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Arrays in Focus of this talk

A. G. Vieregg 37 

Deployment of a Prototype in Greenland 2015 

•  Deployed 8 antenna phased array 100m down an existing borehole 
•  Data analysis and follow up tests in an anechoic chamber are underway 

Substitutes: 
NuMoon 
Tunka-Rex 
AERA 
SKA 
Radar 
Salsa 
Taroge 
….



Radio Emission 
Mechanisms

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



• 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 𝞬 

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

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

4

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

Radio Cherenkov -- The Askaryan Effect



Flashy Ice
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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.

From PRL 99, 171101 (2007)

3

−20 −15 −10 −5 0 5 10 15 20 25 30

−3

−2

−1

0

1

2

time, ns

re
fe

re
n

c
e

 v
o

lt
s

 

 

−20 −15 −10 −5 0 5 10 15 20 25 30

−60

−40

−20

0

20

40

time, ns

fi
e

ld
 s

tr
e

n
g

th
, 

V
/m

/M
H

z

 

 

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



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

6

Geomagnetic Askaryan

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



ANITA



• It is the coldest, driest, 
windiest place on Earth 

• But... 
–Lots of Ice 

• Despite our best efforts 
• Over 4km thick in places 

–Also: 
• The only continent 

exclusively dedicated to 
scientific research 

• No indigenous (human) 
population 

• Home of NASA’s long-
duration balloon program

8

Why Antarctica?

Ice depth data from BEDMAP consortium
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• The ANtarctic 
Impulsive Transient 
Antenna  
–A balloon borne 

experiment 
• 32-48 dual polarisation 

antennas 
• Differential GPS for 

positioning and 
orientation 

• Altitude of 37km 
(120,000 ft) 

• Horizon at 700km 
• Over 1 million km3 of ice 

visible 

13

ANITA 



• Need a low power (only solar energy), 90 channel, 
multi-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

14

ANITA Electronics and TriggerTriggering
• 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 Flights
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Photo: B. Hill, 
University of Hawaii

Photo: J. Roth, 
U. Delaware

Photo: M. 
Mottram, UCL

ANITA-1: 2006/7 ANITA-2: 2008/9 ANITA-3: 2014/15



ANITA-3 End of Flight
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Image: Josh F., Australian Antarctic Division



Analysis Step 1: Narrowband Noise
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6.3. Analysis tools 97
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Figure 6.1: Average power received by channel 1V as a function of time and frequency

during a three hour period when the payload was close to McMurdo. The antenna sees

CW from McMurdo in a number of bands, the strength as a function of time is caused

by rotation of the payload, bringing the base in and out of view.

6.3.2 Interferometric imaging
The key tool used in the ANITA-2 analysis, particularly for thermal noise rejection, is

the interferometric image. Using data from all active channels in a given polarisation,

the interferometric image provides information both on signal strength and the direction

from which a signal originates as a function of payload coordinates.

By taking the cross correlation of waveforms from antenna pairs, it is possible to

map out how well matched two waveforms are for a given time shift. The correlation

coefficient returned here will be proportional to the amplitude of the two waveforms

being processed, using normalised waveforms will provide a normalised correlation

coefficient (equation 6.3.4).

C1,2 =
 1 ?  2

� ,1� ,2
(6.3.4)

Here, C1,2 is the normalised cross correlation between waveforms  1 and  2, while the

normalisation of  i is given by its RMS, � ,i.

If we treat RF signals reaching the ANITA-2 payload as plane waves then, for

a given direction of incidence, there will be an offset between the time of arrival of

the signal between any two given antennas. This timing difference varies as a func-
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Figure 5.8: Waveform and power spectrum for horizontally polarized calibration signals
from the LDB Seavey 45◦ polarized pulser system. Blue shows the unfiltered signal while
red shows the signals filtered for interfering bands.
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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)

~3.5m

~1m

~1 ns0.2-1.2 GHz bandwidth
# 1 ns impulses
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from A. Romero Wolf, Neutrino 2008

Analysis Step-2: Reconstruction

1&2

3&4

All Pairs

http://dx.doi.org/10.1016/j.astropartphys.2014.06.006

http://dx.doi.org/10.1016/j.astropartphys.2014.06.006


ANITA-2 Results

19

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.

119



Neutrino Limits

• ANITA-2 Results 

• Use calibration pulser 
and simulation to 
determine efficiency 
and set the best limit 
on UHE neutrino flux. 

20

Isolated v-pol 
events 1

Expected 
background events 0.97 ± 0.42

DOI: 
 10.1103/PhysRevD.85.049901 
 10.1103/PhysRevD.82.022004

Also limits on magnetic monopoles 
and neutrinos from gamma-ray bursts

We note that the cost of ANITA’s flights to date is of order 5% of the total IceCube con-
struction costs, showing in this case the surprising economy that is possible with suborbital mis-
sions. ANITA-2 set contraints on several cosmogenic neutrino models with strong source evolu-
tion spectra that were otherwise unconstrained and were plausible within GZK source expecta-
tions [51, 53, 61, 62], These differential and integral limits, as well as the individual model limits
above, are the strongest constraints to date on the cosmogenic ultra-high energy neutrino flux [?].
ANITA’s success for the several completed flights to date indicates that the basic payload and in-
strument configuration are sound and have met or exceeded the overall design requirements for
each flight in a robust manner.

