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ABSTRACT OF THE DISSERTATION
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By

Jordan Christian Hanson

Doctor of Philosophy in Physics
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Professor Steven Barwick, Chair

The Antarctic Ross Ice-shelf Antenna Neutrino Array (ARIANNA) experiment exploits

serendipitous properties of the Ross Ice Shelf in Western Antarctica. The ice shelf forms

the fiducial volume of an ultra-high energy (UHE) neutrino detector capable of observing

cosmogenic neutrinos with energies in excess of 1017 eV. The clarity of the shelf ice and the

reflectivity of the ocean-ice interface enhance the detection of radio-frequency (RF) elec-

tromagnetic pulses created by neutrino interactions via the Askaryan effect. An array of

autonomous electronics stations outfitted with radio antennas listen for these pulses.

A prototype station was designed in 2009, using sustainable power and RF trigger and dig-

itization electronics. It was deployed in Moore’s Bay in December 2009 during the Austral

summer, and additional data was collected in two subsequent seasons after the system re-

booted automatically during Austral spring. This data located and helped to remove local

anthropogenic noise. A total of 90.4 days of live-time was achieved, with thermal noise as

the single background. Additionally, data characterizing the environment of Moore’s Bay

was collected and used in the development of future power systems and RF electronics.

The depth and dielectric properties of the ice beneath the detectors were calculated using

data taken during the expeditions. The linear fit to the frequency-dependent, temperature-

averaged attenuation length of radio waves is 〈L〉 = (500 ± 30 − (0.18 ± 0.05)ν[MHz]) m,
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and the reflection coefficient at the oceanic interface is 0.70 ≤
√
R ≤ 1.0 at 68% C.L. The

depth of the shelf is 576±2 m. The possibility of surface effects capable of boosting detector

sensitivity was also revealed in these studies.

Finally, the RF data collected by the first ARIANNA station was analyzed and compared to

Monte Carlo simulations modeling the detector response. These studies have produced the

first upper limit on the differential UHE neutrino flux from ARIANNA, and the integral flux

limit assuming a E−2 spectrum is E2φ < 10−5 GeV cm−2 s−1 sr−1. These limits demonstrate

that the completed version of ARIANNA will have the capability to observe UHE cosmogenic

neutrinos.
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Chapter 1

Introduction

1.1 The Cosmic Ray Origin Problem

The primary objectives of physics and astronomy were somewhat different before the begin-

ning of the twentieth century. Astronomers recorded the motions, positions, and brightness

of stars and planets, in order to learn what lies beyond our own local solar environment.

Physicists studied matter, attempting to analyze its fundamental constituents, beginning

with basic substances and progressing to the chemical elements, the atom, and eventually

the smallest sub-atomic particles. Although this distinction between these two branches of

science still holds meaning today, the discovery of radiation penetrating the atmosphere in

the early 1900’s has required scientists to undertake cross-disciplinary research in order to

explain it fully.

Italian physicist Domenico Pacini, in 1911 [4], was able to establish that mysterious particles

that seemed to ionize air spontaneously could not be attributed solely to isotopes such as

radium or thorium from the Earth’s crust. This simple experiment compared the decrease

in the rate of spontaneous discharge of an electroscope just above and 3 meters below the
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surface of the ocean. Having subtracted known radioactive backgrounds, Pacini concluded

that the absorption coefficient of water was attenuating the radiation which had to be coming

from above. In the other extreme, German physicist Victor Hess measured the increase in

the rate of spontaneous electroscope discharge between 1-5 km above the Earth’s surface, in

a balloon [55]. This resulted in Hess sharing the Nobel prize in 1936, with Carl Anderson,

who discovered the positron. It was Robert Millikan who eventually introduced the term

cosmic rays to describe the ionizing radiation originating from deep space. From these

simple experiments emerged a scientific field known as astroparticle physics, focused on the

detection and study of cosmic rays, in the form of hadrons, leptons, and photons. We now

have a detailed knowledge of the flux with respect to energy of hadronic cosmic rays, which

extends over a remarkable sixteen orders of magnitude (figure 1.1). While the overall trend

is a power law, there are at least two changes in the spectral index, called the knee and the

ankle. Below 100 GeV, the masses of the nuclei vary widely and the simpler approach is to

plot the flux versus the kinetic energy per nucleon. Above 100 GeV, given that the proton

mass is 0.938 GeV, these units are almost identical [80].

The spectrum of cosmic rays below 1020 eV follows a power law of the form E/E0 = exp(-γE).

The spectral index γ changes at least twice, at 106 GeV and 1010 GeV. A basic argument

for a strictly galactic population of accelerators at or below 106 GeV (the knee) is that the

magnetic gyro-radius of the accelerated particles is much smaller than the typical radius

of our galaxy. If we take the component of the particle momentum which is orthogonal to

the magnetic field, P ≈ 107 GeV, a magnetic flux strength of B ≈ 1 nT (typical for the

Milky Way), and assume the particle is a proton such that its charge Z = +1, we obtain a

gyro-radius that is four orders of magnitude smaller than the galactic radius (≈ 35 kpc):

ρgyro[kpc] =
3.3P [GeV ]

B[T ]|Z|
1

3.1× 1019m kpc−1
≈ 10−3kpc (1.1)
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Figure 1.1: The flux with respect to the natural logarithm of the energy per nucleus of
cosmic rays. [80]
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While one parsec is much smaller than the radius of the galaxy, galactic cosmic rays do

begin to diffuse out of the confinement of the galaxy once the gyro-radius reach a few

parsecs [50]. This is known as the leaky box model, which must account for radioactive

decay and secondary cosmic ray creation in addition to diffusion out of the magnetic bottle

of the galaxy. Another basic argument for the galactic nature of sub-knee cosmic rays is that

the energetics of objects like supernova remnants allows us to explain (via first and second

order Fermi acceleration) how particles of such energies could have been accelerated.

Suppose a supernova produces a gaseous shock front with a front and back side, traveling

at velocities vfront and vback, and that a charged particle traveling anti-parallel to the shock

front at velocity v collides with the back side and begins to reflect between the front and

back. When it is traveling anti-parallel to the gas, it gains an energy ∆E = (1/2)m(v+vback)-

(1/2)mv2. When it is traveling parallel to the gas, it loses an energy ∆E = (1/2)m(v−vfront)-

(1/2)mv2. On average (assuming the initial velocity v >> vfront and vback), the energy gain

is ∆E ≈ mv∆v, where ∆v = vback − vfront. We get to assume that the leading edge of the

shock front decelerates earlier than the trailing edge because the supernova is not taking

place in a total vacuum, but is surrounded by inter-stellar matter such as dust and gas.

Thus, the leading edge will interact with this matter and decelerate. As long as there is an

appreciable ∆v, this process of first order Fermi acceleration can lead to fractional energy

gains that can accelerate particles to at least 100 TeV.

∆E

E
≈ 2

∆v

v
(1.2)

Under a fully relativistic treatment, the factor of 2 on the right hand side of the equation

becomes (4/3), but the energy gain is still linear in ∆v. The derivation of the energy gain of

second-order Fermi acceleration is exact whether one uses relativistic arguments or simple
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kinematic ones. In this scheme, a population of gas clouds with intrinsic magnetic fields has

an average velocity ū, and there are energy gains and losses for a particle of velocity v with

parallel and anti-parallel collisions:

∆Egain −∆Eloss = (1/2)m(2uv + u2)− (1/2)m(−2uv + u2) = 2
(u
v

)2

(1.3)

Given that the cloud velocities are non-relativistic, the energy gains per pair of collisions will

be small under these circumstances, and the velocity of the particle needs to be relativistic

already if this mechanism is to accelerate particles to energies close to the knee. Accelerated

nuclei also have to live long enough not to create secondary cosmic rays or lose significant

energy by interacting with non-magnetic material. One possible scenario is that first-order

Fermi acceleration precedes second-order, thus providing the required injection spectrum.

In order to push the primary cosmic ray energy above the knee, special mechanisms are

required beyond simple Fermi acceleration. What follows is a quick example of the energetics

of a binary star system with a compact object such as a neutron star. Suppose a neutron

star pulls gas away from its companion in the binary, and the gas gains kinetic energy as it

falls into the gravitational potential. We have (for in-falling protons with mass mp)

∆E = −G
∫ Rpulsar

∞

mpMpulsar

r2
dr = G

mpMpulsar

Rpulsar

≈ 70MeV (1.4)

The above calculation assumes a pulsar mass of 1030 kg, and a radius of 20 km. Because the

energy per particle reaches relativistic a relativistic regime, we may assume it has a speed

comparable to the speed of light. Using (1/2)mpv
2 for the kinetic energy yields about half
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the speed of light. Neutron stars can have magnetic fields as large as 106T, and the distance

between ordinary star and neutron star could be ≈ 105 m. Assuming the (variable) magnetic

field strength is perpendicular to the trajectory of the in-falling protons, we have

E =

∫
F · ds = q

∫
v ·B ds = ecB∆s ≈ 1019eV (1.5)

So it is at least plausible that simple kinematics and electromagnetism could accelerate

cosmic rays to the highest observed energies in the vicinity of a special astrophysical object.

Active Galactic Nuclei (AGN), are an even more dramatic example of enormous energy

generation, and a potential candidate for acceleration. From equation 1.1, assuming an

approximately massless proton such that the momentum and energy are equal, we have a

magnetic gyro-radius of about 1 kpc, which would quickly diffuse out of the host galaxy and

become an extra-galactic cosmic ray. If the ultra-high energy cosmic ray (UHECR) travels

through the Milky Way a distance of one kpc before arriving at the Earth, the magnetic

deflection would shift the trajectory of the UHECR away from the original trajectory by ≈

15◦. Thus arrises the difficulty in pinning down the origin of UHECRs: even if the cascade of

particles they create in the Earth’s atmosphere is easily detected (giving quantities like the

energy, mass and charge), the uncertainties in the arrival direction limit spatial correlations

with known astrophysical objects like neutron binaries and AGN [6].

Figure 1.2 demonstrates how good this type of correlation has become with the most recent

UHECR data. Plotted on the y-axis is the correlation coefficient describing how many events

are within a 3.1◦ radius centered on an AGN from the Veron-Cetty and 12th Veron AGN

catalogues, including 1,2 and 3-σ statistical errors. The x-axis is the number of detected

UHECRs above 6×1019 eV. The AGN chosen from the catalogues have to be within 75 Mpc

of the Earth. If AGNs really are the source of the cosmic rays above a certain energy, and
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the magnetic deflection was not too strong (e.g. the cosmic rays propagate a much shorter

distance with respect to their gyro-radii through the Milky Way), the spatial correlation

coefficient would approach unity. However, the data is ambiguous, since the limiting value

of this correlation coefficient is 0.38+.07
−.06.

In figure 1.3, the black dots represent 69 UHECRs with energy greater than 55 EeV detected

at the Pierre Auger observatory up to 2009, in galactic coordinates. The blue circles represent

the locations of the AGNs that are close enough to allow UHECR propagation to the Earth

without an interaction with the cosmic microwave background (see below). The relative

shading of the AGN indicators represents relative exposure, with the dark blue circles having

the most exposure.

Accelerators of cosmic rays could also create high energy gamma rays, either by inverse

Compton scattering, or neutral pion decay (equation 1.7). Gamma rays provide an un-

charged messenger which would preserve directional information in the presence of magnetic

fields. In fact, there is currently a class of experiments [19] [48] [21] [20] detecting gamma rays

from within the Milky Way at energies less than 1 TeV. Processes like Compton scattering

and p-γ interactions limit gamma-ray astronomy at red-shifts of z > 1 to energies less than

≈100 GeV, making the astrophysics cosmological in distance, but lower in energy. At ener-

gies increasingly greater than a TeV, γγ interactions between gamma rays and intergalactic

infrared photons, and eventually the cosmic microwave background (CMB), begin to take

place. This limits instead the red-shift to z << 1, making the astrophysics high-energy, but

restricts distances to the local galactic environment. It is the strength of the electromag-

netic interaction which prevents gamma rays from carrying information across cosmological

distances. Neutrinos, which are electrically neutral and weakly-interacting, stream freely to

the Earth from sources with z >> 1 at high energy. Thus the hope is that UHE neutrinos

will facilitate the study of high-energy astrophysical accelerators throughout the universe,

and help us to solve the cosmic ray origin problem.
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Figure 1.2: This data is from a recent analysis [6] done by the Pierre Auger Collaboration,
a ground-based UHECR observatory in South America.

Figure 1.3: This data represents the arrival directions of UHECRs, in galactic coordinates,
from [6].
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1.2 What is an ultra-high energy neutrino, and why

are they interesting?

Being electrically neutral and only weakly interacting, neutrinos preserve their trajectories

and can propagate cosmological distances. Greisen, Zatsepin, and Kuzmin realized in 1966

that, given the existence of UHECRs, there must be a process whereby their flux is attenuated

by interactions with the CMB [49] [86]. Three years later, Berezinsky and Zatsepin pointed

out [10] that this process leads to the creation of UHE neutrinos. The attenuation of the

flux of UHECRs is known as the GZK process:

p+ + γCMB → ∆+ 1232 MeV/c2 (1.6)

∆+ → p+ + π0 → p+ + 2γ (1.7)

∆+ → n+ π+ → n+ µ+ + ν̄µ → n+ e+ + ν̄µ + νµ + νe (1.8)

Assuming we can boost to the rest frame of the proton, equation 1.8 is equivalent to the

∆+ resonance at a photon energy of 300 MeV for a fixed-target collider (figure 1.4). On the

y-axis we have the total p-γ cross section, in microbarns, for photons of energy ε’ incident

on fixed target protons. The 340 MeV resonance is the ∆+ resonance. There are several

resonances slightly above the main peak, until multi-particle production begins and the trend

becomes smooth. In the astrophysical case, the proton must find a relatively higher energy

CMB photon (10−3 eV in order to explain why the GZK cutoff is less than a few times 1019

eV. This figure comes from reference [80].
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Figure 1.4: The total cross section of the p-γ interaction shows a resonance around 300 MeV.
Boosting to the rest frame of a UHECR proton makes a CMB photon appear energetic enough
to produce a ∆+. [80]

This resonance decays in one of two ways. In equation 1.7, the ∆+ baryon decays into

a neural pion and a lower energy cosmic ray, with 2/3 probability. Or, the baryon could

decay into a neutron and charged pion, as in equation 1.8, with 1/3 probability. Direct

pion production via virtual meson exchange occurs less frequently in these p-γ interactions,

but this process favors charged pion creation, and thus brings the charged to neutral pion

ratio up to ≈ 1:1 [22]. In the case of equation 1.7, the branching ratio for neutral pions to

gamma rays is greater than 99%. If the reaction in equation 1.8 proceeds, we have three

neutrinos, each with about 5% of the cosmic ray energy. The neutrino energies are dictated

by the amount of inelasticity of the baryon decay, and how evenly distributed the energy is

between the four leptons. The above processes are depicted for cosmic ray protons, however

these processes also take place for heavier nuclei, after photo-disintegration takes place. The

initial flavor ratio is 1:2:0, but the neutrinos will undergo sufficient flavor oscillations to be

detected as ≈ 1:1:1 given the cosmological distances involved (see section 1.4.1).

The GZK process saps energy from cosmic rays above the ankle energy, thereby cutting off

the end of the spectrum. This is easiest to observe when the flux is multiplied by the cube
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Figure 1.5: The flux of the very highest energy cosmic rays above 1017 eV demonstrates a
cutoff in the spectrum. The flux times the energy cubed is plotted on the y-axis [83].

of the energy, in order to reveal the deviation from the power law above 5× 1019 eV (figure

1.5). The interaction length is such that after 100 Mpc, most of the UHECRs disappear,

restricting UHECR observation to the local universe. The data in this figure come from

the HiRes, Telescope Array, Auger and AGASA collaborations [83]. While the data from

AGASA is thought to be incorrect, the other three experiments all show an attenuation effect

above 1020 eV. In this case, the Telescope Array data comes only from the hardware known

as the surface detector (which excludes the fluorescence detectors). The broken power law fit

to the Telescope Array data finds the ankle at (4.9± 0.3)×1018 eV, and the GZK suppression

at (4.8± 0.1)×1019 eV.

Conversely, neutrinos from GZK interactions have an enormous interaction length compared

to that of GZK cosmic rays. As an example, consider figure 1.6, which depicts the neutrino-

photon cross section at low and high energies. At ≈ 1 TeV, the maximum total cross section

is 10−2 picobarns, or about 10−26 cm2. Let us assume that a 1019 eV neutrino interacts
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Figure 1.6: Left: the total neutrino-photon cross section at lower energies (in pb) versus
center of mass energy [18]. Right: the same cross section as the energy increases beyond the
W-boson resonance.

predominantly with CMB photons, which have a number density of ≈ 400 cm−3, and have

an average energy of 10−3 eV. Then
√
s ≈ 2

√
10−3 · 1019 = 0.2 GeV. In figure ??, we note

that the cross section falls as the sixth power of energy if the center of mass energy is below

the mass of the W-boson, and at 0.2 GeV the total cross section is less than 10−15 pb. Using

this number for the total cross section (and the number density of CMB photons), we obtain

an interaction length, L = 1/nσ which is larger than the known universe. Fortunately

for UHE neutrino astronomy, the CMB photon-UHE neutrino cross section predicted by

the plotted equation implies virtually no neutrino attenuation. The neutrino-photon cross-

section calculations come from [18].
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1.3 The Diffuse Flux of GZK Neutrinos, and the Askaryan

Effect

Although no UHE neutrinos have been observed, there are many astrophysical models and

theories which predict potentially observable neutrino fluxes with respect to energy. What

follows is a description of these fluxes, how they depend on energy, and what factors affect

their normalization.

1.3.1 Diffuse Signals

A diffuse signal of neutrinos is such that the data displays no angular anisotropy, and we

cannot pin down the source of the neutrinos as any particular astrophysical object. GZK

neutrinos are an example of a diffuse signal in part because there is no large anisotropy in

the UHECR data (figure 1.2); if we could identify point sources of cosmic rays capable of

producing GZK neutrinos, then GZK neutrinos found to arrive from the same direction could

be considered point sources as well. Of course this doesn’t happen: the cosmic ray point

source would have to be close enough to the Earth for direct detection of the protons/heavy

nuclei, but far enough from the Earth to allow the GZK process to take place. It is more

likely that GZK neutrinos arrive from across the universe, and have some small anisotropy,

indicating that they do originate from point sources but that this effect is averaged out over

time and space. This amount of smearing will depend on details such as the density of cosmic

ray accelerators as a function of redshift (see below). Figure 1.8 (below) depicts the energy

spectrum of GZK neutrinos (multiplied by the square of energy to reveal deviations from an

E−2 power law), along with several models accounting for various theoretical assumptions.

There are six factors that affect the normalization of the flux of GZK neutrinos which we

will discuss in turn. First, the chemical composition of the UHECRs shifts the neutrino
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flux by at least two orders of magnitude. The blue shaded region in figure 1.8 assumes

that the UHECR composition is strictly protonic above the ankle in the cosmic ray energy

spectrum. The decaying delta baryon in equation 1.8 originates from a cosmic ray proton

with a center of mass energy (along with the CMB photon) above the 1232 MeV threshold.

Suppose instead that the cosmic ray begins as a nucleus of iron, stripped of all electrons.

To undergo the GZK process, the Fe nucleus must first photo-disintegrate, producing the

nucleon to create the delta resonance. The nucleon must have a fraction of the total energy

of the nucleus, ECR, and in the case of iron En ≈ ECR/56. That means the cosmic ray

nucleus must have fifty-six times the energy of an equivalent proton to produce a GZK

nucleon. Requiring that the cosmic ray nucleus be 56 times as energetic lowers the flux, and

ultimately the neutrino flux. This argument is shown by the pink shaded region in figure

1.8, where the flux (times energy squared) has been reduced by a factor of 100.

The measurement of the composition of the cosmic rays is not yet settled (figure 1.7). The

fluxes at the relevant energies are too small to measure directly by satellite or balloon-borne

detectors, so indirect methods are employed by utilizing the earth atmosphere as a large

calorimeter. The charge of the primary particle is related to the depth in the atmosphere

of maximum particle density of the developing cascade, known as the shower maximum

(Xmax), but the interpretation of this data is complicated by an inadequate understanding

of the interaction mechanisms at such high energies, and systematic differences between the

detectors. The data are consistent with pure protons, compositions comparable to galactic

mixtures in the GeV/nucleon-TeV/nucleon range, and even pure iron is not excluded at

energies near the GZK cut-off [61].

The y-axis is in figure 1.7 is the average value of Xmax depth in g/cm2. The x-axis is the

energy of the cosmic ray primary, and we can see that while the global analysis favors proton

models at higher energies, there is a spread in the data, which seems to be trending back

toward iron models above 1019 eV. The highest-energy data point published by Auger is
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Figure 1.7: A global analysis of cosmic ray composition data, including ground-based air
shower experiments and air-florescence experiments. This figure comes from Kampert and
Unger (2012) [61].

directly between iron and proton models. The authors in this reference are careful not to

rule out heavy or light composition above 1018 eV, citing experimental uncertainties and the

range of predictions by Monte Carlo analysis. The best statistics come from Auger, however

the central values of 〈Xmax〉 from the various experiments are slightly different.

The second factor that affects the prediction of the UHE neutrino flux is the shape of the

UHECR energy spectrum. A simple way to model the power law form with a cut-off is to

use a Heaviside step function [68]:

Φ(E, z) = fG(z)E−αΘ(Emax − E) (1.9)

In equation 1.9, G is some function of the redshift z, discussed below, and f is a simple

normalization. One method to approach the solid blue line in figure 1.8 is to allow Emax

to increase above 1021 eV [68], arguing that we only observe the truncated version of the

UHECR spectrum after the GZK effect has taken place. Another choice for the injection

15



spectrum, however, is a power law with an exponential cut-off:

Φ(E, z) = fG(z)E−αexp

(
− E

Emax

)
(1.10)

In equation 1.10, Emax is now the energy where the GZK effect begins to turn on, allowing

for slight variations in the threshold. The width of the delta resonance around 340 MeV

in figure 1.4, for example, could cause the cut-off energy to vary by a factor of ≈ 3. The

observed cosmic ray data does in fact follow a broken power law above the ankle, with the

cutoff energy beginning around 4.8 × 1019 eV. Since the data display a power law with an

exponential cut-off, it is reasonable to assume that the cosmic ray sources follow this pattern

as well. If the parameter α is tuned lower, then the number of UHE neutrinos and the

average UHE neutrino energy both increase, because the number of higher energy cosmic

rays increases. The best estimate for the value of α is ≈ 2.3. Similarly, the normalization

must be chosen to match flux measurements, and the neutrino flux increases with increasing

normalization. Finally, the the dip in the UHECR spectrum below the GZK cutoff is due to

direct lepton pair production: p+γ → p+e+e−. This interaction only plays a role well below

the ∆+ resonance. Near the GZK energy the p+γ → ∆+ interaction dominates because it

proceeds with only one QED vertex at tree-level, whereas p+γ → p+e+e− requires two QED

vertices which makes the matrix element less probable.

The third factor that affects the GZK neutrino flux is the set of assumptions made about

cosmology. Measurements like the angular power spectrum of the CMB temperature from

the COBE and WMAP satellites have shown that we live in an expanding, accelerating

universe, represented by the concordance model with ΩΛ = 0.7 and ΩM = 0.3. The flux of

cosmic rays weakly depends on these cosmological factors [70], because the source distribution
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with respect to redshift is proportional to the quantity

dt

dz
= H−1

0 (1 + z)−1
(
ΩM(1 + z)3 + ΩΛ + (1− ΩM − ΩΛ)(1 + z)2

)−1/2
(1.11)

Taking ΩM = 1 and ΩΛ = 0 gives the Einstein-de Sitter universe, but using the concordance

parameters yields a dt/dz larger by a factor of
√

3 in the limit z > 1. Overall the enhancement

to the UHE neutrino flux is about 60% at all energies.

The forth factor that affects the neutrino flux is the definition of the function G(z) in equa-

tions 1.9 and 1.10. This function controls the density of cosmic ray sources per unit redshift

and co-moving volume, e.g.

G(z) = H(z)
dt

dz
Φ0(E) (1.12)

Here all the action is placed inside the function H(z). The function H(z) must have the

property H(0) = 1, because the density of astrophysical accelerators is ρ(z) = H(z)ρ(0).

Because the source of UHECRs and therefore UHE neutrinos is unknown, we must speculate

as to the exact form of H(z). There are several logical choices, and what follows is a sketch

of each of them. First, we could assume the trivial case where the evolution of the Universe

is unrelated to the physics of cosmic ray production, and set H(z) = 1 for all z. This leads to

conservative estimates for the neutrino flux. The simplest thing to do beyond the trivial case

is to put in the constraint for zero redshift and assume some power law index, n controlling

the increase of cosmic ray sources with increasing redshift: (1 + z)n. Most calculations allow

this function track the same function for some other class of objects (figure ??), such as
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star formation [1], AGN [70] [84], or gamma-ray bursts (GRBs) [53]. Each model assumes

a source injection spectrum with index 2 and cutoff energy 1021 eV. The highest rates come

from GRB evolution, followed by AGN and star-formation. In order of increasing neutrino

flux, we have:

HSFR(z) = (1 + z)3, z < 1.3

HSFR(z) = (1 + 1.3)3, z ≥ 1.3, z < 6

HSFR(z) = 0, z ≥ 6

(1.13)

HAGN(z) = (1 + z)3, z < 1.9

HAGN(z) = (1 + 1.9)3, z ≥ 1.9, z < 2.7

HAGN(z) = (1 + 1.9)3exp(−(z − 2.7)/2.7)

(1.14)

HGRB(z) = (1 + z)4.8, z < 1

HGRB(z) = (1 + z)1.4, z ≥ 1, z ≤ 4.5

HGRB(z) = (1 + z)−5.6, z > 4.5

(1.15)

The fifth factor which introduces variations in the GZK neutrino spectrum is any uncertainty

or variability in the dynamics of the cosmic-ray/CMB photon interaction. This includes the

energy dependence of the pγ cross section (figure 1.4) and the inelasticity of the interaction

itself. If the energy cut-off of the cosmic ray injection spectrum increases, then the GZK

process can sample lower energy CMB photons, placing the interaction in the delta resonance

at 1232 MeV. However, the average CMB photon energy increases linearly with redshift, so
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cosmic ray sources of the same energy at higher redshifts see the higher energy tail of the

pγ cross section where multi-particle production begins. These processes have cross-sections

which are lower by a factor of 5. The inelasticity of the pγ interaction controls how much

energy is transferred to the pion and divided amongst the leptons in equations 1.7 and 1.8.

The value usually assumed is that 20% of the cosmic ray energy moves to the charged pion,

but this depends on the maximum energy of the cosmic ray. Some references ([68], [70]) vary

either the proton injection index or the maximum energy to get more UHECRs above 1020

eV. The inelasticity increases [80] to ≈ 0.5 at these energies, making the fraction of the total

energy obtained by each neutrino larger than 10%. The peak in the blue flux around 1011

GeV in figure 1.8 is an example of such a neutrino flux.

The final factor that affects the GZK neutrino flux is oscillatory nature of the neutrino weak

eigenstates. Unlike the charged leptons, the neutrino mass eigenstates are much different

from the weak eigenstates, leading to flavor oscillations in vacuum. Assuming there is no

sterile neutrino (and this remains an open puzzle: [77]), the overall neutrino flux is unaffected

by oscillation physics. However, the flux in each flavor is affected, in that the standard GZK

ratio of 1:2:0 averages over many oscillation lengths to a ratio at Earth of ≈ 1:1:1. How

precisely the events are distributed between the three flavors, given uncertainties of the

measured oscillation parameters from terrestrial experiments is covered in section 1.4.1. If

the detection mechanism for GZK neutrinos is the Askaryan effect, then the detector is

sensitive to all three flavors, and the measured flux does not have to be corrected. However,

detecting neutrinos in this way leaves us with the challenge of interpreting radio-frequency

pulses as tau, muon, or electron type neutrinos. The physics of the Askaryan effect is the

focus of the next section.

On the y-axis in figure 1.8, we have the differential flux with respect to energy (GeV),

multiplied by the square of the energy. The models represented by the blue shaded region

come from [68], and assumes only protons as the primary cosmic ray particle. One choice that
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leads to the large flux above 1010 GeV is the high cut-off energy of the injection spectrum.

The upper blue line represents the most liberal model, tuning in addition the maximum

redshift of cosmic ray sources, and cosmological source evolution parameters to their most

favorable values. This procedure moves the flux above the Waxman-Bahcall [17] bound,

around 10−7. The black lines are derived from reference [70], which contains calculations for

no source evolution function H(z), standard assumptions about H(z), and an H(z) following

GRB evolution (strong evolution).

Figure 1.8: UHE GZK-ν (all-flavor) flux predictions (×E[GeV]2) are show here, coming from
the following references: pure proton [68], conventional models: [70], [53], mixed: [70], [24],
[53], Waxman-Bahcall: [17]. Other constraints include [22], [23], and a good summary can
be found in [61].

Figure 1.9: (Left): UHE GZK neutrino flux predictions assuming different H(z) functions.
(Right): GRB evolution, varying the index of the injection spectrum produces observable
UHE neutrino fluxes. [53].
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Figure 1.8 contains a variety of models of the UHE neutrino flux from the last decade of

research. However, experiments such as IceCube and ANITA have helped to eliminate some

of the more extreme and optimistic models (for example the upper proton curve from [68]).

Figure 1.10 comes from [61], and contains a more recent summary of calculations. The

absolute fluxes are slightly lower due to a better understanding of both the GZK cutoff

shape and the overal UHECR flux. One open question is whether the most optimistic pure-

proton models in figure 1.10 violate the recent Fermi-LAT diffuse gamma ray limit [22] on

the neutrino flux; the answer to this question lies in how well constrained the extra-galactic

background light and extra-galactic magnetic fields are [14] [2]. The GZK pure-proton models

vary by source evolution function: the top of the red area in this figure corresponds to FR-II

type galactic redshift evolution, while the bottom is the standard evolution of star formation.

The GZK pure iron models also vary by source evolution, and the flux is lower by an order

of magnitude.

The grey area is more complex, as it includes different galactic to extra-galactic source

transition models. The top of the grey area represents transition models where the dip in

the spectrum between the ankle and the GZK cutoff is caused by the Bethe-Hietler process

(e+e− pair-production by cosmic rays incident on CMB photons). The lower side of the grey

area represents models where the transition occurs right at the ankle. In both scenarios, the

cosmic ray maximum energy and energy spectral hardness must be tuned to match current

data. Notice that the ESS (standard, fig. 4 from [70]) model from figure 1.8 (corresponding

to a H(z) function ∝ (1 + z)3) represents about the same flux as the lower curve of the

red band the more recent calculation in figure 1.10. The only difference is that the H(z)

function in the former flattens at z = 1.9 rather than z = 1.3, and cuts off exponentially.

The ESS (fig. 4) calculation refers to AGN-like evolution. The ESS (strong) model assumes

H(z) ∝ (1 + z)4, and is closer to the upper red curve in the more recent figure, which

represents FR-II type evolution. Because the FR-II type evolution already produces fluxes

that are close to the Fermi-LAT diffuse gamma-ray bound (depending on what assumptions

21



Figure 1.10: More recent predictions of the (single-flavor) UHE ν flux. Experimental upper
limits are given by the black lines, including IceCube [43], ANITA-II [37], Auger [51]. Models
of GZK neutrino production for proton and iron primaries, and various transition models
come from [61].

are made), the ESS (strong) curve is somewhat optimistic.
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1.3.2 The Askaryan Effect

Gurgen Askaryan realized in 1962 [5] that high-energy neutrino interactions produce linearly

polarized radio-frequency (RF) pulses due to a decelerating negative charge excess in the

hadronic and electromagnetic showers (figure 1.11). Thus, a class of experiments [30] [26]

[36] [31] has developed which focuses on the detection of these Askaryan pulses originating

in favorable dielectric media such as ice. This effect is similar to Cherenkov radiation in ice,

where energy radiated by a charged particle is emitted at a characteristic Cherenkov angle

([58], chapter 13) when the velocity β = |v|/c is greater than 1/n.

cos(θc) =
1

β
√
ε(ω)

(1.16)

The square root reduces to the constant index of refraction in the limit of small dispersive

effects. In an electromagnetic shower that produces Askaryan radiation, the negative charge

excess can be as large as 25% of the total number of positrons and electrons, forming a

decelerating total charge that radiates power proportional to the square of the charge excess.

Figure 1.11 includes a schematic of the polarized radiation from the charge excess developing

along the z-axis. Since the shower energy is proportional to the excess charge, the radiated

power is proportional to the square of the shower energy. These scaling relationships cause

(conveniently) the electric field in the far field of the radiation to be proportional to the

shower energy, and thus the voltage across antenna terminals as well. Along the z-axis, the

shower develops a negative charge excess Q(z′). The Poynting vector of the radio wave in

this case is u, and the wave is linearly polarized along p = −û × (û × ẑ). The shower

maximum occurs after a few meters (see figure 1.12), and the shower can be stretched if the

LPM effect takes place.
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Figure 1.11: A schematic of the Askaryan radiation resulting from a hadronic or electromag-
netic shower induced by a UHE neutrino. The graphic comes from reference [60].

The electric field in the time domain has been calculated analytically and modeled modeled

for different viewing angles [59] [60]. Here the viewing angle is the angle away from the

Cherenkov angle the observer views the Askaryan radiation. The highest frequencies (and

narrowest pulse widths), which peak around several GHz, are only observable at or within

1-2 degrees of the Cherenkov angle (figure 1.12). As the viewing angle increases, the observed

electric field in the time domain is dominated by frequencies of order 100 MHz, changing

the pulse properties in the time-domain. The charge excess develops over several meters,

before reaching a maximum and dissipating after 10-20 m. This dissipation distance depends

on the density of the dielectric medium, and how strongly the Landau-Pomeranchuk-Migdal

(LPM) effect plays a role [62]. The LPM effect causes the bremsstrahlung interaction and pair

production to become suppressed, because the momentum transfer is inversely proportional

to the square of the energy. For increasing energy (decreasing momentum transfer), the

Heisenberg uncertainty principle dictates that the interaction must occur over many lattice
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constants in the ice, resulting in deconstructive interference.

To obtain a first approximation to the radiated electric field, the authors of [59] assume that

the charged particles move in straight lines, and allow for the Fraunhofer approximation:

|x − x0 − vt′| ≈ R − v · ût′. In this notation, x is the observation coordinate, x0 is the

position of the charged particle along its straight track, and v · ût′ is the component of the

particle velocity along the Cherenkov angle (figure 1.11). The prediction from this simple

model for a single negatively charged particle is that there should be two delta functions of

opposite polarity that approach each other in time as the observation angle approaches the

Cherenkov angle. Conversely, the larger the viewing angle, the farther apart in time the two

pulses arrive at the observation point. If the viewing angle is positive (the observer sees the

shower from an angle greater than the Cherenkov angle), the bi-polar pulse is delayed. The

earlier arrival time in the opposite case appears to violate causality, but the fact that the

charged particle is moving faster than light in the medium accounts for this.

