di-
vided by the instrumented target fiducial volume, gives a mea-
sure of the detection efficiency of neutrinos which interact
within the fiducial volume of a detector. In the case of ARA-
37, one realization of the simulation uses a cylindrical ice
target volume of radius 10 km, and depth 2 km. Because
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FIG. 29: Compilation of sensitivity estimates from existing instru-
ments, published limits, and a range of GZK neutrino models, along
with the expected 3 year ARA sensitivity.

stations to the primary sources of interference at the South
Pole station. Other than brief periods of sporadic interference,
the baseline radio noise levels are dominated by the pure ther-
mal noise floor of the ambient ice, and the thermal noise does
not appear to be correlated to wind velocity. We have demon-
strate the ability to maintain impulse trigger sensitivity at a
level close to the thermal noise. We have demonstrated RF
impulse propagation of more than 3 km slant range through
the South Pole ice without significant loss of signal coherence.
We have demonstrated inter-antenna pulse timing precision of
order 100 ps, implying angular resolutions which are more
than adequate for neutrino vertex reconstruction. We have
presented simulations using characteristics projected from our
measurements which give high confidence that our completed
phase-I array, ARA-37, will achieve its goal of a robust detec-
tion of cosmogenic neutrinos, and will lay a clear foundation
for an observatory-class instrument.
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Appendix A: ARA Autonomous Renewable Power Stations
(AARPS)

As ARA moves farther from the station, the transition from
station power to autonomous power sources will become in-
creasingly important. The planned ARA footprint calls for
three ARA stations to be powered from a single node, requir-
ing about 300W from that node.

A variety of power sources were reviewed during 2010 in-
cluding photovoltaic (PV) arrays, wind turbines, diesel gener-
ators, fuel cells, and Stirling engine generators. The first three
remain in consideration with the renewable sources, PV and
wind, to be attempted first. PV is well-known to be rugged and
efficacious on the Antarctic plateau, so the 2010-2011 season
was instead used to study wind power options for the Antarc-
tic plateau.

The objectives in the first season of deployment were to:

• Test wind turbine candidates for survivability and for
power production. While several larger and several
smaller turbines have been deployed on the plateau,
there have been no known studies in the intermediate
power range that ARA requires.

• Measure wind speed as a function of height from the
surface. This profile, determined by the turbulence pro-
duced by the surface upwind of the turbine, will dictate
the required tower height.

• Understand tower erection techniques suitable for the
South Pole environment.

• Fully instrument the system with sensors for temper-
ature at various locations, power from turbines, wind
speeds, etc. connected to a custom System Health Mon-
itor (SHM). Those data are transmitted to the ICL.

• Test a Power Instrument Box (PIB). The PIBs deployed
are thermally insulated but do not have rf shielding;
shielding is planned for future PIBs.

• Test for electrical noise in the 200MHz to 800MHz
band which could result from the turbine itself, the tri-
boelectric effect on the tower, or emission from instru-
mentation.

• Test low-power Zigbee communications.

The ARA effort to develop autonomous power stations at Pole
began in the 2010-2011 season with the deployment of 3 small
wind turbines, each with a rated power output of slightly over
a kw:

At Site 1, a Raum 1kw turbine (Fig. 30) was installed on a
50-ft lattice tower. It was raised on a tilt-up tower with a Pisten
Bully and a fixed 10 gin pole. Four guy wires are anchored by
timbers placed as dead men in trenches in the ice. A single
anemometer is mounted just below the turbine.

At Site 2, a Hummer kw turbine (Fig. 31) was deployed on
a 50 monopole. The greater weight of the turbine and tower
required the use of a Caterpillar 853 to raise the turbine. Three
sets of four guy wires are anchored by dead men. A single

Radio array in Antarctica,
proposed in the 1980s 



• Four stations deployed
Askaryan Radio Array
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Test Station ~25m deep Full Station ~175m deep



Summary
• The radio detection technique is currently in a 

renaissance
• Several experiments have detected high energy 

cosmic ray air showers (>1017eV) and several more 
are in the planning or prototype phase

