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• Abbreviated History Lesson 
• Motivation for Ultra-High Energy Neutrino Astronomy

– For Astronomers, Astrophysicists and Particle Physicists

• Detection Methods
– Radio

• Why Antarctica?
• Current Experiments

– ANITA 
• Featuring Ryan’s Antarctic Adventure

• Proposed Experiments
– ARIANNA, AURA, etc.
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Why?



• Skewed History Lesson
– Neutrino Astronomy 

started with a bang...

5Pretty pictures from Hubble, Chandra (X-ray) and AAO



– ... and just a handful of 
neutrino events 
sparked a flurry of 
scientific interest
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Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Twenty Years After SN 1987A, 23-25 February 2007, Hilton Waikola, Hawaii

Neutrino Burst of Supernova 1987ANeutrino Burst of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,
signals are contemporaneoussignals are contemporaneous

KamiokandeKamiokande--II (Japan)II (Japan)
Water Cherenkov detectorWater Cherenkov detector
2140 tons2140 tons
Clock uncertainty  Clock uncertainty  !!1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)
Water Cherenkov detectorWater Cherenkov detector
6800 tons6800 tons
Clock uncertainty  Clock uncertainty  !!50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope
(Soviet Union), 200 tons(Soviet Union), 200 tons
Random event cluster ~ 0.7/dayRandom event cluster ~ 0.7/day
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Twenty Years After SN 1987A, 23-25 February 2007, Hilton Waikola, Hawaii

SN 1987A Burst of PapersSN 1987A Burst of Papers

Annual citations in SPIRES of the papers reporting theAnnual citations in SPIRES of the papers reporting the

KII, IMB, BST & LSD neutrino observations KII, IMB, BST & LSD neutrino observations 

(total of 804 citations 1987(total of 804 citations 1987--2006)2006)
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• Why is neutrino astronomy interesting?
– The Astronomer’s (pretty pictures) answer.
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Radio Neutrinos?

X-RayInfrared

Optical

“The real voyage of discovery consists not in seeking new landscapes, but in 
having new eyes.” Marcel Proust 



• Cosmic Messengers:
– Photons

• Absorbed > 30 TeV

– Protons/Ions
• Deflected by B-fields
• Interact with CMB 

– Neutrinos
• No diffuse flux detected
• Only option E>1020 eV

–
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• The Ultra-High Energy 
Cosmic Ray Puzzles
– Acceleration 

mechanism not 
understood

– Mass Composition 
(protons or ions) not 
well measured

– No point sources found
– Is there a cut off?

• Should interact with 
CMB within 50Mpc

• If source is within 50Mpc 
of Earth we should see 
source.

• The highest recorded 
energy of a cosmic ray 
is roughly equivalent to 
a cricket ball at 54 
MPH

9



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

10

p + ϒCMB →  Δ*  → n + π+

          ➘ μ+ + νμ
                ➘ e+ + νμ + νe   • Neutrinos are produced 

in GZK interactions
- point back to source

• So: p

ν

50Mpc Radius

+ = Neutrino Beam!



• GZK Flux calculation 
contains many 
assumptions
– Earth CR flux only
– Injection Spectrum
– Cosmological Evolution
– Optical Density of 

Source

• Still ‘best known’ 
neutrino flux

11

Cosmogenic Neutrinos
Engel, Seckel, Stanev (2001)

ν
ν

total

GZK mechanism :

Uncertainties in flux calculations :

UHECR luminosity; ρ
CR

(local)  <ρ
CR

>

injection spectrum

cosmological evolution of sources

IRB & optical density of sources 

factors of ~2 uncertainty each;

factor of ~4 overall (?)

E
THRESH.