Finally, when realistic current distributions describing the development of the charge excess

are added to the model, the electric field model becomes more realistic: instead of two delta

functions, we have a bipolar pulse of a given width. The width is controlled by the radial

spread of charge away from the shower axis, with wider pulses coming from wider charge

distributions. These main features of the Askaryan effect are depicted in figure 1.12. The

pulse width (FWHM) at top left is less than 1 ns because the viewing angle is zero. As the

view angle increases, the pulse widens. For electromagnetic showers, the charge excess, and

therefore the electric field pulse, is stretched due to the LMP effect. The density of water is

1 g/cc (and ice is ≈ 0.92 g/cc), so these showers develop over 5-10 m, but longer if the LPM

effect takes place.
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Figure 1.12: (Top left): a bipolar pulse observed 1 m away from the maximum charge excess
of a shower with 1 PeV of energy [59]. (Bottom left): the same shower as the top panel,
but observed at a viewing angle of ±5◦. (Top right): The development of the charge excess
Q(z′) and (bottom right) the radiated electric field for a 1 PeV and 100 PeV shower.
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1.3.3 Experimental Confirmations of the Askaryan Effect

There have been several experimental confirmations of the Askaryan effect in laboratory

settings. Two are described here, both having taken place at the Stanford Linear Accelerator

facility. The first [38] [34] utilized silica sand as the target dielectric material. Silica sand has

similar RF properties as ice. Specifically, the refractive index of pure, cold ice is 1.78, and

that of silica sand is 1.67. The Cherenkov angle in ice is ≈ 55◦, and that of sand is ≈ 51◦, at

microwave frequencies, although silica is about 2.9 times as dense. The experimental setup of

this initial confirmation of the Askaryan effect used GeV bremsstrahlung photons from 28.5

GeV electrons to create electromagnetic showers in the silica target (figure 1.13). Initiating

the showers with photons eliminates the transition radiation caused by charged particles

entering a volume with a new index of refraction. The peak electric field strength radiated

from the silica varied with the lateral charge distribution, in the same fashion as Q(z′)

in figure 1.11. The Kamata-Nishimura-Greisen (KNG) approximation predicts the charge

excess in figure 1.12, and the electric field strength observed as a function the distance along

the shower axis (the z-axis from figure 1.11) varies in the same fashion. In this experiment,

the excess charge only propagates several hundred centimeters due to the density of silica. In

addition to the effects shown in figure 1.13, the pulses are linearly polarized, and the arrival

times indicate the charge excess moves at the speed of light rather than c/n. The electric

field strength as a function of frequency is given by equation 1.17, where Es is the shower

energy, f0 = 2500 MHz is the decoherence frequency for silica, R is the distance from the

shower, and N is the overall normalization.

R|E| = N

(
Es
TeV

)
f

f0

(
1

1 + 0.4(f/f0)1.44

)
(1.17)

The ANITA detector served as the receiver for the next SLAC test [82], and the dielectric

27



Figure 1.13: (Left): A measurement of the charge profile Q(z′) radiating electric fields at
the Cherenkov angle [38]. The inset is an example of a de-convolved radiated pulse. The
amplitude of these pulses (right) matches expectations; the observed peak electric field should
vary linearly with the total shower energy due to the coherence of the radiation, and the
index of the observed power law is 0.95± 0.05. The electric field as a function of frequency
is consistent with equation 1.17.

was ice maintained at a temperature between -20 to -5 C, for minimal RF absorption (see

chapter 2). In this experiment, however, 28.5 GeV leptons were not converted to photons

before creating the shower, and about 15% of the negative charge excess was due to the

incident electrons. Despite this systematic, and the potential for transition radiation, the

Cherenkov radiation was isolated and characterized in the same manner as before. Figure

1.14 displays the data in the same form as figure 1.13, except that radiated power versus

shower energy, rather than radiated electric field, is shown in figure 1.14. The radiated power

follows the expected quadratic scaling with shower energy. Further work [34] was done to

calculate specifically the electric field pulse in the time domain, which will be discussed below

in section 3.2.2. The same model is used for the electric field strength versus frequency, and

the ANITA horn data match it when accounting for the 40% systematic error. Discone and

bicone antennas were included for timing and phase information.
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Figure 1.14: (Left): This data is similar to the data plotted in figure 1.13 (right), except the
dielectric is ice rather than silica [34]. (Right): the radiated Cherenkov power scales as the
shower energy squared, again due to the coherence of the radiation from the total negative
charge in the shower. The power law exponent is 2.1± 0.14.

29



1.4 Potential New Physics with ARIANNA

In addition to solving the cosmic ray origin problem, a sample of GZK neutrinos collected

in Antarctica would boost our understanding of UHE neutrino physics. This section pro-

vides two examples of physical measurements that could be done with a neutrino sample

of ARIANNA. The first section outlines calculations done by Xing and Zhou (2006) [87].

The second summarizes work done by Stecker and Scully (2010) [76], demonstrating how

neutrinos observed by ARIANNA could quantify an example of Lorentz-invariance violation

(LIV).

1.4.1 Flavor physics of cosmogenic neutrinos

We have already discussed how the flavor ratio of GZK neutrinos begins as 1:2:0 (e, µ, τ),

and how this must average to ≈ 1:1:1 over many oscillation periods, given the 10-100 Mpc

that could separate the nearest UHECR sources from Earth. A typical oscillation length

calculation assumes just two flavors of neutrino, electron and one additional flavor (which

can be thought of as a superposition of muon and tau flavors), with the mixing matrix [7]

U =

 cosθ sinθ

−sinθ cosθ

 (1.18)

This matrix rotates any two-dimensional vector by an angle θ. In this case, the components of

the initial vector are mass eigenstates, and the result is a vector with flavor eigenstates. After

solving the time-dependent Schrodinger equation, and letting R be the distance travelled by

an approximately massless neutrino in time t, the probability that an electron neutrino
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oscillates and is detected as some other flavor is

|〈νx|νe〉|2t = sin22θsin2

(
πR

λ

)
(1.19)

In the above equation, λ is the oscillation length:

λ =
4πEh̄

∆m2c3
= 2.48(E[MeV ])/(∆m2[eV 2])m (1.20)

Therefore the flavor most likely to be detected from an event where the neutrino began

as electron flavor depends on how many factors of λ < 10 pc the neutrino travels (Eν ≈

1020 eV, ∆m2 ≈ 10−3 eV2). For the nearest conceivable UHECR sources, these neutrinos

would oscillate approximately 1 million times, and we can assume that the detected flavor

distribution will reflect an average. Thus the complex, oscillatory terms that result from the

solution of the time-dependent Schrodinger equation drop out, and we are left with just the

numbers from the full PMNS matrix elements (with the usual three mixing angles θij and

CP-violating phase δ):

φTβ =
∑
α

∑
i

|Vαi|2|Vβi|2φα (1.21)

In equation 1.21, α and i refer to any of the three flavors and β refers to the flavor detected

at the neutrino telescope. In fact, if |Vµi| = |Vτi| exactly, then the flavor pattern observed at

the telescope is 1:1:1. From terrestrial oscillation experiments [87], we know that this is not
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an exact symmetry, but instead this allows for

φTe : φTµ : φTτ = (1− 2∆) : (1 + ∆ + ∆̄) : (1 + ∆ + ∆̄) (1.22)

∆ =
1

2
sin22θ12sinε−

1

4
sin4θ12sinθ13cosδ (1.23)

∆̄ = (4− sin22θ12)sin2ε+ (1.24)

(sin22θ12sin
2θ13)cos2δ +

sin4θ12sinε sinθ13cosδ

ε = θ23 − π/4 (1.25)

Because θ23 is close to π/4 (39◦), ε is a small parameter. Currently, the best fit for θ13 is

also small, about 9◦, and there is some indication from global analyses that δ ≈ π [28].

Combining uncertainties in a global analysis, one finds that the parameters ∆ and ∆̄ are

only constrained to about ±10%. Assuming that ARIANNA can identify the flavor of at

least one type of neutrino, whether this comes from the LPM effect (electron type), or tau

double-bang or tau regeneration events (tau type neutrino), it is possible to measure ∆,

since the ratio of one flavor of neutrino (muon or tau) to the other two can be expressed as

Rx = 1/2 + 3/4∆. If x represents electron type, then the ratio is Re = 1/2− 3/2∆.

Suppose the statistical error on the number of detected neutrinos in each flavor follows

Poisson statistics: σx =
√
Nx. Here, Rτ = Rτ/(Re+Rµ), and we have also ∆ = 4/3(Rτ−1/2).
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Letting N = Ne +Nµ, we have

σ∆

∆
=

(Nτ +N(Nτ/N)2)
1/2

N(Rτ − 1/2)
(1.26)

These type of analysis, however, would be extremely difficult to perform. If ARIANNA were

to observe 500 neutrinos (approximately 10 Antarctic seasons’ worth of data - see chapter

5), the fractional error of the ∆ parameter would still be around 0.9, if the observed flavor

distribution was 0.32:0.32:0.36. The fractional error of ∆ is inversely proportional to the

difference between the null hypothesis of Rτ (1/2) and the observed Rτ ; thus the statistics

get better only if there is a large deviation from standard oscillation physics at ultra-high

energies. Suppose the observed flavor breakdown is a more extreme example: 0.25:0.25:0.5,

with 500 neutrinos. The fractional error is then just 18%, and gets increasingly better as

the effect becomes stronger. Despite the reference above indicating δ is approximately π,

however, the CP-violating phase is the least constrained parameter at the moment. This

actually allows one to tune the ∆ parameter to the level of ±0.1 when tuning δ from 0 to

2π.

1.4.2 An example of Lorentz Invariance Violation characterization

with ARIANNA

Scully and Stecker give examples [76] [75] of how introducing small LIV effects can alter the

GZK cutoff of UHECRs, and the UHE neutrinos. One example is to introduce a different

maximum achievable velocity (MAV) between the proton and the pions. In the relativistic

limit that both particles are massless, each would have a velocity of ≈ c. With a difference in
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MAV δπp, the GZK process is only kinematically allowed the following equation is satisfied.

δπp ≤ 3.23× 10−24(ω/ω0)2?? (1.27)

In equation ??, ω is the energy of the CMB photon, ω0 is the average energy of the CMB

photon satisfying ω0 = kTCMB = 2.35×10−4 eV, and TCMB is the average CMB temperature,

2.725± 0.02K. Consider a UHECR of moderate energy, 1017 eV, which would require some

boost to observe it in the rest frame. The interacting CMB photon, which actually has

an energy of less then one meV, appears to be a 300 MeV photon because of this boost.

Now if we shift upwards the UHECR energy, the boost increases and the CMB photon must

have a lower energy to appear the same in the proton rest frame. However, this places

it below the limit of equation ??, and thus the interaction is forbidden. Another way to

understand this effect is to consider that the LIV effect restricts the kinematic phase space

for this interaction, such that the restriction gets stronger with increasing energy, and the

inelasticity of the interaction approaches zero. With the GZK process restricted, the UHECR

spectrum recovers and we observe the consequences in the UHE neutrino spectrum. Figures

1.15 and 1.16 detail the shifts in cosmic ray and neutrino spectra. Both figures come from

[76]. Not only is the overall neutrino flux diminished by increasing the amount of LIV, but

the average energy shifts lower as well.
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Figure 1.15: The y-axis shows the energy squared times the differential cosmic ray flux,
and the x-axis shows the energy of the cosmic ray. Recent data from the Pierre Auger
Observatory is shown with statistical uncertainties. As the strength of LIV increases, the
cosmic ray spectrum recovers more quickly. [76]

Figure 1.16: The UHE neutrino flux, multiplied by one factor of the energy, versus energy,
for increasingly strong tunings of the LIV effect in question. The upper dashed curve is
the simulated sensitivity of the full version of ARIANNA with a 6-month live-time, and the
lower curve is the same with a five year live-time. [76]
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Chapter 2

Properties of the Ice in Moore’s Bay

In order to understand a potential detection of an Askaryan pulse from Antarctic ice, we

must understand the dielectric properties of the ice. By transmitting short-duration (≈ 1 ns)

RF pulses down through the ice and studying the reflections from the ocean-ice interface,

we can probe the attenuation length of the bulk ice and the reflection coefficient of the

interface over the bandwidth of interest to ARIANNA [0.1-1 GHz]. As the pulses propagate

downwards through the ice shelf, they gradually lose energy due to absorption and are

therefore attenuated in amplitude. This effect is in addition to the loss in energy density

from the wave spreading in three dimensions (a 1/r effect). The wave experiences specular

reflection at the ice-ocean interface, and propagates back to the surface. In general, this

technique is known as radio-echo sounding, and has been used to study the properties of

glaciers and ice-shelves in various locations on the Ross Ice Shelf (RIS) and the high plateau

[66] [67] [27].

Results from an exploratory expedition in 2006 [40] indicate large attenuation lengths as-

suming a perfect reflection coefficient (100% reflected energy). During that expedition, the

transmitting antenna (a Seavey radio horn used by the ANITA experiment) propagated
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the RF pulse directly down, and an identical antenna served as the receiver. This single

direct-bounce geometry (figure 2.1) renders indistinguishable the losses due to the reflection

coefficient and absorption in the bulk ice. In order to measure these separately, a second

geometry was included in addition to the direct-bounce in December 2010 [54]. By intro-

ducing a ≈ 1 km baseline between the transmitting and receiving antennas (angled-bounce

geometry), we can distinguish between reflection losses and absorption losses because each

geometry has a different path length, but the same reflection properties. In December 2011,

a repetition of the 2010 tests was completed with the the goal of studying higher frequencies

by using a shorter baseline, along with surface wave effects that could enlarge the effec-

tive volume of the experiment if confirmed [46]. In the sections that follow we will discuss

measurements of the ice shelf depth and density, index of refraction, attenuation length,

reflection coefficient, polarization preservation, and surface propagation properties.

Direct Bounce
Ocean

Ice Shelf

⊗⊗ ⊗ ⊗

Ocean

Ice ShelfAngled Bounce

Surface Propagation

Figure 2.1: (Left): The direct bounce has a path length of twice the ice shelf depth (578
m), and during the 2006 expedition this was the only geometry tested. (Right): On the
2010 and 2011 expeditions, the angled bounce geometry was added, with a 1 km baseline
(2010) and a 0.5 km baseline (2011). Surface propagation effects (section 2.3) were studied
by orienting the transmitter and receiver directly facing each other in the angled bounce
geometry, allowing potential signals to travel directly through the firn.
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2.1 Depth of the RIS in Moore’s Bay, and Experimen-

tal Geometries

The upper 60-70 m of the ice shelf is a mixture of snow and ice known as firn, which has

a density at the upper layer of ≈ 0.4 g/cc (from direct measurements taken in 2009). This

density result is in agreement with the result of 0.36 g/cc from [16]. The density and thus

the index of refraction has an exponential form, according to the Schytt model [40] [74]:

n(z) = 1.78 ≡ n (≥ 67m)

n(z) = n0 + p exp (−z/q) (< 67m)

(2.1)

In the model above, n0 = 1.86, p = −0.55, and q = 35.4 m, assuming an upper firn density of

≈ 0.4 g/cc. In this notation, increasing the depth requires a negative value of z. Although we

do not have experimental errors on the parameters in this model, a different model accounting

for the firn as a constant correction was used in 2009 [31], and we obtain a depth which

agrees within statistical and systematic errors (see table 2.1). In the exponential model,

the exponential variation in the specific gravity (and thus refractive index) was calibrated

with measurements taken at Williams Field near McMurdo station. As the depth increases,

the index of refraction grows to the bulk ice value of n = 1.78. One possible flaw in this

model is that the depth at Williams Field is around 200 m rather than the 580 m measured

in Moore’s Bay, leaving open the possibility that the extent of the firn is shallower than

Moore’s Bay. Given the time delay between RF pulse generation and reception, this model
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can be integrated to produce the depth of the ice, d/2:

c∆t =

∫ d

0

n(z)dz (2.2)

Using Df for the depth of the firn, integrating leaves us with an ice depth of

dice = d/2 =
c∆t

2n
− Df (n0 − n)

n
+
qp

n
(exp(−Df/q)− 1) (2.3)

The second two terms are corrections associated with the firn. Assuming errors in reflection

time, index of refraction, and firn depth, the error in dice is

σdice =

√(σtc
2n

)2

+

(
σnc∆t

2n2

)2

+ kσ2
Df (2.4)

The index of refraction cross terms involving σn and firn properties have been neglected;

these terms represent small corrections compared to the second term. In the third term,

k = 2 × 10−3, derived from the other constants. Even with an error of 10 m in the depth

of the firn, the third term beneath the square root in equation 2.4 is an order of magnitude

below the other terms. We are therefore justified in dropping it, to simplify and obtain

σd =
c

2n

√(σn
n

)2

∆t2 + σ2
t (2.5)
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Year Time Delay (ns) Calculated Depth (m)
2006 6783± 10 577.5± 10
2009 6745± 15 572± 6
2010 6772± 14 576± 3.5
2011 6816± 12 580± 3.5

Table 2.1: A summary of the RIS shelf depth data since 2006. In 2006, the data [40] was
taken 1 km from the location of the Icicle1 prototype, and subsequent data is from the
protostation location. A 5% error in the propagation time through all coaxial cables is
assumed, and error calculations are done to the nearest nanosecond. The extra precision
from the 2009 data relative to 2006 comes from assuming a more precise index of refraction
(see [31]). In this work, error analysis was performed differently. However, we obtain similar
errors to 2010 and 2011 if we use the 2009 numbers with equation 2.1.

This model yields an average shelf-depth over the four expeditions (2006 and 2009-11) of

dice = 576 ± 2 m (error in the mean, to the nearest meter). Statistical error contributions

come from timing, reflected pulse shape, and the index n. The real part of the dielectric

constant of ice ε′i is stable between 106 − 1013 Hz at 3.2 ± 0.02 [52]. However, the there

is not good agreement on the uncertainty on this number, so here we simply assume an

uncertainty of ≈ 0.01. Using n ≈
√
ε′i, we have σn ≈ 0.01 if we round to the nearest

hundredth. Systematic errors include the assumption that the direct bounce path length

is perfectly straight, and uncertainties in the coaxial cable lengths, both of which affect

the uncertainty in the reflection time. Timing uncertainties are summarized in table 2.2,

and lastly, the constant terms and the normalization of the exponential in equation 2.1 are

treated as exact unless stated otherwise.

The measurement of the physical time delay caused by the ice shelf depth must be separated

from the systematic delay introduced by the experimental setup. Figure 2.2 depicts the

various components used in the 2010 setup which combine to produce a systematic delay.

The setup in 2009 was similar, except that the pulser was an order of magnitude lower in

maximum amplitude capability, making it suitable only for depth measurements and not

absorption. Because the reflected pulse was only several mV above noise backgrounds, the
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Year Meas. Delay (ns) Phys. Delay Stat. error Sys. error Pulse Total
2009 - 6745 - - - 15
2010 7060 6772 5.0 8.0 10 14
2011 6964 6816 4.0 5.0 10 12

Table 2.2: A summary of timing uncertainties, subtracting systematic delays. The error
estimate in the reflection time for the 2010 data has been revised down from that quoted in
[54]. In that work, an error calculation similar the 2009 [31] analysis was performed, which
assumed the pulse width contributes to statistical errors in the reflection time. For the 2010
and 2011 data, we assume a 10 ns uncertainty based on not the width of the whole reflected
pulse, but FWHM width of the strongest peaks.

authors of (NIM) had to include the entire pulse width into the timing uncertainties. For the

2010 and 2011 data, we instead take the full-width at half-maximum (FWHM) around the

peak voltages in the reflected pulse. Alternatively, one could instead use the time it takes

the high-frequency components (which are recorded first due to the LDPA structure) to rise

above thermal backgrounds. In either case, 10 ns is a good conservative number, and when

folded into the timing uncertainties we obtain smaller but comparable errors to 2009.

The Pockel Cell Driver (PCD) is capable of delivering a 1 kV (2.5 kV in 2011) negative

polarity, 1-ns wide pulse to the transmitter (model HYPS PCD from Grant Applied Physics).

In 2011, the HYPS PCD pulser amplitude was upgraded from 1 kV to 2.5 kV, keeping the

pulse width constant. The PCD and 1 GHz scope were triggered by a TTL pulse from a BNC

555 Delay Generator, with a programmable delay. The delays used in the 2010 and 2011

seasons are quoted in table 2.2 (measured delay). The low-noise amplifier (LNA) was a Miteq

62.4 dB, 10-1000 MHz unit. The low-pass and high-pass filters (mini-circuits NLP-1200+,

NHP-50+) were used for all tests to protect the data from external noise. An example of

low-band noise came from the Honda portable generator used to power the electronics, and

in 2010 we used the NHP-50+ to block this noise. The NHP-50+ high-pass filter has a

quoted range of 41-800 MHz, a stop-band attenuation below 41 MHz of >40 dB, and a 3 dB

point of 37 MHz. In the passband, the NHP-50+ introduces only a fraction of a dB in losses,

and above 800 MHz the manufacturer has no data. We verified that introducing filters did
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TX RX

PCD

BNC 555

1GHz Scope

+15 Vdc

Miteq 62.4 dB LNA

NLP-1200+

UNAT-20 dB

NHP-50+

6' RG-58 (9 ns)

2 x 93 ns RG-58

6' RG-58 (9 ns)

93 ns RG-58

6' RG-58 (9 ns)

Figure 2.2: Experimental setup for reflection studies in 2010. The setup was improved in
2011, as described in the text. The pulse was generated by a Grant Applied Physics HYPS
Pockel Cell Driver (PCD), and transmitted through an LPDA in 2010, and a Seavey radio
horn from the ANITA experiment in 2011. When using the Seavey radio horn, we chose the
polarization channel such that the transmitter was co-polarized with the receiver.

not alter the signal data, the main components being between 80 and 900 MHz. In 2011, we

kept this filter in the system for consistency even though we switched away from the Honda

generator to an DC-AC inverter which powered the electronics from a car battery. We were

unable to identify any noise coming from the inverter at the same magnitude as the Honda

generator, however we remained skeptical and chose to keep the filter in place.

The NLP-1200+ has a quoted pass band of DC-1000 MHz, where the 3 dB point is at 1200

MHz. Like the high-pass, this filter has a stop band attenuation of > 40 dB. The purpose of

this filter was to block noise from wireless ethernet transmitters. For the majority of the 2010

expedition we had no internet access, so this filter was superfluous, but again it has no effect

on the data. In 2011 we had much cleaner internet access, so we kept this filter in place as

well. The 20 dB attenuator (UNAT-20) was used occasionally to achieve manageable signal

amplitudes through the LNA. In 2010, all coaxial cables were RG-58 type (expected time
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delays are shown). The transmitting (TX) and receiving (RX) antennas were separated by

18.7 m in 2010 and 23.0 m in 2011. These are identical to the station antennas (Creative

Design Corp. CLP5130-2) which are log-periodic dipole arrays. In 2011, a 10+20 m length

of LMR-600 coax replaced the RG-58 before the LNA on the RX side, and a 10 m length of

LMR-600 replaced the RG-58 on the TX side. Finally, the TX antenna was replaced with

a Seavey radio horn, identical to those used in the ANITA experiment [30]. While it has a

higher low-frequency cutoff than the LPDA (200 MHz in air), the Seavey transmits more high

frequency power (figure 2.4). The latter effect is so strong it is visually evident in the data,

and the direct bounce pulses exhibit similar envelopes in time. The LPDA transmitter data

is larger in amplitude only because this antenna has a lower low-frequency cutoff; because of

the shape of the LPDA, the lowest frequencies cause the highest amplitudes in the waveform.

Examples of averaged, reflected pulses for the direct and angled bounce configurations are

shown below in figure 2.3 below. In both cases, the Miteq 62.4 dB amplifier was used. The

linearity of this amplifier extends to about ± 1 V, and a 3 dB attenuator was used to make

the direct bounce data fit within this range, but no attenuation was required for the 543

m baseline angled bounce data. An amplitude difference of -3 dB is expected between the

two signals. If we assume a 500 m attenuation length, the expected difference in amplitude

is within 5% of -3 dB if we assume an attenuation length of 500 m (-1 dB from geometric

losses and -2 dB from absorption). Thus applying a 3 dB attenuator to the direct bounce

data makes the two pulses equal in amplitude. In 2011, we noticed that the amplitudes were

changing by 10% due to several nanoseconds of jitter from the BNC 555 delay generator

while it was tuned to delays > 6 µs, so we used the scope delay instead. Because this issue

was not observed in 2010, we concluded that the BNC 555 delay generator was no longer

matching its performance specifications.

The error reduction from the final depth measurement in 2011 was achieved by using 4 ns

RG-58 and 10-20 m LMR-600 coaxial cables to send timing signals through the experimental
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Figure 2.3: Averaged, reflected waveforms for the direct (upper) and angled bounce (lower).
The direct bounce data has an attenuation of 3 dB, but the angled bounce has no attenuation.

apparatus , rather than using the 93 ns RG-58 cables of 2010 (see figure 2.2 and table 2.2).

The LMR-600 cables also improved the high-frequency transmission of the system, aiding in

the measurement of the attenuation length at frequencies above 400 MHz (see next section).

Table 2.2 depicts the delay totals from 2011 for the direct bounce. To be conservative, the

combination of cable length and wave-speed in the coaxial cables is assumed to be accurate

only to 5% in all cases. In table 2.2, the total error in reflection time from 2009 comes

from (NIM), which totals errors from cable lengths, geometry, and arrival time. The timing

of the radio echo soundings is important to establish precisely, as the errors in the depth

propagate further into the measurement of the attenuation length and reflection coefficient

measurements.
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Figure 2.4: These pulses are from the direct bounce configuration, where the transmitter is
alternatively the LPDA antenna (top) and the Seavey horn (bottom). Both waveforms have
been corrected for attenuators used to collect this data. The y-axis units are relative, but
can be compared between LPDA and Seavey.
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2.2 Absorption and Reflection Properties of the Ross

Ice Shelf in Moore’s Bay

In this section, we derive from measurements performed across several seasons the dielectric

properties of the ice which will form the fiducial volume of the ARIANNA detector. We

use radio-frequency techniques common to glaciology to deduce the answers, but first we

lay down the theory of electromagnetic wave propagation in lossy media. Specifically, we

review a simplified model for the attenuation length of pure, mono-crystalline ice, and we also

review the reflection coefficient experienced by the waves at the ocean-ice interface beneath

the shelf. Following the theory, we have the experimental setup and finally the results in the

last section. We conclude with a special section on surface waves and the potential benefits

of surface waves to UHE neutrino detection.

2.2.1 Dielectric Properties of Ice, Seawater, and the Debye Model

Radio-glaciology is essentially the application of solutions of Maxwell’s equations to glacial

ice. We shall see in the following calculations how a simple model can come close to explaining

the dielectric behavior of ice shelves in Antarctica. Note, however, that we will eventually

have to account for unknown quantities like the concentration of impurities in the ice, and

non-uniformity of crystal structure. Because it is a dielectric material, ice has a complex

relative permittivity:

ε = ε′ − iε′′ = ε′(1− i tan δ) (2.6)

where the loss tangent tan δ = ε′′/ε′ = σ/ωε0ε
′. The parameter σ is the conductivity,
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which approaches infinity for conductors, making the loss tangent approach infinity. This is

another way of stating that electromagnetic waves cannot penetrate conductors; the electric

field inside a conductor is zero because conductors are infinitely polarized compared to

dielectrics. The Ross Ice Shelf system is essentially a volume of dielectric ice above a good

conductor, the seawater. In this section, ε1 refers to the bulk ice and ε2 refers to the ocean

and will tend to be either infinite or very large compared to the ice. For example, the

reflection coefficient for the electric field at the ocean-ice interface is

√
R =

√
ε1 −

√
ε2√

ε1 +
√
ε2

(2.7)

We use
√
R for the (complex) electric field coefficient throughout the chapter because R is

usually reserved for the power reflection coefficient in the literature. Taking ε2 to infinity

gives
√
R = −1, or |

√
R| = 1. The minus sign simply indicates a 180◦ phase shift, and

we’re usually just interested in the magnitude of the reflected electric field. The reflection

coefficient of the ocean-ice interface therefore depends on how infinite the properties of

conductive seawater are compared to the bulk ice. Broadly speaking, the conductivity and

dielectric constants of ice are related to how energetically favorable it is to polarize the ice

crystal. C.S. Neal [66] performs a calculation of the reflection coefficient based on estimates

of the dielectric constants of seawater and ice. He defines the reflection coefficient (for

intensity) via the intrinsic impedance η =
√
µ0/ε0ε:

R =

∣∣∣∣η2 − η1

η2 + η1

∣∣∣∣2 (2.8)

However, neither ice or seawater is magnetic, and C.S. Neal quotes Smith and Evans [44]
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for the relative dielectric constants: 3.2(1-0.007i) for ice, and 77(1-11.3i) for seawater [0◦

C, 60 MHz]. The corresponding electric field reflection coefficient works out to be 0.91,

representing the expectation for an idea flat interface. If the measured reflection coefficient

is much lower, then the interface must contain some roughness that lowers the amount of

coherently reflected energy.

Figure 2.5: The real part ε′ of the permittivity versus the frequency of the external polarizing
electric field. The frequencies of interest to ARIANNA are strictly in the flat region where
the frequency is so far from 1/τ at 0◦ (8.3 kHz) that ε′ is dominated by the high-frequency
constant value ε′∞ = 3.2± 0.02. [52].

The polarization of ice crystal originates from orientational defects associated with proton

(H+) transitions. The energy is provided by the external time-varying electric field, and

rate of transitions follow a Boltzmann distribution, with probability ∝ exp(−Ea/kBT ). Ea

is the activation energy (typically between 0.1 and 1 eV), T is temperature in Kelvin, and

kB is Boltzmann’s constant. We define a relaxation time, τ , which is inversely proportional

to the transition rate. The temperature dependence in τ plays a role in the formulation

of the attenuation length (below), however the frequencies interesting to neutrino physics

(108− 109 Hz) are far from any 1/τ values corresponding to quantum mechanical rotational

or vibrational modes of the ice molecules (figure 2.5). Given the relaxation time, the high
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frequency and static (DC) limiting values ε′∞ and ε′s, with ∆ε = ε′s − ε′∞, the Debye model

gives

ε/ε0 = ε′∞ +
∆ε

1 + iωτ
(2.9)

The quantity ∆ε is known as the dispersion strength. This equation implies a loss tangent

of

tan δ = ∆εωτ/(ε′s + ε′∞(ωτ)2) ≈ ∆ε

ε′∞
(ωτ)−1 (2.10)

The approximation holds because (ωτ)2 >> 1 in the frequency range of ARIANNA (equiv-

alently, ω >> 1/τ). Notice that in this version of the Debye model, with a single relaxation

time under the given approximation, the quantity f tan δ is a constant. This is only true

to first order, as there could be other frequency dependent effects in the ice. However, the

expectation is, with f tan δ roughly constant, the attenuating properties of Antarctic ice

will be flat with respect to frequency. Next, we can obtain the loss in dB/m due to the

complex dielectric constant [73] (and index of refraction), and we will see specifically how

the temperature affects the results.

Consider an electromagnetic plane wave with wavenumber k propagating through a dielectric

with frequency ω:

E = E0 exp{i(kx− ωt)} (2.11)
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The complex index of refraction n is defined in the same way as ε: n = n′ + in′′. In the ice,

the electromagnetic wavelength elongates: k → nk, and as a result we have

E = E0 exp{(i(n′kx− ωt)− n′′kx} (2.12)

which implies that 1/n′′k is the distance the wave travels before the amplitude drops by a

factor of e. The index of refraction is related to the dielectric constant in the following way:

n =
√
ε =
√
ε′ − iε′′ ≈

√
ε′(1− i/2 tan δ) (2.13)

in the limit that the loss tangent is much smaller than unity. Again, this is a good approxi-

mation because we are far from any frequencies close to 1/τ . Thus, n′′ = −(
√
ε′/2) tan δ and

we can define the loss (in factors of e) per meter in amplitude as the attenuation constant:

α = n′′k = −(k
√
ε′/2) tan δ = −(πν/c)

√
ε′ tan δ (2.14)

Multiplying by a factor of 2 produces the power loss (in factors of e) per meter, rather than

amplitude. Affixing the pre-factor 10log(e) = 4.34 changes the units from factors of e per m

to dB/m:

α = −(2 · 4.34πν/c)
√
ε′ tan δ = −8.68(πν/c)

√
ε′ tan δ (dB/m) (2.15)
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Substituting equation for the loss tangent, we are left with

α = −8.68

(
1

2c

)
∆ε√
ε′∞
τ−1 (dB/m) (2.16)

Recall that τ is inversely proportional to a molecular transition rate which follows the Boltz-

mann distribution: τ = A exp (Ea/kBT ), and A is just a normalization with units of seconds.

We have τ = 2 × 10−5 seconds at 0◦ C, with Ea = 0.58 eV [52]. Solving for A, we get

A = 4.1 × 10−16 sec. Substituting this functional form into equation 2.16, we arrive at the

result for the dielectric loss as a function temperature:

α = −8.36

(
1

2cA

)
∆ε

n
exp (−Ea/kBT ) (dB/m)

≈ −18× 108 exp (−Ea/kBT ) (dB/m)

(2.17)

Equation 2.17 demonstrates a qualitative rule about the dielectric losses in the ice shelf:

radio-frequency propagation is exponentially better in colder ice. Assuming no other fre-

quency dependencies, the α works out to ≈ -15 dB/km at 260 K. We have substituted the

index of refraction for RF frequencies n =
√
ε′∞. The quantity ∆ε/

√
ε′∞ = ∆ε/n has a value

of ≈ 53, but depends on temperature because ε′s increases with decreasing temperature.

The attenuation constant is convenient for calculating losses in dB over a given distance.

Conversely, the attenuation length

Lα = 1/ ln 10α/20 (2.18)
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is equal to the length in meters over which the electric field amplitude drops by one factor

of e. It is this quantity that is derived from the data below, with the expectation that it will

only vary weakly with frequency. Using the answer obtained above for α (in [31] the average

ice temperature is assumed to be ≈ −10◦ C), we see that the attenuation length should be

about 600 m for pure mono-crystalline ice at that temperature.

We shall see that this naive estimate is close to the actual results below, however we must

note that the temperature dependence is not actually as strong as the basic Debye model

for pure mono-crystalline ice. The actual temperature profile of ice at the South pole we

have from the AMANDA and IceCube experimental efforts [25]. The authors of [36] assume

a model for the temperature dependence of the attenuation constant from Matsuoka et al.

[41], obtaining a result for the full depth-dependent electric field attenuation length. Using

the temperature versus depth data from [25] the attenuation length versus temperature

information can be extracted from the South pole data.

Figure 2.6 shows the resulting data fitted with equation 2.18, with equation 2.17 substituted

in for the attenuation factor. We find that the activation energy Ea is closer to 0.24 eV,

rather than 0.58 eV from the pure mono-crystalline model. Model parameters that differ

from the simple Debye model are likely indicating factors such as ice impurity and varying

crystal orientation. The all-depth average for the ice underneath the Askaryan Radio Array

(820120
−65 m) is shown in blue [36], and the same measurement at the same frequency is shown

for ARIANNA (44030
−30 m) in red [54] [46]. The average ice temperature (over depth) at the

South Pole is near -34.7 C, which brings up the all-depth attenuation length average. Note

that the average is far from the long attenuation lengths near the surface ice (at colder tem-

peratures) because signals do not solely experience the coldest temperatures. Additionally,

the ARIANNA number (from further analysis below) is from a smoothed fit to the data; the

single frequency 300 MHz measurement is actually 530−30
+30 m. This value is representative of

the maximum attenuation lengths experienced by ARIANNA, especially at lower frequencies
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Ea = 0.24 eV) and temperature data from [25]. The black data are not a pure measurement.

inaccessible to ARA [100-200] MHz.
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2.2.2 Experimental Technique and Antenna Equations

The experimental setup for the attenuation length and reflection coefficient measurements is

the same as for the ice depth measurement. The angled-bounce baseline between transmitter

and receiver was determined from a handheld GPS tracker to be 977±7 m, making the angled

bounce path length 1517±8 m. In the 2011 season, the baseline was adjusted to 543±7 m, for

an angled path length of 1272±7 m. A longer baseline allows us to study ice absorption at low

frequencies, where the difference between the direct and angled path lengths is comparable to

one factor of the attenuation length around 100 MHz (≈ 500 m). The same difference for the

case of the shorter baseline is less than one factor of the attenuation length (300-400 m) for

frequencies greater than 500 MHz, which allows us to probe the high frequency absorption

properties of the ice shelf.

To obtain a calibration signal for the unattenuated, non-reflected power, the receiver and

transmitter were rotated to face each other 1 m above the surface, separated by 19 ± 0.02

m and 23.0 ± 0.02 m in 2010 and 2011 respectively. These distances are in the far field of

the LPDA/Seavey antennas, where the far-field criterion is the usual d >> 2D2/λ ≈ 1.5m.