• The third ANITA flight should detect 500-1000 cosmic 
rays
–Such a sample should allow determination of the energy 

scale by comparison to ground-based spectra
• Both ANITA and ARA are closing in on the elusive 

goal of detecting BZ neutrinos originating from the 
GZK interaction of cosmic rays with the cosmic 
microwave background 
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• The Balloon
–Just 0.02mm thick
–Takes 100 million litres of 

helium (and several 
hours) to fill

27

Up, up and away



Calibration
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Figure 3.30: Reconstructed positions (black dots) of McMurdo borehole signals. The

green triangle marks the position of the borehole antenna. Red dots mark ANITA’s po-

sition at the time of each plotted event. The background color scale represents ground

elevation. Ross Island, with the volcano Mt. Erebus, is directly below the borehole

position. The average error on the reconstructed borehole position is 3.6 km.
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Figure 3.23: Average error in reconstructed elevation to signal source, binned by re-

constructed azimuth. Uses additional t0 and phase center calibrations, but no tilt cor-

rections. Uses reconstructed angles from 17,800 borehole antenna events. The curve

is a fit to a sinusoid which represents the reconstructed elevation angle error caused by

a payload pitch of 0.28◦ and roll of −0.30◦.

72

Use ground and borehole 
calibration pulsers to 
calibrate antenna positions 
and time offsets.

Also calibrate out the tilt of 
the payload

from S. Hoover
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Figure 6.6: Summed and averaged interferometric images for HPOL (top) and VPOL

(bottom). Each image is constructed from 104 events, with the Sun clearly resolved in

each.
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Figure 6.5: Average peak correlation coefficient for minimum bias events as a function

of azimuthal angular separation between event pointing and Solar position. Dashed

lines indicate the |��S| < 20� definition of whether an event points towards or not

towards the Sun.

incoherent thermal noise event and a coherent calibration signal.

Simulated noise events display a peak correlation coefficient that is on average

slightly lower than that of the minimum-bias and upward-pointing noise events with

��S > 20�. The peak correlation values from simulated noise are scaled by 1.025 in

order to best match the real ANITA-2 data. The scaling value for this was found using

a �2 minimisation, with the same scaling value used for both VPOL and HPOL events

(figure 6.7).

A cut of P1 > 0.070 is used. This removes a large fraction of thermal noise events,

but would have been set lower were it not for the leakage of self-triggered blast events

past the event quality cuts, described in section 6.2. The cut was chosen such that no

self-triggered blast in the upward-pointing noise sample passed all thermal cuts.

Ratio of correlation peaks

A coherent event should display a clear and unique peak in an interferometric image,

indicating that event’s direction of incidence. While the absolute peak of the image,

P1, provides us with a measure of how coherent the event is in the given direction,

6.4. Thermal cuts 113

Peak correlation coefficient

0 0.1 0.2 0.3 0.4

H
il
b

e
rt

 e
n

v
e
lo

p
e
 p

e
a
k
 (

m
V

)

0

20

40

60

80

100

N
u

m
b

e
r 

o
f 

s
ig

n
a
l 
e
v
e
n

ts

1

10

210

N
u

m
b

e
r 

o
f 

s
ig

n
a
l 
e
v
e
n

ts

1

10

210

F
ra

c
ti

o
n

 o
f 

n
o

is
e
 e

v
e
n

ts

-5
10

-410

-3
10

Figure 6.12: Comparison of Hilbert envelope peak (HP ) and peak correlation coeffi-

cient (P1) for VPOL events from Taylor Dome calibration signals (colour histogram)

and upward-pointing thermal noise (grey contours). Note that no requirement is placed

on pointing angle from the Sun for the either set of events in this figure.

bination cut, for events with ��S < 20�, the upward-pointing noise sample is used.

As the upward-pointing noise events only represent a fraction of the ANITA-2 analysis

data sample, the final cut is extrapolated by assuming a power law fit to the fraction of

thermal events passing this final cut value.

Final cut values of Hp + 270P1 for the VPOL analysis are 41.40 for events with

��S � 20� and 61.36 for events with ��S < 20�. Final cut values of HP + 270P1

for the HPOL analysis are 64.81 for events with ��S � 20� and 81.17 for events with

��S < 20�.