3.2 Estimated Improvement in Sensitivity.

ESS ’01 baseline

Ahlers et al. ’11 

Yuksel & Kistler ’07

Kotera et al. ’10 max

Ave et al. ’07 Fe mix

Kotera et al. ’10 low

ESS ’01 strong

Kotera et al. ’10 mid

ANITA−3+4 (100d) projected

IceCube−80 HE (2013)

ANITA−II (2010), 35d

IceCube PeV 2013
with range of

power−law extensions

Figure 11: Limits from IceCube and ANITA-2,
along with, expected sensitivity for ANITA-3+4
for a combined 100 days, and a wide range flux
model predictions for cosmogenic neutrinos.

For the augmentations that took us from ANITA-1
to ANITA-2, we estimate that we improved our dis-
covery potential by a factor of 5, that is, for a typical
neutrino model, we would expect a factor of 5 in-
crease in the detected events. Our analysis indicates
that the backgrounds for both ANITA-1 and ANITA-
2 remained about the same – 1 event of anthro-
pogenic origin that could masquerade as a neutrino-
like impulse. In the ANITA-3 & 4 payload, we have
used detailed engineering estimates, computer simu-
lations, or performed laboratory calibrations to ver-
ify the following improvements in neutrino detection
capability: (1) A 20% increase in antenna area; (2)
A 40% improvement in antenna efficiency over the
200-300 MHz band; when this is weighted by typ-
ical neutrino event parameters, we expect of order
a 20% improvement in signal strength overall (3) A
20% improvement in trigger threshold for quiet pe-
riods; (4) A 30% improvement in azimuth and 20%
elevation pointing, and thus an increase of 15-20%
in the effective target volume of ice which is currently being lost due to the pointing resolution.
The net effect of all of these improvements, when folded with a typical steeply falling neutrino
spectrum in ANITA’s energy range indicates a factor of three improvement in sensitivy per unit
time for neutrino signals, since we are still in a linear background regime.

In addition, a flight time equal to the longest flights in recent Antarctic LDB operation [27] could
double our assumed 27 day livetime, and we could gain another factor of 2. In addition to these
neutrino sensitivity improvements we expect a factor of 10 or more increase in the detected UHE
cosmic ray event sample, as noted previously. Given our current ANITA-2 limit, which is probing
well into the plausible strong source evolution scenario, neutrino totals of between 8 and 20 events
are possible in the final event sample combining ANITA-3 and ANITA-4. These event rates, which
we expect to be essentially background-free, are more than sufficient to establish a flux level and
provide initial energy spectral parameters. While it is evident that the UHE neutrino flux can still
evade detection if the composition is purely iron [56], such scenarios are neither favored nor self-
consistent with current UHECR observations, and ANITA thus has an excellent chance to begin

16

http://dx.doi.org/10.1103/PhysRevD.85.049901
http://dx.doi.org/10.1103/PhysRevD.82.022004


ANITA-1 H-Pol Results
• Neutrinos signals are 

vertically polarised  
–Top of Cherenkov 

cone 

• ANITA-1 detected 16 
isolated H-pol 
candidate UHECR 
events 

• ANITA-2 did not 
trigger on the H-pol 
channels 
–Doh!! 

• Still detected 5 
UHECR candidate 
events

21

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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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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• The 14 events that 
reconstruct to the 
surface (i.e. are 
reflections) have very 
similar waveforms 

• The 2 events that 
reconstruct above the 
surface have the 
opposite polarity 

• Consistent with some 
signal that is generated 
above the surface



Are they really cosmic ray signals?
• Magnetic field is nearly 

(but not) vertical in 
Antarctica 
–F=q v x B
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Figure 7.2: Instrument-response-deconvolved, coherently-summed waveforms for the

four isolated UHECR candidates, the directly observed event (magenta) displays oppo-

site polarity to the three reflected events. Waveforms have been scaled such that their

magnitudes are equal, with a 20 ns time window around the cosmic-ray-induced signal

shown (recorded waveforms are ⇠100 ns long).
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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.

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

151101-3



New mystery event (arxiv:1603.05218)
• Recent paper from ANITA 

discussing the direct cosmic ray 
signals in the 1st flight 

• Uncovered one extra event that 
clearly points to the ice, but looks 
very similar to the direct h-pol 
waveforms 

• The measured polarisation is 
consistent with a shower emerging 
from the ice 
–Could this be a tau neutrino 

candidate event? 
• Would require a significant change to the 

standard model cross-section?  
–Should be attenuated by the Earth 

over the 5500km chord length 
–Could this be a cosmic ray with 

inverted polarity? 
–Could this be anthropogenic noise? 24
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TABLE I: Expected parameters of the three above-horizon CR events.

event No. flight index Latitude Longitude† angle D⇤
1200 DXmax D300 D100 HXmax

5152386 I A 80.2S 49.0W �4.25±0.25� 622(+88,�100) 694±80 780±77 860±70 22.0±1.0
7122397 I B 82.405S 12.5E �3.4±0.32� 331(+125,�200) 444(+100,�120) 570±80 667±70 24.2±2.2

21684774 II C 83.24S 0.87E �2.3±0.3� �83.5(+9,�6) �17(+189,�75) 285±85 416±70 29.9±1.3

†
Latitude and Longitude of the estimated location of shower maximum Xmax, or payload location for 21684774.