~ 6 × 1019 eV

5



• ‘Guaranteed’ neutrino beam at 10-300 TeV 
– Measure neutrino-nucleon cross section in new regime
– With flavour tagging can probe: 

• Neutrino Oscillations
• Neutrino Decay
• Quantum Decoherence

– Large extra dimensions
– Micro blackholes
– Other Exotic:

• Super heavy relics
• Topological Decay
• Q-balls
• Magnetic Monopoles

12

  Ryan Nichol  University College London, 19th September 2005  6

Particle Physics: Energy Frontier & Particle Physics: Energy Frontier & 
NeutrinosNeutrinos

! Well-determined GZK ! spectrum 
becomes a useful beam

10-300 TeV center of momentum 
particle physics 
Study large extra dimensions at 
scales beyond reach of LHC
! Lorentz factors of "=1018-21!

! Measured flavor ratios !e:!µ:!#  
Identify non-standard physics at 
source
Sensitive to sterile ! admixtures & 
anomalous ! decays

Std. model

Large extra
dimensions

Anchordoqui et al. Astro-ph/0307228

GZK !
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How can you do it?



• Detection Methods
– Optical Cherenkov
– Radio Cherenkov
– Acoustic

• Optical is most mature
– Baikal
– Amanda
– Antares/Nestor/Nemo
– IceCube

• I will concentrate on 
Radio Cherenkov

14

Detection Methods : Summary

radio 
Cerenkov

optical 
Cerenkov

acoustic

µ

incoming neutrino

= hadronic shower (or 

EM shower for ν
e
 CC 

interactions)

ν

N

ν, l

W,Z

hadrons

8

+ extensive air shower (EAS) detection



• In 1962 Gurgen Askaryan hypothesized coherent 
radio transmission from EM cascades in a dielectric:

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

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

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

– For λ > R emission is coherent, so P ∝ E2shower
15

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



• Askaryan effect experimentally confirmed in 2000

• Using 3.6 Tonnes of sand
– (like a big cat’s litter box) 

16

  Ryan Nichol  University College London, 19th September 2005  11

From Saltzberg, Gorham, Walz et al  PRL 2001

• Use 3.6 tons of silica sand, brem photons to 
avoid any charge entering target  

==> avoid RF transition radiation
• RF backgrounds carefully monitored

• but signals were much stronger!

Askaryan Confirmation: SLAC T444 (2000)Askaryan Confirmation: SLAC T444 (2000)
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• Use 3.6 tons of silica sand, brem photons to 
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==> avoid RF transition radiation
• RF backgrounds carefully monitored

• but signals were much stronger!

Askaryan Confirmation: SLAC T444 (2000)Askaryan Confirmation: SLAC T444 (2000)



• Sub nanosecond pulse
• Excellent agreement 

between data and 
simulation of number of 
particles in shower

• Linearly polarised as 
expected

• Further measurements 
in 2004 with salt as the 
medium

17

  Ryan Nichol  University College London, 19th September 2005  12

Shower profile observed by radio@2GHzShower profile observed by radio@2GHz

• Measured pulse field strengths follow shower profile very closely
• Charge excess also closely correlated to shower profile (EGS simulation)
• Polarization completely consistent with Cerenkov—can track particle source

Sub-ns pulse,
Ep-p~ 200 V/m!

simulated shower
curve

2GHz data

Reflection from side wall

100%
polarized

In proper
plane



18

  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
Coherent signal over 4 orders of magnitude SNR dominant for E > 10 TeV



• But ANITA uses ice...
– ...so we took it to SLAC 

in summer 2006.
– and built a 7.5 tonne 

block of ice

19
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END STATION A side view

Approximately to scale

1.2m

4.8m10.7m

13.4m

beamline

2.4m
10m

4m

3m

crane hook: 13.7m

ice

target

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 = 2!n"/c for frequency

From: ANITA SLAC test beam paper submitted to Physics Review Letters
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Where can you do it?



• What do you need for a GZK neutrino detector?
~ 10 GZK neutrinos per km2 per year

@ 1018 ev the ν-N interaction length ≈ 300 km

→ 0.03 neutrinos per km3 per year

• Need a huge detector volume to ensure a likely 
neutrino detection
– Where can you find a large volume of matter that is:

• Optically ‘transparent’, or

• Radio ‘transparent’, or

• Acoustically ‘transparent’, or 

• ideally all three

– The answer is, of course,... 

