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Figure: When the third type of lepton, the tau, was discovered in 1975 at
the SLAC, it was expected to have an associated neutrino (the tau
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Neutrino Flux is not Conserved ?!

Figure: Measurements of solar neutrino types were not consistent with
models of the Sun’s interior
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Figure: Super-Kamiokande observed super nova neutrino and confirm the
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Figure: The neutrino interaction length (in centimeters water equivalent
distance) [Astropart.Phys. 35 (2012) 383-395]
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Why? Cosmic rays

Acceleration How to accelerate the particles?
Origin where are the particles from?
Stellar Magnetic fields By studying the path of cosmic rays.
Relation with dark matter galactic nuclei are capable of
converting dark matter into high energy protons.
Testing Hadronic Interactions PAO has detected more
muons from cosmic-ray showers than predicted by the most
up-to-date particle-physics models.
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Archaeology???

Figure: Cosmic rays ionize the nitrogen and oxygen molecules in the
atmosphere, Ex: 14C
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Muon Tomography

Figure: Cosmic ray muons have been used for decades to radiograph
objects such as pyramids. T.C. Liu UHE Neutrinos Experiment
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Figure: view of the Showa-Shinzan lava dome
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Cosmic Rays & Climate

Figure: The correlation between cosmic ray flux and the low altitude
cloud cover using ISCCP satellite data set.
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Cosmic Rays & Lightning?

Figure: Cosmic rays have been implicated in the triggering of electrical
breakdown in lightning T.C. Liu UHE Neutrinos Experiment
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GZK Radius

Figure: The UHE neutrinos can point back to the original UHE source
without bending of B field.
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Shower Simulation

Take a short break, Let’s us watch a video of shower develop.
400 GeV shower (ϒ , p, and C13)
400 GeV ϒ shower
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UHE Neutrino Interact with Earth

Figure: The interaction length of neutrino with 5∗1013 eV is close to
diameter of Earth. The interaction length for 1019 eV neutrino is 6∗107

g/cm2
T.C. Liu UHE Neutrinos Experiment
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ANITA Collaborations

Figure: University of Hawaii at Manoa, University of California, Los Angeles,
The Ohio State University, The University of Delaware, The University of
Kansas, Washington University, the NASA Jet Propulsion Laboratory,
University College London, University of Chicago, National Taiwan University
and the California Polytechnic State University.
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Base

McMurdo Stations.

T.C. Liu UHE Neutrinos Experiment



35/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

The ANtarctic Impulsive Transient Antenna

Figure: ANITA instrument
T.C. Liu UHE Neutrinos Experiment



36/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

The ANITA’s Concept

Figure: Cherenkov radiation is electromagnetic radiation emitted when a charged
particle passes through a dielectric medium at a speed greater than the velocity of
light in that medium.
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Coherent Radio Emission (Askaryan Radiation)

Figure: Detect radio emission from neutrino induced particle cascades in
ice
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Figure: Three ANITAs were launched until 2015.T.C. Liu UHE Neutrinos Experiment
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Figure: The radius of FoV is about 500km.
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Some Photos of ANITA: Starting Point

T.C. Liu UHE Neutrinos Experiment



51/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA: Payload House

T.C. Liu UHE Neutrinos Experiment



52/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA: Payload House

T.C. Liu UHE Neutrinos Experiment



53/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



54/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA

T.C. Liu UHE Neutrinos Experiment



55/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



56/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



57/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



58/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



59/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Some Photos of ANITA-IV

T.C. Liu UHE Neutrinos Experiment



60/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

Outline

1 Introduction of Cosmic Rays and Neutrinos
What??
Why??
How???

2 Experiments
ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence
of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for
Geo-synchrotron Emission(TAROGE)

3 Summary & Future Plans

T.C. Liu UHE Neutrinos Experiment



61/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

ARA at -200m

T.C. Liu UHE Neutrinos Experiment



62/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

ARA at -200m

T.C. Liu UHE Neutrinos Experiment



63/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

The ARA Collaboration

T.C. Liu UHE Neutrinos Experiment



64/ 103

Introduction of Cosmic Rays and Neutrinos
Experiments

Summary & Future Plans

ANITA (The ANtarctic Impulsive Transient Antenna) at 32km
ARA at -200m
T-510 Radio Emission from Particle Cascades in the Presence of a Magnetic Field
Fluorescence in Air from Showers (sFLASH)
Taiwan Astroparticle Radio wave Observatory for Geo-synchrotron Emission(TAROGE)

The Askaryan Radio Array (ARA) is an Ultra High Energy
(UHE) Neutrino Detector at the South Pole
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ARA-37

Figure: ARA 37 Layout, 37 Stations 200m below the surface∼200km2
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DAQ System and Antenna Cluster

Figure: Each station has 4 string with 16 channels
T.C. Liu UHE Neutrinos Experiment
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Build & Test in Taiwan

Figure: Building ARA2 & ARA3 last year
T.C. Liu UHE Neutrinos Experiment
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Delivery

Figure: delivery for 2 stations
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Drilling and Deployment
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Simulation & Expected Sensitivity
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T-510
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Radio Detection of T-510 (Geo-Synchrotron Radiation)
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End Station A (4.55 GeV)
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Setup of T-510
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Magnet of T-510
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Future Plans

ANITA-5 (2020): Neutrino & cosmic rays
SWORD(TBD): Neutrino & cosmic rays
ARA37 (within 6 years): Neutrino
TAROGE-10 (within 4 years): Neutrino & cosmic rays
HCR (>4 years): Neutrino & cosmic rays
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Potential and Issues

ANITA-5 (2020): Neutrino & cosmic rays
SWORD(TBD) :cosmic rays
ARA37 (within 10 years): Neutrino
TAROGE-10 (within 4 years): Neutrino & cosmic rays
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For Further Reading I

A. Author.
Handbook of Everything.
Some Press, 1990.

S. Someone.
On this and that.
Journal on This and That. 2(1):50–100, 2000.
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