* Distances from payload, in km, to location of indicated shower slant depth in g/cm2.

payload from a direction of 27.4� below the horizontal, which
was a fairly typical angle for the reflected CR events. Yet it
did not appear to correlate well with the reflected CR signal
shape, and was thus rejected as background at the time [2]. In
re-evaluating this event, we realized that the polarity and plane
of polarization are consistent with an air shower seen directly,
without the reflection phase inversion. However, its steep up-
ward pointing angle poses clear problems for interpretation.
In this report, we analyze characteristics of all four of these
unusual upward-directed events seen by ANITA, with specific
focus on what relation, if any, the previously excluded event
may have with t-lepton-initiated air showers.
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FIG. 1: Waveforms for the four events described here. Events
are indexed here and in the text by the letters A,B,C,D.

Table I shows characteristics of the three stratospheric
events. Angles of arrival relative to the payload horizon-
tal and their standard errors are determined through pulse-
phase interferometric mapping [7]. Distances to various in-
tegrated atmospheric column depths X , including the approxi-
mate depth of shower maximum Xmax, assuming a shower en-
ergy of ⇠ 1018 eV, are given along the track, based on a stan-
dard atmosphere model for Antarctica, and with uncertainties

primarily dominated by the angle-of-arrival uncertainty. The
geodetic positions in each case are given according to the es-
timated location of Xmax.

Figure 1 shows the field-strength waveforms for all of the
events, derived from coherent beam-forming [7], with the in-
strumental response then deconvolved. Both Hpol and Vpol
are plotted. The Hpol polarity of each of these events, checked
independently by two quantitative methods, is phase-reversed
with respect to the other 14 UHECR events which were in-
verted by reflection from the ice surface [1]. For CRs, Vpol
polarity and magnitude depends on components of the geo-
magnetic field in the locale of the event, as we will quantify
later.

These three events at shallow elevation angles, which cor-
relate closely in pulse shape to our other sample of radio-
detected CRs, develop and propagate in the stratosphere, un-
der very rarified densities. Their overall length is greatly mag-
nified compared to showers observed by ground arrays. The
lowest of the three events has a likely first interaction point
well beyond the geometric horizon, and will have largely dis-
sipated in the vicinity of the geometric horizon at ⇠ 650 km.
The higher two events are at least 200 km, and possibly more
than 600 km in length, in both cases passing by the ANITA
payload before they have dissipated. In the highest event,
which develops above 30 km, the shower was near its max-
imum development when it passed by ANITA. Geometric es-
timates of ANITA’s expected rate of CRs at these angles, us-
ing the acceptance determined by the reflected CRs [8], indi-
cates that the number of detected events is consistent with the
known CR spectrum at EeV energies.

To characterize these events more fully, we estimate their
Stokes parameters. Fig. 2 show I,Q,U,V in a spectro-temporal
decomposition for these three events. In all cases the linear
polarization components associated with Q and U are clearly
evident. In addition, in the two stronger events there is up to
25% Stokes V content, indicating circular polarization (CP)
present in the signal, well above the  3% residual instru-
mental polarization effects for our data. For all of the events
the total polarized fraction is 100% within statistical errors
due to thermal noise. CP in radio signals from CRs at the few
percent level has been hypothesized to arise from interference
between the primary signal generation from geomagnetic ef-
fects [9, 10], and the secondary signal from the Askaryan ef-
fect [11], but there is no currently accepted model to predict
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FIG. 2: Stokes parameters for the three above-horizon events in the sample considered here.

the resulting CP content for our signals.

FIG. 3: Stokes parameters for event 3985267.

The waveform in Fig. 1 for the remaining event D shows a
strong Hpol, and a correlated Vpol signal. The primary pulse
correlates well with both the above-horizon signals and the in-
version of the 14 reflected CR signals. There is also an excess
of noise evident in the trailing part of the signal, similar to
what is observed in several of the reflected CRs [2], although
in this case it appears more persistent and larger in amplitude.
In Fig. 3 we show the spectro-temporal plot of Stokes param-
eters for this event, with clear detections of Q,U, and V, in-
dicating both a linear and CP component; the CP fraction is
⇠ 10% of the total polarization.