21



• Antarctica
– The coldest, driest, 

windiest place on 
Earth!

– Lots of Ice
• Despite our best efforts
• Over 4km thick in places

– Also:
• The only continent 

dedicated to scientific 
research

• No indigenous (human) 
population

– So relatively free of 
manmade noise 

22



• There are numerous in 
situ measurements of 
the attenuation length 
of Antarctic ice, they 
show:
– Attenuation length is 

greater than 1km
– Limits set on the 

birefringence 
– Many GPR 

measurements also

23
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What with?



• Amanda/IceCube
– Neutrino telescope at 

South Pole
– Uses optical 

Cherenkov method

25

No excess above atmospheric neutrinos



• The ANtarctic Impulsive Transient Antenna (ANITA)
– A more elegant solution?
– A balloon borne experiment

• 32 dual polarization antennas
• Altitude of 37km
• Horizon at 700km
• Over 1 million km3 of ice visible 

26

Typical field of 
view



The ANITA Collaboration

27

• University of Hawaii at Manoa

Honolulu, Hawaii, USA

• University of California at Irvine

Irvine, California, USA

• University of California at Los 
Angeles

Los Angeles, California, USA

• University College London

London, UK

• University of Delaware

Newark, Delaware

• Jet Propulsion Laboratory

Pasadena, California, USA

• University of Kansas

Lawrence, Kansas, USA

• University of Minnesota

Minneapolis, Minnesota, USA

• The Ohio State University

Columbus, Ohio, USA

• Stanford Linear Accelerator 
Center

Menlo Park, California, USA

• Washington University in St. 
Louis

St. Louis, Missouri, USA



ANITA Electronics
• Needed 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

28



• Balloon Launch
– Just 0.02mm thick
– Takes 100 million litres 

of helium (and several 
hours) to fill

29
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Example Ground Calibration Pulse
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Example Borehole Calibration Pulse

31-AUG-06 G. Varner -- AURA and LSA Recording Techniques 26



• The flight
– Lasted 35 days (record 

is 42)
– Three and a half sort of 

polar orbits
– Took over 8 million 

events
• Maybe 1 or 2 neutrinos

– Flew so close to South 
Pole, someone took a 
photo

• See how shape changes 
at altitude

32

Thanks to James Roth



• The Landing:
– Initiated by detonating 

small explosive to 
separate from balloon

– Descend gently on a 
parachute to the 
ground

– Release parachute to 
prevent dragging

• BLAST was dragged for 
100 miles this year 
(ended in a crevice) 

• A few years ago one 
was dropped from 5000 
feet

33Photos from Dana Braun



• Analysis is progressing
• Expect to either detect 

UHE neutrinos or set 
the world’s best flux 
limit.

• ANITA-lite, the ANITA 
prototype currently has 
the best limits over 
some of the range.

34



• Overheating is a major 
problem in Antarctica
– At least at 37km
– Paint everything white

• Battery box is like 
Goldilocks:
– Not too hot
– Not too cold
– Need half black half 

white

• Antarctic Art Contest!

35
Thanks to the artists: Kai Smart, Dana Grant, Karen Joyce and ??? and Jeff Kowalski for the photographs



Paint Job Worked?

36



ARIANNA Reality

• Taylor Dome 
Calibration Field Camp
– 10 man weeks in a tent 

in the dry valleys
– Waiting for balloon to 

fly over

37
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Maybe Next Flight
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If not now, when?