The amplifier was removed because it isn’t necessary at such short distances through air,

however, attenuators are still required to keep the received signals in the linear range of the

scope. The gain of the Miteq amplifier (62.5 dB) is essentially flat, so removing it does not

change the response of the system. An example of an averaged, Seavey to LPDA pulse is

shown in figure 2.7 below. The analysis of the December 2010 data focuses on the 90-180

MHz bandwidth, where the measured power was well above thermal noise for the three

antenna configurations. An RF noise source verified that cable losses were negligible in this

range. The high frequency strategy implemented in 2011 allowed us to probe simultaneously

the attenuation length and reflection coefficient in the bandwidth 325-750 MHz, frequencies

where there were both measurable losses from attenuation and enough power above thermal

noise backgrounds to make a good measurement.
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Figure 2.7: This is an averaged signal taken during the 2011 Moore’s Bay expedition, where
the transmitter is the Seavey radio horn and the receiver is an LPDA. There is 3 dB of
attenuation and the distance is 23.0 m through the air, with no amplifier.

In December 2010, the direct-bounce and angled-bounce geometries had identical transmit-

ting and receiving antennas, oriented downwards in both cases. The signal was generated

by a 1 kilovolt, 1 ns wide negative polarity pulse from a HYPS Pockel-cell driver in 2010,

and in 2011 a new unit provided 2.5 kV. A 17 element, 6 dBi gain log-periodic dipole array

(LPDA) antenna was chosen (Creative Design Corp. CLP5130-2) for its relatively uniform

frequency characteristics and low VSWR in air and snow. This is the same antenna model

used in the prototype detector Icicle1. Although the lowest frequency quoted for this an-

tenna is 105 MHz, it becomes sensitive down to 80 MHz in the snow because the index of

refraction of the upper firn at Moore’s bay is n ≈ 1.3, which lowers the wave speed (k → nk

in equation 2.12). Formally, the VSWR= (1 +ρ)/(1−ρ), where ρ is the reflection coefficient

for a signal traveling through the transmission line toward the TX antenna. The VSWR

quantifies the amount of energy that is radiated, and which frequencies are not radiated

by the antenna/dielectric system. If the VSWR>> 1, this indicates that electromagnetic

energy is reflected back to the transmitter, rather than radiated, at that frequency. In fact,
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using this simple picture of the antenna radiation, we can derive the fractional change in

the index of refraction using 105 MHz / 80 MHz = 1.3. Assuming nair = 1 exactly, we have

obtained n = 1.3 for the firn surface, which is the answer we obtain if we take z → 0 in the

model for n(z) above.

Figure 2.8: The voltage standing wave ratio (VSWR) for the ARIANNA LPDA in various
positions on the surface near the prototype location [31]

The VSWR is close to one for all relevant frequencies in this work (figures 2.8 and 2.9). The

returned signal from the receiver was filtered with both a NHP-50+ high-pass filter and a

NLP-1200+ low-pass filter, and amplified by a 1 GHz Miteq AM-1660 low noise amplifier

(with a noise figure < 1.5 dB and gain 62.5 dB) before being recorded on a 1 GHz bandwidth

oscilloscope. To obtain manageable amplitudes, we attenuated the signal with Mini-circuits

coaxial attenuators (as needed). The oscilloscope and HYPS Pockel cell driver were both

triggered via a BNC 555 delay generator in 2010, such that the physical delay in table 2.2

could be measured. In 2011, an upgraded scope had enough delay to allow us to zero out the

the delay from the BNC 555, decreasing the jitter. In the angled-bounce geometries both

years, 977± 7 m (2010) and 543± 7 m (2011) RG8X coaxial cables carried the signal from

the BNC 555 to trigger the oscilloscope.

Once the signal leaves the TX antenna, geometric spreading and absorption begin to sap

56



Figure 2.9: The same data as figure 2.8, but zoomed in on the low-frequency modes, revealing
the k → nk effect, where the lower bound to the LPDA bandwidth shifts upon being buried
in the snow [31].

energy density from the wave. The Friis equation calculates the power received Pr in a

lossless medium at a given wavelength. For two identical antennas, separated by a distance

d with intrinsic gain Ga, it becomes

Pr =

(
Gaλ

4πd

)2

= P0/d
2 (2.19)

In the basic Friis formula, the only loss in power is due to the geometric spreading of the

wave in three dimensions. The intrinsic Ga is related to the beam width (Appendix A), and

λ is the wavelength. The variation in LPDA intrinsic gain is small for the frequency interval

of this study. P0 was determined from the short distance configuration with the antennas

rotated to point toward each other (d = 19.0± 0.02 m in 2010 and 23.0± 0.02 m in 2011).

To account for absorption losses and possible losses upon reflection, the Friis equation is
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modified to

Pr =
P0

d2
(RG2) exp

(
−2

d

〈Lα〉

)
(2.20)

The factor R is the reflection coefficient, defined for power, making the reflection coefficient

for the electric field
√
R. The factor of 2 is required in the exponential if Lα is to be the at-

tenuation length of the electric field and not the power. The brackets around the attenuation

length indicate that the experiment probes the depth-averaged attenuation length, with the

understanding that the ice temperature varies from −35◦ at the surface (during the winter

months) to the freezing point of seawater (-2◦ C) at the bottom. The actual attenuation

length experienced by the neutrino signals will vary with depth and therefore temperature

according to equation 2.18. The factor G2 accounts for the difference in relative antenna

gain if the received signal is slightly off-axis. That is, for a single antenna, G = Ga(θ)/Ga(0),

so G ∈ [0, 1]. We must assume that the transmitted angle is equal to the receiving angle

in this case, but this is not an unreasonable assumption given the experimental geometry.

G is close to 1 for the direct bounce tests, but G must be quantified for the angled bounce

tests. In 2010, at an angle of 49.9◦ in the H-plane of the LPDA, we found G = 0.80. Similar

numbers for 2011 are discussed below.

Equation 2.20 can be linearized such that the slope is −1/〈Lα〉:

ln

√
d2Pr
RG2

= ln
√
P0 − d/〈Lα〉 (2.21)

There are three cases we examine: the calibration (in air) data, and the direct and angled
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bounces. For the case of the calibration pulse, the data is neither reflected or attenuated, so

we have

ln

√
d2Pr

1
= ln

√
P0 (2.22)

Thus the first term in equation 2.21 can be solved for, and the remaining two unknowns

(
√
R and 〈Lα〉) can be solved for using the results from the direct and angled bounces (two

equations and two unknowns). In practice, we simply plot the left hand side of equation

2.21 versus d for the three cases (each with its own path length) and perform a linear fit.

Once we chose a hypothetical value for
√
R, we fit the trend line and assess the goodness of

fit. By scanning over a range of
√
R values, we find the best possible fit. The goodness of

fit is quantified by the χ2 value with one degree of freedom:

χ2 =
3∑
i=1

(
Xi −Xfit

σi

)2

(2.23)

There is only one degree of freedom because although the constant in the linear fit is con-

strained by the calibration pulse, and we have three data points, we’re solving for two

parameters (
√
R and 〈Lα〉). The values of χ2 with one degree of freedom are 1.07 and 3.84

for the 68% and 95% confidence limits, respectively. Contour plots in the next section will

show the results for these confidence limits. The errors in the denominator of the χ2 equation

are obtained through error propagation of the expression on the left hand side of equation
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2.21:

σi =
√

(σdi/di)2 + (σPi/Pi)2/4 (2.24)

The statistical errors in the power come from the standard deviation of the power in the

frequency bin, divided by the square root of the number of measurements in the bin. The

raw power spectra are plotted below in the next section, where we find that it is easiest to

average over a range of frequencies, because we are trying to reveal small effects (i.e. the

difference between losses from absorption and reflection). The errors in the path lengths are

known from section 2.1, where we study the depth of the ice shelf. The calibration pulse

distances were 19± 0.02 m and 23± 0.02 m for the 2010 and 2011 setups, respectively.

In the 2011 season, we attempted to align the antennas during the angled-bounce test such

that the received signal was on the bore-sight of the LPDA. However, this proved difficult

given the gradient in the index of refraction of the upper firn and the lack of resolution of

antenna angle with respect to the true horizontal. Ultimately, we estimate that the G factor

corresponds to an off-axis angle of ≈ 10◦. In 2011, we reverted to the Seavey radio horn

transmitter in order to broadcast more power at higher frequencies. The Seavey radio horn

has an average gain of 10 dBi and thus a narrower beam angle than the LPDA, such that

G = 0.82 (at 10◦ off-axis) similar to the 2010 season. Ultimately this is still an improvement,

since we were able to achieve a similar G factor with a TX antenna with a higher intrinsic

gain at high frequencies (Ga = 6 − 7 dBi for the LPDA). The added value of using the

Seavey transmitter in addition to the higher gain is the increase in radiated power at higher

frequencies. The measurements were also performed when the ambient temperature was

close to -10◦, rather than near or above 0◦ C as in 2010. This eliminated a ≈ 20 dB loss at

frequencies above ≈ 200 MHz due to liquid water content in the snow, present because of
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unseasonably warm temperatures.
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2.2.3 Results

Figures 2.10 and 2.11 presents typical averaged waveforms acquired with this technique dur-

ing the December 2010 and December 2011 expeditions. We use amplifiers and attenuators

where necessary to record voltage amplitudes that are within the linear range of our instru-

mentation. The linear range of the Miteq amplifier is ≈ 1 V, and the oscilloscopes used

in these experiments remain linear to ±10 V. Though some of this data has been shown

already in section 2.1, it is worth displaying it again here to remind the reader that the

powers received and transmitted in equation 2.20 come from reflected time-dependent wave-

forms. Because the 2010 setup used a 977 m baseline, the angled bounce data experienced

additional factors of the attenuation length and a longer path length. However, the 2011

data used a 543 m baseline, meaning the attenuation length and path length effects were

more muted.

The raw averaged power spectra from the time-dependent waveforms are shown in figure

2.12. These figures are constructed from averaging the modulus-squared of the FFT of the

time-dependent waveforms. The errors are the standard deviations of power in each bin,

divided by the square root of the number of measurements in each bin. There are several

important features to discuss. The first is that the spectra obtained in 2010, including the

calibration pulse in snow show heavy attenuation above 200 MHz. Because this effect is

observed for the calibration pulse (in snow) as well as the direct and angled bounce cases,

we conclude that the environment caused it. One simple explanation is that because the

ambient temperature was near 0◦ C, there was significant liquid water content in the top layer

of snow that caused high-frequency attenuation. In the 2011 data, the ambient temperature

was closer to -10◦ C due to an earlier November deployment, and the effect has disappeared

(see figures 2.12, and 2.14 below).

The 2011 data demonstrates the correct trend in the band [325-750] MHz, where the angled
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Figure 2.10: These waveforms are typical of the 2010 setup and are averaged over successive
Pockel Cell pulses. The separation between transmitter and receiver for the calibration pulse
(left) was 19 m. The direct bounce (middle) was amplified with the Miteq LNA, and required
100 averages. The angled bounce (right) was also amplified and required 1000, due to the
smaller amplitudes involved. Here we have corrected the amplitudes for the attenuation, but
not the amplification.

bounce is less powerful than the direct bounce. At high frequencies, noise plays too large

a role and we cannot distinguish the two geometries. Our expectation at low frequencies

is that the two spectra not exhibit much difference. The difference in path length is only

10%, and the expected attenuation lengths are near 500 m at frequencies below 325 MHz.

There are, however, several data points from the angled bounce spectrum that are larger by

≈ 1σ. While this effect is not fully understood, it could be that we introduced it when we

attempted to align the receiver and transmitter such that the receiver observed the reflection

at bore-sight.

The firn and bulk ice have different indexes of refraction (1.3 and 1.78, respectively), and

the baseline was 543 m. Thus, we made an attempt to angle the receiver and transmitter
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Figure 2.11: These waveforms are typical of the 2011 setup. The separation between trans-
mitter and receiver for the calibration pulse (left) was 23 m. The direct bounce (middle) and
angled bounce (right) required 100 averages each. Here we have corrected the amplitudes
for the attenuation, but not the amplification.

toward each other (approximately 35◦ from vertical) so the refracted signal would arrive at

receiver bore-sight. However, to angle the antennas, we had to dig deep trenches rather than

small slots in the snow, as for the direct bounce. In 2010, we made no attempt to angle

the receiver and transmitter, and therefore used slots as well. The trenches may have acted

as resonators that caused constructive interference at low frequencies. The frequencies are

200-300 MHz, corresponding to ≈ 1 m wavelengths in air, the same width and depth as

the trenches. In any case, figure 2.12 demonstrates how the bandwidth of [325-750] MHz

demonstrates the expected attenuation for the experimental geometry used, regardless of

systematics like constructive interference.

Figure 2.13 show the low and high frequency results for fitting simultaneously the attenuation

length and reflection coefficients to equation 2.21. The statistical errors in the received

power were obtained from the rms fluctuation over the entire frequency band. The 1 and
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Figure 2.12: These data are the reflection data from the 2010 (left) and 2011 (right) expedi-
tions. The 2010 calibration pulse data (black) was taken at 19 m, followed by the direct (red)
and angled (blue) bounces (baseline: 977m). The 2011 calibration pulse data was taken at
23 m, followed by the direct (red) and angled (blue) bounces (baseline: 543 m).

2-σ contours in these plots were obtained from the chi-squared fit. The contours match the

dashed curves, which are derived by varying the reflection coefficient
√
R assumed in [40]

for the quoted attenuation lengths and frequencies. Specifically, the 2010 attenuation length

[80-180 MHz] is determined to be 480 ≤ 〈Lα〉 ≤ 510 m at 68% C.L., in agreement with

previous values from 2006, and the field reflection coefficient 0.72 ≤
√
R ≤ 0.88 at 68%

C.L., close to the theoretical expectation of 0.91from the previous section. The dashed curve

represents the data from [40] at 100 MHz.

In 2011, we obtained 385 ≤ 〈Lα〉 ≤ 440 m at 68 % C.L., and 0.70 ≤
√
R ≤ 1.0 at 68%

C.L. in the band [325-750 MHz]. Our measurements indicate that the electric field reflection

coefficient at the ARIANNA site is compatible with a flat surface, although values as small as

0.7 are also permitted by the statistics at the 68% C.L. The results lie in between the results

from table 1 of [40] at 400 and 800 MHz, and matches an interpolation to 530 MHz (the

middle of the bandwidth). The reflection coefficient is not expected to vary significantly with

frequency for specular reflection. If the permittivity of seawater is assumed to be very large

for 100-1000 MHz, then the field reflection coefficient approaches unity with no frequency
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dependence [16]. In this reference, the authors claim that up to 800 MHz, the dielectric

constant of water is large enough to assume 100% reflection.

Finally, because the duration of the both the transmitted and received pulses are less than

100 ns (≈1% of the reflection time) multi-path interference can be safely ignored. Comparing

the time-dependent reflected waveforms to the calibration pulses, it is clear that the effect

driving the spreading of the 1 ns, 2.5 kV PCD pulse is the antennas, and not the ice or the

ice-ocean interface. If there were several scattering surfaces at the bottom of the shelf near

the ocean, separated by O(10) m, then we would observe time-differences of O(100) ns in

the arriving signals given the index of the bulk ice near the ocean. However, this is not the

case, and thus we still infer a flat, specularly-reflecting surface from the data.
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Figure 2.13: (Left): the lower frequency results for the electric field reflection coefficient
and attenuation length from 2010. (Right): the higher frequency result from 2011. Both
reflection coefficient answers encompass the expectation for specular reflection [66] [67].

There are several bandwidth considerations to be discussed. The bandwidth of the 2010

data is restricted to frequencies above 80 MHz simply because the TX and RX antennas in

that case were LPDAs, in snow. This lower limit is explained by the VSWR measurements

in figures 2.8 and 2.9 above. The upper limit of 180 MHz comes from the strange effect

of the snow on high frequency RF propagation. The average temperature for the 2010

expedition (December 8th through 27th, 2010) was near 0◦ C. We hypothesize that there
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was a significant mixture of liquid water in the upper firn snow, and the evidence for this

is shown in figure ?? below. The TX and RX antennas were positioned first in air (18.7

m apart), and then in trenches cut in the snow just larger than the dimensions of the

antennas, which were co-polarized with each other. The rest of the experimental setup was

left untouched.

We observe a ≈ −20 dB shift in the power spectrum of the transmitted pulses as they

propagate through the snow and through the receiver system, for frequencies above 180 MHz.

In each measurement, the antennas in each case were situated ≈ λ/2 meters above/beneath

the snow, referring to the largest wavelength of the LPDA. We also see an effect between

400 and 500 MHz (wavelengths of 50-75 cm in air) in 2011, but this is likely due to the snow

cavity rather than the snow itself, since it’s absent between 600 MHz and thermal noise at

900 MHz. This effect is irrelevant to the 2011 absorption and reflection data since the Seavey

horn was used as the TX antenna. The hypothesized liquid water effect observed in 2010

is gone from the data in 2011 (figure 2.15. The average temperature was lower by ≈ 10◦ C

on the 2011 expedition (mid-November 2011 to mid-December 2011), because we began the

expedition earlier in the year. Since there is no snow effect in either polarization in 2011,

the bandwidth is not restricted due to these effects.

During the 2011 expedition, we attempted to observe more high-frequency information in the

radio echoes by shortening the path length. The trade-off is that the difference between the

angled bounce path length and the direct bounce path length is only ≈ 130 m. This means

that the attenuation length has to be small enough to observe differences between angled

and direct signal paths. Because the attenuation length is larger at lower frequencies, this

moves the lower frequency bound up to 325 MHz (see figure 2.16), where the angled bounce

absorption statistically different from the direct path. Above 750 MHz, the angled and direct

paths are too close to thermal backgrounds to observe differences. Figure 2.16 represents

the data used to make the attenuation length vs. reflection coefficient measurement with
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Figure 2.14: The transmitted pulse power spectra through the LPDA-LPDA system, in air
and snow in Moore’s Bay (2010 and 2011). The 2010 data shows a 20 dB effect at 180 MHz
and continuing until the signals drop below thermal noise.

the reduced baseline of 2011. The x-axis is the frequency in GHz, and the y-axis is the

difference in dB between the direct and angled bounce power spectra. The region where

we observe a difference that is inconsistent with 0 dB is the one chosen for the reflection

coefficient/absorption analysis.

The analysis associated with figures 2.10-2.16 are a demonstration of how to measure the

reflective and absorptive properties of the RIS simultaneously. That technique is analyti-

cally more difficult and harder to interpret than simply assuming a reflection coefficient and

calculating 〈Lα〉 versus frequency. Since the reflection coefficient results are consistent at

low and high frequencies, it’s not unimaginable that the scale of surface roughness of the

ice shelf/ocean interface are small enough to assume an ideal flat surface. If we make this

assumption, then we can derive the attenuation length independently:
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Figure 2.15: These 2011 power spectra are similar to the figure above, with the same units,
however the TX antenna in this case is the Seavey radio horn. The upper graph depicts the
co-polarized state, and the lower graph the cross-polarized state.

Vair ∝ 1/dair (2.25)

Vice ∝ 1/dice exp(−dice/〈Lα〉) (2.26)

〈Lα〉 =
dice

ln((Vairdair)/(Vicedice))
(2.27)

In the these equations, V is just the received amplitude at a given frequency, proportional

to the square root of the power spectrum. In this section of the analysis, Welch’s method

[85] was chosen to calculate the power spectra for several reasons. Welch’s method, which

is similar to the periodogram method, provides a calculable improvement in the fractional
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Figure 2.16: The x-axis is the frequency of the reflected pulses on the short (543 m) baseline,
and the y-axis is the ratio (expressed as a difference in dB) of angled and direct bounce power.
The red dashed line represents an estimate in ∆ (dB) for an attenuation length of 500 m.

error in the power spectrum relative to simply squaring the FFT and averaging. This serves

to suppress noise and non-physical spikes in the power spectrum that lead to errors in the

attenuation length. The trade-off is in frequency resolution, which is minimal. The second

advantage of Welch’s method is that the results are smoothed according to a controllable

overlap between data points, serving to make the power spectrum more continuous. If large,

physical trends are present (with respect to frequency) this smoothing can be set to zero.

In this section, dice is the total path length and not the shelf depth, and the attenuation

length is again weighted by the ice temperature at a given depth as in equation 2.18 for the

attenuation constant.

Figure 2.17 (left) assumes
√
R = 1.0, as in [40], and figure 2.17 (right) assumes

√
R = 0.85

for purposes of comparison, and the 2006 data is left unscaled in both graphs. A first-order

polynomial describing the 2011 data is L = (550±40)−(0.27±0.09)×f [MHz], assuming 100%

reflection, and both the slope and the intercept vary by less than one standard deviation
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in varying
√
R from 100% to 85%: L = (590 ± 50) − (0.3 ± 0.1) × f [MHz]. The errors

on the attenuation length are ±1σ and include statistical fluctuations in the power over the

frequency bins (75 MHz wide), and systematic errors due to uncertainties in the ice-shelf

depth. The errors from the 2006 data are computed in the exact same way, except the bin

width is 25 MHz, giving a larger statistical error.
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Figure 2.17: The attenuation length versus frequency, derived from equation 2.27, assuming
constant reflection coefficients (left: 1.0, right: 0.85). The 2011 data is derived from the
direct-bounce data (Seavey radio horn transmitter, LPDA receiver). The solid black lines
are linear fits to the 2011 data. The data from [40] (

√
R = 1.0) is shown in both graphs,

including a quadratic fit (dashed line).

Figure 2.18 uses the 2011 results with 30 MHz bins to obtain answers very close to the

original study in 2006 (recall that this was 1 km away from the proto-station site, where

the 2010 and 2011 data was collected). The attenuation length data is hard to trust past

750 MHz since we do not have a good measurement of the reflection coefficient above this

frequency, but the data does not diverge at these frequencies either, and the linear fits should

be useful for purposes of extrapolation. The fit to the 2006 data is technically quadratic,

but the quadratic term is (4.87 ± 2.34) × 10−5 m/MHz2, making the fit nearly linear. All

results are summarized in table 2.3. In figure 2.18, the finer binning admits two points which

appear to be outliers at 300 and 330 MHz; however, the linear fit to the 2011 data converges

with better agreement in slope with the 2006 results (see table 2.3).
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Figure 2.18: Here we have the same attenuation length data as the figures above, but with
a 100% reflection coefficient and 30 MHz bins instead of 75 MHz.

The values obtained for the attenuation length are comparable to, and in some cases larger

than the shelf-depth, which is important for the prospects of UHE neutrino detection with

ARIANNA. For example, if a down-going neutrino interacted in the bulk ice and reflected

off of the bottom, hitting the detector on the way back after traveling 1000 m, these re-

sults indicate that the losses due to attenuation and reflection would only amount to about

−17 dB in amplitude for an attenuation length of 500 m, which is close to the −15 dB

derived above from an average temperature of −10◦ C. This level of absorption is easily

managed considering that the ARIANNA amplifiers have gains ≈ 70 dB across the 0.1-1

GHz bandwidth.
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Year Bin Width [MHz]
√
R Slope [m/MHz] Intercept [m]

2006 25 1.0 −0.205± 0.036 469± 13
2011 30 1.0 −0.18± 0.05 500± 30
2006 25 0.85 −0.23± 0.08 500± 16
2011 75 1.0 −0.27± 0.09 550± 40
2011 75 0.85 −0.30± 0.10 590± 50

Table 2.3: A summary of the fits to the attenuation length data assuming constant reflection
coefficients. The 2006 data was fit quadratically, but the quadratic coefficient was (+4.87±
2.34)× 10−5 m/MHz2.
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2.3 Polarization Measurement

In this section, we briefly cover the measurement of the cross-polarization fraction of the

reflected bounces. The LPDA antenna is linearly polarized, and the Seavey transmitter

from prior sections is also linearly polarized, though it comes with two separate feed points

for horizontal and vertical polarizations. By cross-polarizing the receiver and transmitter in

these reflection studies, we were able to quantify how much power leaks from the transmitted

polarization into the orthogonal polarization. Reflection coefficient measurements suggest

that the ocean-ice interface is a smooth, specularly reflecting surface. A smooth surface

is ideal for neutrino detection, because it helps to determine the initial direction of the

neutrino [15]. The radio pulse from the neutrino interaction is perfectly linearly polarized

(figure 1.11). This polarization lies in the plane defined by the neutrino direction vector and

Askaryan pulse propagation vector. A specularly reflecting surface preserves the polarization

of the reflected signal, and therefore directional information.

We investigate the effect the ice and reflection surface beneath it has on polarization preser-

vation by comparing the co-polarized power, P||, to the cross-polarized power, P⊥, for the

angled bounce configuration. The fraction of cross-polarized power to total power is

F =
P⊥

P⊥ + P||
(2.28)

Figures 2.19 and 2.20 compare the quantity F (solid curves) to a studies performed in air

(dashed curves). Due to imperfections in the LPDA receivers, some power will leak into

the cross-polarized configuration, representing a lower limit to F. This is estimated by air

measurements with the transmitter and receiver oriented to point toward each other, and

separated by 10 m to avoid near-field effects. The sudden rise to a value of 0.5 (the value
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of F for unpolarized noise) at frequencies below 80 MHz is due to the LPDA response. In

air, the response of the LPDA decreases dramatically below 105 MHz, whereas in snow this

decrease takes place at 80 MHz (see figures 2.8-2.9 for more details).

The 2010 experimental setup was identical to the angled bounce test, LPDA transmitter and

receiver, except that the LPDAs were cross-polarized. The 977 m baseline and liquid water

effects described above limited the useful bandwidth to [80-180] MHz. In 2011, we replaced

the transmitter with the Seavey radio horn, which made it more convenient to measure F

in the direct bounce configuration. Thus, in figure 2.20, the experimental setup is identical

to the 2011 direct bounce configuration. Rather than use the two feed-points on the Seavey

Radio horn, the same feed point was used and the horn was physically rotated 90◦.

The good agreement between the ice reflections and the air studies suggests that little power

is transferred from the co-polarized direction to the cross polarized direction in the frequency

range of [80-450] MHz. Regarding the higher frequencies, it is possible that not enough power

is transmitted over the 1 km path length through the ice to observe a cross-polarized signal

above thermal noise. The data from 2011 is being smoothed (using Welch’s method [85])

more coarsely than in 2010 (the effective frequency resolution is ≈ 40 MHz), to reveal higher

frequency modes of F that seem to deviate from the thermal noise value 0.5. This procedure

smoothes over the effect of the finite receiver bandwidth at 80 MHz.

Thermal noise is un-polarized, having equal power in all polarizations. Thus equation 2.28

gives (1/2). However some modes (e.g. near 500 and 625 MHz) are returning from the

ocean with values less than 0.5. This may suggest that the reflective surface would preserve

the polarization at those frequencies if we could transmit enough power to observe a clear

signal. It is also interesting to note that, in an identical setup from 2006 [40], 450 MHz

was also found to be the frequency where F deviated from the minimum value. However,

these results further confirm the idea that ARIANNA takes advantages of the flat reflective

surface beneath the ice comprising the fiducial volume.
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Figure 2.19: The polarization fraction, F , is shown as a function of frequency for transmission
through air (dashed line) and for the angled bounce configuration at the ARIANNA site (solid
line) in 2010.
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Figure 2.20: The polarization fraction, F , is shown as a function of frequency for transmission
through air (dashed line) and for the direct bounce configuration at the ARIANNA site (solid
line) in 2011.
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2.4 Surface Waves

Recall that the index of refraction is an increasing function with increasing depth below the

surface (equation 2.1). At any given depth within the firn, RF signals traveling horizontally

should bend downward towards the bulk ice below. This effect is known as shadowing,

and can impact the UHE neutrino detection rates [15]. In addition, there are cases of

electromagnetic surface waves which can propagate for multiple kilometers given that their

geometric attenuation is proportional to 1/
√
ρ, rather than 1/ρ, (where ρ is the distance

between detector and UHE neutrino interaction) and the fact that their attenuation lengths

pick up an enhancement of ≈ 2
√

2 (Ralston). An example of a surface wave between air

and metal is a Zenneck wave [71]. These properties lead to several advantages for UHE

neutrino detection. In addition to enlarging the effective volume of a single station due to

the enhancement of the attenuation length, the spreading of an electromagnetic wave in

two dimensions rather than three means that the electric field amplitude (in the far-field

approximation) will be larger by a factor of ≈ (ωρ/c)1/2. Finally, the geometric scaling is

interesting because the volume of a surface detector grows as 2πρdρ, meaning the number

of detectable events grows as
√
ρ. In summary, although there could be a shadowing effect

which lowers the overall event rate, there are several effects that also boost the detection

of UHE neutrinos in the presence of surface waves. An investigation was done on the 2011

expedition to look for the existence of shadowing and surface waves.

2.4.1 Experimental Setup

Recall from figure 2.1 the geometry of the angled and direct bounce tests. For the surface

propagation tests, the TX and RX from the angled bounce were oriented toward one another,

and the amplifier was removed. Figure 2.21 below describes the electronics and antennas,

and their location and orientation. The data was taken on December 6th, 2011, and the
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temperature was roughly −7◦ C, ensuring that there was little water content in the surface

snow. The Seavey radio horn (TX) and the ARIANNA LPDA (RX) were each buried 1.5

m in the snow, co-polarized with polarizations normal to the surface. The BNC 555 delay

generator controlled the trigger of the oscilloscope and the PCD. We noticed early on that

there is a problem with jitter between channels A and B of the BNC 555, for delays of order

microseconds only. The jitter is negligible (much smaller than 1 ns) for small delays, so we

set the delay between channel A and B to zero, and measured delay using the Agilent 1 GHz

scope. An RG-58 cable labeled 4 ns took the trigger pulse from the BNC 555 channel B to

the HYPS pulser, which produced the usual 2.5 kV, 1ns wide, negative polarity pulse. The

PCD was triggered at 5 Hz, about half of the maximum trigger rate.

BNC 555

A B

PCD

4 ns RG58 C/U

10 m LMR-600
Seavey/
TRX

RG-8X: 540 +/-7 m

LP
D

A
/

R
X

GHz BW Scope

1 2

20 m LMR-600

10 m LMR-600

4 ns RG58 C/U

Figure 2.21: The experimental setup of the surface wave test.

Simultaneously, channel A of the BNC 555 sent a trigger pulse to the scope down the 543

meter long, custom RG8X coaxial cable. We measured this propagation time to be 2134 ns.

This result is in agreement with the cables specified wave speed of 84% the speed of light.

The physical length of the baseline was measured with a GPS tracker, where the mark points

were taken at each antenna location. Finally the receiver caught the pulse and sent it to

the scope through two LMR-600 cables 10 and 20 m in length. Those cables then attached

to a 4 ns RG-58 cable which fed into the scope channel 1. The wave speed for a LMR-600

type cable is 87% of the speed of light. Test in the lab indicated that there is also a 10 ns
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Component Delay (ns)
RG-58 4

10 m LMR-600 38
20 m LMR-600 76

RG-8X 2134
PCD 10

Table 2.4: Delays associated with various components in the surface wave system.

delay introduced by the HYPS PCD itself, that is, the pulse comes out 10 ns after the unit is

triggered. Table 2.4 summarizes the timing delays and the delay calculation. The antennas

were buried 1.5 m beneath the snow surface, and oriented in the co-polarized state. The

total systematic delay turned out to be 1964 ns. Any delay in addition to this number is

due to the physical propagation time of the pulse through the firn surface.

We define the quantity ∆ to represent the time after the scope is triggered that the trans-

mitted signal arrives at the oscilloscope. From this measured quantity, we can derive the

physical propagation time of the signal through the upper firn: ∆(ns) = (4 + 10 + 38 +

∆tprop + 76 + 38 + 4)− tRG8X = ∆tprop −∆tsys. The quantity ∆tsys is 1964 ns. We measure

∆ = 360 ns. Let the time t = 0 ns correspond to when the BNC 555 triggers. Given ∆ and

∆tsys, we can calculate the index of refraction. We have

∆ = ∆tprop −∆tsys = n∆x/c−∆tsys → n = c(∆ + ∆tsys)/∆x (2.29)

The error on the index of refraction is

σn = (c/∆x)((∆ + ∆tsys)
2(σx/x)2 + σ2

∆ + σ2
T )1/2 (2.30)
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From the data (shown below), the time ∆ depends on where we identify the beginning of

the prompt pulse, and here we admit a 10 ns uncertainty since the prompt pulse itself is 100

ns long with approximately 10 ns of rise time. We simply take the error in ∆tsys to be 20 ns

total (≈ 1% fractional error), to account for cable delay uncertainties and any lingering jitter

in the scope or PCD. The GPS tracker mark points were accurate to 5 m, so the difference

between the mark points (543 m) has an error of 5
√

2 m, or 7 m. Folding in the uncertainties,

we have

nsnow = 1.29± 0.02 (2.31)

In the reference [40] above, if we set the depth equal to zero in the model for index versus

depth (equation 2.1), we get 1.31, which is within one standard deviation of the answer

derived here. Of course that model contains several empirically determined parameters, such

as the firn depth. The depth of the firn, for example, can be observed in data from overflights

of the RIS performed by the Center for Remote Sensing of Ice Sheets [13]. Introducing a

1% error in any of the empirical parameters in equation 2.1 can accommodate the difference

between theory and measurement in the index of refraction. Less precise measurements of

nsnow come from two places: snow density and VSWR measurements. Recall that in 2009 the

measured snow density was between 0.32 and 0.4 g/cc (NIM), consistent with 0.36 g/cc from

Dowdeswell [16]. A modified version of Looyenga’s equation [52] tells us that (n− 1) scales

as the ratio of densities for mixed states of matter, in this case, ice and snow. (Technically,

Looyenga’s equation involves cube-roots of the permittivities, but switching to the index

of refraction introduces only minor errors). Using 0.92 g/cc for the ice density, we obtain

nsnow = 1.3 for a snow density of 0.36 g/cc. From VSWR measurements with the LPDA, we

have the shift in the lower bound on the LPDA bandwidth: 105 MHz to 80 MHz. The index
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should be given by the ratio: 105/80 = 1.3. Regardless of slight deviations from n = 1.3,

this data is in direct conflict with theoretical predictions involving surface waves that travel

at the speed of light in air (c.f [52] chapter 6.3). If that were true, we would have measured

n = 1.0, which we reject by fifteen standard deviations according to equation 2.31.

2.4.2 Results

Figure 2.22 shows the received signal (red and blue), a signal from a similar setup with a

23 m baseline (black) for comparison, and and their respective power spectra in dB. The

543 m baseline data has been pre-scaled by a factor (543/23) before the calculation of the

power spectrum, to account for potential 1/r losses. This allows us to compare losses due

only to the snow and firn, assuming three-dimensional wave propagation. The long-baseline

data appears to have two temporal components, a prompt and delayed pulse. If we restrict

the 543 m baseline data to just the prompt pulse, the power content above 400 MHz does

not change, and it appears to suffer no losses at all other than three-dimensional spreading.

This is surprising, since the firn is expected to have a well defined loss tangent just like the

bulk ice beneath it. The hypothesis is that the wave instead radiated in two-dimensions,

obeying 1/
√
ρ scaling with a well-defined attenuation length. This idea will be discussed in

detail below.

The bottom portion shows the time-dependent waveform for the 543 m baseline (red: prompt,

blue: delayed components), averaged over 100 shots through the firn (approximately 1.5 m

deep) and normalized by (543 m / 23 m) to account for potential 1/r losses. The middle

(left) portion shows the same data (red), zoomed in on the prompt component. The middle

(right) portion shows the 23 m baseline time-domain pulse (black), which has no delayed

component. The top portion shows the power spectra of all cases, where the red spectrum

is derived from the prompt component of the 543 m baseline data. The blue spectrum is
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derived from the delayed component, and the 23 m baseline data is represented in black.