Table II shows parameters for event D under the hypothe-
sis that it is radio emission from a CR air shower, seen either
in reflection from the ice surface, or from a direct air shower
starting along the track from the surface to the payload, al-
though for the former case the polarity is inconsistent. For
the latter case, the only Standard Model (SM) physics origin

we know of for up-going air showers is from the interactions
or decay of a secondary lepton from a neutrino interaction;
however, at these angles, the chord distance through the Earth
most likely excludes neutrinos of the energies that ANITA is
likely to detect in such a process.
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FIG. 4: Geomagnetic correlation of events. The dashed line
shows the prediction for pure geomagnetic Lorentz

force-induced emission.

For a cosmic-ray air shower, the Lorentz force on the rel-
ativistic electron-positron pairs yields a plane of acceleration
in the local shower frame given by sinY = v̂⇥ B̂, where v̂ is
a unit vector giving the shower direction, and B̂ the geomag-
netic field direction. The resulting radiation Poynting vec-
tor, arising primarily from the region near shower Xmax, can
then be extrapolated to the payload location for each event
to determine the predicted field-strength ratio for Vpol to
Hpol. Residual non-vertical components of the Antarctic ge-
omagnetic fields will result in small but correlated Vpol com-



ANITA-4
• Will fly in Antarctica this 

year 
• Upgrading the digitiser 

and the trigger 
• Most of the ANITA term 

are converging in 
Palestine, Tx 

• Busy times ahead
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We note that the cost of ANITA’s flights to date is of order 5% of the total IceCube con-
struction costs, showing in this case the surprising economy that is possible with suborbital mis-
sions. ANITA-2 set contraints on several cosmogenic neutrino models with strong source evolu-
tion spectra that were otherwise unconstrained and were plausible within GZK source expecta-
tions [51, 53, 61, 62], These differential and integral limits, as well as the individual model limits
above, are the strongest constraints to date on the cosmogenic ultra-high energy neutrino flux [?].
ANITA’s success for the several completed flights to date indicates that the basic payload and in-
strument configuration are sound and have met or exceeded the overall design requirements for
each flight in a robust manner.

3.2 Estimated Improvement in Sensitivity.

ESS ’01 baseline

Ahlers et al. ’11 

Yuksel & Kistler ’07

Kotera et al. ’10 max

Ave et al. ’07 Fe mix

Kotera et al. ’10 low

ESS ’01 strong

Kotera et al. ’10 mid

ANITA−3+4 (100d) projected

IceCube−80 HE (2013)

ANITA−II (2010), 35d

IceCube PeV 2013
with range of

power−law extensions

Figure 11: Limits from IceCube and ANITA-2,
along with, expected sensitivity for ANITA-3+4
for a combined 100 days, and a wide range flux
model predictions for cosmogenic neutrinos.

For the augmentations that took us from ANITA-1
to ANITA-2, we estimate that we improved our dis-
covery potential by a factor of 5, that is, for a typical
neutrino model, we would expect a factor of 5 in-
crease in the detected events. Our analysis indicates
that the backgrounds for both ANITA-1 and ANITA-
2 remained about the same – 1 event of anthro-
pogenic origin that could masquerade as a neutrino-
like impulse. In the ANITA-3 & 4 payload, we have
used detailed engineering estimates, computer simu-
lations, or performed laboratory calibrations to ver-
ify the following improvements in neutrino detection
capability: (1) A 20% increase in antenna area; (2)
A 40% improvement in antenna efficiency over the
200-300 MHz band; when this is weighted by typ-
ical neutrino event parameters, we expect of order
a 20% improvement in signal strength overall (3) A
20% improvement in trigger threshold for quiet pe-
riods; (4) A 30% improvement in azimuth and 20%
elevation pointing, and thus an increase of 15-20%
in the effective target volume of ice which is currently being lost due to the pointing resolution.
The net effect of all of these improvements, when folded with a typical steeply falling neutrino
spectrum in ANITA’s energy range indicates a factor of three improvement in sensitivy per unit
time for neutrino signals, since we are still in a linear background regime.

In addition, a flight time equal to the longest flights in recent Antarctic LDB operation [27] could
double our assumed 27 day livetime, and we could gain another factor of 2. In addition to these
neutrino sensitivity improvements we expect a factor of 10 or more increase in the detected UHE
cosmic ray event sample, as noted previously. Given our current ANITA-2 limit, which is probing
well into the plausible strong source evolution scenario, neutrino totals of between 8 and 20 events
are possible in the final event sample combining ANITA-3 and ANITA-4. These event rates, which
we expect to be essentially background-free, are more than sufficient to establish a flux level and
provide initial energy spectral parameters. While it is evident that the UHE neutrino flux can still
evade detection if the composition is purely iron [56], such scenarios are neither favored nor self-
consistent with current UHECR observations, and ANITA thus has an excellent chance to begin
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condition, and then ADC conversion is completed. The SCA sampler, which does not actually
digitize its samples until commanded to do so for a trigger, uses far lower power than traditional
high speed continuous-digitizing samplers (such as oscilloscopes). ANITA has now moved into
the 4th generation of SCA samplers, and these have now been combined in a new 12-channel
implementation of the waveform digitizer board, denoted the Sampling Unit for Radio Frequencies
(SURF), version 4. Fig. 10 shows a model of this board, which is now in production. It represents
a major step forward from the prior versions. It will sample at up to 4 Gsamples/sec, giving almost
a factor of two better than Nyquist sampling, and thus better waveform reconstruction and offline
pointing; it has a four-times larger time window for the samples than prior versions, allowing for
better resolution and rejection of carrier-wave interference, and more robust offline analysis. It also
allows for much faster waveform readout, up to several kHz, compared to 10 Hz in prior flights.
This in turn gives a lower trigger threshold, in combination with a fast event-fitter in the flight
computer to determine candidate events for archiving and telemetry.