An error on the expected background of thermal events is calculated using the

error in the fits to the fraction of simulated and thermal noise passing the combination

cut from figures 6.13 and 6.14. The fits shown are of the form A.eb(x�x0). Fixing

all parameters other than b, the expected thermal background passing thermal cuts is

0.50+0.27
�0.18 HPOL and 0.50+0.29

�0.18 VPOL.

Thermal noise is the dominant 
source of noise in the data sets.
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Figure 6.7: Peak correlation coefficient for real (minimum bias and upward-pointing)

noise and simulated noise events for HPOL (top) and VPOL (bottom). Data for VPOL

signal-like events are also displayed for Taylor Dome calibration signals and simulated

neutrinos. The peak correlation coefficients of simulated noise multiplied but 1.025 for

the best match to real data, with tail distributions in VPOL caused by unfiltered CW

contamination.

ANITA can “see” the Sun
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Figure 8.7: ANITA-2’s exposure at 1020 eV, using data from B. Mercurio and the icemc

simulation.

8.2.1 Reflected neutrino search

Figure 8.8 demonstrates that the ANITA-2 experiment was optimally sensitive in the

declination (�) band �13� < � < 15�. However, the only currently published neutrino

point source limits for AGN in the E⌫ > 1019 eV regime are for Centaurus A (a nearby

AGN) and Sagittarius A* (the Galactic centre) [113]. Both of these sources are outside

of ANITA-2’s optimal declination band, with � < �13�. However, ANITA-2 was still

sensitive to this region via reflected RF from down-going neutrinos.

The ANITA-2 analysis described in chapter 6 contained a cut on elevation of

✓ > �35�. This cut was intended to remove events to which the antenna response

was degraded. The elevation cut also reduced sensitivity to neutrino events viewed in

reflection, particularly reflected signals from highly down-going neutrinos that would

provide most of ANITA-2’s sensitivity to sources with � < �13�.

In order to place point source flux limits on sources that ANITA-2 was only sensi-

tive to via reflected RF, further analysis was run with events passing all thermal analysis

other than the elevation cut. All other thermal and clustering cuts remained unchanged.

A summary of the downward-pointing (✓ < �35�) events passing cuts and the results

of event clustering is shown in table 8.1.
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ANITA as a CalorimeterANITA as a Calorimeter

! The observed voltage Vobs is proportional to the neutrino energy Eν:

y is the fraction of neutrino energy in the cascade
heff is the effective height of the antenna (gain)
R is the range to the cascade
Gaussian in β from observer position on Cerenkov cone

(estimated from RF spectrum)

Exponential is attenuation in ice at depth d. 
(estimated from RF spectrum and polarization effects)

Gives:    ΔΕ
!

 / Ε  !~ 1.9   (60% of which is intrinsic from y)

V obs ~ E
!

y heff R"1 exp #" "
2

2$
"

2

" d# %

ANITA -- The Calorimeter



Energy and Pointing
• Energy determination is tricky, 

depends on
– Exact radio production 

contribution
– Modelling of electrons and 

positrons in shower
– Distance from balloon to Xmax 

(via surface reflection)
– Angle relative to shower 

direction
– Losses at reflection (Fresnel, 

roughness, obliquity)
– etc.

• Probably good to within a 
factor 3
– More data will help us 

understand several of these 
processes 33

observed amplitude, phase, and frequency distribution.
The fit accounted for the radio emission’s shower energy
dependence and angular distribution, along with attenu-
ation due to distance, surface roughness, and reflection
from the surface, as well as the known UHECR energy
spectrum [1]. The angular distribution and surface rough-
ness utilized physically motivated parametrizations [23,26]
and the overall emission scale was drawn from a distribu-
tion from literature [12,14,21,27]. The mean energy of the
ensemble of reflected events is estimated to be 1:5!
0:4ðstatÞþ2:0

%0:3ðsysÞ & 1019 eV, approaching the threshold of
the Greisen-Zatsepin-Kuzmin (GZK) suppression [28,29].
For the direct events, the mean energy is lower due to
stronger direct signals, but the acceptance—limited to a
narrow angular band around the horizon—is also much
lower. Figure 5 shows the energies and sky map of the
detected events. The large asymmetry in the systematic
uncertainty of the energy is due to the uncertainty in the
angular offset, which tends to strongly bias towards under-
estimating the event energy. The fit results imply that the rf
signals from these highly inclined, distant showers are
significantly stronger than would be predicted by current
geosynchrotron models [14,21,27] extrapolated to ANITA’s
frequency regime and very different geometry. An attempt
to apply these models was not able to reproduce the event
rate and observed radio power; further work is in progress.