We define the delayed component of the 543 m baseline pulse as after the first 100 ns of

the received pulse, and it appears to have much less power per unit frequency above 400

MHz than the prompt component. To aid in the understanding of when certain frequency

components arrive in the RX antenna, we also compute the spectrogram of the long baseline

data, including the prompt and delayed components (figure 2.23). Our hypothesis is that the

delayed component arrises from scattering off of impurities in the firn, and this possibility

will also be addressed below. Figure 2.23 demonstrates the chirp in the lower frequency

delayed component, in that the lowest frequencies arrive later. Notice that the minimum

frequency allowed by the transmitter, 200 MHz, does not arrive until 600 ns after the prompt

component, whereas 300 MHz delayed power is present just after the prompt component.
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Figure 2.22: Surface propagation data taken in Moore’s Bay, December 6th 2011. The black
signal is the calibration pulse, the red is the prompt component of the surface pulse, and the
blue is the delayed component.
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Student Version of MATLAB

Figure 2.23: This is a spectrogram of the 543 m baseline data from the previous figure. The
x-axis is the frequency in GHz, the y-axis is a relative time scale in nanoseconds, and the
color scale is linear, representing power. The dark red colors are the most powerful and the
light blue colors are random noise.
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2.4.3 Analysis

The data recorded in this particular experiment raises many questions. Our initial expecta-

tions were that the pulses would dive below the RX antenna due to the gradated index of

refraction. An illustration of the volume of ice beneath an ARIANNA station location which

would allow Askaryan radiation to reach the detector is shown in figure 2.24. Events with

neutrino vertices at points A and C should not send RF pulses to the ARIANNA station

because the changing index of refraction bends the ray away. Events like B will reflect from

the ocean and not be bent enough to escape detection. Notice that the effect gets worse for

shallower events. This diagram, however, cannot be entirely correct, since it predicts that

horizontal rays originating in the firn will always miss a surface detector. An alternative to

this paradox is that there exist solutions to Maxwell’s equations that both allow for bending

and the creation of surface waves that can be detected. We argue here that the surface stud-

ies performed in 2011 should have mimicked event type C, in figure 2.24 below, in which the

radio wave is bent downwards and away from the receiving antennas. The firn depth here is

about 10 m deeper than assumed in previous sections, however, a shallower firn makes the

shadowing effect less severe.

The prompt component has several important features. First, the prompt component is

markedly higher in frequency (400-700 MHz) than the delayed component, and when scaled

for 1/ρ geometric attenuation in the time-domain, it matches the power spectrum of the 23

m in-air calibration signal we use to measure P0 in the absorption calculations above, mean-

ing no noticeable frequency-dependent dispersion is taking place above 400 MHz. Second,

assuming 1/ρ losses, the prompt component seems to experience no attenuation, since it

has equal amplitude to the calibration pulse (after scaling by 543/23). On the other hand,

surface wave scaling (
√

543/23) may be assumed, which results in 〈Lα〉/(2
√

2) ≈ 650± 400

m when averaged between 400 and 750 MHz. The large scatter in the data suggests noise

is playing too large a role, and that this test should be repeated with a shorter baseline,
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Figure 2.24: This figure is from the doctoral dissertation of Kamlesh Dookayka [15]. The
admitted zone is cylindrically symmetric about the station location, forming a dome where
direct events and reflected events like event B may trigger the station.

or a longer one with an amplifier. However, it is technically consistent with the surface

wave attenuation length enhancement, since 〈Lα〉/(2
√

2) is consistent with our results for

the attenuation length versus frequency in the previous section.

The existence of the delayed component is hard to explain. The timing alone is difficult

to understand, in that a signal which nominally should take ∆ + ∆tsys = ∆tprop = 2324

ns to propagate is spread out over an additional 1000 ns. Suppose the delayed components

arrive later because they are lower frequency (longer wavelength) modes actually bent down

by the gradient in n(z), and forward-scattered by layering in the firn. Knowing the form

of the index of refraction versus firn depth, we can calculate the depth of the hypothetical

scattering layer. If a signal is traveling parallel to the z-axis (normal to the firn surface), the
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following equation describes how long and how fast it travels a distance s:

c∆t =

∫ s

0

n(z)dz = 2

∫ s/2

0

n(z)dz (2.32)

Let B equal the baseline of 543 m between the transmitting antenna and the receiving

antenna, and z0 be the depth (for now) at which the signal scatters back off of some impurity

or sudden change in index between TX and RX antennas. An example of this would be an

intermediate layer of solid ice, like we observed while performing maintenance on Icicle1. We

assume that the signal travels in approximately a straight line, at very shallow angle down

to the impurity, scatters and heads towards the receiver. Obviously with the gradient in

the index, the path will not be straight, but we approximate here by assuming the angle is

shallow (see below). The path length traveled is

s = 2
√
z2

0 +B2/4 (2.33)

From the form of n(z) (see prior sections), we have

c∆t = 2

∫ z0

0

2zn(z)dz

(z2 +B2/4)1/2
(2.34)
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because

ds = 2zdz/(z2 +B2/4)1/2 (2.35)

Because of the form of n(z), equation 2.34 breaks into two integrals, (which will be called I1

and I2 below), and the first is straightforward:

I1 = 4n0

∫ z0

0

zdz

(z2 +B2/4)1/2
= 2n0B(1−

√
1 + 4(z0/B)2) ≈ 4n0B(z0/B)2 (2.36)

We perform a trigonometric substitution in the first step and use the binomial approximation

in the second step since the scattering depth divided by the baseline is a small enough

quantity. This is equivalent to making a small angle approximation on θ. For the second

integral, we start with

I2 = 4p

∫ z0

0

zdz

(z2 +B2/4)1/2
exp(−z/q) (2.37)

I2 = 2Bp

∫ z0

0

tan(θ) sec(θ) exp(−1/2(B/q) tan θ)dθ (2.38)

after making the same trigonometric substitution made in the first integral. Recall that the

argument of the exponential was originally −z/q, which, for modest scattering depths, is

smaller than unity because q = 35.4 m. This allows us to expand the exponential to first
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order, with the understanding that we should not trust this approximation beyond scattering

depths that are much larger than 35 m.

I2 ≈ 2Bp

∫ z0

0

tan(θ) sec(θ) (1− 1/2(B/q) tan θ) dθ (2.39)

This breaks things into two remaining integrals, the first of which is similar to I1, where we

make the binomial approximation at the end. We have

I2 ≈ 4Bp(z0/B)2 −B2(p/q)I3 (2.40)

I3 =

∫ z0

0

tan2 θ sec θdθ (2.41)

We can use Mathematica or tables of integrals to solve I3, remembering to rotate back to z

coordinates at the end so the integral limits make sense. The final expression simplifies if

we make the small angles approximation. Combining all the results, we have

c∆t = (4(n0 + p)/B)z2
0 − (Bp/q)z0 (2.42)
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This equation is quadratic in z0, so we can solve (using n0 + p = nfirn):

z0 = B
(Bp/q) +

√
(Bp/q)2 − 16n(c∆t/B)

8n
(2.43)

This result gives us an approximate answer for the scattering depth as a function of the

baseline distance, firn properties, and signal propagation time. Because the first term in

the numerator on the right hand side is strictly negative (p = −0.55), we must chose the

positive root of the solution to the quadratic equation. The time ∆t refers to the total

physical propagation time, and c is the vacuum speed of light. The problem with this

calculation is that because ∆t is ≈ 2800 ns, the scattering depth is of order 70 m, which is

already a little large to make the approximation of equation 2.39. The expectation for the

depth of the firn (according to our model) is around 70 m. Thus, we can conclude that while

these numbers are correct to within 30%, a single scattering at the maximum firn depth is

not the full picture.

There are several alternative explanations. First, the parameter q, which controls how quickly

the density increases with increasing depth, could be smaller (fast increase in density). This

is equivalent to keeping the boundary conditions constant and making the firn shallower.

A second possibility is that we really do have to perform the curved path calculation with

full ray-tracing, because the straight path (with varying speed) approximation is not close

enough. A final possibility is that there is another effect altogether, perhaps multiple scat-

terings between parallel layers of ice in the firn. The latter seems the most attractive, since

the difference in path lengths for scattering from the firn bottom and direct travel is small:

s = 2
√
z2

0 +B2/4 ≈ B
(
1 + 2(z0/B)2

)
→ ∆s = 2B(z0/B)2 (2.44)
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Even if the entire path length difference was spent at the slowest possible speed, where n =

1.78, we would see a maximum delay between prompt and delayed component of n∆s/c =

1.78 · 18 m/0.3m ns−1 ≈ 100 ns.

Suppose there are just two layers of reflector, separated by a depth ∆x which is small enough

to consider the index of refraction constant. If the signal enters the region between the two

reflection layers at an angle θ with respect to the vertical axis, then incremental path length

between reflections is

si = ∆x/ cos θ (2.45)

such that the total path length is
∑N si, and for constant θ the total path length is Nsi.

The horizontal distance traveled between reflections is

∆y = ∆x tan θ (2.46)

The number of reflections before traveling across a horizontal baseline B is

N = B/∆y = B/∆x tan θ (2.47)
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The total path length is therefore

s = B/ cos θ tan θ (2.48)

For θ = π/2, we retain the horizontal baseline B, for no scattering at all. For θ = 0, we have

an infinite number of scatterings and the path length is infinite. For n = 1.5, and θ = 60◦

(thirty degrees below horizontal), we can easily achieve propagation times of more than 3000

ns, which would be required to explain the tail end of the delayed component.
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Chapter 3

The Icicle1 Prototype Detector

In December 2009, collaborators Dr. Spencer Klein and Thorsten Stezelberger (Lawrence

Berkeley National Laboratory) journeyed to Moore’s Bay in Western Antarctica, to the site

of a prior exploratory expedition by Dr. Steve Barwick (UC Irvine) and Dr. David Saltzberg

(UCLA). They deployed the first experimental hardware for the ARIANNA project: a four-

antenna, autonomously running detector. In this chapter, we will discuss the design, func-

tionality, and data collected with this first deployed station. We will begin with describing

the control software and communications, station electronics, and data management. Sec-

ondly, we will discuss the power systems and antenna hardware, with a focus on the signal

antennas designed to detect Askaryan pulses.
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3.1 The Prototype Station - Software, control, and

communications

3.1.1 Station Electronics

The full ARIANNA array will be sited in Moore’s Bay on the Ross Ice Shelf, which is about

110 km south of McMurdo station, the main US base in Antarctica. The stations will be

installed over a 30×30 km2 region, with a 1 km spacing. The 1 km spacing places each

station just outside the effective volume of adjacent stations [15]. Moore’s Bay is isolated

from RF interference from McMurdo by a 1000 m tall ridge known as Minna Bluff. Except

for a few aircraft overflights a day during the Austral summer, we expect very small levels

of impulsive radio noise at the ARIANNA site. A satellite photo of the field region is shown

in figure 3.1. The coordinates of the first deployed station are 77◦ 44.523’ S, 165◦ 02.414’ E.

This site was chosen for the ARIANNA array for several reasons. In addition to the favorable

ice properties and ice depth (see chapter 2), the site provides the dual benefit of isolation

from anthropogenic RF interference and access to wireless and satellite communications.

While the geologic formations Minna Bluff and Mt. Discovery form a radio barrier around

Moore’s bay, we have installed wireless communications station atop Mt. Discovery which

routes wireless internet across the ice shelf from McMurdo to ARIANNA. Helicopter flights

transport researchers and equipment to Moore’s bay via the pass between Minna Bluff and

Mt. Discovery. Although ARIANNA stations can run autonomously, year-round wireless

communications remain a goal, for data transfer and control of the run state of the detectors.

Figure 3.2 shows a layout of the Icicle 1 prototype system. A RF sealed box containing the

CPU stack, DC-DC converters, heartbeat pulser, digitization and trigger board, low-noise

amplifiers (LNA), a satellite modem, ethernet modem, and GPS circuits was buried under

the snow surface. A 12 V, 100 A-hr lead-acid AGM battery (MK 8G27-DEKA) provided
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Figure 3.1: This is a satellite photo of the region surrounding Ross Island, home of McMurdo
station - the home of the United States Antarctic Program. Ross Island is the white island
in the top center of the photograph. Minna bluff is below (South) of Ross Island, with Black
and White Islands in between. Mt. Discovery is at the left-most edge of Minna Bluff.

storage for charge gathered from solar panels and a wind generator (see below). AGM stands

for absorbed glass mat, in which the electrolyte is stored in woven glass fibers rather than

liquid, reducing the need for ventilation and increasing charge storage surface area. The

CPU stack had a PC104 form factor (Parvus CPU1421 PC104+), with three boards: a

central CPU/8 GB flash-drive system that contained the operating system and ARIANNA

custom station software, a four-port USB board (Diamond TMM-USB4P), and a Diamond

Systems Corp. DMM-AT ADC/digital I/O board. The CPU itself is a 133 MHz AMD

ELAN, running Slackware 12.2 Linux. The 8 GB solid state disk is divided equally into a

system and a data partition. The interface to the data acquisition and trigger circuitry is

done via the USB ports. In addition to the USB interface, the CPU uses several serial ports
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Figure 3.2: A layout of the prototype system deployed in December 2009 at 77◦ 44.523’ S,
165◦ 02.414’ E, Moore’s Bay, Antarctica. [31]

to talk to the Iridium data modem, a GPS receiver, and external laptops. The ARIANNA

custom software, known as iceSoft, has software daemons that activate optoelectronic relays

via the DMM-AT board. The relays provided 3.3 V, 5 V, and 12 V power to the various other

components within the RF sealed box. The DMM-AT board also has a 12-bit, 16-channel

analogue-digital converter (ADC) with the dynamic range set to +10 V. The ADC was used

to make housekeeping measurements: AGM battery voltage, wind-speed, and temperature

measurements were all performed successfully with this ADC (see section 4.1).

Four log-periodic dipole antennas (Create Corp. CLP5130-2 LPDA) are buried 2 m down

in the snow, and connected to the electronics box via LMR-600 coaxial cable. Each antenna

is filtered by a Mini-Circuits coaxial filter pair (NHP-150+ and NLP-1200+), and feeds a
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custom, four-stage 70-dB LNA (100-1000 MHz). The signal is then passed to a switched

capacitor array (SCA) analog-to-digital converter (ADC) and programmable trigger circuit:

the CAGES board. The physics of the antennas is described in section 3.2.2. The CAGES

SCAs have 256 samples and are digitized at 2.85 GHz. These are read out whenever the

trigger circuit fires, requiring signals in at least two of the four antennas within a 10 ns gate.

Data in the SCAs is then passed through the data acquisition daemon to be compressed and

stored on the station hard drive for further analysis. IceSoft and the station daemons are

described in further detail below.

Throughout the year, the station communicates via an Iridium satellite modem. During the

summers, it also had a wired ethernet connection, which is connected to a wireless AFAR

tower 10 m from the station. The AFAR tower communicates with the repeater installed

on Mt. Discovery (about 30 km away), which in turn is linked to McMurdo Station. Work

is currently underway to keep this internet connection active all year long. To minimize the

possibility of radio interference on the ethernet connection, a pair of media converters switch

the incoming twisted pair ethernet signal to coaxial, and vice versa inside the box, before

attaching to the CPU stack. Future stations have employed special bulkhead connectors

that allow RF sealed ethernet to pass through the station bulkhead without the need for

power hungry coaxial converters. In February 2010, the wireless link was removed, so the

station communicated exclusively via Iridium. It is configured to call home once every 15 min

during the summer and 3 h during the winter, giving housekeeping data and a few sample

waveforms. In subsequent seasons, the Mt. Discovery and Moore’s Bay wireless equipment

was left in place during the winter and proved to be useful once the sun rose again.

The data acquisition system is a modified version of the system used on the ANITA balloon

flight [30]. Data are recorded with a LABRADOR [29] ASIC, which is a switched capacitor

array waveform sampler. Each channel of the trigger uses a tunnel-diode detector and field-

programmable gate array-based discriminator. The whole setup is controlled by a Xilinx
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Spartan 3 (FPGA). The LABRADOR SCA is a single chip with 8 channels (plus a 9th

reference timing channel), each containing 256 capacitors. The chip has an analog bandwidth

of approximately 1 GHz, and, in ARIANNA, samples at 2.85 GS/s (2.85 GHz). Each antenna

is connected to one channel. A 5th channel is connected to a 40MHz clock; this is used

to calibrate the sampling rate. The other four channels are unused. The chip has 2340

Wilkinson ADCs, so it can digitize all of the stored samples in parallel, to 12 bits, in under

50 ms.

The digitization path and trigger path split just after the amplification stage. The trigger

path divides the input signal into two frequency bands: 130 to 460 MHz and 650 to 990

MHz. The low-band frequencies are defined by a Mini-Circuits LFCN-320 low-pass filter and

a discrete LC circuit, while the high-band is defined by a Mini-Circuits HFCN-650 high-pass

filter and a LFCN-800 low-pass filter. The filters have a fairly gradual roll-off; the low-band

had a 3 dB point of 460MHz, so the intermediate gap was not so important. The two

bands were used to allow for improved background rejection of low or high frequency noise.

Each band feeds a tunnel diode based trigger, which acts as a square-law detector. After

amplification the tunnel diode feeds an FPGA-based discriminator with a programmable

threshold.

The circuit threshold is electrically adjustable. Each of the 8 trigger bits (two frequency

bands for four channels), are connected to the FPGA, which forms a logical trigger. For all

prototype data runs, we used a trigger that subjects the outputs of the two frequency bands

from a single antenna to a logical OR function, and required at least two of the antennas

to detect a signal within ≈ 10 ns. This amount of time is called the gate; in fact there is

another gate that checks for coincidence every 25 ns continuously, where each channel raises

a continuous trigger signal for as many clock cycles as the signal is above threshold. Long

(25 ns) signal pulses trigger this gate mode rather than the shorter window. During the

first year of operations, the prototype station detected significant noise at 300 and 600 MHz,
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most likely the subharmonics of the 2.4 GHz AFAR wireless signal used to communicate with

McMurdo station. Thus, the thresholds for the lower frequency tunnel diodes were set quite

high; most of the triggers were formed using the higher frequency bands. When the system

triggers, the FPGA initiates a LABRADOR digitization cycle and reads out the chip. Data

are compressed and can be transmitted North over Iridium satellites or wireless internet.

The former only has 9600 baud of bandwidth, making it useful for looking at housekeeping

measurements, and a handful of triggered events, whereas the wireless internet is the only

viable mode for transmitting large amounts of data.

Only one GPS receiver is required for keeping the system clock accurate, however in 2009

several GPS receivers were deployed for testing purposes. Ultimately, the Trimble Resolution

T starter kit proved to be the most reliable and accurate while consuming the least amount

of power. Although GPS clocks have the ability to maintain a system clock precision of ≈

15 ns, the precision of the unix-based clock on the PC104 CPU is only ≈ 1 ms. Over the

course of the season, however, the CPU clock can also drift by up to 100 seconds. Thus the

GPS timer is needed to keep the unix clock in sync with universal coordinated time (UTC).

The heartbeat pulser is an Avtech 10V, 1 ns width unit, used for generating fast calibration

pulses to simulate a horizontally traveling Askaryan pulse. The signal is transmitted through

LMR-600 coax and a fifth, identical LPDA antenna transmits the pulse toward the other

four signal antennas from a separate location (see figure 3.33). The heartbeat was activated

for 40 seconds, and then deactivated, at the start of each run in 2009 (Ariannad was set

to create 6-hour runs - this was subsequently changed to 12 hours). In the 2010-11 and

2011-12 seasons, the heartbeat period was adjusted to 100 seconds to obtain more heartbeat

calibration events. The Avtech pulser providing the heartbeat pulses needs a TTL pulse

to trigger it. The Trimble GPS receiver produces a TTL pulse once per second, precise to

15 ns. By connecting the GPS TTL output to the Avtech, and powering the Avtech, the

heartbeat pulses were fired at the signal antennas once per second. Thus, each run from
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2009-10 contains 40 calibration pulses, and the next two seasons contained 100 calibration

pulses per run.

3.1.2 The IceSoft control system

IceSoft is the name of the collection of control programs that govern the prototype (and

eventually the Icicle2 station). The main package was written by Dr. Ryan Nichol (Uni-

versity College, London). For detectors manufactured after Icicle2, the software was up-

dated to a version called SnowShovel. The original IceSoft version can be downloaded here:

http://www.hep.ucl.ac.uk/˜rjn/arianna/ prototype/, however updates have been made since

2009 and can be accessed via http://arianna.ps.uci.edu. For more details contact either

jchanson@uci.edu or jtatar@uci.edu. To compile the original version of IceSoft, a USB li-

brary, libusb, is required (open source availability). To run IceSoft successfully with the

DMM-AT module, the proprietary library dscud5 is also required. This library was up-

graded to dscud-6.02 in 2011 to operate the Helios CPU/ADC in Icicle2. There are seven

programs associated with the original version of IceSoft:

• Ariannad - The control program which switches between low and high power configu-

rations, and controls other daemons with POSIX signals.

• Acqd - Setting trigger conditions and reading out data from the CAGES digitiser

board, over the USB 2.0 link

• GPSd - Reads time and position information from the Trimble GPS unit over the serial

interface.

• GPSa - Reads time and position information from the alternative active GPS receiver

(2009-10 only).
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• GPSp - Reads time and position information from the alternative passive GPS receiver

(2009-10 only).

• Hkd - Controls DMM-AT, optoelectronic relays, and acquires housekeeping data (tem-

perature, wind, voltage, current).

• emailScript.sh - Simple script for connecting through the Iridium modem and emailing

updates to the arianna.icebox@gmail.com account.

Formally, these programs are known as daemons, because they run autonomously in the

background. Specifically, Ariannad executes and terminates the other daemons based on

its configuration file, and the other six daemons operate according to their own associated

configuration files. Thus, a user simply has to edit times and flags in the configuration

files to achieve the desired run state. Ariannad automatically cycles the detector through

several run states (described below), for acquiring data, communications, and low-power

consumption.

Figure 3.3: An overview of the software processes running on the first ARIANNA station.

There are two main detector modes, high-power and low-power. In the high-power mode,

all of the hardware is enabled and all of the software programs are operational. In the low-

power mode, only the housekeeping system is enabled by default, and the CAGES board

does not operate. Ariannad controls the global run state, and it can switch to default
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settings (upon a reboot) by copying the default config files to the active config files. The

active config files are located in /etc/arianna/config on the hard disk and the defaults in

/etc/arianna/config/defaults. The basic run state properties are:

• State 0 - Everything enabled, new runs start every 12 hours, Iridium modem always

active, heartbeat pulser on for first 100 seconds of each run.

• State 1 - Only housekeeping systems enabled, Iridium modem active for 5 minutes

avery three hours, heartbeat pulser deactivated, switch to State 2 after 12 hours.

• State 2 - CAGES and amplifiers enabled, heartbeat pulser active for first 100 seconds

of the run, switch to State 3 after 5 minutes.

• State 3 - CAGES and amplifiers deactivated, GPS units enabled, after 5 minutes switch

to State 1.

Together, run states 1-3 comprise low-power mode. The main power consumers are only on

for several minutes, and no two main systems are on at the same time. This cycle allowed

the housekeeping system to collect and transmit data via Iridium once the sun began to set,

for as long as the station’s battery still had charge.

3.1.3 Configuring the Run States

For each software daemon and run state, there is an associated configuration file in /etc/arianna/config,

with the defaults stored in /etc/arianna/config/defaults. For example the default file for the

GPS receiver daemon in run state 0 is at /etc/arianna/config/defaults/GPSd.config.0. The

main control daemon, Ariannad, contains several tunable parameters regarding the run other

run states. Flags are entered as integers; an entry of 0 means a daemon will not be acti-
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vated, an entry of 1 means a daemon will be activated. The units of the run state length are

seconds.

• current run state - which run state the daemon executes first at system boot (if hard

coded the run state will never switch)

• run state 0 parameters - which daemons are active in run state 0, and the time until

the next run state

• run state 1 parameters - which daemons are active in run state 1, and the time until

the next run state

• run state 2 parameters - which daemons are active in run state 2, and the time until

the next run state

• run state 3 parameters - which daemons are active in run state 3, and the time until

the next run state

Acqd stands for acquisition daemon, and it is responsible for setting trigger conditions and

data taking. It requires these parameters:

• Maximum number of events - when the number of events in a run reaches this integer,

data acquisition stops and must be restarted by Ariannad (typically 1000)

• Software trigger period - number of seconds between automatic triggers (typically 67)

• Enable threshold scan - used for testing purposes, allows the system to automatically

measure event rate vs. threshold

• Threshold scan step size - the number of DAC counts between subsequent thresholds

in a scan
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• Threshold scan points per step - the number of rate measurements at each step in a

scan

• · · · (skipping unused parameters)

• Enable global threshold - set the same DAC value (12 bit, 0-4096) for all thresholds

(rarely used)

• Global threshold value - the DAC value in counts of the global threshold

• Threshold Values - A comma separated list of 8 DAC values corresponding to the

thresholds of the high and low frequency band triggers of the four channels

• · · ·

When the maximum number of events are collected by the acquisition program, the program

terminates and begins again. This results in several files (depending on the event rate) of

up to the maximum number of compressed data events corresponding to a single run. The

format of the data structures can be located in the ariannaStructures.h file as part of the

iceSoft package header files. Threshold scans were performed in 2009 to determine the

appropriate thresholds to achieve desired event rates (discussed below). Thresholds were

adjusted once known sources of man-made noise were removed from the environment of the

prototype.

Hkd stands for housekeeping daemon, and it is responsible for two main functions: record-

ing environmental measurements such as battery voltage and windspeed, and sending the

activate/deactivate signals to the optoelectronic relays that power the other systems in the

station (such as data acquisition). When Hkd receives a deactivate bit from Ariannad, Hkd

is the program that shuts off power to the corresponding hardware. Hkd is governed by the

following flags:

104



• Housekeeping period - the number of seconds between Diamond Systems DMM-AT

board ADC measurements

• CAGES board state - One if CAGES receives power, zero otherwise

• Iridium modem state - One if the Iridium modem receives power, zero otherwise

• LNA power state - One if the amplifiers receive power, zero otherwise

• Trimble GPS state - One if the main GPS receiver is powered, zero otherwise

• Synergy GPS state - One if the Synergy GPS receiver is powered, zero otherwise

• Ethernet converter state - One if the ethernet to coax converters are powered, zero

otherwise

• Anemometer sensor state - One if the wind sensor receives power, zero otherwise

• Heartbeat pulser state - One if the calibration pulser receives power, zero otherwise

• Heartbeat on period - the number of seconds to leave the calibration pulser powered

• Heartbeat off period - the number of seconds to leave the calibration pulser deactivated

• Iridium on period - the number of seconds to leave the satellite modem powered

• Iridium off period - the number of second to leave the satellite modem deactivated

During the summer months, the housekeeping period was one measurement every 10 seconds

of the various voltages, currents, wind speed and temperatures (see next section). During

the winter months when the station was running in low power mode, this period was one

measurement every 15 minutes and the data was transmitted exclusively via iridium satellite.

The Iridium period was usually 300 seconds. This proved to be just long enough to complete

a call from the modem to the satellite network and transfer one set of housekeeping mea-

surements, a ZDA packet, and the system uptime. Because the Iridium modem consumes
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a comparable amount of power to the entire acquisition system (around 5 W), we tried to

maximize the off time of the modem. In the upcoming version of the 7-station ARIANNA

array, the Iridium dial-up modem has been replaced with a short-burst data (SBD) module

capable of sending text messages while consuming at most one fifth of the modem’s power.

The SBD module also comes with a sleep mode that consumes a negligible amount of power.

Similarly, since the heartbeat pulser is restricted to a rate of 1 Hz, we use the heartbeat

on/off periods to control the number of heartbeat events per run so as not to clog the data

with excess calibration pulses.

GPSd has the following parameters (GPSa and GPSp will not be covered since they were

only used for a brief period):

• GPS clock skew - the number of seconds the unix clock is allowed to drift from the

GPS clock before this daemon corrects it

• GPS clock update enable - whether or not the GPS daemon will update the unix clock

• NMEA interval - Interval (in seconds) between recording the NMEA data strings (see

text).

• Enable recommend minimum course data (usually set to zero)

• Enable fix information data (usually set to one)

• Enable latitude and longitude data (redundant - set to zero)

• Enable vector track and speed over ground (usually set to zero)

• Enable detailed satellite information (usually set to one)

• Enable satellite information (usually set to zero)

• Enable date and time information (ZDA packets, usually set to one)
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The skew between the unix and GPS clock was never allowed to be more than 100 seconds,

and GPS correction was always enabled for the duration of the 2009-12 data runs. The

acronym NMEA stands for National Marine Electronics Association, which sets an industry

standard for GPS data strings - this parameter controls how often the system reads GPS

information. The ZDA data structure contained the unix seconds and unix microseconds

alongside the GPS seconds and microseconds, which allowed the system to correct clock

skew. The other GPSd data structures (GSV, GGA, GPSSAT) contain data like latitude

and longitude, and the location and number of satellites.

3.2 The Icicle1 Prototype - Power systems and Signal

Antennas

3.2.1 Solar and Wind Hardware, and the Basic Charging Circuit

The station housekeeping system and CPU stack receive power directly from a 12 V, Pb-

acid AGM (absorbed glass mat) battery. The voltage lines going into the RF-sealed box

are filtered with Compac 100-1007 filter pins, which filter any noise picked up on these lines

above 10 MHz. At 80 MHz, the LPDA signal antennas become sensitive (their VSWR

drops below 2), and the filter pins have an insertion loss of ≈ 50 dB at this frequency. The

Pb-acid battery nominal voltage is between 11.8 and 14 volts. At 11.8 V, the battery no

longer provides sufficient current to drive the internal DC-DC converter inside the station

which provides the 5 V necessary to operate the CPU stack. The battery is considered fully

charged at 14 V. While the RF-sealed electronics box is buried flush to the snow surface,

the station also had a solar panel and instrumentation frame that supported four 30W GE

solar panels (16.2 V closed circuit) and the iridium and GPS antennas, and the anemometer

(Vector Instruments Ltd. model A100L2). Figure 3.4 below is a 3D rendering of the solar
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Figure 3.4: The solar frame depicted here was used for Icicle2. The Icicle1 solar frame lacked
only the telescoping elements at the bottom. The aluminum pipes slide through the Kee-Lite
connectors, allowing easy setup and takedown of the solar frame. Instrumentation antennas
and the anemometer were fixed to the top corners above the solar panels, at a height of 7 ft.
above the snow surface.

frame, with telescoping modifications introduced in 2011-12 for Icicle2.

The solar frame was constructed of standard schedule-40 aluminum pipe (1.12 inch inner

bore, 1.66 inch outer diameter). Kee-lite pipe components (Simplified Building Concepts)

connected the pipes together and fixed the solar panels to the horizontal cross-bars. The

vertical pipes were each 7 ft. long, and the cross-bars were 3 ft. long (in the Icicle2 redesign in

figure 3.4, the solar panels are oriented vertically which allowed us to shorten the cross-bars

to 2 ft.). In 2009, a Forgen 1000LT wind generator was mounted in the center of the square

solar array on a central pipe with supporting cross-bars. Four supporting nylon guy-wires

secured the rig by tying the upper corners to bamboo rods buried 2 ft. under the snow and

oriented orthogonally to the guy lines. In 2010-11 and 2011-12, the station employed an
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FlexCharge NC25A

1        2        3        4        5

Solar Panels, x4 
(in parallel)

Wind Turbine

+                 -
AGM 12V Battery

 Divert (1Ω)

Figure 3.5: The NC25A charge controller regulated charge from the solar and wind sources
onto the battery. Ports 4 and 5 together measure the battery voltage, and, if the battery is
below an adjustable set point, ports 1 and 2 are connected. Otherwise, port 1 is switched to
port 3.

Aerogen-6 wind turbine on a separate, 14 ft. tower located 60 ft. to the South. In this case,

the blocking diode was located at the base of the tower, and 14 ft. of AWG 12 teflon coated

wire carried current to the tower base. From there, 100 ft. of SEOOW type, 3-conductor,

12-AWG copper stranded cable carried the current to the solar frame where it was spliced

in parallel with the solar panels.

The basic charging circuit is described in figure 3.5. The charge controller unit (FlexCharge

NC25A-12) was located inside a Compac RF sealed aluminum box with the same 100-1007

filter pins filtering inputs and outputs. Filtering was necessary because of the potential for

electromagnetic pulses during charge switching. When ports 4 and 5 detect that the battery

is full, the charge controller switches power output from port 2 to port 3, through a 1Ω,

100 W ceramic divert load resistor instead of the battery. The RF-sealed box containing the

NC25A, the divert load resistor, and the AGM battery were all contained within a plastic

crate and buried ≈ 2m from the electronics box, with 12 AWG teflon coated power lines

running between them. This circuit powered all of the station electronics described in the

previous section, and the power consumption of each device is listed in table 3.1.
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Device Voltage (V) Power consumption (W)
CAGES/USB 5.0 5.22

4 × LNA (70 dB) 5.0 1.24
Synergy GPS 5.0 0.96

Iridium sat. modem 5.0 ≈ 2
Trimble GPS 12.0 1.26
Avtech pulser 12.0 1.74

2 × Ethernet conv. 12.0 7.69
CPU stack 5.0 7.02

Table 3.1: The power consumption and operating voltages for the Icicle1 proto-station elec-
tronics. (LNA: low-noise amplifier). The Iridium satellite modem causes the base current of
the station to jump by ≈ 0.5A during a call, making the consumption 6W during this time.

Certain devices were removed throughout the three seasons as they proved to be no longer

useful or relevant to the research. Once it was determined that an active antenna would

not be needed for GPS time synchronization, GPS devices were removed (disconnected).

This determination was based on the similar uncertainty in ZDA timing packets (≈ 20 ns)

received over both the active and passive GPS systems. During the deployment of the

second ARIANNA prototype (Icicle2), we learned of RF sealed feed throughs for ethernet

cable. Installing this part in Icicle1 allowed the removal of the ethernet converters which had

been actively switching external ethernet signals to coaxial signals before passing through

the RF sealed electronics box. Table 3.2 shows the year certain devices were removed, and

the reduction in power consumption.
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Figure 3.6: (Left) The Icicle1 prototype in December 2010. The solar frame protrudes above
4 ft. of snow accumulation that occurred sometime during the Austral winter of 2010. The
red and green flags mark the positions of the signal antennas. (Right) After uncovering the
electronics box, was located flush with the original snow level. The four coaxial cables visible
in at the lower right connected the signal antennas to the electronics box. (Photos by the
author (left) and Raytheon Polar Services personnel (right).

Device Power consumption (W) Removed? Date
CAGES/USB 5.22 N N/A

4 × LNA (70 dB) 1.24 N N/A
Synergy GPS 0.96 Y Dec 2010

Iridium sat. modem ≈ 2 N N/A
Trimble GPS 1.26 N N/A
Avtech pulser 1.74 N N/A

2 × Ethernet conv. 7.69 Y Dec 2011
CPU stack 7.02 N N/A

Table 3.2: The power consumption and operating voltages for the Icicle1 proto-station elec-
tronics. (LNA: low-noise amplifier). The Iridium satellite modem causes the base current of
the station to jump by ≈ 0.5A during a call, making the consumption 6W during this time.
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3.2.2 Several properties of the Log-Periodic Dipole Array Anten-

nas

Here we summarize the what we know about the properties of the signal antennas de-

ployed to capture the Askaryan pulses. This includes our initial attempts to study the

effective height operator of the LPDA, which converts incident electric fields into voltages

on the transmission line feeding into ARIANNA digitizers. Understanding this operation

precisely will feed into the reconstruction of the electric field created by neutrino interac-

tions. Other numbers like the antenna positions, voltage standing wave ratio, gain, and

beam-width will be documented below, and compared to a simulation designed to calculate

the LPDA antenna properties based on the antenna geometry. In [15], an optimization has

been performed to maximize observed neutrinos based on the antenna properties, and this

optimization will be compared to actual antenna numbers.

The current ARIANNA LPDA antenna is a 17-element logarithmic λ/2 dipole array, with

an alternating phase pattern. This means that dipole elements across from one another

are not directly connected to each other, but attach in an alternating fashion to the upper

and lower halves of the boom. Figure 3.7 shows the equivalent electrical configuration of

the elements, and figure 3.8 shows a complete schematic of the specific model used for

the prototype station. In what follows, the front of the antenna where the smallest dipole

element is located is associated with the spherical coordinates θ = 90◦ (polar) and φ = 0◦

(azimuthal).

The geometry of the elements of a log-periodic dipole array obey the following two equations:
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Figure 3.7: (Left) The feed point of ARIANNA LPDA is a standard N-type RF connector.
The central boom (feeder line) of the antenna is comprised of an upper and lower half. Each
half is electrically connected to an alternating set of dipoles. (Right) The ratio of lengths
of adjacent dipoles and the ratio of the distance between adjacent dipoles are equal and
constant [65].