Figure 10: Left: 3D CAD model of the new digitizer cPCI board for
ANITA-3 & 4. Right: ANITA receiver chain test impulse waveforms
captured with the LAB4 prototype board, along with phase-aligned
average waveform.

Other subsystems. In ad-
dition to standard subsystems
typical of every balloon pay-
load, such as analog-to-digital
converters (ADC) that measured
housekeeping and environmental
data, ANITA has several subsys-
tems that are less ordinary and
merit some description.
Power system. The ANITA in-
strument uses an omnidirectional
array and a freely rotating pay-
load to avoid the possibility of
RF pickup from a rotator. The
current ANITA “skirt”-array de-
sign has been found to be robust,
with the vertical PV angles en-
abling a substantial power contribution resulting from sunlight reflected off of the ice in additional
to direct sun. ANITA-3 and -4 will use the SunPower C-60 solar cell technology laminated onto
dielectric honeycomb substrates. The combination of increased cell efficiency and closer packing
of the cells results in an 18% increase in power for the same array form factor. The ANITA power
required is about 600 W. Calculations have shown that the PV arrays planned will provide suffi-
cient power for the ANITA payload. The solar cells will be laminated onto a dielectric honeycomb
in 5x6 sub-arrays, with three of these connected in series forming 90-cell strings. There will be
eight of these arrays arranged in an octagon skirt (see Fig. 8). SuperTIGER successfully used ar-
rays nearly identical to these, with the exception that their arrays were 80-cell strings mounted on
substrates with dielectric facesheets, but with aluminum honeycomb cores. Thermal calculations
have shown that the difference in honeycomb core material will have a minimal impact on the cell
temperatures.

We are planning to use a Morningstar Tristar-MPPT-45 or -60 charge controller. SuperTIGER
successfully used the Tristar-45 charge controller in its 2012-2013 flight. The ANITA battery sys-
tem consists of 4-pairs of Valence U1-12XP Lithium- Phosphate (LiFeMgPO4) batteries, providing
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Future projects

PHASED ARRAYS

A STRATEGY TO LOWER THE ENERGY 
THRESHOLD FOR NEUTRINOS.

1

ARENA 2016Stephanie Wissel

Avva et al. arXiv:1605.03525

Analysis Updates for ARA 

UW-Madison 
Ming-Yuan Lu 

ARENA 2016, Groningen, Netherlands 

1	ARENA2016	-	M.-Y.	Lu	

Recent results from the Ross Ice Shelf

ARIANNA

Anna Nelles  
for the ARIANNA Collaboration 

ARIANNA

1 

The ExaVolt Antenna (EVA): 
Concept and Development 

Carl Pfendner 

2016-06-10 ARENA 2016 

EVA



ARA 

• ARA has three operating deep stations at the South Pole. 
–Another 3 stations already constructed 
–Approval to install two stations in season 17/18 
–Several analysis improvements on the way (see ARENA talks)
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2 Station Diffuse Neutrino Search 
•  10 months data in 2013 
•  Matrix-based plane-wave reconstruction 
•  ~1° angular resolution can be achieved  
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2	ARENA2016	-	M.-Y.	Lu	

P.	Allison	et	al.	Phys.	Rev.	D	93,	082003(2016)	

ARA6	
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IceCube	

3	 1	
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Pole	
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4	

Instrumenta:on	
deployment	in	17	/	18.	
Site	/	road	prepara:on	
in	16	/	17.	

Poten:al	if	support	
is	available	

WT3	

22	June	2016	 8	

from C. Pfender, ARENA2016



ARIANNA
• Proposed array of antennas 

on the Ross Ice Shelf 
• Currently running the hex 

station since 2015
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Anna Nelles, ARENA 2016

Outlook on Limits

7

• Current status: 

• All first set-ups running, however 
too small to have any impact on 
neutrino limits

• Projected sensitivity: 

• Radio detection will set 
significant limits at interesting 
energies

IceCube measurement from Phys. Rev. D91, 022001 (2015) 
ARA37 projection using arXiv:1507.08991v2
IceCube UHE limit from Ishihara, PoS 1064 (ICRC 2015)
see S. Barwick Overview Talk (ICRC 2015)

Projected sensitivities after 5 years

Limits from ICRC 2015

Anna Nelles, ARENA 2016
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• Current status: 

• All first set-ups running, however 
too small to have any impact on 
neutrino limits

• Projected sensitivity: 