• Second ANITA flight 
proposed for 2008/9

• Plan to:
– Improve trigger 

efficiency currently 
need 5.4σ signal to 
trigger

– Implement software 
trigger

• Hope for:
– Longer flight
– Better flight path

40



• Need embedded 
detectors to lower 
energy threshold

• Two of the ice-based 
candidates are:
– ARIANNA
– AURA

• Also competition from:
– Auger
– SalSA
– Lofar/SKA

41

ANITA

RICE

ANITA-lite

IceCube 
(3 years 
νe)

GZK

GZK
(Iron)



• ARIANNA
– Array of antennas on top of the Ross Ice shelf

• Lower threshold 
• More solid angle coverage

– Advantages:
• No need for deep holes
• Cost effective?
• Near McMurdo (logistics)

42

Antarctic Ross Ice shelf ANtenna Neutrino Array

n

Ice shelf

Reflected Ray

Direct Ray



• David Saltzberg and Steve Barwick made 
attenuation length measurements on the ice shelf 
this Austral Summer

43

Better than 300m across the band

Preliminary



• Prototype station 
deployed 2006/7
– Communicated for two 

months with iridium 
modem

– Now it’s gone quiet 
(and dark) down there

– Plans for 15x15 array

44



• AURA/SPATS
– Deploy acoustic and 

radio detectors in 
conjunction with 
IceCube

– Possibility to measure 
neutrino with all three 
detection methods 
simultaneously

– Successor to the RICE 
experiment

45

31-AUG-06 G. Varner -- AURA and LSA Recording Techniques 14

• Stay below firn (variable 

index of refraction

• Take advantage of unused IC 

breakouts and overlaps with IC

• Put a few shallow to take 

advantage of coincidences with 

RICE



Sensitivities 

46

ANITA-
lite

ANITA

ARIANNA
100 x 100

15 x 
15

SalSA 3D

2D 

ANITA-lite

ANITA

RICE

SalSA 2D

ARIANNA 15 X 15

SalSA 3D

ARIANNA
100 X 100

GZK
(Iron)

GZK

ANITA:  2 events expected (pre-flight) from reasonable proton GZK model
ARIANNA:  25 events / 6 months (100 x 100), 0.6 events / 6 months (15 x 15)
SalSA:  10-20 events / year (3D), 0.6 events / year (2D)



• Neutrino Astronomy is really frontier physics
– Radio detection technique allows fro vast detection 

volumes of >100km3

• ANITA completed its first full flight and analysis is 
underway
– Will either detect UHE neutrinos or set best limit

• The next generation of neutrino astronomy facilities 
may finally realise the ambition of probing the 
universe with “new eyes”
– An ultra-high energy neutrino beam for studying 

fundamental physics

• Hopefully soon we will have a UHE neutrino
47

Summary
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Fun Slides

Ryan Nichol



• Alternative Titles:
– “Call that an accelerator?” 

• Let me tell you about a real particle accelerator, just as soon as 
we work out where it is, how it works and what exactly it is 
accelerating.

– “World’s largest scientific experiment?” 
• Our detector is the size of a continent, of course we haven’t 

actually detected anything yet (but hey, neither have you).

– “Call that a long-baseline neutrino experiment?”
•  We measure our baseline in Mpc, or we will if we find one of the 

little blighters.

– “Yet more stuff that might happen before the ILC”

50
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• McMurdo Facts:
– Established 1937
– Takes its name from 

McMurdo Sound 
(named after 
Lieutenant Archibald 
McMurdo of the Terror

– Near Scott’s Hut
– Food is inedible 363 

days a year
• Christmas 
• Thanksgiving

• Facilities:
– Harbour (two weeks a 

year)
– 3 Airfields
– 1 bowling alley
– 3 bars

52



• Williams Field Facilities
– Own galley (so edible food)
– Three payloads this year
– No indoor plumbing though

53



Backup Slides



• Angular Resolution
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• Point Source Sensitivity

56
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• Calorimeter

57  Ryan Nichol  University College London, 19th September 2005  19

ANITA as a CalorimeterANITA as a Calorimeter

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

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 " 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:    #$
!

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

V obs ~ E
!

y heff R"1 exp #" "
2

2$
"

2

" d# %