Figure 3.8: Schematic of the CLP5130-2, provided by the manufacturer. The logarithmic
structure of the element geometry causes many of the antenna properties to be periodic in
the logarithm of the frequency.
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τ =
Dn+1

Dn

=
Ln+1

Ln
= constant (3.1)

σ =
1− τ

4 tanα
=

Dn

2Ln
(3.2)

The quantities Dn and Dn+1 are shown in figure 3.7 (right) as the distance between elements

n and n+1, and the distance between element n+1 and the next adjacent element. Ln is the

combined vertical length of the dipole halves of element n, and Ln+1 is the combined length

for element n+1. The angle 2α is the opening angle of the array. The parameter σ is also a

constant, and it turns out that specifying either τ or σ automatically specifies the other for a

maximum LPDA gain in dBi. The CLP5130-2 has the following parameter values: τ = 0.83

and σ = 0.081 which combine to give α = 27◦, the measured opening angle.

A simulation of the VSWR (no units) and the gain (in dBi) of a 17-element LPDA with the

geometry of the CLP5130-2 is shown in figure 3.9. Note how the periodic trend in the VSWR

extends over the entire frequency range. Ideally, we’d like to have a broadband antenna with

the VSWR equal to unity, and independent of frequency so we could claim equal sensitivity

at every frequency in the experimental bandwidth. Building such an antenna is impractical,

and the logarithmic nature of the LPDA produces a low VSWR that is periodic in the

logarithm of frequency. The VSWR fluctuates up to 2.0 with a period of ≈ 75 MHz. Indeed,

measurements from 2009 suggest that the VSWR fluctuations exist, even when the LPDA

is buried in the snow, but they only reach 1.5 (see section 2.2.2).

There are usually two angles associated with the narrowness of the beam width of an antenna.

The E-plane and the H-plane of a linearly polarized antenna contain the electric and magnetic

field vectors, respectively. For dipole arrays, the electric field lies in the same plane as the
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Figure 3.9: A simulated frequency-swept analysis using code from [8]. The forward gain,
in decibels over an ideal isotropic source (dBi), and the VSWR, are for a LPDA with 17-
elements and the σ and τ parameters of the CLP5130-2.

dipoles. Let us assume that the spherical coordinate θ remains equal to 90◦ in the E-plane,

and that the spherical coordinate φ (azimuthal) remains constant in the H-plane. We define

the E-plane half-power beam width φHPBW as twice the angle at which the radiated power

per unit solid angle dP/dΩ drops by half. Similarly, the H-plane half-power beam width is

θHPBW . The beam area is defined in equation 3.3, where Pn is the normalized power pattern

(equal to the Poynting vector divided by the maximum value of the Poynting vector).

ΩA =

∫∫
4π

Pn(θ, φ)dΩ ≈ (θHPBW )(φHPBW ) (3.3)

It turns out (see Appendix A) that the gain G of the antenna is equal to k4π/ΩA where

k is an efficiency factor close to unity. With the above approximation, we have G ≈
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4π/(θHPBW )(φHPBW ). From the same simulation code that produces figure 3.9, we can

also learn the beam widths versus frequency (table 3.3). The numbers in table 3.3 are in

agreement with the dP/dΩ curves specified by the manufacturer in figure 3.10. The equation

for the gain can be expressed as

G ≈ 41000[sq.deg]/(θHPBW [deg])(φHPBW [deg]) (3.4)

Using the numbers in table 3.3, we obtain G ≈ 4.5 or 10 log(4.5) = 6.5 dBi, which is the

average, frequency independent gain shown in figure 3.9. The maximum gain of the LPDA

is in the direction of the spine, which is orthogonal to the dipole elements (assuming co-

polarization). Another feature of the antenna we learn from graphs such as figure 3.10 is

that the ratio of forward gain to backward gain, known as the FB ratio, is about 15 dB.

This is important for eliminating down-going anthropogenic signals and potential cosmic-ray

induced radio showers [45], since we want the antenna to be sensitive only to the ice beneath

it.

frequency [MHz] φHPBW θHPBW gain (dBi)
< 300 74◦ 144◦ 5.9

300-600 70◦ 128◦ 6.6
600-900 74◦ 134◦ 6.2
900-1200 78◦ 132◦ 6.0

Table 3.3: The results of the LPDA simulation with the FORTRAN code from Balanis. The
beam widths in the E and H planes are almost constant over a wide range of frequencies,
and this is reflected in the stability of the gain.

The reason we must understand the antenna gain is that it affects the neutrino sensitivity,

for two reasons. The sensitivity decreases for smaller gains because the power pattern is too

broad; too high a fraction of the LPDA beam pattern looks horizontally, where events are

expected to experience the shadowing effect, and too little of the beam pattern looks down
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Figure 3.10: The manufacturer of the CLP5130, Create Corp. provides the E-plane (dashed)
and H-plane (solid) power patterns here. The radial units are in dBi and the graphs have
been normalized such that the maximum gain is equal to 0 dBi. The drop-off in power with
respect to azimuthal angle in the E-plane has been verified in the lab.

toward the region expected to contain upcoming or reflected Askaryan pulses. Conversely,

the sensitivity decreases for large gains because the viewing volume of the antenna is too

small; the gain in sensitivity for a narrow viewing region cannot compete with losses due

to the reduction of solid angle. In [15] the results of simulations show that the optimized

antenna gain assuming the approximate relationship above between gain and beam angles is

between 7 and 10 dBi. One caveat is that given the potential observation of surface waves in

December 2011, it might actually be more optimal for the antennas to in fact have a larger

amount of dP/dΩ looking sideways for horizontally traveling Askaryan pulses (section 2.4.3),

and thus a smaller gain.

The effective height of an antenna carries a simple interpretation for a simple dipole at a

single frequency, and becomes slightly more complex as we treat all frequencies with more

complex antenna geometries [78]. Consider a single frequency plane wave incident on a λ/2
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Figure 3.11: By varying the gain of the ARIANNA antennas (with a trigger condition of
2 of 4 antennas hit at 5 times the r.m.s. of noise) and counting the fraction of detected
events, the optimal gain for the ARIANNA antennas is revealed. This data is digitized and
normalized from figure 4.1 of [15].

dipole of length l. The amplitude of the voltage transmitted to the load resistance by the

antenna and the amplitude of the incident electric field are related by the effective height

h: V = h · E = hE cos θ, where θ is the angle between the electric field polarization and

the dipole. Assuming a co-polarized state, we have h = V/E. For a λ/2 dipole, the current

distribution is sinusoidal: I(x) = I0 sin(πx/l), and we can think of the effective height as the

averaged, normalized current distribution over the length of the antenna:

h =
1

I0

∫ l

0

I(x)dx =
2

π
l =

λ

π
(3.5)

This calculation is instructive for several reasons. First, because changing the length or shape

of the antenna changes the current distribution, the effective height changes non-trivially.

More importantly, there is an overall scaling with wavelength, meaning the effective height
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is inversely proportional to frequency:

h(f) = 2×

√
G

4π

c2

f 2

Z

Z0

(3.6)

For the derivation of this expression, see Appendix A. Here, G is the unit-less gain, c is the

speed of light, f is the frequency, Z is the impedance at the antenna terminals and Z0 is

the impedance of free space. Let us assume that the dipole is in air, has 50 Ω resistance

at the terminals, and a standard gain of 1.64. A common trick in antenna analysis is to

use 120π for the free space impedance, introducing an error of less than 0.1 percent. We

obtain h = 0.83λ
π
, which is close to the ideal answer above but modified for the impedance

mismatch between antenna terminals and free space.

In the summer of 2010 we performed measurements to check the above equation with the

ARIANNA LPDA. This measurement followed the calculations in [34], where the signal

input was a step function. In an experiment where a known signal Vsrc is sent through the

antenna under test (AUT), transmitted through air a known distance r and received by the

same model antenna (Vrec), the effective height versus the frequency ν may be derived in the

Fourier domain:

hN(ν) =

√
rcVrec(ν)

iνVsrc(ν)
(3.7)
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This expression from [34] has been normalized for simplicity:

hN(ν)/h(ν) = 2
√
Z0Z/(Za + Z) (3.8)

Vrec(ν) and Vsrc(ν) are the complex Fourier transforms of the input and received signals.

Terms like the 4π and the gain have cancelled due to the division of source and receiver

signals, given that the antennas are alike. We may assume that the antenna impedance

Za is matched to the 50 Ω terminal impedance Z to simplify the equations. Because the

VSWR is low for the entire bandwidth, this isn’t an unreasonable assumption. In fact, the

same simulation used to produce figure 3.10 demonstrates that the magnitude of the antenna

impedance Za is 50 ± 14 Ω, where the main contribution to the standard deviation is the

periodic variations with the logarithm of frequency (see below). Thus, the overall expression

for the effective height becomes (Appendix A)

h(ν) =

√
ZrcVrec(ν)

Z0iνVsrc(ν)
(3.9)

The experimental setup is displayed in figure 3.13. Two LPDA antennas were place atop

wooden poles 2 m above the cement floor in the Physical Sciences High Bay. This is not

ideal since it allows for delayed reflections. The tips of the antennas were separated by

6.9± 0.05 m. We set the line impedance Z equal to 50 Ω, the speed of light to be 0.3 m/ns

(making Z0 equal to 120π in SI units), and we assume the manufacturer’s measurement of

the gain, 7 dBi. Instead of a step function, we used the same Pockel Cell Driver (PCD) used

in the 2010 ice properties experiments (chapter 2), attenuated by 20 dB. This eliminated the

need for an amplifier, which would have been required by our function generators capable of
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producing square or step pulses. Eliminating the amplifier removes a transfer function from

the denominator under the square root of equations 3.9, reducing noise and complications.
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Figure 3.12: Another example of an attenuated (60 dB) Pockel Cell Driver pulse. In this
instance, the raw pulse is only 1 kV in negative amplitude, and the pulse width has been
reduced to ≈ 1 ns with the aid of a shunt comprised of a T-junction and a short (both N-type
RF connections). The trade-off is a small ripple after the pulse.

Thus, the raw signal is essentially a negative polarity, 1.4 kV amplitude δ-function. The

signal was carried to the transmitting antenna by Heliax coaxial cable and from the receiver

by LMR-600 coaxial cable to a 1GHz oscilloscope (Tektronix TD4S, set to 2.5 GS/s). We can

conclude that the transfer function of the cables is negligible, because a system comprised

of just the cables, signal generator, and scope did not alter the frequency content of the

negative polarity 1 ns-wide PCD pulse. This was also true of smaller amplitude signals such

as a 2.5 V step function with 2.5 ns rise-time, generated by a 20 MHz Agilient waveform

generator (33220A Agilent), which have similar frequency content. The received pulses were

averaged and are plotted in figure 3.14. The peak to peak voltage is within the linear range

of the scope, and with the time-base set to 2.5 GS/s, Nyquist’s sampling theorem guarantees

that we capture frequencies up to 1.25 GHz. To calculate the form of the effective height in

the time domain from the input δ function and the received pulse in figure 3.14, the complex
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Heliax LMR-600

LDPA ( horizontal) LDPA ( horizontal)

6.9 m

(top view) (top view)

Figure 3.13: The LPDA antennas were separated by 6.9 m, 2 m above the ground. The
LPDAs were horizontally co-polarized.

phase must be unwrapped appropriately by the complex square root in equation 3.9.

If we neglect the phase of the complex effective height and take just the magnitude, it

should match the theoretical expectation in equation 3.6, up to inefficiencies like impedance

mismatching. Figure 3.15 displays the experimental data compared to equation 3.6. The

data covers frequencies between [75-975] MHz with 50 MHz bins, and has been shifted upward

by 0.1 m, which minimizes the χ2 per degrees of freedom. The χ2/dof is defined in the usual

way, with hi being the data at a given frequency, hν being the prediction of equation 3.6,

and σi being the standard deviation for hi in bin i.

χ2/N =
1

N

N∑
i=0

(hi − hν)2

σ2
i

(3.10)

The 0.1m correction could be necessary for several reasons. First, the actual antenna

impedance might not be perfectly matched to the oscilloscope or PCD, which has an output

impedance of 50 Ω. From equations 3.6 and 3.9, we see that the effective height in the
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Figure 3.14: The average pulse received from the experimental setup shown in figure 3.13.
Normally an amplifier would limit the linear vertical range to ± 1 V, but here we are only
limited by that of the scope, which is ± 10 V.

frequency domain goes as
√
Z. For example, the average of the magnitude of the impedance

near 100 MHz would only have to be 57 Ω rather than 50 to induce this correction. Sec-

ondly, the antennas might not be separated by enough distance to escape near-field effects.

In the near-field, the electric field does not strictly obey r−1 dependance, which is assumed

in equation 3.6 where we solve for the effective height. While the separation was limited to

6.9 m, the Fraunhofer distance 2D2/λ works out to be 3 m at 200 MHz. Becuase 6.9 m>3

m we are satisfying one far-field condition, but not satisfying the condition that r >> λmax.

Third, there could be destructive interference from reflections off the cement floor of the

experimental area. Given the geometry of the setup, these should be delayed by only ≈ 4

ns, and the width of the pulse is 75 ns. In any case, compared to the effective height at low

frequencies, this is a small correction and the chi-squared per degree of freedom minimizes

at 1.67 with 18 degrees of freedom.

It is important to check that the CLP5130-2 converts incident electric fields into voltages in

the expected way in the Fourier domain, because this is the starting point for the shelfmc

simulations that predict how significant an Askaryan pulse is given an incoming angle. Sev-
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Figure 3.15: Equation 3.6 matches the magnitude of the effective height measurements in
the Fourier domain. The reduced chi-squared comparing the data to the curve is χ2/dof =
1.67, with Ndof = 18.

eral aspects of this conversion, however, are still not known very well. Eventually, we will

want to know the time-profile of the incident electric field given the observed voltages in

the data. This conversion can be performed by inverse Fourier transforming the data above,

taking care to unwrap properly the phases given the complex square root. However, this

process is equivalent to deconvolution because we must divide by the source signal in the

Fourier domain before executing the inverse transform. Deconvolution usually magnifies

noise sources. In the present data we have reflections and external noise from the UC Irvine

radio station (kUCI - 88.9 MHz) (when using amplifiers).

A rough attempt at producing the time-domain version of the effective height, with the

correct units of m/ns, is shown in figure 3.16. The overall amplitude is by no means fully

understood, and this is meant to be a first estimate of the time-domain waveform that must

be convolved with an incident electric field to obtain the result in V vs. ns. Because of the

noise present, a running-average filter of 1.5 ns has been passed over this data. While this
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smoothes the noise away from data, the running average filter also acts as a crude low-pass

filter. In this case the filter is a sync function in the Fourier domain with the first null at

1/1.5 ns ≈ 670 MHz. Eliminating some frequencies in favor of others changes the shape and

amplitude of the effective height waveform. Currently, all that is necessary for the shelfmc

simulations is figure 3.15. The next-generation ARIANNA triggering analogue transient

waveform digitizer (ATWD) triggers in the time-domain, meaning the convolution process

will have to be fully understood.
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Figure 3.16: This is an estimate of the signal that must be convolved in the time domain
with an incident electric field to produce the voltage waveform observed in ARIANNA data.

One open question is how the effective heigh operator changes shape given a different incident

angle. We already know that the gain varies smoothly with θ and φ coordinates. So does the

effective height merely undergo an overall scaling proportional to the shift in gain? Equation

3.6 suggests that the effective height goes as the square root of the antenna gain. For the

LPDA the gain is independent of frequency, so the gain should just be an overall scaling

factor in transform operations. There is also the question of polarization. Does the effective
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height retain an overall scaling as the LPDA and electric field vary smoothly from co- to

cross-polarized orientations? We can quantify these ideas in the following two equations,

where bold-face indicates a vector:

Vrec(t) =
1

2πrc
Hsys ◦ heff (t, θ, φ) ∗ heff (t, 0, 0) ◦ ∂tVsrc(t) where (3.11)

(f ∗ g)(t) = (fθ ◦ gθ)(t) + (fφ ◦ gφ)(t) and (3.12)

(f ◦ g)(t) =

∫ ∞
−∞

f(τ)g(t− τ)dτ (3.13)

The third equation is just the definition of convolution with a wide range of applications

in physics. From this equation, we can see why the units on the y-axis in figure 3.16 must

be m/ns if the function f is the effective height and g is the incident electric field. The

convolution theorem states that, in the Fourier domain, convolution is just a simple multi-

plication of f and g. The star-operation combines the vector dot-product with convolution

(the second equation), meant to represent the effect of antenna polarization as well as con-

volution with effective height. Equation 3.11 implies that the effective height operator could

be different in each polarization coordinate. The first equation combines these ideas into

a hypothetical expression for the voltage observed at the terminals of one antenna given

the input signal into an identical antenna some distance r away. The receiving antenna is

oriented at angles θ and φ with respect to the spine of the first antenna. The function Hsys

is a transfer function incorporating effects due to cables, amplifiers, and filters.

The transmitting antenna acts on the input pulse with the operator 2heff ◦ ∂t [9]. While

the data above confirms the simple formula in the Fourier domain (figure 3.15), it is not a

given that equations 3.11 must hold. In [45], it is however assumed that the effective height
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multiplies and convolves like a vector in the Fourier domain. Figure 3.15 is essentially a

derivation of |heff (ν)| with the two angles set to zero, and 3.16 is the corresponding answer in

the time-domain. We will begin to perform experiments to derive the form of heff for various

angles and polarizations in 2013 with the help of the newly constructed anechoic chamber

at the University of Kansas, designed to help understand the experimental equipment of

Antarctic researchers [13].
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3.2.3 Pulsed LPDA experiments in Aldrich Park

In the summer of 2010, we decided to experiment with the signals received on LPDA anten-

nas. In the absence of an anechoic chamber, which blocks most reflections to better than

100 dB [13], we chose to attempt these tests in Aldrich park, far from any major conductors

which could cause reflections. There were several ideas we wanted to confirm about the

LPDA. First, we wanted to confirm the 1/r2 behavior of the received power with respect to

distance. Second, we wanted to record the various pulse shapes corresponding to different

LPDA orientations (figures 3.7 through 3.16 above). Finally, we wanted to ensure that the

modeled gain with respect to orientation matches the data independently of frequency. If the

spectra for two orientations match at all frequencies, they confirm the idea that the antenna

response merely undergoes an overall scaling proportional to the shift in gain.

Figure 3.17: (Left): Bore sight configuration. (Right) Configuration 1.
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Figure 3.18: (Left): Configuration 1 (45◦). (Right) Configuration 1 (90◦).

Figure 3.19: (Left): Configuration 2. (Right) Configuration 2 (45◦).

Figure 3.20: Configuration 2 (90◦).

129



Observing the geometric 1/r2 effect is an important first step before beginning other studies

such as gain with respect to angular orientation. Two LPDA antennas were placed at

distances varying from 5.5 m to 10 m apart, bores facing the sky, and tine elements oriented

parallel (configuration 1 in figure 3.17). This orientation was chosen to minimize reflections

from underground conductors, and for comparison to the size of heartbeat pulses in Moore’s

Bay. In 2009-10 the heartbeat antenna was oriented downward like the signal antennas. In

subsequent seasons, we would direct it at the signal antennas. Figures 3.21-3.22 display the

details of the orientation.

PCD
1 GHz Scope

Varying distance, r

Filters

Front view Front view
Heliax

Figure 3.21: Configuration 1. Both the receiver and transmitter spines (or bores) were
pointed skyward, and in the parallel case the tines were parallel. In the 45◦ and orthogonal
cases, the receiver was rotated about the spine by 45◦ and 90◦. The wooden mounts were 2
m above the ground.

The distance r was incremented by 50 cm from 5.5 m to 10 m. At each distance, three

LPDA sub-orientations were checked. We refer to the case depicted in configuration 1 as the

parallel case. The other two orientations had the receiver tines at 45◦ with respect to those

of the transmitter, and 90◦ (orthogonal case) with respect to the transmitter. The Pockel

Cell Driver was placed under an oil drum to prevent noise from the internal electronics from
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PCD
1 GHz Scope

Varying distance, r

Filters

Front view
Heliax

Side view, elements 
parallel to ground

Figure 3.22: Configuration 2. The receiver antenna bore was pointed upwards, with tines
parallel to the transmitter antenna in the parallel case. In the 45◦ and orthogonal cases, the
receiver was rotated about the spine by 45◦ and 90◦. The transmitter tines were parallel to
the ground, and each LPDA remained 2m above the ground.

interfering. Heliax coaxial cable carried the pulse out through the bottom to the transmitter.

While being outside in Aldrich park placed the antennas far from most large conductors, it

also exposed them to noise as well, such as kUCI (88.9 MHz), some cellular bands (≈ 900

MHz), and public safety radio communications (800−900 MHz). As a result the data below

is filtered with both a high and low pass filter on the receiver end (NHP-300+ and NLP-

600+), which allowed us to eliminate backgrounds. The corner frequency (3 dB point) of the

high-pass NHP-300+ is 245 MHz, and that of the NLP-600+ low pass is 640 MHz. Figures

3.23 and 3.24 contain the results.
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Figure 3.23: Plotted on the x-axis are the inverse-squared distances scaled by R0, with
R0 = 5.5 m. On the y-axis we have the relative power, with P0 corresponding to 5.5 m. For
P ∝ r−2, the expected slope is 1.0, and the linear fit is in agreement. These data are for the
parallel case.
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Figure 3.24: Plotted on the x-axis are the inverse distances scaled by R0, with R0 = 5.5 m.
On the y-axis we have the maximum relative amplitude, with V0 corresponding to 5.5 m.
For V ∝ r−1, the expected slope is 1.0, and the fitted slope is 1.2± 0.1. These data are for
the parallel case.

132



One way to express Parseval’s theorem is that the total power of a signal in the Fourier

domain is equal to the total power in the time domain. Since we are interested only in the

total power at each distance for the moment, we do not have to calculate the spectra and

can simply write the total power in terms of the sum of the squares of the recorded time

series voltages vi. This form leaves the units in WΩ, where the resistance is 50 Ω. But the

power in figure 3.23 is normalized such that it does not matter what the resistance is; it is

merely an overall scale factor that drops out of the analysis.

P =
N∑
i=0

v2
i (3.14)

σP = 2σv
√
P (3.15)

Given these two equations, the error in the relative power becomes

σP/Po =
2σv√
P0

(
P/P0 + (P/P0)2

)
(3.16)

Although the fit in figure 3.23 is consistent with 1/r2 scaling with a slope of 1.0±0.1, points

at the closest distances ((r0/r)
2 ≈ 1) seem to deviate from the trend, and we can speculate

that this is due to near-field effects. The pulse amplitude should be inversely proportional

to the distance: V ∝ r−1, and the fitted slope in figure 3.24 is 1.2± 0.1. The points closest

to (R0/R) = 1 seem to deviate as with the power. Examples of the types of pulses received

are shown in figure 3.25.
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Figure 3.25: When the separation in the parallel configuration doubles, the peak to peak
voltage drops by a factor of 2 and the power a factor of 4, as expected. This data was taken
in Aldrich Park in April 2010.

It is trivial to confirm the radiation pattern of the E and H planes specified by the manu-

facturer (as in figure 3.10), provided one varies the angle of the receiver only in the E or H

plane, for angles in [0◦, 90◦]. Data taken in configuration 2 (figure 3.22), however, can be used

to examine how the LPDA gain changes in both planes simultaneously. The transmitting

LPDA in this case was oriented such that the maximum gain is aimed at the receiver. The

receiver was oriented in the same sub-configurations as in the previous experiment: parallel,

45◦ and 90◦. Using our LPDA simulator, we can predict the gain at the measured angles

and compare the power spectra at these angles to the nominal power spectrum correspond-

ing to θ = 90◦ and φ = 0◦ (the alignment of figure 3.13 and 3.17 (left), denoted bore sight

alignment). Configuration 2 is also close to the heartbeat orientation of 2010-11 and 2011-12

seasons.
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Figure 3.26: The average normalized gain versus frequency for 90◦ in the receiver H-plane,
from the Log-Perd FORTRAN code is ≈ -6 dBi.
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Figure 3.27: The red/black data is the power spectral density (PSD) of the aligned case
(θ = 90◦, φ = 0◦), scaled down by the average gain of -6 dBi at 90◦ in the H-plane to match
the data observed at this angle (blue/grey).

The parallel case in configuration 2 is just an example of receiving at 90◦ in the H-plane. The

simulation predicts an average gain of −6.0± 0.5 dBi at this angle (relative to θ = 90◦, φ =

0◦), and the specific gains at each frequency across the bandwidth of interest is plotted in

figure 3.26. These numbers do display some periodicity with the logarithm of frequency, as

expected. The lowest point is at 125 MHz, chosen to stay away from the lower bound of 105

MHz (in air) where properties like the VSWR begin to diverge. In figure 3.27, the nominal
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spectrum corresponding to θ = 90◦ and φ = 0◦ is scaled down by the average gain 3.26 and

compared to the spectrum corresponding to the parallel case. The error bands plotted are

the 95% confidence levels, and the spectra match within errors.

Though the optimal answer for the spectral scaling is -8.0 dBi in the parallel case, the differ-

ence between -8.0 dBi and the answer from simulation (−6.0± 0.5) could likely correspond

to a receiver angle that was slightly larger than 90◦ in the H-plane. This systematic error is

not difficult to imagine considering the receiver and transmitter were located outside on a

gradual slope with the receiver slightly above the transmitter. Thus, orienting the receiver

directly upwards made the H-plane angle a little larger than expected, causing the drop in

gain to be larger than expected by a few dBi. The power spectral density (PSD) in figure

3.27 are calculated using Welch’s method [85], with a 50% overlapping rectangular window

function that leads to ≈ 35 MHz frequency resolution, and excellent resolution on the y-axis

(dB/Hz). Finally, the percent difference in the peak to peak voltages in the time domain of

these two signals is 2.0%, assuming the -8.0 dBi scaling figure. Thus, using one scaling num-

ber, we can explain both the spectrum and the time-domain amplitude of the configuration

2, parallel case data.
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Figure 3.28: The average normalized gain versus frequency for 90◦ in the receiver H-plane,
45◦ in the E-plane (azimuthal coordinate) from the Log-Perd FORTRAN code is ≈ -10.3
dBi.
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Figure 3.29: Red/black data: PSD of the aligned case (θ = φ = 0◦), scaled by the average
gain -10.3 dBi to match the (blue/grey) data at this angle (φ = 45◦). The dip in simulated
gain (fig. 3.28) near 300 MHz is reflected in the matching of the PSDs.
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The next case observed in configuration 2 was the 45◦ case, corresponding to θ = 0◦, φ = 45◦.

The average gain predicted by the simulation is −10.3±0.8 dBi (relative to maximum). The

specific gains versus frequency and the PSD of scaled bore sight data and 45 degree-case data

are plotted below in figures 3.28 and 3.29. Using the predicted gain from the simulation, the

PSDs agree and the percent difference in time-domain peak to peak voltages is 8%.

The third case observed in this study was the 90◦ case, corresponding to θ = 0◦, φ = 90◦. The

simulation causes the average gain at φ = 90±1◦ to diverge to negative infinity, however the

gain prediction is symmetric within 10◦ of this point. Thus we can examine what happens

when we apply the simulated gain at 80◦ to the bore sight data, which turns out to be

−22.0± 1.0 dBi. The specific gains versus frequency and the PSDs of scaled bore sight data

and 90 degree-case data are plotted below in figures 3.30 and 3.31. Using the predicted gain

from the simulation, the PSDs agree and the percent difference in time-domain peak to peak

voltages is 20%. The percent difference in peak to peak voltages is reduced to 7% if we

ignore what appears to be a singular fluctuation in the bore sight negative amplitude. The

scaled bore sight time domain data is plotted alongside the data for the three configurations

in figure 3.32.
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Figure 3.30: The average normalized gain versus frequency for 90◦ in the receiver H-plane,
90◦ in the E-plane (azimuthal coordinate) from the Log-Perd FORTRAN code is ≈ -22.0
dBi.
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Figure 3.31: The red/black data is the power spectral density (PSD) of the aligned case
(θ = φ = 0◦), scaled down by the average gain -22.0 dBi to match the (blue/grey) data
observed at this angle (φ = 90◦).
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Figure 3.32: The scaled bore sight data (black) compared to the three sub-configurations
(red). Top: parallel configuration. Middle: 45 degrees. Bottom: 90 degrees.

Finally, the antenna locations for the various proto-station seasons are displayed in figure

3.33. The origin of this graph is the corner of the square solar tower (figure 3.4) that held the

anemometer. The central red points (North, East, South, West) mark the spine positions

of the LPDAs, and the red points to either side mark the end-points of the longest tines,

which are nearest to the surface. The same is true for the 2009 heartbeat position, when the

heartbeat antenna was oriented in configuration 1. From Dec 2010 onward, the heartbeat

was farther away, and oriented in configuration 2 with the tines at the snow surface.

The baseline distances between channel antennas were planned to be 6m, however limited

length of LMR-600 cable prevented the 2009-10 setup from being exactly 6m by 6m. The

figure 6m was chosen because the trigger gate of the proto-station requires than two channels

trigger within ≈ 20 ns of each other (more details in the next chapter). This means that

a plane wave of sufficient amplitude arriving from ≥ 40◦ below the horizontal would satisfy

this condition. A vast majority of signals are expected to behave this way because of the
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Figure 3.33: Antenna positions, all seasons. The origin was chosen to be one corner of
the solar tower (arbitrarily). The four signal LPDAs were deployed in December 2009 and
were not moved. The central antenna points represent the spine location, and the edge
points indicate the orientation and length of the top LPDA tine. This applies to the 2009-10
heartbeat antenna as well. In 2010-12, the heartbeat was placed farther away, and it lay flat
on the snow surface with bore-sight facing the array.

shadowing effect, however, the gate will require adjustment in the presence of surface waves.

In 2009 the heartbeat antenna was in configuration 1, with different azimuthal angles for

each channel. In 2010-11, we re-oriented the heartbeat antenna to be farther away, and in

configuration 2. This action was taken for several reasons First, the heartbeat pulses were

missing from the West channel because it was previously the last channel to be hit by the

heartbeat, and the 60 ns trigger delay in Tpp meant that the SCA digitizer for the West

channel was missing the waveform as it passed through the detector. By reorienting the

heartbeat antenna, we were able to capture heartbeat pulses in the West channel as well as
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the others. Using configuration 2 also shortened the width of the pulses, making them more

ideal for cross-correlation studies to determine timing resolution.

3.2.4 Heartbeat Events from Different Periods

Understanding the structure of the time-dependent waveforms recorded by the detector LP-

DAs is essential. It is also important to verify that the response of the LPDAs and subsequent

pieces of the data acquisition chain does not depend on time. The heartbeat class of events

recorded by the prototype confirm that the same waveform structure is recorded from the

same experimental setup examined in different periods of station operation. Shown in fig-

ures 3.34 - 3.36 are heartbeat waveforms from the austral summer of 2010, both before and

after the wireless tower removal, and heartbeat waveforms from after the station restarted

in October 2010.

The time structure and voltage structure of the events have not changed over the course of

the year, as the antennas were buried under 4 ft. of snow. Only the beginning of the West

channel pulse is digitized due to the location of the heartbeat transmitter, and a 60 ns delay

associated with the trigger. In December 2010, the heartbeat transmitter was moved to a

location that corrected this issue. Heartbeat data from the new location are also constant

in time, and an example event (with the visible West channel pulse) is shown in chapter 4,

figure 4.32.
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Figure 3.34: These examples of heartbeat waveforms recorded by the proto-station North
channel. (Bottom): event # 659176, run 100, from January 2010. (Middle): event # 844229,
run 160, from February 2010 (after wi-fi removal). (Top): event # 17745, run 100 (after
winter restart), October 2010.
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Figure 3.35: These examples of heartbeat waveforms recorded by the proto-station East
channel. (Bottom): event # 659176, run 100, from January 2010. (Middle): event #
844229, run 160, from February 2010 (after wi-fi removal). (Top): event # 17745, run 100
(after winter restart), October 2010.
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Figure 3.36: These examples of heartbeat waveforms recorded by the proto-station South
channel. (Bottom): event # 659176, run 100, from January 2010. (Middle): event # 844229,
run 160, from February 2010 (after wi-fi removal). (Top): event # 17745, run 100 (after
winter restart), October 2010.
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Chapter 4

Icicle 1 Prototype Data Analysis

The primary purpose of the ARIANNA prototype station was to study radio frequency

backgrounds of the ARIANNA site (Moore’s Bay) and to begin assessment of relevant tech-

nologies for remote autonomous operation. A large range of threshold conditions, on the

CAGES board, and detector operation modes were explored over the course of 3 years.

Specifically, high and low-power run states were explored to study the trade-off between

power consumption and live-time. These changes resulted in useful insights on station op-

eration, control, data archiving and power generation, but it also created highly variable

trigger rates. Fortunately, the operation of the prototype station was stable enough for a

limited period of time each year for a dedicated search for neutrino signatures in the data

samples. This chapter is devoted to the discussion of total detector operational live-time

and the subset of data in stable periods that were used to search for characteristic neutrino

signatures.

Due to the frequency bands of the trigger system, it is possible to collect thermally triggered

events with relatively more power at high frequencies (660-990 MHz) as expected from neu-

trino signals, or at low frequencies (130-460 MHz), which form the dominant contribution to
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the time dependent waveform. Consequently, high and low band thresholds that emphasize

the high frequency band result in thermally triggered events with relatively little power in

the lower frequencies. Thermal triggers from the first and third seasons are a result of such

conditions. It is expected that the frequency content of each trigger band is approximately

independent, so highly unusual fluctuations in power in the emphasized high frequency band

would not necessarily show unusual fluctuations in variables relying on time domain quan-

tities. We study this effect and use it to optimize the criteria to remove background events

generated by thermal fluctuations. This analysis also contains Monte Carlo comparison to

the expected mathematics of non-uniform bandwidth thermal noise, primarily from the work

of S.O. Rice [72].

The Icicle1 prototype also collected housekeeping data in the form of voltage measurements

on the ADC of the DMM-AT board in the CPU stack. The purpose of this data was

to characterize the local detector environment in the form of wind speed, temperature,

power consumption, and temperature. From the available housekeeping data, useful design

properties, such as live-time, can be revealed. Several examples are the minimum solar

panel rating (given a desired detector live-time), the maximum achievable live-time with

and without wind power, and the lowest temperature our electronics must withstand.

This chapter is organized as follows: sections ?? and 4.1 cover the housekeeping data, section

4.2 defines the different event classes and discusses the mathematical properties of thermal

noise, and sections 4.3 through 4.6 present the data from the 2009-10, 2010-11 and 2011-12

seasons of data, along with a characterization of the trigger action.
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4.1 Housekeeping data, 2009-12

The housekeeping data reveals interesting properties of the local environment of Moore’s

Bay. These data will be used in subsequent seasons to design robust detectors capable of

withstanding the harsh climate and providing useful data on a year-round basis. To this end,

measurements were made over three seasons of the yearly temperature profile, maximum

achievable live-time (as a fraction of one year), and the battery buffering necessary for

operation on wind power during the winter.

The purpose of the housekeeping system is two-fold: the housekeeping daemon hkd (section

3.1.2) controls the list of devices receiving power via the electronic relays, and it records

the data sampled by the ADC. The ADC is the 16-channel, 12-bit, 10 V dynamic range

device on the DMM-AT board in the CPU stack of the station. The beginning collection of

measurements in the 2009-10 season was comprised of the battery voltage, wind-speed at 7

ft. above the snow surface, the external temperature, and the temperature inside the RF

sealed electronics box. Figure 4.1 shows our initial prototype data.

Figure 4.1 contains all data from the first deployment of Icicle1 until December 2010 when

ARIANNA expedition members returned to Moore’s Bay to make repairs and modifications.

The x-axis is time, expressed in days (Universal Coordinated Time - UTC), with the origin

set to January 1st, 2010, at midnight. Around the 90th day of the year 2010, the sunlight

and wind power were no longer sufficient to keep the battery charge above the shutdown

voltage. At a battery voltage of ≈ 10 V, the internal DC-DC converters can no longer provide

a stable 5 V voltage for the CPU to remain active, and this causes a reboot, or a shutdown.