• Radio detection will set 
significant limits at interesting 
energies

IceCube measurement from Phys. Rev. D91, 022001 (2015) 
ARA37 projection using arXiv:1507.08991v2
IceCube UHE limit from Ishihara, PoS 1064 (ICRC 2015)
see S. Barwick Overview Talk (ICRC 2015)

Projected sensitivities after 5 years

Limits from ICRC 2015

Anna Nelles, ARENA 2016

Concept of ARIANNA

3

Graphic adapted by A. Nelles
from S. Brown / The Register

• On ice-shelf: Ice-water boundary 
almost perfect reflector for radio 
emission 

• Independent antenna stations can 
be installed at low costs on the 
surface 

• Real-time data transfer via satellite  

• Solar and wind power possible 

• High gain antennas (50 - 1000 
MHz) can be used to instrument a 
large volume 

• Array of about 1200 antennas 
needed: ~ 30 Million USD

from A. Nelles, ARENA2016



EVA
• Planned super-pressure 

balloon which uses the 
balloon as the antenna 
–Increases the antenna 

gain by 20dB 
• Small scale (1/20) test 

version demonstrated

29

1 

The ExaVolt Antenna (EVA): 
Concept and Development 

Carl Pfendner 

2016-06-10 ARENA 2016 

14 

Hang Test 

2016-06-10 ARENA 2016 

1/20th scale model balloon. 
 

Dual-polarized sinuous 
antenna feeds. 

Balloon and feed 
system. 

Wallops Flight Facility, September 2014 COSI-SPB 36 Days and Counting

19 

Expected EVA Results 

Also expect ~300 cosmic ray events from geomagnetic effects 
2016-06-10 ARENA 2016 

from C. Pfender, ARENA2016

http://www.csbf.nasa.gov/newzealand/wanaka.htm


Photo: H. Schoorlemmer , University of Hawaii
O. Martineau, LPNHE Paris  -- The GRAND proposal -- ARENA2016

nt

Rock target:
• Principle:
▫ n-induced tau decays in atmosphere generate

~horizontal extensive air showers.
[Fargion astro-ph/99066450, Bertou astro-ph/0104452]

• Issues: 
▫ VERY seldom events
▫ Earth-skimming trajectories

t

EeV neutrino detection

From: O. Martineau  
at ARENA2016



Phased Arrays (e.g. GNO)
• Coherently sum signals 

to increase gain

31

➤ Beamforming: for a given incident 
direction, calculate the system delay 
required between antennas to see the 
signal in-phase in all the antennas

➤ The signal is correlated between 
antennas and noise is uncorrelated: 
increase the SNR as ~√N

➤ Create many beams at once to  cover the 
solid angle of interest

➤ Analog or digital

➤ Can be combined with outrigger antenna 
strings with longer baselines for pointing
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PHASED ARRAY SENSITIVITY

➤ Phased Array: 
Coherently sum 
signals from antennas 

➤ Factor up to 10x  
using phased arrays 
over noise-riding 
threshold technique 
at 10 PeV

5Vieregg, Bechtol, Romero-Wolf JCAP 2016 arXiv:1504.08006v1

Current method 
employed by ARA, 

ARIANNA

Sensitivity to 
neutrino detection 
~ detector volume 

VΩ 

Phased Array

Cosmogenic Neutrinos

DEPLOYMENT OF ANALOG PHASED ARRAY

19

GNO PHASED ARRAY PROTOTYPE

18

System Diagram

Analog Phased Array Prototype at Summit Station, June 2015

Analog Beamformer
8 antennas x 8 beams

8 antennas 
+ 200 MHz 
HP Filters 
+ LNAs

115.2 m 
LMR 240

450 MHz 
LP Filters

2 X DRS4 Boards
700 MHz BW

Beam Digitizers

2 X DRS4 Boards
700 MHz BW

Antenna Digitizers

8 Beams

8 Antennas

2.0 GHz Tektronix 
Mixed Signal 
Oscilloscope

Provides trigger from 
either beams or antennas

Trig

From: S. Wissel ARENA2016



• The radio detection of high energy particles is 
undergoing a period of renaissance 

• The first two flights of ANITA have been used to set 
the most stringent limits on the UHE neutrino flux 
–ANITA-1 did detect 16 UHECRs though 
–ANITA-3 should have recorded O(10-100) UHECR events 

• The next generation of neutrino astronomy facilities 
may finally realise the ambition of probing the 
universe with “new eyes”. 
–Probing fundamental physics at energies beyond the 

reach of terrestrial accelerators. 
• Hopefully soon we will have the first unambiguous 

detection of an UHE neutrino. 
–But in the mean time there are the UHECR

32

Summary



Me in front of the Royal Society Range 

Photo: H. Schoorlemmer , University of Hawaii



Pre-history
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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



Brief scientific timeline leading to ANITA
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1930

Wolfgang Pauli 
does  “something 

very bad”... he 
postulates the 

neutrino

1962
Gurgen Askaryan 

hypothesises 
coherent radio 
emission from 

particle cascades in 
dielectric media

1965

Wilson and Penzias 
discover the cosmic 

microwave 
background

1912
 Victor Hess 

discovers 
cosmic rays, by 
flying balloons 
up to 3 miles  
above Austria
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1998
Super-Kamiokande 
discover neutrinos 
have mass. Using 

neutrinos produced 
by cosmic rays in 
the atmosphere 

1987

Kamiokande, IMB 
and Baksan detect 
neutrinos from a 

nearby supernova

1966
Greisen, 

Zatsepin & 
Kuzmin predict 
the end of the 

cosmic ray 
spectrum

2006

ANITA-I launches 
from Williams Field 

in Antarctica



Why High Energy Neutrinos?