We estimate a mean angle of observation relative to the
true shower axis of ð1:5! 0:5Þ', comparable to that of

ground-based cosmic ray observatories, and adequate to
allow us to map these events back to the sky with a final
error circle of ~2' diameter. The resulting map is shown in
Fig. 5. As expected for events in this energy range, the
ensemble is uncorrelated to active galactic nuclei in the
nearby universe, as intergalactic magnetic deflection is
significant assuming our nominal energy scale is correct;
the map is shown to illustrate the potential for a larger
ANITA-like sample of events and the obtainable angular
precision. Estimates from our simulations indicate that,
after optimization for UHECR observation, a new 30-day
flight of ANITA could detect a total of several hundred
geosynchrotron events, with 60–80 above 1019 eV, and
(10 above the nominal GZK cutoff energy. We conclude
that a far-field radio observatory is viable at the highest
cosmic ray energies, and if the fidelity of models of the
geosynchrotron process continues to improve at the rate it
has in recent years, such an approach will be able to further
elucidate possible correlations in cosmic ray origin direc-
tions as well as the shape of the UHECR energy spectrum
in the GZK region.
We are grateful to NASA, the U.S. National Science

Foundation, the U.S. Department of Energy, and the
Columbia Scientific Balloon Facility for their generous
support of these efforts.
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observed amplitude, phase, and frequency distribution.
The fit accounted for the radio emission’s shower energy
dependence and angular distribution, along with attenu-
ation due to distance, surface roughness, and reflection
from the surface, as well as the known UHECR energy
spectrum [1]. The angular distribution and surface rough-
ness utilized physically motivated parametrizations [23,26]
and the overall emission scale was drawn from a distribu-
tion from literature [12,14,21,27]. The mean energy of the
ensemble of reflected events is estimated to be 1:5!
0:4ðstatÞþ2:0

%0:3ðsysÞ & 1019 eV, approaching the threshold of
the Greisen-Zatsepin-Kuzmin (GZK) suppression [28,29].
For the direct events, the mean energy is lower due to
stronger direct signals, but the acceptance—limited to a
narrow angular band around the horizon—is also much
lower. Figure 5 shows the energies and sky map of the
detected events. The large asymmetry in the systematic
uncertainty of the energy is due to the uncertainty in the
angular offset, which tends to strongly bias towards under-
estimating the event energy. The fit results imply that the rf
signals from these highly inclined, distant showers are
significantly stronger than would be predicted by current
geosynchrotron models [14,21,27] extrapolated to ANITA’s
frequency regime and very different geometry. An attempt
to apply these models was not able to reproduce the event
rate and observed radio power; further work is in progress.

We estimate a mean angle of observation relative to the
true shower axis of ð1:5! 0:5Þ', comparable to that of

ground-based cosmic ray observatories, and adequate to
allow us to map these events back to the sky with a final
error circle of ~2' diameter. The resulting map is shown in
Fig. 5. As expected for events in this energy range, the
ensemble is uncorrelated to active galactic nuclei in the
nearby universe, as intergalactic magnetic deflection is
significant assuming our nominal energy scale is correct;
the map is shown to illustrate the potential for a larger
ANITA-like sample of events and the obtainable angular
precision. Estimates from our simulations indicate that,
after optimization for UHECR observation, a new 30-day
flight of ANITA could detect a total of several hundred
geosynchrotron events, with 60–80 above 1019 eV, and
(10 above the nominal GZK cutoff energy. We conclude
that a far-field radio observatory is viable at the highest
cosmic ray energies, and if the fidelity of models of the
geosynchrotron process continues to improve at the rate it
has in recent years, such an approach will be able to further
elucidate possible correlations in cosmic ray origin direc-
tions as well as the shape of the UHECR energy spectrum
in the GZK region.
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