The data gap continues from day 93 to day 284. Day 284 is October 11, 2010, when the

sun has begun to rise over the Antarctic horizon enough to power the station all day. The

unix clock in the CPU stack drifts from UTC times obtained from satellites. As discussed

in chapter 3, the GPS daemon GPSd corrects the unix clock once it drifts by more than
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Figure 4.1: Housekeeping data set for the first season of the prototype deployment. The
x-axis is time units (UTC days since January 1, 2010). The system AGM battery voltage is
the upper graph, the wind speed in knots is shown in the middle, and the temperature from
the back of one solar panel and inside the instrumentation box are shown at the bottom.

100 seconds from the time seen by the GPS system, which is also set to UTC. After being

de-powered for several months, the CPU backup battery (responsible for holding the BIOS

settings and clock time between reboots) was drained. Consequently, it generated a time

from before the station was deployed in 2009, which in turn confused the GPS updating

system. Thus, the unix times for the reboot period (days 284 to 345) are not useful. During

this period, GPS times associated with the data runs were used in figure 4.1. The time

dependence of the battery voltage (measured prior to the Vicor DC/DC converter system)

is quite complex, and primarily associated with the charger controller. A few of the features

are described next.

When the AGM battery is at full charge and connected to solar panels, the nominal voltage

for a full charge is 14.4 V. The solar panels are at higher voltage than the battery (16.2

V closed circuit into a 12 V system). At a set voltage on the charge controller (14.4 V),
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Figure 4.2: The battery voltage for days 4-12 in 2010 demonstrate a variation with a period
of 1 day. The fitting function is V (t) = A sin(2πft+φ) +C. The amplitude is 0.93±0.02 V,
and the frequency is 0.998± 0.003 days−1. The phase is 0.7± 0.1 radians, and the constant
offset is 13.14± 0.02 V.

the solar panel line is diverted across a resistor, and dangerous voltages are avoided. This

switching occurs at a rate of ≥ 1 Hz in the lab when the battery is fully charged. There

is a daily variation in the battery voltage between 12-14V. This variation is caused by the

daily variation in solar intensity. Figure 4.2 illustrates the daily variation for a week in

January where the conditions were especially stable. Although the effect is not necessarily

simple harmonic oscillation, it is described well by a sine function that indicates simple solar

variation. The nominal voltage under load is given by the downward swings near 12.2 V,

and the upward swings are near the limiting voltage of the charge controller. The period of

the fit is one day, and the phase indicates the high voltages are near mid-day in local time.

Just prior to 50 of 2010, the HK data indicated a unusual drop in instantaneous (not aver-

age) battery voltage which eventually lead to a reboot of the CPU. Before this happened,

waveform data acquisition was deactivated, reducing the power consumption from 30 W to
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10 W. The increase in windspeed and the decrease in solar power are typical of large weather

fronts in the austral autumn. Once the wind dissipated and the sun reappeared, the battery

voltage increased to 14.5 V (maximum), and rebooted and the station. The shift in voltage is

caused by the lower power consumption, confirmed in the laboratory freezer at -30◦ C. After

sunset, the Forgen 1000LT was needed to generate enough wattage to sustain housekeeping

data collection, but this unit needs 30 knot winds to produce 1 A of current. The wind speed

at the height of the generator never reached this level, limiting operations.

Finally, two thermo-electric transducers measured the temperature of the back of a solar

panel and within the instrumentation box. Naively one expects the buried instrumentation

box sensor to correspond to the running average of the thermistor attached to the solar panel,

however inside the box the effect of the electronics on the temperature is non-negligible. The

CPU stack alone consumes 7 W and throws off heat which raises the ambient temperature.

Because most of the electronics were deactivated after day 50, there was a significant dip

in the temperature inside the instrumentation box. The rise in temperature measurements

just before shutdown is non-physical, most likely due to changing voltage levels with a low

battery. The temperature sensors, which convert a temperature to a current, rely on a steady

voltage input to convert the current to a voltage. Just after the restart, the instrumentation

box was still at the ambient temperature. Around day 320, there was a small jump in the

internal temperature, probably caused by the peripheral devices attempting to turn on after

reading the default Hkd settings rather than low power settings.

In addition to the on-board temperature sensors, two Madgetech temperature data-loggers

separately recorded the same temperatures for the purposes of calibration and recording an

entire year in the event of a shutdown. The results are shown in figure 4.3. The data loggers

reveal a two pieces of information that the on-board sensors missed. The internal temperature

does reflect the running average of the external temperature in the absence of internally

generated heat, and the minimum internal temperature reached under such conditions is -35◦
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C. Thus, all future electronics designs for ARIANNA must be able to withstand temperatures

of -40◦ C. Ambient temperature fluctuations are expected to diminish in subsequent seasons

as the stations are further insulated by layers of snow.
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Figure 4.3: The solar panel data logger (red) and the internal data logger (black) recorded
temperatures throughout the year at the first ARIANNA site.

During the second and third austral seasons (2010-11 and 2011-12), similar data was col-

lected, and a higher power wind turbine was deployed in 2010. The turbine was a five-blade,

furling, 100 W Aerogen-6 unit. The temperature sensors were removed, and the anemome-

ter was transferred to Icicle2 (1 km from the proto-station). With several seasons’ worth

of housekeeping data, important station characteristics, such as live-time versus solar and

wind capabilities, can be assessed. This data also informs our sense of the low level of power

consumption needed to sustain operations all year round. Figure 4.4 shows the global time

series for the battery voltage, 5V DC-DC converter line, and the wind speed, and table 4.1

summarizes the beginning and end of each data run.

The data in the first two time blocks is the same is in figure 4.1; the station began operations

in 2009 and continued to October 2010. The winter shutdown is expected because of the

151



UTC Day since Jan 1, 2010 Start/Stop High-power mode activated
-14.0 Start (first season) (-14.0 to 45.75)
93.0 Stop (winter shutdown) –
284.0 Start (winter reboot) (354.35-411.5)
411.5 Stop (winter shutdown) –
713.0 Start (manual reboot) (713.0-792.0)
792.0 Stop (winter shutdown) –

Table 4.1: These are the start/stop dates for Icicle1 operations. The first column indicates
the time, the second indicates the action, and the third indicates when waveform data
acquisition took place (high-power mode). See text for details.

known inefficiency of Pb-acid batteries in extreme temperatures. In December 2010, Dr.

Steve Barwick and the author turned off the station to make adjustments upon arriving in

Moore’s Bay. Thus, the ensuing data gap around day 350 is non-physical. Although there

are nominally-digitized thermal triggers and heartbeats from the first winter reboot period,

the UNIX clock was reset. This makes the data acquired between the winter reboot and

the 2010 expedition more difficult to analyze because the time of each event is meaningless

(these events are not included in the waveform analysis). The station continued to operate

normally, observing similar wind speed structure to the prior year. The wind rarely tops

30 knots at 7 ft. above the snow surface (the anemometer was eventually 4 ft. above the

surface due to snow accumulation throughout the year). Unlike the prior year, the station

was operated in high-power (30 W) mode until solar power faded to non-sustainable levels

on February 27th.

This strategy was chosen to acquire a maximum of thermal triggers, rather than optimize

for live-time in low power (10 W) mode. The snow began to accumulate to the point that

the solar panels were buried some time during the winter. As a result, the station did not

recover from the 2011 winter because the buried solar panels produced no power once the sun

returned. The author, along with Joulien Tatar and Dr. Eric Berg ventured again to Moore’s

Bay in 2011 and were able to acquire another 90 days of data. Figure 4.4 demonstrates that
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we can achieve 45% live-time with solar power only, while consuming 30 W. The live-time is

estimated by considering days 0 to 360 and subtracting 200 days for the data gap. One can

take any year-long period and obtain a similar answer, as long as it is taken into account

that days 600-700 would have data if not for the burying .

Figure 4.4: The 2009-12 housekeeping data. (Top) the global battery voltage throughout
the three seasons. (Middle): the global wind speed atop the solar frame. (Bottom): the 5V
DC line, responsible for powering the CPU stack.

The maximum wind speed was 43 knots, occurring on October 10, 2010, as the station

rebooted for the first time after the austral winter was fading to austral spring. Figure 4.6

is a normalized histogram of the averaged (binned) wind data from figure 4.4 (middle). The

average wind speed is just under 5 knots (figure 4.5), the cut-in speed of the Aerogen-6 unit.

The cut-in speed is the wind speed at which the internal circuitry of the unit connects the

generator to the charging lines. This way, the back-resistance from the generator will not

stop the blades from turning in low winds. A 5 knot cut-in speed is typical of most wind

generators of this size. While the wind speed distribution falls exponentially, and the spike
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Figure 4.5: This data has been digitized from the manufacturer’s manual of the Aerogen 6
wind turbine. The cut-in speed is 5 knots and the slope is 0.75 A/knot.

at 9 knots is caused by two especially powerful storms between days 720 and 740. A simple

relationship between current and windspeed for the Aerogen unit is I(w) = 3/4(w − 5),

where w is the wind speed in knots (the output is non-linear above 25 knots). Figure 4.6

indicates that 10 knots of wind would be required to provide 2.5 A (to operate the station

in full power mode), and this windspeed is one factor of the r.m.s above the mean.

The housekeeping data from Icicle2 will be published much more extensively in [81]. The

ARIANNA stations experience other variations in battery voltage besides the effect caused

by the daily solar intensity variation. The Icicle1 battery voltage (red, upper) alongside the

Icicle2 battery voltage (blue,lower) data is shown in figure 4.7. This data comes from the

third austral season (2011-12) during which three Pb-acid batteries were deployed in Icicle2,

and two Pb-acid batteries for Icicle1. The cycles are correlated in time, which is given on the
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Figure 4.6: The wind data from figure 4.4 has been plotted here as a histogram.

x-axis in days since Jan 1, 2012 (5 days per division). The increased storage capacity was

meant to provide a buffer between wind storms and cloud cover. The times when the voltage

decreases below 12 V usually correspond to strong wind and low solar intensity, indicating

a weather system moving across the detector. Because Icicle2 was deployed with 30W solar

panels, rather than the 50W units of Icicle1, the battery voltage is below maximum more

often despite having one additional battery.

Figure 4.7: The red data (top) is the battery voltage for the prototype station at the be-
ginning of the 2011-12 season, and the blue data (second from top) is the Icicle2 battery
voltage.

Based upon the global housekeeping data set, estimates of the future station requirements

can be made. First the total livetime of a station that is powered exclusively from wind is
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calculated using wind speed data from 4.4, assuming it is representative of wind conditions

over the entire year. This is conservative, since average wind speeds are likely to be larger

during the winter months. The simulation, developed with the help of Daniel Kennedy at

the University of Kansas [12] assumes power generated by a Bergey 200W wind turbine

(similar in blade geometry and power rating to Air 40 by Southwest Windpower, which was

deployed in 2012). The battery storage capacity in 4.8 refers to actual storage capacity at

the ARIANNA site, which is a fraction of the rated battery storage. For Pd-acid batteries,

the storage capacity at -30◦ C (the mean average temp of the firn ice near the surface) is ≈

30% of room temperature rating. For Li ion batteries, the storage capacity is nearly 80% at

-30C. There are several positive outcomes indicated by figure 4.8, in light of new ARIANNA

technology. The latest data acquisition technology is expected to require just 7.5 W of power,

not 15W as assumed here. Also, solar power is sufficient to generate power for about half the

year, so wind is only necessary during the winter months. Therefore, 20 Amp hr of battery

storage provides an additional 50% of operational live-time during the winter months. In

2012, stations were deployed with Lithium batteries with 80 Amp hr at -30◦ C. Thus, if the

wind storms of figure 4.4 remain frequent enough, future ARIANNA stations should be able

to operate year-round.

Solar panels perform well in the Antarctic environment due to the high reflectivity of the

snow. A solar power model was constructed [11] to determine how much live-time could

be achieved with only solar power. Figure 4.9 provides an estimate of total live time for

an ARIANNA station as a function of power production by the solar panels. The power

system in the model consists of 4 solar panels, oriented to face due north, south, east and

west. Each solar panel produces the specified power for normal incidence, and reduced by

cos(θ) for different astronomically accurate sun angles, where θ represents the deviation angle

between the sun and normal direction of the solar panel. The solar panels have power rating

specified for normal incidence for noon sun at a location of 45 degrees latitude. We have

incorporated a model of solar irradiance for clear skies (typical of the Antarctic weather) as
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Figure 4.8: Estimated live-time (as a fraction of 1 year) from wind generator as a function
of the capacity of the battery in units of (Amp hr). In this study, the ARIANNA station is
assumed to consume 15W, and that the observed wind data is typical all year round [12].

a function of zenith angle, but the model overproduces sunlight for sun angles within 5◦ of

the horizon.

The data plotted in figure 4.9 should be interpreted as an upper limit to the fractional

live-time. The four curves correspond to different loads: 7.5W (upper), 10W, 22W, and

30W (lower). We also take into account the significant additional power generated by solar

panels on Antarctic snow due to significant reflection and scattering by the snow surface. A

solar panel rated for 30W delivers 30% more in Antarctica for sun angles of ≈ 30◦ above the

horizon. Part of the live time is obtained also by running off batteries once the sun has set.

The simulation uses a battery capacity of 150 A hr, again leading to an overestimate of the

operational live time. The simulation shows that live-time based on solar power and large

battery buffering can achieve more than 50% of the year, but optimistically it is no larger

than 60% of the year. The improvements are almost as good with a much smaller battery;
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the solar panels can produce enough current total current to power the station in summer.

In general, a large battery is useful for buffering variations in cloud cover, and the short

nights during the transitions between 24-hours of sun and darkness.
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Figure 4.9: The live time as a fraction of a 1-year period versus the power rating of the four
solar panels. The four curves are for varying levels of station power consumption: 7.5W
(top), 10W, 22W, and 30W (bottom) [11].

Notice that the result for four 30W solar panels is close to the 45% result obtained earlier,

for a 30 W station. The result from earlier, however, was obtained with data taken during

low power mode, around 10 W for some of the time. The agreement between the model and

the data is somewhat justifiable since the model assumes three times the storage capacity. If

there was 150 A-hr of storage during the first season the station would have operated in high

power mode until early April. In 2012, the new stations will consume just 7.5W, gaining an

expected month in live-time compared to previous deployments.
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4.2 The Icicle1 Prototype event classes and the prop-

erties of thermal background fluctuations

There are several types of waveforms collected with the prototype station: forced triggers,

thermal triggers and heartbeats. Each event class serves a purpose. Forced triggers char-

acterize properties of the thermal noise background and therefore quantities like the system

temperature and the power spectral density. Studying thermal triggers helps to develop cuts

that remove background events posing as neutrino signals. Heartbeat triggers are created

by a pulser built into the stations to stand in for large signal events and to help understand

the timing of the system.

4.2.1 IceSoft event classes - forced triggers, thermal triggers, and

heartbeat triggers

During normal waveform data collection, the Icicle1 prototype and the other ARIANNA

stations collect three classes of events. To establish and characterize the thermal noise

collected and amplified by the LPDA and LNA system, forced triggers are recorded at a

regular time interval, the forced trigger period. There are several useful calculations with

forced trigger data. Forced triggers sample the underlying gaussian distribution of thermal

noise in the system. A forced trigger does not satisfy the trigger settings; the station simply

reads out the data in the digitizer as if it had caused a trigger. Although they are not very

powerful events, forced triggers stand out from other triggers in that they occur regularly

(according to the setting in the Acqd configuration file). The Icicle1 and Icicle2 do not tag

forced triggers, so the regular spacing in time is crucial for identifying and removing them

from populations intended for neutrino searches. Stations deployed in 2012 and later tag

forced triggers.
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A thermal trigger is a randomly occurring thermal fluctuation that satisfies the trigger set-

tings. Any thermal trigger could actually be a neutrino or cosmic ray, because they must

satisfy the trigger. They are randomly spaced in time, with a rate that depends on the thresh-

old. Typically, if the waveforms in two different channels are above the channel threshold

within 8.3 ns of one another, this satisfies the trigger settings. Known as the gate, the num-

ber 8.3 ns is two clock cycles of a 6× speed 40 MHz digital clock. The channel thresholds are

simply a number of ADC counts that are proportional to the event rate (a higher number

of counts yields a higher event rate). The physical threshold is in the Fourier domain; the

integrated power through a tunnel-diode over a 8.3 ns window must cross above a certain

level. Even though the trigger is in the frequency domain, there still exists a relationship to

the time domain.

Given that x(t) is some square integrable signal in time, with a Fourier transform X(f) in

unitary normalized form, Parseval’s theorem in physics and engineering is often written as

∫ ∞
−∞
|x(t)|2dt =

∫ ∞
−∞
|X(f)|2df (4.1)

The total power in the time domain is proportional to the square of the maximum amplitude

of a signal, and the total power in the time domain is equal to the total power in the Fourier

domain (equation 4.1). Therefore, the square of the amplitude of a signal is proportional to

the total power in the Fourier domain. The integral of the quantity |X(f)|2 (over a finite

time) must be over threshold to trigger Icicle1. Therefore, the probability that a pulse will

trigger Icicle1 is proportional to its amplitude squared. For example, consider a gaussian

pulse of the form

160



x(t) = exp(−at2) (4.2)

X(f) =
√
π/a exp(−π2f 2/a) (4.3)

One can easily check that this transform pair satisfies Parseval’s theorem by using the identity∫
exp(−u2)du =

√
π. The amplitude of x(t) is one, and if we were to scale it, the amplitude of

X(f) would scale with it, because the Fourier transform is a linear operator. Therefore, the

integral of |X(f)|2 (which is what the trigger of the prototype checks) is directly proportional

to the square of the amplitude of x(t). Now, the proto-station trigger cannot integrate

forever; it integrates over roughly 8.3 ns. Thus, the assumption that the integral of |X(f)|2

is proportional to the square of the amplitude of x(t) must hold on finite (short) time scales.

Suppose that the gaussian pulse becomes increasingly narrow in the time domain, that is,

a → ∞. Then we need not worry; the integral of |x(t)|2 covers the whole pulse, Parseval’s

theorem holds, and we may associate the square of the signal amplitude with the integral of

the power. If a→ 0, then the pulse is no longer short (compared to the integration window)

and the integral of |x(t)|2 doesn’t contain the whole pulse. However, if we identify a = 1/2σ2
t

in the time domain, and π2/a = 1/2σ2
f in the frequency domain, we find that the width of

the signal in the time domain and the width of the spectrum in the frequency domain obey

an uncertainty principle:

σtσf =
1

2π
(4.4)
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If the signal width becomes much longer than a trigger integration time, then the width

of the distribution in the frequency domain narrows, approaching the simple case where

all the power is concentrated on the DC component. In that case, we have exactly P =

V 2/R and the integral of the constant power over a short time scale is P times the time

window, which is proportional to V 2. Thus, for signals that are either much shorter or much

longer than the trigger integration window, the integral of the power over this window is

proportional to the signal amplitude squared. It turns out that [58] equation 4.4 represents

a fundamental identity from the Fourier analysis of waves - the multiplication of the widths

in the frequency and time domains is constant. Thus, for a variety of pulses the power in

the Fourier domain is proportional to the amplitude in the time domain. Thus thermal

triggers with amplitudes that are large compared to the rms noise are interesting. They

are the farthest above threshold, making them better candidates for neutrino signals. A

large amplitude also makes possible timing reconstructions and other cuts that make them

distinguishable from a potential Askaryan pulse.

The final class of event collected by the Icicle1 prototype is the heartbeat trigger. The

heartbeat pulser is an Avtech AVP-AV-1S-P-UCIA pulser with adjustable width and height.

For the data runs we set the width to be 1 ns, and the height to be between 5 and 10 V,

depending on our needs at the time. The location of the heartbeat antenna is given in figure

3.33. The heartbeat pulse propagates from the heartbeat pulser, through LMR-600 coaxial

cable, and is radiated from the LPDA antenna. The pulse travels back across the detector,

causing a trigger with pulse amplitudes significantly larger than the average thermal trigger

(see below). These pulses serve two purposes. As with the forced triggers, they are spaced

evenly in time, except the period is 1 second. The housekeeping daemon activates the pulser

for a short time at the beginning of a data run.

Thus at the beginning of all data runs, we observe the heartbeat triggers and know that

the detector’s trigger is operating normally. The second purpose of the heartbeat triggers
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is to constrain the timing resolution of the detector. The heartbeat antenna was oriented

in configuration 1 with four different angles for the four channel LPDAs during the first

season, making timing reconstruction difficult. Though this modifies the power spectrum in

a simple way (section 3.2.3), the pulse shapes are slightly different. In 2010-11 and 2011-12,

the heartbeat pulser was re-oriented in configuration 2 with respect to the channel LPDAs,

and the results improved enough to make an assessment of the timing resolution.

4.2.2 Mathematical properties of thermal noise, informing the

Monte Carlo simulations

Any antenna and amplifier system will record thermal noise according to the system tem-

perature. The system temperature is really a sum of several sources of Johnson noise, which

we will discuss in turn. Johnson noise is merely the open circuit thermal noise across a

resistance due to the temperature of the resistance. The system temperature of an antenna,

transmission line and receiver/amplifier system is given by equation 4.5, assuming a lossless

transmission line [63]. For the ARIANNA bandwidth, the coaxial transmission lines are

LMR-600, with a 0.6 dB loss at 1 GHz for 6 m of cable.

Tsys = TA + TAP

(
1

ε1
− 1

)
+ TR (4.5)

All temperature units are in Kelvin. TAP is the physical temperature of the antenna and ε1

is called the thermal efficiency parameter. TA is the antenna temperature, thought of as the

Johnson noise across the radiation resistance of the antenna. If P is the total power being

received, with no direct signal other than noise, then P = kTAB, where k is Boltzmann’s

constant, and B is the bandwidth. If the antenna is directed at a very hot region of space, the
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noise fluctuations of the voltage at the antenna terminal will be larger than if the antenna is

directed at a cool region of space. One way to get a handle on the antenna temperature is to

direct the antenna at the region of space where the signal originates, record the temperature,

and then move the antenna off the source, recording the temperature a second time (a

common technique in radio astronomy). Let Ton be the first temperature, Toff be the second

temperature, ΩA be the beam area, and Ωs be the angular extent of the source temperature.

The temperature of the source of radiation is then [63].

Ts =
ΩA

Ωs

(Ton − Toff ) (4.6)

In the case of the ARIANNA system, we know that the noise source is the ice and snow

around the antenna, and that it is isotropic:

Tice =
4π

ΩA

(Ton − Toff ) = (Ton − Toff )D (4.7)

Here we have used the familiar expression for the directivity, D = 4π/ΩA. The ratio of solid

angles has been flipped between the two equations. In the first case, the source solid angle

is subsumed by the beam area, whereas in the second case, the thermal bath solid angle

subsumes the beam area. Solving for Ton, we have

Ton = Tice/D + Toff (4.8)
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Toff is just the ambient temperature in Moore’s bay, the environmental temperature the

antenna would see if the ice shelf were not there. However, figure 4.3 tells us that the

external ambient temperature and Tice are equal on average, so we can simplify and obtain

Ton = TA = Tice(1 + 1/D). We have D = 5.0 from figure 3.9, and an average temperature of

≈ −17◦C from figure 4.3. We conclude that TA = 307K.

The factor TR in equation 4.5 is the noise temperature of the receiver, in this case the low-

noise amplifier, which has a gain of approximately 70 dB. The noise introduced just by the

amplifier can be thought of as the Johnson noise added to the source resistance (to which

the amplifier is matched) by the amplifier - that is, the source resistance appears hotter due

to the amplification. This noise is typically quantified by a noise figure ([57], chapter 7):

NF = 10 log

(
kTBR + V 2

rms

kTBR

)
= 10 log

(
1 +

V 2
rms

kTBR

)
(4.9)

In equation 4.9, k is Boltzmann’s constant, T is the physical temperature of the ampli-

fier/source resistance circuit, B is the bandwidth, R is the source resistance (taken to be 50

Ω unless otherwise specified), and Vrms is the rms noise voltage at the input of the amplifier.

The observed rms noise for a 50 Ω terminated ARIANNA LNA is ≈ 30 mV, with a gain of

70 dB and a bandwidth of 0.1 to 1 GHz. Accounting for the gain, equation 4.9 gives a noise

figure of 1.5 dB. The conversion between noise figure and noise temperature is

TR = TAP (10NF/10 − 1) (4.10)

The physical temperature of the antenna, amplifier, and transmission line is assumed to be
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uniform and constant. For ARIANNA, the average physical temperature can be between

−35◦C and 0◦C. Taking an average temperature of −17◦C yields a temperature in Kelvin of

256 K, and assuming the 1.5 dB noise figure produces a TR value of 106 K. This is comparable

to the answer for the receiving system of ANITA (ref. ANITA design): 140 K. For now, we

assume that the thermal efficiency parameter (ε1) is close to unity because the antennas are

made of aluminum. Adding the noise temperature and the antenna temperature, we obtain

Tsys = 413 K.

Knowing the system temperature, we can calculate the rms level of power fluctuations in the

thermal noise observed by the system. From [30], the rms level of power fluctuations is

∆S =
kTsys

Aeff
√

∆t∆ν
[Wm−2Hz−1] (4.11)

Equation 4.4 above demonstrates that ∆t∆ν is a small, constant parameter. Additionally,

ARIANNA does not have infinite bandwidth, so
√

∆t∆ν ≈ 1. All that’s left is to assess

the effective aperture of the LPDA antenna, Aeff . The LPDA has a frequency-independent

gain (directivity), and therefore a frequency-independent beam area. The effective aperture

is related to the beam area: AeffΩA = λ2. The average effective aperture can be derived as

follows. Let the bandwidth be B = ν2 − ν1 and the beam area be ΩA = 4π/D.

〈Aeff〉 =
c2D

4πB

∫ ν2

ν1

ν−2dν (4.12)

Using 0.1 GHz and 1 GHz for the limits of the integral, we obtain 〈Aeff〉 = c2D/(4πν1ν2) ≈

0.36 m−2. Inserting this and Tsys into equation 4.11, we have ∆S = 1.6 × 106 Jy. This
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number can be compared to the estimated ∆S of ANITA, ≈ 2× 106 Jy. The improvement

comes from the increase in aperture for little difference in bandwidth.

This thermal noise is small compared to the typical neutrino pulse. Consider the coherent

radiation emitted from a shower comprised of electrons and positrons, with an energy of 1017

eV. With a Bjorken inelasticity of ≈ 0.2, and a negative charge excess of 20% (ref obs of Ask

effect in ice), Ne = 4× 106. The total energy radiated by a single particle in this shower is

[30]

W =

(
πhα

c

)
L
(
1− 1/(nβ)2

)
(ν2
max − ν2

min) (4.13)

The front factor is comprised of Planck’s constant, the fine structure constant, and the

speed of light in vacuum. The factor L ≈ 6m is the track length of the shower. Here the

index of refraction n = 1.8, the boost β = 1, and the bandwidth we take as 0.1 to 1 GHz.

The total energy is proportional to the square of the charges if they radiate coherently:

Wtot = N2
eW . Ultimately, this estimation yields 1.8× 10−12J of energy close to the shower.

Let the Cherenkov angle be θc = 56◦. The width of the Cherenkov angle can be estimated

by ∆θc = (c/νaveL) sin θc ≈ 4◦. The shower emits the total energy into a solid angle of

Ωc = 2π∆θc sin θc ≈ 0.36 sr. Thus, we have Wtot/Ωc ≈ 5× 10−12 J/sr.

Suppose this shower travels 1 km before hitting an ARIANNA station. The LPDA effective

aperture is ≈ 0.4 m2, so the Askaryan radiation would encompass 4 × 10−7 sr, and have

2 × 10−18 J of energy (accounting for the RF attenuation in a moment). The pulse is

bandwidth-limited, about 2 ns wide, with a bandwidth of 500 MHz (such that σtσf ≈ 1).

So we conclude that the intensity is 4× 10−18 W m−2 Hz−1. Suppose the pulse experiences
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an average attenuation length of 400 m over the 1 km radio pulse path, recalling that the

power attenuation length is one-half the field attenuation length. That means five factors

of e, or a factor of 0.007. Scaling down the intensity by this factor we get 8 × 106 Jy.

Remember that the thermal noise level derived about is equivalent to 1.6 × 106 Jy. Thus,

the signal to noise ratio is 8/1.6 ≈ 5. While this is a coarse estimation, it demonstrates that

the thermal noise caused by the system temperature of 406 K is small enough compared to

the power of an Askaryan pulse from a UHE neutrino.

Thus far the noise has been assumed to be gaussian white noise, with equal power across

the bandwidth. However the spectral response of the ARIANNA amplifier, for example, is

not uniform (figure 4.10). To understand the thermal backgrounds of ARIANNA, which

ultimately lead to thermal triggers, the properties of the non-uniform bandwidth must be

taken into account. The analytical calculations in this section come primarily from S.O.

Rice, and the technique for generating corresponding Monte Carlo waveforms is from [35].

The symbol φk will represent the normalized average PSD of the forced triggers. Given

enough forced trigger events, the forced trigger data is an accurate measurement of the noise

seen by the trigger, because it accounts for all frequency-dependent effects throughout the

detection chain. The procedure has four steps, with N representing the number of samples

in an event:

• Generate and store 2N spectral weights that are the square roots of the magnitudes of

the desired PSD φk scaled by the number of samples: Hk = (2Nφk)
1/2

• Generate two sets of 2N independent, zero-mean, unit-variance Gaussian random vari-

ates Xk and Zk , add them in quadrature, and multiply them by the spectral weights

Hk to form Sk = Hk(Xk + iZk).

• Apply the complex IFFT to Sk, and obtain the first N points, which we define as

sequence sn.
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• Generate two events with N correlated zero-mean Gaussian random variates by sepa-

rating sn into its real and imaginary sequences: Yn = <sn, Wn = =sn.

Figure 4.10: The gain of the amplifier design deployed in the prototype station is plotted on
the y-axis, with 20 dB subtracted. The x-axis are 200 MHz per division, from 0 to 2 GHz.

In the actual Monte Carlo, two events are concatenated to form a full 256-sample Icicle1

event. It is shown in the above reference that Yn and Wn are Gaussian distributed, with

zero mean. It is also shown that the autocorrelation functions of Yn and Wn are the desired

PSD, φk. The Wiener-Khinchin theorem states that the autocorrelation function for any

wide-sense stationary random process is the PSD. In the next section, properties of noise

events created with this procedure are compared to real data taken with the detector.

Before quantitatively comparing Monte Carlo and noise data, two important features of

thermal fluctuations are worth noting, derived by S.O. Rice. These properties will not only

be helpful here for estimation of event rates, but useful for simulation of the new ARIANNA
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time-domain trigger, an analogue transient waveform digitizer (ATWD), relevant to Icicle3,

Icicle4 and Icicle6, deployed in 2012. Consider a randomly distributed noise signal I(t), with

an autocorrelation function ψτ

ψτ =

∫ ∞
0

I(t)I(t+ τ)dt (4.14)

The probability that I(t) lies between I and I + dI is distributed like

dP =
dI√
2πψ0

exp(−I2/2ψ0) (4.15)

Equivalently, we identify ψ0 with the rms deviation from zero. The first important result is

that the number of zero crossings per second is calculable:

R =
1

π

(
−ψ

′′
0

ψ′0

)1/2

(4.16)

The primes indicate differentiation with respect to the lag, τ . This result simplifies if the

power per unit frequency is uniform, and is limited to frequencies between fa and fb:

R = 2

(
1

3

f 3
b − f 3

a

fb − fa

)1/2

(4.17)
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Recall that a pulse maximum stands in for the integral of the power over a short time. The

second result from S.O. Rice is that the rate of maxima per second above the value I(t) = I1

is proportional to the rate of zero crossings, and in the bandwidth-limited case the expression

simplifies to

R = exp(−I2
1/2ψ0)

(
1

3

f 3
b − f 3

a

fb − fa

)1/2

(4.18)

Equation 4.18 allows us to generate expected single-channel event rates if we model the single

channel rate as a thermal fluctuation crossing an effective threshold I1. Given the rate at

which a single channel experiences a signal above threshold, the global thermal trigger rate

can be predicted. The majority logic trigger of the prototype station requires two out of

four channels to be triggered within 8.3 ns of each other (the gate τ = 8.3 ns). The formula

for the rate of thermal triggers firing on at least k = 2 channels out of N channels is [36]

Rtot =
N∑
k=2

(
N

k

)
Rkτ k−1 =

N∑
k=2

(
N

k

)
exp(−kI2

1/2ψ0)

(
1

3

f 3
b − f 3

a

fb − fa

)k/2
τ k−1 (4.19)

For the case N = 4 this simplifies to (α ≡ Rτ)

Rtot = R(6α + 4α2 + α3) ≈ 6Rα (4.20)

Table 4.2 demonstrates predictions of the total rate given the threshold, z = I1/
√
ψ0. A

threshold of z = 5 produces a thermal trigger rate of one event every several seconds. A
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typical ARIANNA event with a primary energy of 1017 eV will have a signal to noise ratio

of ≈ 5. That result implies that if the threshold is to be comparable to the expected signal

to noise ratio, the thermal rate leads to millions of thermal triggers per season to analyze.

The next generation trigger for ARIANNA, which will be capable of identifying patterns in

the time domain, should allow us to reject patternless thermal fluctuations while keeping

the threshold the same (or even lower - see [81]).

Threshold, z R Rtot

3 6.76 MHz 2.74 MHz
4 0.204 MHz 2.5 kHz
5 2.27 kHz 0.31 Hz
6 9.26 Hz 5.1 µHz

Table 4.2: The global thermal trigger rate varies widely with z. The numbers above are for
a majority logic of 2 out of 4 channels. The answer for a 0.1 Hz event rate is z = 5.11.

The observed thermal trigger rate tends to agree with the predictions of table 4.2. Specifi-

cally, in 2010-11 we employed both frequency bands of the prototype trigger, with roughly

equal thresholds (table 4.21). From figure 4.26 below, the event rate for these thermal trig-

gers was 0.0604±0.0003 Hz. The average amplitudes A = v/pp/2vrms are given in table 4.3.

Note that when the 2010-11 thresholds act on all frequencies uniformly, the station records

amplitudes at threshold of ≈ 5, and the trigger rate is close to 0.1 Hz. The smaller observed

amplitude in the West channel indicates atypical operation, and is discussed in detail below.

However, the fact that the amplitude doesn’t seem to fluctuate as far above background as

the other channels can be used to explain the discrepancy between the predicted rate of 0.1

Hz and the measured rate of 0.06 Hz. Removing one channel entirely from the majority logic,

in this case, should drop the rate by a factor of 2. In the 2009-10 season, the low-bandwidth

portion of the trigger was not used at all, and in the 2011-12 season, the thresholds (table

4.21) were much lower in the high band than the low band. The response of the LPDAs

and amplifiers produce events with smaller values of A = vpp/2vrms in this case, because the

hardware emphasizes lower frequencies.
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Channel A = vpp/2vrms RMS
North 4.8 0.9
East 5.5 1

South 5 1
West 3 1

Table 4.3: The average and rms of amplitudes A = vpp/2vrms from 2010-11 thermal triggers.
Periodic events such as heartbeats and forced triggers, as well as other self-triggered events
have been removed from this data.

4.2.3 Forced trigger comparisons to Monte Carlo

To understand the noise observed in the system, comparisons to Monte Carlo simulations

have been made. One important effect is that the non-uniform PSD φk of the noise causes the

cross-correlations between channels to contain periodicities close to the dominant frequencies

in the spectra. One statistical variable that is useful for neutrino signals is the sum of the

lags from the cross-correlations of adjacent channels. The lag between two signals is defined

as the value of τ that maximizes the cross-correlation:

ψτ,max =

∫ ∞
−∞

f(τmax)g(t+ τmax)dt (4.21)

The cross correlation of two channels recording the same wide-sense stationary random

process yields a randomly-distributed lag between the highest and lowest possible times [64].

However, introducing the power spectra of forced triggers (figure 4.11) as the function φk in

section 4.2.2 above introduces periodicities. The sum of the lags from the cross-correlations

of adjacent channels (North-East, East-South, etc.) we define as the planarity:

P = τNE + τES + τSW + τWN (4.22)
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Figure 4.11: The normalized PSD of the four Icicle1 prototype channels, forced triggers
only. These spectra are not uniform, and we can use this fact to explain odd behavior in the
planarity.

A true plane wave, with no signal corruption due to noise, satisfies the identity P = 0.