37

Radio Neutrinos?

X-RayInfrared

Optical

For Astronomers: 
  The Pretty Pictures Argument 

For Particle Physicists: 
  The 300 TeV (CoM) Neutrino Beam Argument 



Cosmic Ray Riddle

• Where do the highest 
energy cosmic rays come 
from? 

• Nearby sources should 
point 

• Faraway sources should 
be attenuated by the 
cosmic microwave 
background 

• Could neutrinos solve the 
problem?

38

Symmetry Magazine, Sandbox Studio



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

39

p + ϒCMB →  Δ*  → n + π+ 
                                    ➘ µ+ + νµ 
                                          ➘ e+ + νµ + νe    

+

= “Guaranteed” Cosmogenic Neutrino “Beam”!

16 26. Cosmic rays
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Figure 26.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The differential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 26.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the differential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cutoff previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that

June 18, 2012 16:19



• The Balloon 
–Just 0.02mm thick 
–Takes 100 million litres of 

helium (and several 
hours) to fill

40

Up, up and away



Where is the Aurora Australis?

41https://secure3.aad.gov.au/public/schedules/voyageTrack.cfm?season=1415
http://www.antarctica.gov.au/webcams/aurora

https://secure3.aad.gov.au/public/schedules/voyageTrack.cfm?season=1415
http://www.antarctica.gov.au/webcams/aurora


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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event locations
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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



ANITA Calibration
• There are ~12,500 capacitors in the analogue 

sampling array, each needs to be calibrated 
• In addition the timing calibration depends on the 

temperature, event-by-event trigger jitter, pathologies 
of the clocks used for the calibration, …

43



• Lasted 35 days (the 
record is 42) 
–Three and a half sort of 

polar orbits 
–Recorded over 8 million 

triggers

44

ANITA-1 — 2006/7

Fits inside  
the balloon  
at  altitude



ANITA-2 — 2008/9
• Launched Dec 2008 
• Terminated after 30 

days at float 
• Little victories 

–Better flight path 
–Over 27 million 

events 
–Over 100,000 

Calibration pulses   
• Data fully recovered 

–Two students spent a 
week camping out at 
crash site

45



ANITA-3 — 2014/15
• Added an additional 8 

antennas 
–Three equal rings of 16 

antennas 
• Added a new GPU-

based software trigger 
–Allowing us to run at a 

higher rate with lower 
threshold 

• “Improved” antenna 
design 

• Lower noise RF front-end 
• Added a low frequency 

antenna for cosmic ray 
characterisation

46
Photo: B. Hill, University of Hawaii



ANITA-3 Flight
• Launched December 17th 

2014 
• Landed January 9th 2015 
• Had to terminate the flight 

as payload was about to 
spiral off the continent 

• Recorded over 80 million 
triggered events. 
• Best guess 0-5 neutrinos 
• Best guess O(200) cosmic 

ray events 
• First step of the analysis was to 

retrieve the data…

47GPU event source map



What happened to the data?

48



We got lucky

49
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Thermal Noise

51

6.4. Thermal cuts 105
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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
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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 



ANITA-2 Neutrino Sky Map Sensitivity8.2. Point source limits 170

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



ANITA-2
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Calibration

55

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



ANITA-2
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6.5. Anthropogenic cuts 120
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Analysis Step 3: Clustering
• Use clustering 

algorithms to associate 
events with known 
bases and with other 
events 

• Remove all events that 
cluster leaving only 
isolated events 

• Remaining background 
is the number of 
unknown sites of 
anthropogenic noise 
which we have not 
identified... hard to 
quantify 57

Figure 6.23: Three dimensional representation of the projection and back-projection on the
ice for two ANITA events.

106

Figure 6.24: The projection and back-projection for two ANITA events in the field of view
of the payload showing pointing error contours.

107



Stokes Parameters
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3

FIG. 2: Stokes parameters for the three above-horizon events in the sample considered here.

the resulting CP content for our signals.

FIG. 3: Stokes parameters for event 3985267.

The waveform in Fig. 1 for the remaining event D shows a
strong Hpol, and a correlated Vpol signal. The primary pulse
correlates well with both the above-horizon signals and the in-
version of the 14 reflected CR signals. There is also an excess
of noise evident in the trailing part of the signal, similar to
what is observed in several of the reflected CRs [2], although
in this case it appears more persistent and larger in amplitude.
In Fig. 3 we show the spectro-temporal plot of Stokes param-
eters for this event, with clear detections of Q,U, and V, in-
dicating both a linear and CP component; the CP fraction is
⇠ 10% of the total polarization.

Table II shows parameters for event D under the hypothe-
sis that it is radio emission from a CR air shower, seen either
in reflection from the ice surface, or from a direct air shower
starting along the track from the surface to the payload, al-
though for the former case the polarity is inconsistent. For
the latter case, the only Standard Model (SM) physics origin

we know of for up-going air showers is from the interactions
or decay of a secondary lepton from a neutrino interaction;
however, at these angles, the chord distance through the Earth
most likely excludes neutrinos of the energies that ANITA is
likely to detect in such a process.
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FIG. 4: Geomagnetic correlation of events. The dashed line
shows the prediction for pure geomagnetic Lorentz

force-induced emission.

For a cosmic-ray air shower, the Lorentz force on the rel-
ativistic electron-positron pairs yields a plane of acceleration
in the local shower frame given by sinY = v̂⇥ B̂, where v̂ is
a unit vector giving the shower direction, and B̂ the geomag-
netic field direction. The resulting radiation Poynting vec-
tor, arising primarily from the region near shower Xmax, can
then be extrapolated to the payload location for each event
to determine the predicted field-strength ratio for Vpol to
Hpol. Residual non-vertical components of the Antarctic ge-
omagnetic fields will result in small but correlated Vpol com-

3

FIG. 2: Stokes parameters for the three above-horizon events in the sample considered here.

the resulting CP content for our signals.
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The waveform in Fig. 1 for the remaining event D shows a
strong Hpol, and a correlated Vpol signal. The primary pulse
correlates well with both the above-horizon signals and the in-
version of the 14 reflected CR signals. There is also an excess
of noise evident in the trailing part of the signal, similar to
what is observed in several of the reflected CRs [2], although
in this case it appears more persistent and larger in amplitude.
In Fig. 3 we show the spectro-temporal plot of Stokes param-
eters for this event, with clear detections of Q,U, and V, in-
dicating both a linear and CP component; the CP fraction is
⇠ 10% of the total polarization.

Table II shows parameters for event D under the hypothe-
sis that it is radio emission from a CR air shower, seen either
in reflection from the ice surface, or from a direct air shower
starting along the track from the surface to the payload, al-
though for the former case the polarity is inconsistent. For
the latter case, the only Standard Model (SM) physics origin

we know of for up-going air showers is from the interactions
or decay of a secondary lepton from a neutrino interaction;
however, at these angles, the chord distance through the Earth
most likely excludes neutrinos of the energies that ANITA is
likely to detect in such a process.
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shows the prediction for pure geomagnetic Lorentz

force-induced emission.

For a cosmic-ray air shower, the Lorentz force on the rel-
ativistic electron-positron pairs yields a plane of acceleration
in the local shower frame given by sinY = v̂⇥ B̂, where v̂ is
a unit vector giving the shower direction, and B̂ the geomag-
netic field direction. The resulting radiation Poynting vec-
tor, arising primarily from the region near shower Xmax, can
then be extrapolated to the payload location for each event
to determine the predicted field-strength ratio for Vpol to
Hpol. Residual non-vertical components of the Antarctic ge-
omagnetic fields will result in small but correlated Vpol com-

3

FIG. 2: Stokes parameters for the three above-horizon events in the sample considered here.

the resulting CP content for our signals.

FIG. 3: Stokes parameters for event 3985267.

The waveform in Fig. 1 for the remaining event D shows a
strong Hpol, and a correlated Vpol signal. The primary pulse
correlates well with both the above-horizon signals and the in-
version of the 14 reflected CR signals. There is also an excess
of noise evident in the trailing part of the signal, similar to
what is observed in several of the reflected CRs [2], although
in this case it appears more persistent and larger in amplitude.
In Fig. 3 we show the spectro-temporal plot of Stokes param-
eters for this event, with clear detections of Q,U, and V, in-
dicating both a linear and CP component; the CP fraction is
⇠ 10% of the total polarization.

Table II shows parameters for event D under the hypothe-
sis that it is radio emission from a CR air shower, seen either
in reflection from the ice surface, or from a direct air shower
starting along the track from the surface to the payload, al-
though for the former case the polarity is inconsistent. For
the latter case, the only Standard Model (SM) physics origin

we know of for up-going air showers is from the interactions
or decay of a secondary lepton from a neutrino interaction;
however, at these angles, the chord distance through the Earth
most likely excludes neutrinos of the energies that ANITA is
likely to detect in such a process.
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force-induced emission.

For a cosmic-ray air shower, the Lorentz force on the rel-
ativistic electron-positron pairs yields a plane of acceleration
in the local shower frame given by sinY = v̂⇥ B̂, where v̂ is
a unit vector giving the shower direction, and B̂ the geomag-
netic field direction. The resulting radiation Poynting vec-
tor, arising primarily from the region near shower Xmax, can
then be extrapolated to the payload location for each event
to determine the predicted field-strength ratio for Vpol to
Hpol. Residual non-vertical components of the Antarctic ge-
omagnetic fields will result in small but correlated Vpol com-