To prove this, consider difference in arrival times between to channels. Let the vector Bij

describe the baseline between two adjacent channels i and j, and let v be the velocity vector

of an incoming wave. The difference in arrival times for these two channels is

τij =Bij · v̂/|v| (4.23)
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The planarity P is therefore

∑
adjacent

τij ∝
∑

adjacent

Bij · v̂ = v̂ ·
∑

adjacentBij = 0 (4.24)

The last statement is true for any detector where the signal antennas form a polygon in a

plane. Thus, the expectation when comparing thermal triggers to a true neutrino event is

that a powerful neutrino event has P = 0 always, and thermal/forced trigger planarity values

are drawn from a normal distribution, since they are the sum of four (flatly-distributed)

random variables. This normal distribution can be simulated, and is fit by a gaussian

function in figure 4.12, in the absence of a non-uniform PSD. The real forced trigger data

has an interference pattern near P = 0 ns, ie it is not a simply normal distribution. However,

when the forced trigger power spectrum is introduced into the simulation as described above,

the same interference pattern arrises near 0 ns planarity. In spite of the interference pattern,

the Gaussian fits to all the distributions lie on top of one another.
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Figure 4.12: (Red): The normalized planarity distribution for 105 Gaussian white noise
events with a perfectly flat PSD between DC and the Nyquist critical frequency. (Blue):
Identical conditions, except that the event PSDs equal the forced trigger PSDs from real
data.
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Figure 4.13: The normalized planarity distribution from 43,000 forced triggers taken in the
first half of the 2010-11 season. A similar interference pattern near 0 ns appears in the Monte
Carlo above.
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Another data feature that the Monte Carlo must model is the amplitude of thermal noise.

We define the channel amplitude as one-half of the peak to peak voltage in the event, divided

by the rms noise in the event:

A =
1

2

vpp
vrms

(4.25)

The motivation for this particular definition is that it is less risky than merely computing

the ratio of the maximum voltage in the event and the rms noise. Fluctuations and signals

that excite the LPDA antennas and are amplified by the LNAs cause ringing in the system,

making them bi-modal instead of just fluctuating positively or negatively. Single direction

fluctuations are uncharacteristic of neutrino signals and should be ignored by the analysis.

Thus, the vpp algorithm finds the fluctuation with the largest bi-modal transition around a

zero-crossing (figure 4.14). The fluctuation can be either positive or negative in slope, and

we can use the same function to get the time of the fluctuation. The definition of A in

equation 4.25 will be used extensively in later sections.

The root-mean-square (rms) voltage of an event is calculated from the first 100 samples

of the event. This requirement ensures that the rms value is not biased by pulses that

form the trigger (the pulses have Tpp > 60 ns). Equation 4.26 is used to compute the rms

voltage of an event, where i refers to the sample, and 〈v〉 is the mean sample value. Even

though digitizer ”pedestals” were measured before deployment and are subtracted during

the waveform calibration process, it is not given than 〈v〉 = 0 mV, so we must compute it
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Figure 4.14: This is an example of how the vpp algorithm locates the largest negative/positive
or positive/negative transition around a zero crossing. Notice that the algorithm finds the
correct answers even in the presence of a DC offset.

and remove one degree of freedom.

vrms =
1

N − 1

N=100∑
i=0

(vi − 〈v〉)2 (4.26)

Equation 4.25 does not refer specifically to the Gaussian significance above all backgrounds

at the final stage of an analysis, but really the signal to noise ratio of a particular channel

in a particular event. Equation 4.25 should just be treated like a unit-less amplitude of a

potentially good event. Because the trigger in Icicle1 takes ≈ 65 ns to form in the FPGA

logic (see below), the first 2/3 of each channel in each event is typically background noise.

Therefore vrms in equation 4.25 is taken strictly from the first 1/3 of a channel in an event

to guarantee that no part of the signal leaks in and biases vamp lower.
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Figure 4.15: CPU triggers (forced triggers) have a characteristic amplitude distribution,
peaked at vamp = σ ≈ 3. Monte Carlo forced trigger events, produced assuming they are
made of Gaussian white noise, have a distribution peaked closer to 2.

Figure 4.16: After accounting for the non-uniformity of the forced trigger PSDs, the distri-
butions for Monte Carlo events agree with the data.
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As with the planarity variable, the amplitude variable of forced triggers can be simulated

through Monte Carlo techniques, as long as the non-uniform nature of the noise is taken

into account. Figures 4.15 and 4.16 demonstrate that without accounting for the non-

uniform PSD of forced triggers, the amplitude (significance, σ) distributions of Monte Carlo

simulations do not agree with the data. Apparently favoring frequencies between 200-500

MHz (the dominant frequencies in figure 4.11) shifts upwards the amplitude distributions.

The events in these graphs come from the period in the 2009-10 season after the wireless

transmitting system was removed, freeing the local environment from man-made interference.

Figure 4.17: An example of a forced trigger. The North, East, South, and West channels
are displayed from top to bottom on the left.

The distributions in figure 4.16 peak around 3, and we can understand this by drawing

Nsamples = 248 times from a standard normal distribution. (In the ARIANNA digitizer, up

to 8 samples of the original 256 are removed to account for the wrap-around time in the
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Figure 4.18: In the 2010-11 season, we began thermal trigger acquisition on January 18th.
The forced trigger microsecond times exhibit an interesting periodicity/drift after this time,
but all microsecond times are still less than 120,000 µsec.

circular buffer). After 248 trials, a normal distribution produces an event with σ = vamp ≈ 3

with a probability of ≈ erfc(3/
√

2) = 0.66. It turns out that, with the slight point-to-point

correlation introduced by favoring certain frequencies in the PSD, this probability increases.

An example of a forced trigger is shown through the original eventPlotter GUI in figure 4.17.

Note the lack of any significant fluctuations or correlated signals. The events are merely a

sample of the thermal background over which thermal triggers rise above threshold. There

are also four unconnected channels - a design feature we inherit from the ANITA experiment,

which had eight channels per board.

A final property of forced triggers is related to the time-stamp of the event. Because iceSoft

uses the unix clock to determine when a forced trigger event should be recorded, and because

iceSoft is required to create a forced trigger period that is an integer number of seconds long,

the forced triggers have time-stamps within ≈ 0.12 seconds of a whole second (figure 4.18,

right). For example, if a forced trigger occurs at 16hr 42min 3sec, and the forced trigger

period is 30 seconds, the next forced trigger occurs at 16hr 42m 33.075±0.075 sec. Although

the absolute time on the unix clock in the CPU drifts and must be corrected occasionally by

GPSd, the precision does not. Figure 4.18 demonstrates that, despite small issues of jitter
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in the presence of thermal triggers, forced triggers can be identified by a low microsecond

time. The reason the forced trigger microsecond times are not smaller is that Acqd takes a

finite amount of time to execute the forced trigger command.

4.2.4 Analysis of heartbeat triggers

In addition to creating forced triggers, the proto-station also created the heartbeat triggers

with the Avtech pulser. Heartbeat triggers are separated by one second in time, and there

are either 40 or 100 events at the beginning of a run, depending on the season. Heartbeats

from the first season were useful for station monitoring, and during subsequent seasons

100 events per run were taken to obtain good statistics for heartbeat calculations. During

the first season, the heartbeat antenna was oriented in configuration 1, (spines aligned),

and in the second and third seasons we adjusted it to configuration 2 (spines orthogonal).

This orientation experiences less attenuation, and sharper, shorter pulses. The heartbeat

transmitter was moved farther away to manage the detected pulse amplitudes.

Figure 4.19 below demonstrates how heartbeat events are identified in the data. The x-axis

is the UTC time of events in days since January 1, 2010. The y-axis is the time difference

∆t between consecutive events. The data comes from late in the 2009-10 season, and on

day 33.5 we removed the wireless internet system that caused heavy background noise. This

noise dominates all data before day 33.5, and has many events near ∆t = 6 sec. During that

season, the length of a data run was six hours, so there are 40 heartbeat events every six

hours, with a ∆t of 1 second. The other significant bunches of events with ∆t < 1 second

are associated with Iridium transmissions. Whenever a data run is successfully triggering

on heartbeat pulses, we know that the trigger and data acquisition system are operating

normally. There were no data runs throughout the three years of operations that failed to

record heartbeats. In 2010-11 and 2011-12, we occasionally missed several heartbeats in a
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heartbeat string of 100 triggers because the heartbeat antenna was farther away. This occurs

≈ 7% of the time, and in such cases there are ∆t (consecutive events) spikes at 2, 3, ... ns.
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Figure 4.19: The time difference between consecutive events versus UTC time in days since
January 1 2010. The heartbeat events stand out in both the loud noisy period and the quiet
thermal background period. The heartbeats have ∆t = 1 second, and occur every six hours
(four runs per day).

Heartbeat events are useful in other ways. The positions of the heartbeat transmitter and

detector LPDAs are known, making the timing offsets of each data channel measurable. The

planarity variable should give P = 0 (ns) for a noiseless plane wave, but if the channel

offsets do not sum to zero, then we really have P = ε (ns), where ε is some number of

nanoseconds much smaller than the length of an event, but different enough from zero to

confuse a neutrino and a thermal trigger. The measured and predicted time delays between

channels, along with the channel offsets, are related by the following two equations:

∆tijexp −∆tijmeas = ∆tijoff (4.27)

∆tijoff = ti,off − tj,off (4.28)
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The subscripts i and j represent the channels. The channel offset is ti,off = ti,exp − ti,meas,

where ti is defined to be the time after some reference channel is hit by the calibration pulse.

To calculate the ti,off explicitly, we must choose one of the four channels as reference (table

4.4). Because the timing information of each event will be combined into the planarity, it is

necessary to know the value of ε. We have

∑
adjacent

∆tijexp −∆tijmeas =
∑

adjacent

∆tijexp −
∑

adjacent

∆tijmeas = ε (4.29)

Table 4.4 contains the measurements from the 2010-11 heartbeat events that we place in

each sum on the right hand side. The 2010-11 heartbeats were chosen over those from 2009-

10 because the West channel waveform is almost missing from the 2009-10 data, due to

the global Tpp delay and the relatively close heartbeat antenna location that season (recall

figure 3.33). The measured time differences were taken from the time of the peak to peak

fluctuation given by the vpp algorithm described above. The analysis includes 7013 events,

located in the data by using the fact that the time stamps are one second apart, and that

the events occur in the first ≈ 100 seconds in the data runs. Evaluating the sums on the

right hand side of equation 4.29, it turns out that each sum is separately equal to zero within

statistical errors. This implies that

ε =
∑

adjacent

∆tijoff = 0± 0.3 [ns] (4.30)

The error on ε comes from adding the errors in the second column of table 4.4 in quadrature.

Although there are technically errors associated with determining the antenna positions,

which propagate to the numbers in the third column of table 4.4, these errors are negligible
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Channels ∆tij Measured (ns) ∆tij (ns) Predicted ti,off − tj,off
NE 5.7±0.2 7.15 1.5±0.2
ES 6.7±0.2 8.80 2.1±0.2
SW 11.2±0.1 15.17 4.0±0.1
WN -23.6±0.1 -31.11 -7.5±0.1

NS 12.5±0.2 15.93 3.4±0.2
WE -17.9±0.1 -23.96 -6.1±0.1

Table 4.4: The measured and predicted ∆t offsets from the 2010-11 heartbeats, along with
the differences (forth column). Letting tN,off ≡ 0 ns, we get tE,off = −1.5± 0.2 ns, tS,off =
0.7± 0.3 ns, tW,off = −3.3± 0.35 ns.

compared to the errors in the first column (we can measure antenna spine positions to a

fraction of an inch). The errors in the second column are the standard error in the mean of

the distributions of ∆tijmeas, equal to σ/
√
N , where N is the number of events. What matters

in the end is that we expect a plane wave to reconstruct with a planarity consistent with 0

ns.

An example of a (single, noisy) heartbeat event from 2011 is shown in figure 4.20. Being the

closest channel physically to the heartbeat antenna, the West channel contains the earliest

pulse. Note that the noise in the West channel is gone. This is true for all heartbeats in

the 2010-11 season. This could be a symptom of something changing on that channel of

the CAGES board, however the instrumentation box of Icicle1 will have to be recovered to

investigate further. Assuming that the West channel is along for the ride, the other channels

require ≈ 65 ns to form a trigger and readout the data.
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Figure 4.20: An example of a heartbeat event. The four channels on the left side are the
N, E, S, and W channels from top to bottom. The non-connected channels (right side) have
the same scale as the signal antennas to show the small scale of the cross-talk.
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4.3 Time Differences Analysis

This section includes the analysis of the time-stamp data of thermal trigger data taken

throughout the three seasons of data runs. Before beginning to analyze the waveforms of the

triggered events, thermal triggers must be separated from the other event classes. Section

4.3.1 contains a quantitative discussion of these ideas, and a short analysis of the 2009-10

thermal triggers during the runs free of the interference caused by the wireless ethernet

tower. Sections 4.3.2 and 4.3.3 below report similar results as section 4.3.1, but with data

from the second and third seasons.

Year/Season Start day Stop day Start run Stop run live-time (days)

2009-10 33.55 45.75 152 202 Total: 12.2

2010-11 19.17 39.75 1127 1200 Total: 20.58

2011-12 (1) -15.0 12.35 57 123

2011-12 (2) 22.84 23.86 153 155

2011-12 (3) 23.95 25.66 156 161

2011-12 (4) 26.10 31.82 162 179 Total:

2011-12 (5) 32.03 58.96 180 258 62.53

Table 4.5: A summary of the periods containing the thermal events analyzed throughout the
rest of the chapter. The days quoted are measured from 00:00 hours, January 1st of 2010,
2011 and 2012, respectively, for each season.

The electronics of the w-fi tower, which belonged to and were installed by Raytheon con-

tractors, provided excellent communications but contaminated thermal trigger data with

non-random interference. The daily periodicity of this noise (figure 4.19 in the previous sec-

tion) correlates with the daily battery voltage swings, and is associated with the wi-fi tower

only (the noise ceased precisely when the tower was removed). Thus, we concluded that the

power/charging system of the wi-fi tower was not RF shielded that season. After providing

shielding for this system in subsequent seasons, we no longer observed this dramatic effect.

The live-time from the first season runs from the wi-fi tower removal to station shutdown.

The second season began with thresholds too high to collect thermal triggers, but low enough

to collect heartbeat triggers. After the thresholds were adjusted on day 19.17 (UTC days
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since January 1st, 2011, 00:00 hours), the station began to trigger on thermal noise. Data

collection continued until station shutdown. The data from the final year was broken into

five non-contiguous periods to avoid periods of abnormally high non-thermal triggering.

4.3.1 2009-10 Season: 12.2 days of live-time.

Consider the distribution of the difference in time between consecutive, randomly occurring

events. The standard definition of the Poisson distribution describes the number k of events

occurring per unit time, with average rate λ:

P (k;λt) =
(λt)k exp{−λt}

k!
(4.31)

The probability that no events occur in a time interval t is distributed like P (0;λt). Thus,

if an amount of time t passes before the next event, the probability is

P (0;λt) = exp{−λt} (4.32)

Equation 4.32 implies that if we measure the time t between events and take the natural

logarithm of the distribution, the slope is −λ, the average event rate. The Icicle1 data begins

with a distribution of t = ∆t that has at least two spikes above the exponential background:

the heartbeats and the forced triggers at ∆t = 1 sec and ∆t = 67.0 sec, respectively. The

2009-10 data contained copious amounts of repetitive, anthropogenic noise from the wireless

transmitter that provided internet. However, after this tower was removed at day 33.55 of

2010, the event rate became limited by the thermal backgrounds. Figure 4.21 contains the
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final ∆t results for the first season. The data comes from the period [33.55, 45.75] in 2010,

for a run-time of 12.2 days.

Figure 4.21: The ∆t distribution of just the thermal triggers (no heartbeats or forced triggers)
for the data after day 33.55 of 2010. The data exhibits an exponential form, with similar
mean and rms. The inverse of the fitted slope is 133± 2 sec/event.

To obtain figure 4.21, the UTC time stamps of the trigger data in the period [33.55,45.75]

were examined. Figure 4.22 shows the ∆t versus time in UTC days for this period. The

straight line of events at ∆t = 67 sec represents the forced triggers, and bursts at 1 second

representing the heartbeats. There are occasionally events that have ∆t < 0.8 seconds,

corresponding to Iridium transmissions. These three types of events are tagged and cut to

produce figure 4.21. Figure 4.23 shows the raw ∆t distribution before forced trigger and

heartbeat removal.

The table of remaining events after each ∆t cut is shown below. The expected number of

heartbeats comes from the number of runs times the number of heartbeats per run. The

setting for this season was 40 events per run (one run was set to six hours). There is no fixed

number of forced triggers. Instead we take the number of runs times the length of a run in

seconds and divide by the constant forced trigger period (67 seconds). There will inevitably

be thermal triggers that satisfy the cut criteria. The inefficiency introduced by the stage 1

189



Figure 4.22: The raw data from trigger time stamps after the removal of a noise contami-
nation before day 33.55 in 2010. The forced triggers are represented by the line at ∆t = 67
sec, and the heartbeats occur in bursts near ∆t = 1 sec.

cut is small. Consider the integral of the exponential distribution (as it is defined by ROOT

software) between two times t1 and t2.

ε =

∫ t2

t1

dt exp {A− αt} (4.33)

First, to normalize the distribution such that the integral between zero and infinity is one,

we must have a normalization constant of N = α/eA. After multiplying the integral by N ,

and do some rearranging, we obtain (∆t = t2 − t1).

ε =

∫ t2

t1

dtN exp {A− αt} = exp {−αt1}(1− exp {−α∆t}) (4.34)
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Figure 4.23: (Left): These raw data are the same as figure 4.22, but only the ∆t distribution.
(Right): Zooming in to see the heartbeat and Iridium events. The excess at 2 seconds
corresponds to heartbeats preceded by a missed heartbeat event.

Every ∆t cut in these analyses satisfies α∆t < 1, meaning we can make the approximation

ε =

∫ t2

t1

dtN exp {A− αt} ≈ α∆t exp {−αt1} (4.35)

The limiting cases of this equation make sense: if the cut involves some time t1 that is much

larger than the average time between events (the inverse of the rate, α) exponentially few

random events are removed. If the time t1 is not large, however, it is the width of the cut

that matters. Narrow cuts are efficient, and wide cuts are not. Also note that the inefficiency

increases for higher rates in this regime: if there are more events at low ∆t, the inefficiency

will be higher. For example, cutting every event with ∆t between 0.0 and 0.8 sec, with a

rate of 0.0075 Hz, yields an inefficiency ε = 0.6%. The non-random events in this region are

associated with hourly Iridium transmissions, and show up in subsequent seasons with lower

thresholds, where the hourly periodicity is more apparent. The inefficiency here is actually

over-estimated; we rarely have a ∆t value less than 0.2 seconds because of the dead time of

the detector.

The heartbeat cut is defined as any event satisfying ∆t = 1.0 ± 0.02 sec. The σ of the
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gaussian fit to the heartbeat peak is 0.005 seconds, making the 0.02 width of the cut ≈ 4σ

wide. The choice for such a wide cut is that we cannot have heartbeats escaping into the

waveform analysis, where they pose as large amplitude plane wave neutrino candidates. The

forced trigger cut is any event satisfying ∆t = 67.0 ± 0.2 sec. Similarly, the width of the

forced trigger cut is ≈ 3σ, because the sigma of a gaussian fit to the forced trigger peak

is 0.06 seconds. It is not risky to be less stringent in removing forced triggers; they are

less likely to pose as fake neutrinos at the next stage. The inefficiencies of the heartbeat

and forced trigger cuts are 0.3% and 0.2%, respectively. These cuts combine for an overall

inefficiency of 1.1%.

Stage Events Remaining Change Expected Change Cut
Raw 26939 0 - None

Stage 1 24942 1997 1997 ∆t < 0.8 sec
Stage 2 22785 2157 1920 ∆t = 1.0± 0.02 sec
Stage 3 7525 15260 15465 ∆t = 67.0± 0.2 sec

Table 4.6: The expected change due to the cuts in the last column can be calculated for the
forced triggers and heartbeats based on how many the detector generates. The short burst
events with ∆t < 0.8 simply have to be counted; there is no prediction for how many there
should be.

4.3.2 2010-11 Season: 20.58 days of live-time.

A similar time-difference analysis was performed on the 2010-11 data, with the same goal

of obtaining a clean thermal trigger population. The 2010-2011 season presented a new

Period Events Begin End Runs Hr/run HBeats (exp) Forced (exp)
Early 68415 354.35 384.17 126 6 12.6k 40.6k
Late 233045 384.17 404.75 74 6,12 6k 27k

Table 4.7: The early period corresponds to higher thresholds, and the total event count
is mostly forced and heartbeat triggers. The thresholds were adjusted for the late period,
giving a count dominated by thermal triggers. The late period is comprised of runs 1127 to
1200.
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Figure 4.24: The x-axis is the UTC time in days since Jan 1 2010, and the y-axis is the
consecutive-event time difference. Before day 384.2 after Jan 1 2010, the threshold was set
too low to obtain a significant thermal trigger sample.

complication. Because we were aware of the noise problem from the wireless tower during

the prior season, we ensured that the charge controller/battery system was RF-shielded. The

charge controller and battery system, containing an electronic switch for the divert function,

is thought to have caused the repetitive noise. The thresholds were set high enough to keep

the station from always triggering on these events, thereby filling up the hard disk. Once the

wireless tower was shielded in 2010-11, these thresholds proved to be too high for thermal

triggers, but low enough for heartbeat triggers. The thresholds were lowered on day 384.2

(after Jan 1 2010), such that we obtained a thermal rate of approximately 0.1 Hz. The

length of a run was switched to 12 hours, and a higher rate of Iridium transmissions (once

per hour) on day 396.0. This reconfiguration is what is responsible for the gap in figure 4.24

around day 396.0. Table 4.7 summarizes these actions, and figure 4.25 displays the raw time

difference data.

After day 404.75, the wireless transmitter was again removed, to be saved from the winter.

During the 2011-12 expedition, we transferred North the rest of the 2010-11 data and learned
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that the event rate hit the maximum possible rate on day 407.0. While these new events could

be a sign of an Iridium malfunction caused by low voltages, it isn’t presently understood.

These events could have been caused by a source far from the detector (we observed external

noise in Moore’s bay in December 2011). This noise, however, could also have been caused by

DC-AC power inverters, and has not been observed again. A third possibility could be that

sun experienced a solar radio burst. This burst occurred on February 13th, 2011, between

1700 and 1900 hours UTC (ref ARA design). It was observed by the Green Bank Solar

Radio Burst Spectrometer (GBSRBS), and prototype stations of the Askaryan Radio Array

(ARA). Although the solar burst technically occurred in the middle of the period when we

experienced the anomaly, it would be more convincing if the two anomalies began at the

same time. The waveform analysis on the thermal trigger population for this season begins

on day 384.17, and ends on day 404.75.

Figure 4.25: (Left): Focusing from figure 4.24 on the final two weeks of the 2010-11 data
taking. The heartbeats are still present every 12 hours. After day 396, the short-burst
events appear because we switched on the Iridium modem once per hour, to ensure good
communications and data transfer prior to wireless comms deactivation. (Right): On day
407, we observe a dramatic rate increase - hitting the maximum trigger rate of 5 Hz of the
prototype station.

For the late period, in order to begin studying the thermal triggers, Iridium noise events

must be eliminated. They are assumed to have been caused by the satellite modem because

the bursts are separated by one hour, and the typical ∆t is less than 0.3 sec - representing

a large number of fast triggers. They do not occur throughout the season, however. There

is a group lasting for ≈ 3 days from day 385-387 inclusive, with 27,483 events tagged for
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∆t < 0.8 sec. The number 0.8 sec is a precaution to tag events that leak up to ∆t ≈ 0.8 sec

in rare cases. Any event in this three day period with ∆t < 0.8 sec therefore does not pass.

With an average ∆t = 0.3 seconds, and 24 bursts per day, for an average call length of 2.1

minutes, the number of expected events is 30k. The number 2.1 minutes is obtained from

prior year statistics obtained from Iridium corporation.

Another train of Iridium pulses lasts 8.0 days starting from from day 396.5, just after the

station reconfiguration. The expected number of events is 80k, for a total of 110k from the

two satellite modem trains. The total number of events tagged is 107,478, or 98% of the

expected number of tagged events. If the average call length is off by 2%, then the prediction

can agree with the number of events tagged, and this is entirely possible. The cuts described

thus far are known together as stage 1. Naively applying equation 4.35 yields an inefficiency

of 4.8%. However, we are not applying this cut everywhere, but applying it to just those

days containing the pulse trains (53% of the data). Thus the real inefficiency is 2.5%.

Figure 4.26: The ∆t distribution of just the thermal triggers (no heartbeats or forced triggers)
for the 2010-11 data after day 384.17. The data exhibits an exponential form, with similar
mean and rms. The inverse of the fitted slope is 16.55± 0.07 sec/event.
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Stage 2 defines a cut that removes a sparsely distributed population of 2043 events with

∆t < 0.25 sec. Although a much tighter cut could be defined to grab these events, it is

not necessary since the minimum possible ∆t value is 0.2 sec, making the width of this

cut 0.05 sec, and the subsequent inefficiency small (0.3%). Stage 3 attempts to isolate the

heartbeat triggers using the same cut from the prior season, 1.0±0.02 sec. From the number

of runs and heartbeat pulses per run, the expectation is 6k events, and we tag 6184 events.

The prototype station ran for 10 days in the late period at 4 runs/day, and 10 days in the

late period at 2 runs/day, using 100 events/run (the data shows 60 heartbeat excesses at

∆t = 1.0 sec). Thus, the heartbeat sample should be 97% pure. From similar arguments of

run time, the number of expected cpu triggers is 26.6k, and 27198 events were tagged using

the cut 67.0 ± 0.2 sec. The forced trigger sample is thus 98% pure (stage 4). Table 4.8

summarizes. Given the event rate (figure 4.26), and fitted exponential function, the overall

efficiency estimate is 97.0%, coming from inefficiencies of 2.5%, 0.3%, 0.2%, and 0.04% for

stages 1-4 respectively.

Stage Events remaining Change Expected change Cut
Raw 233,045 N/A N/A None

Stage 1 125,567 107,478 110,000 ∆t < 0.8 sec (two regions)
Stage 2 123,524 2,043 N/A ∆t < 0.25 sec (all days)
Stage 3 117,340 6,184 6,000 ∆t = 1.0± 0.02 sec
Stage 4 90,143 27,197 26,600 ∆t = 67.0± 0.2 sec

Table 4.8: The ∆t cut breakdown for the 2010-11 data (late period). Expected reductions
are observed with the forced trigger and heartbeat cuts, and inefficiencies are low due to the
high event rate of thermal triggers.

4.3.3 2011-12 season: 62.53 days of live-time

In the 2011-12 season the author, along with Dr. Eric Berg and Joulien Tatar, returned to

Moore’s Bay to install Icicle2 and to restart the Icicle1 prototype. The expedition began

in late November, and Icicle1 was given an additional AGM battery, and the ethernet to
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coaxial converters were removed in favor of a RF-shielded ethernet bulkhead connector.

This dropped the maximum power consumption to 19W (closer to 17W while the Iridium

modem is off). Dropping the power consumption of the prototype by half allowed it to

could operate in dimmer sunlight nearer to sunset, which extended the live-time. Only the

Trimble GPS was used after the first season proved we didn’t need active antennas on the

GPS receiver. The power savings from that decision apply to both the 2010-11 and 2011-12

seasons. The result is that Icicle1 obtained 62.53 days of live-time with normal thermal

trigger rates.

Period Days since Jan 1 2012 (UTC)
1 -15.0 - 12.35
2 22.84 - 23.86
3 23.95 - 25.66
4 26.10 - 31.82
5 32.03 - 58.96

Table 4.9: The total live-time of the five periods in 2011-12 is 62.53 days. The periods in
between begin with sudden transitions to anomalously high event rates.

The data is broken into five periods, with anomalously high rates in between these five

periods. The most likely source of the noise in between the five normal periods is the AFAR

system between Icicle2 and Mt. Discovery. Icicle2 is located 1 km away from Icicle1, and

communicated directly with the repeater on Mt. Discovery (rather than by forming a local

network with the protostation). There were several changes to the AFAR hardware mid-

season, including the substitution of the Icicle2 unit with an older version. These changes

were prompted by communications outages, however it is possible that these outages were

actually caused by fog in between the stations and Mt. Discovery (this effect was initially

observed at the end of the 2010-11 season as researchers returned to McMurdo base). Due

to the high event rate, the noisy periods constitute a large quantity of data which has not

yet been analyzed. Table 4.9 delineates the five periods of thermal trigger data, in UTC

days since January 1, 2012, and figures 4.27 and 4.29 show the ∆t distribution of the five
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periods.

Figure 4.27: The ∆t vs. time plot for the 2011-12 data. Days 13 to 22 represent an
abnormally high event rate. Data in these periods are not included in the present analysis.

Aside from sudden transitions in the event rate, it is clear that the thermal trigger rate

is slowly changing over time. Figure 4.28 shows the ∆t vs. time plot of just the thermal

triggers from period 1. Before and after day 5, there is roughly a factor of ≈ 2 change in the

event rate. From equation 4.20, we see that the global event rate, given a 2 of 4 majority

logic, is proportional to the single channel event rate squared. Thus, if the single channel

event rate drops by a factor of
√

2, we have the observed change in global trigger rate. This

amounts to a downward shift in the quantity I1/
√
ψ0 (the threshold over the rms noise level)

of
√

2 ln
√

2 ≈ 0.8. For example, if we have a threshold I1/
√
ψ0 ≈ 5.1 for a trigger rate of 0.1

Hz, and the rms noise level
√
ψ0 increased by 20%, we would have an effective threshold of

4.3, and thus a downward shift of 0.8. It seems unlikely that the rms noise would increase by

20%, given that the ambient temperature is decreasing during all the periods. A more likely

explanation is that, after three years of deployment, some voltage on the CAGES board is

not being held constant.
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Figure 4.28: The ∆t vs. time plot for period 1 of the 2011-12 data, showing a gradual shift
in the event rate. After day 5, the event rate has slowly dropped from 13.5 seconds per event
to 5.5 seconds per event.

To calculate the thermal trigger event rates for the five periods, forced triggers, heartbeats,

and man-made periodic excesses are removed in the usual way before fitting the slope of

the resulting exponential distributions. Figure 4.29 shows the results of the fits for the five

periods, and table 4.10 contains the average time between events (inverse of the average

event rate) for each period. Based on the fits in table 4.10, and figure 4.29, one could draw

the conclusion that the noise in between periods 1 and 2 changed the properties of the

detector, producing the subsequent four periods with high rates. The prototype station was

not optimized to read out data at the maximum/high rates for extended periods, however,

variables such as the rms and peak to peak voltages remain more or less stable throughout

the entire season (see next section).

As with the prior seasons, we must detail how forced triggers, heartbeats, and self-triggered

noise sources are eliminated, and quantify any inefficiencies. Table 4.11 shows the events

remaining, change in events, and expected change in events for the different periods and cut

stages in the final year ∆t analysis. Because so much information is being displayed, an
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Figure 4.29: The ∆t distributions (in seconds) for periods 1-5 of the 2011-12 season. The
lower four graphs are well described by a single exponential fit between 1 and 20 seconds,
whereas the upper graph deviates from a single fit, caused by the slowly changing event rate
during that period.

extra column has been included that contains the formula for the expected change in events

due to the forced trigger and heartbeat trigger cuts.

There is a challenge presented by the higher event rate of the 2011-12 data. Knowing

equation 4.35 describes the inefficiency of a ∆t cut, we see that a higher event rate drives up

inefficiencies unless we compensate by narrowing the width of the cut. Whenever possible,

this has been done with the four stages of cuts applied to the five periods of the data, while

tagging at least the expected number of heartbeats and forced triggers. Period 4, stage 2

is the only exception to this rule, and 400 forced trigger events have no chance of posing

as UHE neutrinos. With the narrower widths of the 2011-12 cuts, equation 4.35 is an even
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Period Average time between events (sec)
1 6.83± 0.02
2 2.53± 0.02
3 2.32± 0.01
4 2.07± 0.01
5 1.91± 0.002

Table 4.10: The period 1 number is essentially a weighted average of the slowly varying event
rate during this time. The event rates in the other four periods are relatively stable.

better approximation, and we can estimate the inefficiencies.

The main results are as follows. The overall analysis efficiency from the cuts described in

table 4.11 for period 1 is 98.4%, 96.1% for period 2, 96.1% for period 3, 95.3% for period 4,

and 95.1% for period 5. Table 4.12 summarizes how these answers are obtained. The forced

trigger cuts make little difference because they live so far from the mean of the exponential

distributions. For the stage 3 cuts tasked with removing noise from Iridium transmissions,

we have made use of the fact that the dead-time of the detector is 0.2 seconds, making the

width of the cut < 0.3 second, 0.1 second. The average inefficiency of the five periods, based

on the fractional live-time of each period, is 3.5%, making the total efficiency 96.5%.
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Period Stage (sec) Remain. Expect. Obs. change Formula

1 0 (Raw) 401333 N/A N/A N/A

1 1 (1.0± 0.015) 390673 5400 10660 100 ·Nruns

1 2 (67.0± 0.15) 354600 35000 36073 Nsec/67.0

1 3 (< 0.3) 333942 N/A 20658 N/A

2 0 (Raw) 27164 N/A N/A N/A

2 1 (1.0± 0.01) 26615 200 549 100 ·Nruns

2 2 (67.0± 0.05) 24159 1300 2456 Nsec/67.0

2 3 (< 0.3) 23234 N/A 925 N/A

3 0 (Raw) 68748 N/A N/A N/A

3 1 (1.0± 0.01) 67204 500 1544 100 ·Nruns

3 2 (67.0± 0.02) 63929 2100 3275 Nsec/67.0

3 3 (< 0.3) 57000 N/A 6929 N/A

4 0 (Raw) 259630 N/A N/A N/A

4 1 (1.0± 0.01) 252908 1200 6722 100 ·Nruns

4 2 (67.0± 0.01) 245901 7400 7007 Nsec/67.0

4 3 (< 0.3) 213939 N/A 31962 N/A

5 0 (Raw) 1385233 N/A N/A N/A

5 1 (1.0± 0.005) 1359900 5400 25333 100 ·Nruns

5 2 (67.0± 0.015) 1303141 35000 56759 Nsec/67.0

5 3 (< 0.3) 1093482 N/A 209659 N/A

Table 4.11: The ∆t cuts for all periods of the 2011-12 data. Because the event rate steadily
increases throughout the season, ∆t cuts have to be narrowed to maintain efficiency. The
heartbeat tagging always removes more events than expected - a safeguard against stray
heartbeats posing as UHE neutrinos signals.

Period Stage (sec) ε Period Stage (sec) ε

1 1 (1.0± 0.015) 0.19% 4 1 (1.0± 0.01) 0.3%

1 2 (67.0± 0.15) 1.2 · 10−4% 4 2 (67.0± 0.01) 0.0%

1 3 (< 0.3) 1.4% 4 3 (< 0.3) 4.4%

2 1 (1.0± 0.01) 0.27% 5 1 (1.0± 0.005) 0.16%

2 2 (67.0± 0.05) 0.0% 5 2 (67.0± 0.015) 0.0%

2 3 (< 0.3) 3.7% 5 3 (< 0.3) 4.7%

3 1 (1.0± 0.01) 0.28% - - -

3 2 (67.0± 0.02) 0.0% - - -

3 3 (< 0.3) 3.6% - - -

Table 4.12: Individual inefficiencies for the ∆t cuts for the 2011-12 data. The forced trigger
inefficiencies become negligible because the time between events is much smaller than the
forced trigger period. Conversely, eliminating short burst events (stage 3) gets worse as the
event rate increases with period.
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4.4 Description of Waveform variables, comparisons to

Monte Carlo simulation

Given that the non-anthropogenic portion of the data from the three seasons exhibit Poisso-

nian time differences, we can conclude that they are generated by thermal noise backgrounds

randomly triggering the station. An even more convincing argument is to show that the

voltage properties of these events match expectations based on Monte Carlo simulations of

thermal noise, and that the trigger conditions are being obeyed. The majority logic of Icicle1

was kept at 2 of 4 channels triggering within 10 ns for the duration of deployment. Section

4.4 discusses the various thermal trigger waveform properties analyzed, and compares them

to Monte Carlo simulations. Section 4.5 demonstrates the application of waveform cuts that

eliminate thermal triggers in favor of large amplitude plane waves. From the three seasons

of data, there are no thermal triggers posing as fake UHE neutrino signals. An estimation of

the final analysis efficiency is also computed in this section. After this result, we discuss in

section 4.6 is a special section dedicated to demonstrating that the trigger produces expected

effects on the thermal trigger waveforms. Figure 4.30 shows an example of a thermal trigger.

We have already defined one waveform-based variable: the planarity. The planarity defines

the signal region where potential neutrino candidates live (equation 4.22). All events with

|P | < 300 ps are highly interesting, because they satisfy equation 4.24. The calculation of

the lags τij between adjacent channels is performed in the Fourier domain and follows from

the correlation theorem [69]. Let g and h be two real functions of time, and let G and H be

the Fourier transforms of each. The correlation of g and h is defined as

Corr(g, h)τ =

∫ ∞
−∞

g(t+ τ)h(t)dt (4.36)
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Figure 4.30: This is an example of a thermal trigger from the 2010-11 season, with the West
channel still active. The North and East channel have clear fluctuations above backgrounds
(top left, second to top, left), and the South and West channels show amplifier noise (second
to bottom, left, and bottom left).

When this function of τ is at a maximum, the variable τ is the best choice for the lag between

the two signals. The correlation theorem says that the correlation function forms a Fourier

transform pair with the multiplication of G and H, provided we take the complex conjugate

of H:

Corr(g, h)τ ⇔ G(f)H∗(f) (4.37)
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In fact, the choice of which function is conjugated determines the interpretation of the best

lag. Suppose we take the conjugate of H (and obtain corr(g, h) via an inverse transform).

If the best lag is negative, this implies g is earlier than h, and vice versa. Conjugating G in

the Fourier domain reverses the interpretation of the sign of the best lag.

Besides the planarity, other timing cuts are used to distinguish thermal backgrounds from

signal. The causality cut is defined by the geometry of the detector and the wave speed

in the upper firn of Moore’s Bay. The maximum possible time lag between signals in two

channels arising from a common plane wave is ±nB/c, where B is the baseline distance

between the signal antennas. The causality cut requires that all lags between adjacent

channels satisfy |τij| < nB/c. Knowing the index of refraction n = 1.3, and the positions

of the antennas, we arrive at the criteria in table 4.13 for the causality cut. These criteria

are subjected to a logical AND to satisfy the causality cut. The channel pair S,N was not

originally part of the planarity variable, but after the first season the W channel began to

show abnormal behavior. One can still compute the planarity variable with three channels

provided τSN is calculated. A plane wave must obey causality for any pair of channels, so we

include this extra channel pair in the cut. The E,W pair could have been included as well,

but lag computation requires FFT algorithms which are expensive to evaluate for millions

of events. Given that the S,N pair might have become necessary, it was included in the

analysis.

Channels |τmax|(ns)
N,E 28.7

E,S 10.7

S,W 29.8

W,N 31.6

S,N 36.2

Table 4.13: The above criteria define the maximum lag between pairs of channels given the
speed of light in the upper firn. The overall causality cut requires that ALL of these criteria
be satisfied for a passing event.

Section 4.2.3 compares our thermal trigger Monte Carlo to forced triggers, and accounts
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for the non-uniform nature of the the Icicle1 prototype bandwidth. The result is that we

can explain an anomaly in the planarity variable by invoking the effect of the non-uniform

bandwidth. Here, we extend this type of analysis to the other variables used to distinguish

thermal triggers from neutrino signals. Table 4.14 compares the survival rates of Monte

Carlo and real thermal triggers for different combinations of channels, and globally. The

Monte Carlo thermal trigger population has 10,000 events, employs the non-uniform PSD

measurements from forced triggers, and each generated event is subjected to a 2 of 4 majority

logic with a 8.3 ns gate.

The calculated expectation for the survival probability of a given pair of channels assumes

the |τij| are flatly distributed on [0,1
2
tmax]. The time tmax is just the length of the data record

(248 samples × 0.3508 ns/sample), 87.0 ns. With the exception of the channel combination

involving the fluctuating signal, all channel pairs should have lags drawn randomly from a

flat distribution, because either a signal is being correlated with noise, or noise with noise.

This is why the pairwise survival probabilities match closely the expectations in the third

column of table 4.14.

Channels Surv. Rate (data/MC) Expect. (null) Cut (ns)

NE 67.7% / 68.9% 66.0% |τNE | < 28.7

ES 37.7%/ 28.4% 24.6% |τES | < 10.7

SW 71.9%/ 68.5% 68.5% |τSW | < 29.8

WN 75.7%/ 74.4% 72.6% |τWN | < 31.6

SN 85.3%/ 84.3% 83.2% |τWN | < 36.2

Global 13.1%/9.0% 13.0% AND all

Table 4.14: A comparison of the causality cut between 2009-10 thermal triggers and MC.
The expected survival probabilities are based on a flat distribution of lags (non-participation
in the trigger). The expectation for the global trigger is derived from a weighted average
(see text).

For the global survival probability, we must multiply the pairwise survival probabilities of

the pairs not constituting the trigger. The expectation for the survival rate of the global

cut is a weighted average, where the weights are the probability that a given channel pair
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creates the trigger, and the quantity averaged is the multiplication of the other pairs’ survival

probabilities. To put this in mathematical notation, let pi be the survival probabilities of

each channel pair, and let wi be the weight, or the probability that pair j constitutes the

trigger. We have

Pexp =
∑
i

wi

(∏
j 6=i

pj

)
(4.38)

To determine from the data how often a given channel participates, we calculate the fraction

of events with Tpp greater than or equal 60.0 ns. The West channel threshold, however, was

set as high as possible (a relic of the wireless noise we experienced prior to the quiet period).

For the causality calculations here, we ignore this effect, and we will come back to it in the

discussion of the waveform amplitudes. The weights wi are the multiplication of the two

individual channel probabilities. The pi from the data are in the second column of table

4.15. The wi are listed below. As a check, note that they sum to 0.981 ≈ 1, as they should.

The thermal trigger Monte Carlo global survival probability is only low because it takes an

inconvenient amount of time to set the Monte Carlo thresholds high enough; we observe that

lowering the Monte Carlo thresholds lowers the global causality cut survival rate (see below).

Subsequent seasons survive the global causality cut with similar probability (in 2011-12, the

rate is 10.7%).

Another cut included in our waveform analysis accounts for the trigger delay of the CAGES

board. From now on, this cut value will be denoted Tpp (time of the peak to peak fluctuation).

We use time time of the peak to peak fluctuation in a data channel to measure Tpp. This is

the same algorithm we use to measure the peak to peak voltage, except that the algorithm

outputs the time rather than the voltage (see figure 4.14). Heartbeat events indicate that

the trigger forms and stops data acquisition inside the SCA of the LABRADOR chip 65

207



Channels wi
NE 0.0758

ES 0.0782

SW 0.255

WN 0.247

NS 0.0786

EW 0.246

Table 4.15: The weights wi used in the assessment of the causality cut accuracy above. Note
that the West channel participates 3/4 of the time. Although we can’t know for certain, this
is probably an effect of setting the highest possible threshold in the West channel for this
season.

ns after the trigger conditions are satisfied. If this delay was zero, pulses from the Avtech

would arrive at the beginning of the data record. Figure 4.31 shows an example of a 2009-

10 heartbeat event with the first heartbeat transmitter location, and figure 4.32 shows a

heartbeat trigger typical of 2010-11 and 2011-12 with the second transmitter location (figure

3.33). Conservatively, the lowest number Tpp can be (for a participating channel) is the

arrival time in the North and East channels, or about 60 ns.

In the first season, the heartbeat transmitter was close to the array and equidistant from

the North and East channels. The typical Tpp is large enough, however, to hide the majority

of the West channel pulse. In subsequent seasons, the West channel began to demonstrate

faulty behavior. However, it is still capable of digitizing heartbeats, even though it is not in

the trigger. Thus the West channel’s timing properties (Tpp and cross-correlation techniques)

are still useful.
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Figure 4.31: This is an example of a heartbeat event from the 2009-10 season. These events
are identified by ∆t = 1.0± 0.015 sec, and the relative timing of the pulses in the channels.
The West channel antenna buried the farthest from the heartbeat LPDA antenna. The
trigger delay conspired to hide the Western pulse until we moved the heartbeat transmitter
in December 2010.
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Figure 4.32: This is an example of a heartbeat event from the 2010-11 season. These events
are identified by ∆t = 1.0± 0.015 sec, and the relative timing of the pulses in the channels.
In this season and in 2011-12, the West channel pulse is now visible because the heartbeat
transmitter was moved to a more favorable location.
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Figure 4.33: The time Tpp (ns) for the North channel of heartbeat events is 65± 3 ns. This
is the time required by the prototype station to form the trigger in hardware and begin data
acquisition.

Figure 4.33 represents a measurement of the North channel heartbeat Tpp for the latter two

seasons, with the heartbeat transmitter in the more favorable location. The peak to peak

algorithm finds that the North channel (the earliest channel that participates in the trigger)

waveform is not recorded until 65± 3 ns in the data record. In this figure, 95% of the events

are between 60 and 70 ns. Eventually we will reject thermal triggers that have Tpp < 60 ns,

because large fluctuations in those channels are guaranteed to be random, since they do not

trigger the station. The sample of heartbeat events in figure 4.33 contains 4k events. It is

important to note that placing the cut (in later sections) at Tpp < 60 ns is conservative and

safe; placing it at 65 ns or higher runs the risk of excluding signal events.

Eventually we will require each channel to have Tpp > 60 ns. This cut eliminates many

thermal triggers, most of which have two out of four channels satisfying Tpp > 60 ns. However,

this cut cannot eliminate signal events, because the geometry of the detector prevents it.
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As the signal plane wave propagates through the detector array, the largest amplitudes in

the signal antennas form the trigger. Because the electric field strength does not change

significantly with position (it is a plane wave), each antenna is hit by the same electric field

strength. The hit angle for each antenna, however, is different. If the signal arrives at 0◦ in

the E-plane of a signal antenna, the signal is strong. If it arrives at the E-plane null (90◦),

the signal is weak. Because the LPDA antennas were deployed (roughly) in a square, there

is no incoming signal geometry allowing the weaker signals to arrive before the stronger ones.

Thus, requiring Tpp > 60 ns for all four channels removes no signal, only background. While

the presence of noise complicates this picture, it is accurate for large signal amplitudes.

Table 4.21 lists the high and low band threshold settings. For the first season of data, only

the high frequency (650-990 MHz) band was activated for triggering. As a result, all of the

thermal triggers are small in amplitude and have randomly distributed Tpp times. If a signal

is small, the chances of the Tpp algorithm missing it in favor of a larger, random fluctuation

is high. However, just because the low band threshold was non active in 2009-10 doesn’t

mean the signal amplitude wouldn’t be large enough to avoid the problem of noise. This

argument is also true for the amplitude (A = vpp/(2vrms), below) distributions. Throughout

this chapter, we rely on the broadband nature of Askaryan pulses to satisfy either or both

trigger bands.

Another way to probe the trigger delay in Tpp is to look at Tpp in the four channels, for thermal

trigger events. In all seasons, we can observe that when vpp is large, so is Tpp, usually above

≈ 60 ns. Figures 4.34-4.36 contain two-dimensional histograms demonstrating this effect for

the 2009-10 through 2011-12 data. The rms noise changes from season to season in each

channel, for several reasons. However, in each season, there are event populations of late Tpp

values, with large vpp values, suggesting the trigger is acting on the thermal noise.
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Figure 4.34: Tpp (ns) vs. vpp (mV), 2009-10 thermal triggers, after the event-cleaning stage
of the analysis.
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Figure 4.35: Tpp (ns) vs. vpp (mV), 2010-11 thermal triggers, after the event-cleaning stage
of the analysis.
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Figure 4.36: Tpp (ns) vs. vpp (mV), 2010-11 thermal triggers, after the event-cleaning stage
of the analysis.

The West channel in the 2009-10 events typically has a large pulse late in the data record.

There is a clear excess in both Tpp after 60 ns (y-axis), and in vpp itself (x-axis). For that

season, there are excesses in Tpp after 60 ns in other channels, but they are not as separated

in voltage like the West channel. Again, this is most likely caused by the abnormal West

threshold setting that season. For the 2010-11 season, we made adjustments to the thresholds

after a period of no thermal triggers. This action resulted in acquiring thermal triggers with

the properties in figure 4.35, where both the vpp voltage (x-axis) of thermal triggers stands

out after the trigger delay in Tpp on the y-axis.

In 2010-11, the event rate was roughly ten times the event rate of the prior year, and thus

ten times the events to populate figure 4.36. Figure 4.36, corresponding to 2011-12 thermal

triggers, has twenty times the events as the prior year due to the increased live-time, and a

similar event rate. The effect of the trigger delay in Tpp is evident in all four channels. Early

in the 2011-12 season, the read-out characteristics of the East channel (upper right) changed,
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lowering the overall voltage scale by a factor of 3 on the x-axis. However, the evidence of

the trigger action is still visible (an excess after 60 ns on the y-axis).

Recall that the causality cut required all channel combinations to combine to satisfy a global

cut. In effect, this implies that we require all four channels to have a decent sized signal as

a result of the external RF pulse. This implies that, given the trigger delay in Tpp, we must

require all channels to have the Tpp greater than or equal to the minimum delay of 60 ns.

This is true, for example, of all heartbeat events, which are horizontal plane waves passing

across the detector.
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Figure 4.37: A Monte Carlo simulation of the effect of the trigger delay on Tpp and vpp. The
majority logic is set to 2 of 4, the gate is 10 ns wide, and the rms noise is ≈ 40 mV in each
channel. Excesses for late Tpp values are observed, as in the thermal trigger data.

Figure 4.37 displays a Monte Carlo thermal trigger run, demonstrating the effect of adding

a constant trigger delay (with jitter) to the data after a large enough fluctuation occurs in

at least two channels. The Monte Carlo thresholds were set to A > 3.0 in each channel, for

expediency, and the number of triggers taken was 10,000. Once an event with at least two
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Channels Surv. Rate (data/MC) MC Threshold Cut (ns)

N 34.7% / 50.4% 3.75 Tpp > 60.0

E 46.5%/ 72.6% 3.75 Tpp > 60.0

S 34.8%/ 45.8% 3.75 Tpp > 60.0

W 82.4%/ 83.2% 3.0 Tpp > 60.0

Global 5.16%/9.24% −− AND all

Table 4.16: A comparison of the trigger delay cut between 2009-10 thermal triggers and
MC. The cuts are based on the Tpp location in the thermal triggers, staying at least 3σ away
from the mean, to account for jitter effects. The Monte Carlo thresholds are set to tune the
channel participation rates in order to mimic the Tpp rates.

fluctuations within the gate of 10 ns is discovered, the event is saved. The data is rotated

such that the earliest Tpp time is located at a trigger delay of 65 ± 3 ns (the mean value of

figure 4.33). Each channel gets a distinct jitter value, and the four jitter values are drawn

from normal distributions with σ = 3.0 ns. The trigger excesses, which have larger vpp

voltages and late Tpp values, are easily observed in the results. The thermal background is

not gaussian white noise; it follows the PSD of the forced triggers.

Channels Surv. Rate (data/MC) MC Threshold Cut (ns)

N 86.4% / 74.9% 2.5 Tpp > 60.0

E 31.7%/ 31.3% 4.25 Tpp > 60.0

S 77.7%/ 61.3% 2.75 Tpp > 60.0

W 66.9%/ 59.4% 2.75 Tpp > 60.0

Global 7.5%/6.6% −− AND all

Table 4.17: A similar analysis as in table 4.16, but for the 2010-11 thermal triggers.

Channels Surv. Rate (data/MC) MC Threshold Cut (ns)

N 44.8% / 56.4% 3.25 Tpp > 60.0

E 72.3%/ 85.9% 2.5 Tpp > 60.0

S 46.5%/ 60.4% 3.25 Tpp > 50.0

W 31.7%/ 39.2% 3.5 Tpp > 60.0

Global 4.4%/9.1% −− AND all

Table 4.18: A similar analysis as in table 4.16 but for the 2011-12 thermal triggers.
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As we saw in chapter 1, the amplitude of the RF pulse that interacts with the signal antennas

is proportional to the neutrino energy. A weak signal corresponds to a lower energy neutrino,

and a stronger signal indicates a higher energy. The probability that a thermal trigger poses

as a neutrino increases if we consider increasingly lower maximum amplitudes. Thus, we

must require all channels to have some minimum amplitude A = vpp/(2vrms) to eliminate

those stronger thermal triggers that could pose as fake neutrinos. As we shall see, simulations

and heartbeat triggers indicate that the timing resolution is good enough to reconstruct the

plane wave properties of the signal, if the amplitude is large.

The unit-less amplitude A = vpp/(2vrms) for the four channels in the first season are shown

in figure 4.38, and subsequent seasons in 4.39 and 4.40. Note that they appear to limit to an

exponential function in all cases, albeit with differing slopes. The exponential fits are good

even when the mean and rms of the distributions themselves change from season to season,

suggesting that this is a physical effect rather than some effect associated with the detector.

Table 4.19 contains these fit parameters.

Season North slope East slope South slope West slope Ave. (seas.)

2009-10 1.91± 0.03 2.14± 0.04 1.73± 0.03 0.95± 0.02 1.7± 0.3

2010-11 1.33± 0.01 0.86± 0.01 0.88± 0.01 0.85± 0.01 1.0± 0.1

2011-12 1.979± 0.003 2.17± 0.01 2.105± 0.004 2.87± 0.01 2.3± 0.2

Ave. (chan.) 1.7± 0.2 1.7± 0.4 1.6± 0.4 1.6± 0.7

Table 4.19: The fitted slopes of the (falling) exponential tails of the A distributions. These
number characterize how likely a large pulse is in the various channels of the thermal trigger
data. A larger number indicates a softer amplitude spectrum, and a smaller number indicates
a harder one.
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Figure 4.38: The A distribution for the 2009-10 thermal triggers.
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Figure 4.39: The A distribution for the 2010-11 thermal triggers.
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Figure 4.40: The A distribution for the 2011-12 thermal triggers. The West vpp is being
compared to the South vrms values because the West channel rms decreased dramatically
that season.

There is an interesting pattern in the slopes of table 4.19. The slope parameter represents

the average significance of the thermal triggers; a smaller negative slope indicates higher

significance, and a larger negative slope indicates lower significance. In the first season, as

a result of noise from the wi-fi tower, the West channel threshold was set to the maximum

in both frequency bands. As a result, that spectrum is much harder relative to the other

channels. The global event rate in the first season (see below) is lower than in subsequent

seasons because only the high band trigger was used, with relatively high thresholds in

the other three channels. Despite the uneven channel participation, the results are stable

throughout the run. The second season, in 2010-11, saw more democratic participation by

all channels once all thresholds were lowered to begin acquiring thermal triggers, including

those that triggered the low frequency band. In that case, we see that each channel has a

hard spectrum, and all are stable over time. The final season, 2011-12, began just as 2010-11

ended, with hard spectra in all channels. However, the averages are lower because we see
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a drift in the threshold (figure 4.43). As the season progresses, we began to trigger on less

significant events and the event rate increases by a factor of about 5.

Figure 4.41: The fitted slope of the amplitude (A) distribution versus time, for the 2009-10
season (by channel). The fifth graph at the bottom is the inverse of the event rate, and the
time axis is in days since January 1, 2010, UTC.

Figure 4.41 quantifies these ideas for the first season of triggers. The slope of the amplitude

distribution plotted on the y-axis is stable around the averages in table 4.19 throughout

the run, with slopes near -2 for the N,E and S channels, and near -1 for the W channel.

Each point in figure 4.41 represents 1000 events, and the slopes for fit on the ranges [3.5,12],

[4,12], [3,12], and [2.5,12] for the N,E,S and W channels, respectively. For the 2010-11 triggers

(figure 4.42), the ranges had to be changed due to the increased mean of each distribution:

[5,12], [6.5,12], [6,12], and [4,12]. Each point in that case represents 2500 thermal events (a

higher event rate allows for better statistics per point). Again, we see stability in the slope

of the thermal noise pulses. The outlying points on day 28 correspond to events thought to

be created by the Aerogen 6 wind generator. These events are large as 700 mV in the data

and therefore make the amplitude distribution harder.
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Figure 4.42: The same analysis as figure 4.41 applied to the 2010-11 triggers.

In the final season, a time-dependence emerges in the data. As the inverse of the event rate

decreases from about 10 sec/event to 2 sec/event (figure 4.43), the event rate increases, and

the slopes from the four channels get increasingly negative. These data can be explained by a

drifting threshold voltage. In the final season, no threshold adjustments were made, as in the

prior season. As the threshold drifts slowly down, we obtain simultaneously less significant

thermal pulses and more events. The fitted ranges are [3,12] for non-West channels and

[6,12] for the West channel. Because the rms noise of the West channel disappeared in this

season, but we still observed high amplitude pulses being read out from this channel, we

allow the South channel rms to stand in for the missing West channel rms values in this final

plot. Each point in figure 4.43 represents 10,000 triggers.

Finally, figure 4.44 demonstrates that there should not be any significant time variation in

the amplitude variable (as characterized by its fitted slope), based on Monte Carlo analysis.

In this Monte Carlo analysis, the thresholds were held constant (at 3σ for expediency - see

event rate). The noise spectrum was weighted in the Fourier domain, as usual, to account

for the non-uniform bandwidth, and scaled to match the rms values of the end of the 2011-12
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Figure 4.43: The same analysis as figure 4.41 applied to the 2011-12 triggers.

season. The slopes remain stable in time, around -2.

Thus the time dependence in the amplitude A = vpp/2vrms is as stable as the trigger thresh-

old, and represents a good variable to discriminate between neutrinos and thermal triggers.

It is important to check that the waveform Monte Carlo can predict the correct number of

events removed by a minimum amplitude cut, if indeed the large amplitude events are merely

thermal fluctuations. This is probably not true of the West channel, with the abnormally

large threshold setting (table 4.21). Table 4.20 summarizes how many events are removed

channel by channel and globally for the 2009-10 data and MC. The Monte Carlo thresholds

are set at different levels to control relative channel participation. The event rate is limited

by computation speed, in this case, so while the event rate and slope of the amplitude distri-

butions remain proportional, the absolute event rates should not be compared to prototype

station event rates. The noise spectrum of the MC events was weighted in the Fourier do-

main, and scaled to match the rms values of the 2009-10 season. Similar calculations are

done for the 2010-11 and 2011-12 seasons.
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Figure 4.44: The same analysis as figure 4.43 applied to Monte Carlo data. Unlike the 2011-
12 data, the MC simulation demonstrates no time-dependence in the slope of the amplitude,
similar to the first two seasons of thermal data.

The relationship between the programmed threshold in ADC counts for both trigger bands of

each channel and the equivalent threshold power is imperfect. The majority logic trigger rate

provides some insight on the effective thresholds of each channel. Consider purely Gaussian

fluctuations, sampled at fs = 2.85 GSa/s. For pure white noise, each sample si is drawn

Channel Remaining Events (Data/MC) Cut
N 118/118±9 AN ≥ 5.0
E 127/125±3 AE ≥ 5.0
S 170/130±10 AS ≥ 5.0
W 4606/4520±10 AW ≥ 5.0

Table 4.20: Monte Carlo trials show that the 2009-10 thermal triggers survive the amplitude
cuts at about the same rate as simulations. The MC thresholds are tuned to produce the
amplitude distributions of the 2009-10 thermal triggers. For the N,E,S, and W channels,
the MC thresholds ki are 3.25, 3.5, 3.5, and 5.75 respectively. The West channel most likely
does not participate in the trigger despite the large pulses (see below).
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Channel Year Low/High Band Threshold DAC value

N 2009-10 Low 0

N 2009-10 High 990

E 2009-10 Low 0

E 2009-10 High 1240

S 2009-10 Low 0

S 2009-10 High 1265

W 2009-10 Low 0

W 2009-10 High 0

N 2010-11 Low 500

N 2010-11 High 600

E 2010-11 Low 400

E 2010-11 High 500

S 2010-11 Low 1000

S 2010-11 High 400

W 2010-11 Low 0

W 2010-11 High 0

N 2011-12 Low 250

N 2011-12 High 1230

E 2011-12 Low 250

E 2011-12 High 1940

S 2011-12 Low 440

S 2011-12 High 1600

W 2011-12 Low 0

W 2011-12 High 0

Table 4.21: These DAC values can range from [0-4095], and they control the high and low
frequency band threshold settings for the three seasons and four channels of data. Because
of the noise experienced during the first season by the West channel from the wi-fi tower, we
left the West channel threshold setting maximized (set to 0 counts).

from the distribution

si = N exp (−z2/2) (4.39)

In equation 4.39, z = vamp/σ is the signal to noise ratio, σ is the rms of the thermal noise,

and N is an arbitrary normalization with units of mV. Without a loss of generality, we can
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pick N = 1 mV, since we are only interested in signal to noise ratios. Considering just one

sample si from this distribution, the probability pi that the corresponding signal to noise

ratio zi is greater than some threshold z′i (zi > z′i) is

pz′ =

∞∫
z′

exp (−z2/2)dz (4.40)

Letting t = z/
√

2, we have

pz′ =
√

2

∞∫
z′/
√

2

exp (−t2)dt =
√
π/2 erfc(z′/

√
2) (4.41)

Here, erfc is the complementary error function, describing the integrated probability of a

single sample fluctuating above or equal to z. Using the left hand side of equation 4.19, for

the case of 2 of 3 majority logic, we have

Rtot = 3
(π

2

)
(erfc(z′/

√
2))2f 2

s τ (4.42)

Using τ = 10 ns, fs=2.85 GS/s, and z values between 5.2 and 5.3, we can explain the event

rates in figure 4.41 (bottom) for 2009-10 thermal triggers without invoking the West channel

data, or non-uniform thermal noise. But this leaves us with factors of 2 uncertainty for

several percent changes in z, which is hardly ideal.

Using the full version of equation 4.19 in section 4.2.2, for the special case of 2 of 3 majority
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logic gives us a better approximation, because it takes into account that the bandwidth

fb might actually be less than half the sampling rate fs. The low-noise amplifiers can be

modeled with a uniform bandwidth of [fa-fb] GHz, as defined by the 3 dB points (figure

4.10). Setting fa to 0 GHz and fb to 0.8 GHz in equation 4.19 and assuming 2 of 3 channels

yields

Rtot ≈ 3 exp(−2I2
1/2ψ0)

(
1

3

f 3
b − f 3

a

fb − fa

)
τ ≈ 0.007Hz (4.43)

We find a similar answer as before (1/.007 ≈ 140 sec/event), using a threshold z = I1/
√
ψ0 ≈

5.25, only now we’ve accounted for the finite bandwidth. The advantage of this calculation

is that factors of two in the event rates can be explained with a better understanding of the

actual bandwidth, rather than a change in threshold. For example, if the real high end of

the bandwidth is 500 MHz, then the average time between events would be ≈ 300 sec.

As it turns out, the reason that Gaussian white noise models become insufficient for com-

parison to the thermal trigger data is that they do not produce slopes that match figures

4.38-4.40, and therefore they under-predict the event rate (over-predict the threshold). Fig-

ure 4.16 in section 4.2.3 demonstrates that when we assume the non-uniform bandwidth

structure in the Monte Carlo, we can replicate exactly the forced trigger amplitude spec-

trum. Here, in figures 4.45 through 4.50, we repeat this calculation with thermal triggers

of the three seasons, and demonstrate the deficit in high-amplitude events when we assume

only the flat band-limited spectrum.

Figure 4.45 compares data from 2009-10 to Monte Carlo trials. The Monte Carlo trial

has the same number of events, and, in the case of the non-uniform spectral weighting,

the same spectrum as the forced triggers from that year. Although the spectral shapes do
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not change significantly from year to year, we use just the spectrum from the season in

question for comparison in all of these plots. The MC thresholds in this simulation control

the mean of the distributions. The N, E, and S channel MC thresholds are 2.97, 2.50, and

2.77, respectively. Apparently using these settings produces the correct slopes to match the

data exactly. The uniform and non-uniform spectral MC have otherwise identical settings.

Because the West channel has such improbable amplitude, we’ve used the MC threshold of

3.0 and scaled the resulting distribution by a factor of 2.

Figure 4.45: The 2009-10 non-West channel amplitude distributions, compared to MC gen-
erated according to the procedure outlined in section 4.2.2, and uniform spectral weighting
(white noise). The slopes match only match when we weight the MC according to the
spectral shape of the data.

Figure 4.47 compares data from 2010-11 to Monte Carlo trials. Because the threshold settings

this year included the low-frequency bands, the events are more significant in the data. This

makes the Monte Carlo simulations more challenging because we have to either set very large

average MC thresholds and run a prohibitively long computation, or set lower thresholds

and linearly scale the ensuing histograms. Here we have chosen the latter option. Each
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Figure 4.46: The 2009-10 West channel amplitude distributions for data, non-uniform spec-
tral MC, and uniform spectral MC.

non-uniform spectral MC trial uses uniform MC thresholds of 2.5. Then, each amplitude

distribution (figures 4.47-4.48) is linearly scaled to match the data. The same scaling factor

(≈1.8, from the shift in bandwidth between white noise and real detector noise) in each case

is applied to the uniform white noise version of the MC as well. Once again Gaussian white

noise is insufficient to explain the amplitudes.

The West channel is again special, because the rms noise appears to be mostly zero during

the 2010-11 season. However, heartbeat triggers are still read out normally, with little noise,

allowing us to conclude that the channel readout is still functional. This actually isn’t that

hard to imagine; the trigger and digitization paths are split in the prototype station (see

chapter 3). Thus, the readout (digitization) path could be fully functional, but not the

trigger path. In figure 4.48 we allow the South channel rms to stand in for the missing West

channel rms noise. In the MC trial, the MC threshold was set prohibitively high (7.0), just

as the West channel threshold was set to maximum (0 DAC counts) throughout the season.

Table 4.22 summarizes how many events are removed by the amplitude cut, how many are
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predicted by the non-uniform spectral MC, and how many are predicted by the uniform

spectral MC.

Figure 4.47: The 2010-11 non-West channel amplitude distributions, compared to MC gen-
erated according to the procedure outlined in section 4.2.2, and uniform spectral weighting
(white noise). After applying a linear scaling, the non-uniform spectral MC explains the
thermal distribution (see text).

Finally, we address the 2011-12 season thermal triggers. The thresholds were once again

changed, this time in an attempt to trigger mostly on the upper portion of the bandwidth.

However, as shown above, the threshold has begun to drift progressively lower at this stage,

and the event rate steadily increased. Because of the increased event rate, and the emphasis

on the upper band triggering, the means of the amplitude distributions are lowered relative

to those of 2011-12, more akin to those of 2009-10. The main difference between the 2009-10

triggers and the 2011-12 triggers is that the latter population still had the low band trigger

activated, whereas the former had the low band thresholds set to maximum. The West

channel must again be treated separately, because the rms distribution is abnormal.

The 2011-12 distribution contains a much higher fraction of normal rms values than 2010-11,
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Figure 4.48: The 2010-11 West channel amplitude distributions for data, non-uniform spec-
tral MC, and uniform spectral MC. The South channel rms noise is used in the denominator
because the West channel has lost the rms noise.

where the distribution lived almost exclusively between 2-4 mV. Placing a cut above 5.0 on

the standard West channel amplitude (figure 4.50), allows 53% of the events survive. Rather

than try to correct the faulty rms values, this channel is removed from the amplitude portion

of the analysis. However, the West channel’s timing properties are still used (the West vpp

values are large enough to cross-correlate). Looking back at figure 4.40, it would be too risky

to let the rms values of the South channel stand in, as we did for the prior season, because

that produces a distribution where fewer than 0.05% of the events survive a cut above 5.0.

However, we can still rely on the timing properties of this channel, as evidenced by the

West channel of heartbeat events (figure 4.20). Although the rms noise might be missing,

this channel is still capable of digitizing a large RF pulse and it is therefore still capable

of providing the time structure for cross-correlation, and the Tpp value. Finally, table 4.23

summarizes how many events are removed by the amplitude cut, how many are predicted

by the non-uniform spectral MC, and how many are predicted by the uniform spectral MC.
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Channel Data Non-uniform MC Uniform MC

N 42.4% 33.5% 10.7%

E 71.9% 65.2% 44.3%

S 71.9% 54.3% 28.9%

W 44.1% 35.6% 8.4%

Table 4.22: The fraction of remaining events for the 2010-11 thermal triggers after a A ≥ 5.0
has been applied, along with estimates based on two MC techniques. While the Gaussian
white noise technique is only correct to within factors of 2-3, to get to the 10%-level we must
invoke the non-uniform nature of the spectrum.

Figure 4.49: The 2011-12 non-West channel amplitude distributions, compared to MC gen-
erated according to the procedure outlined in section 4.2.2, and uniform spectral weighting
(white noise).

Channel Data Non-uniform MC Uniform MC

N 0.72% 0.8% (3.0× 10−3)%

E 3.0% 1.4% (3.0× 10−2)%

S 0.53% 1.3% (3.0× 10−3)%

Table 4.23: The fraction of remaining events for the 2011-12 thermal triggers after a A ≥ 5.0
has been applied, along with estimates based on two MC techniques.
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Figure 4.50: (Left): The West channel amplitude distribution for 2011-12 thermal triggers,
which experiences a modified rms distribution in the denominator. (Right): The top graph
is the vpp voltage (mV) of the West channel, and the lower graph is the rms voltage (mV) of
the West channel, for 2011-12 thermal triggers.
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4.5 Searching for Low-Planarity Events satisfying all

other Cuts

With an understanding of how the cuts act on realistic thermal backgrounds, thermal trigger

can be eliminated in favor of signal candidates. If a thermal trigger passes all of the cuts

described above, and in addition has a planarity value consistent with a plane wave, we might

identify it as a neutrino instead. What follows is a summary of the tables and answers listed

in the previous section applied to the data from the three seasons. An analysis efficiency is

computed for each year, including inefficiencies associated with the ∆t filtering and the cut

variables. No thermal trigger survives every cut and still has the timing characteristics of a

plane wave.

The 2009-10 thermal triggers had a lower event rate because the low-band thresholds were

maximized, and the high band thresholds were large as well. The only portion of that season

free of wi-fi noise was was the final 12.2 days after the wi-fi removal. Thus we are only left

with several thousand events and our cuts can be less stringent, and therefore more efficient.

At the end of the ∆t analysis we are left with 7525 events, however, 80 of these turn out to

be heartbeats triggers that escape the ∆t analysis, for one of two reasons. Some heartbeat

triggers have no subsequent heartbeat event to form a ∆t = 1.0 sec, and this occurs once per

run (there are 49 runs). Sometimes the system does not record a heartbeat when it should;

this is rare, but it results in a ∆t value equal to a small integer multiple of 1.0 sec rather

than 1.0 sec. These 80 events were eliminated on the basis that they satisfied one of these

two conditions, and had large vpp values (N: ≥500 mV, E: ≥ 400 mV, and S: ≥ 300 mV).

To estimate the inefficiency of amplitude cuts, the software package shelfmc [15] is used. The

details of how the signal amplitudes are generated in each channel are detailed therein so

they will not be repeated here. The rms noise level is generated from the usual formula for

RF frequencies, vrms =
√
kBTsysR, where k is Boltzmann’s constant, B is the bandwidth
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(900 MHz from 100 MHz to 1000 MHz), Tsys is the system temperature, and R is the load

resistance (taken to be 50Ω). After applying the average gain of 66 dB to the answer, we

have about 30 mVrms. Forced trigger rms values confirm this approximation in the various

seasons. The simulation steering file requires the user to input a global threshold and gate

logic; here we use 2 of 4 channels and a base threshold of 5σ. That is, the maximum channel

amplitude is at least 5
√
kBTsysR after accounting for the gain. Figure 4.51 demonstrates

how the simulation output files obey this criterion. Each event in this simulation is assigned

a weight according to the probability it interacts in the Earth before it reaches the ice. After

creating a weighted TTree in the ROOT software to account for this interaction probability,

58.3% pass the amplitude cut in table 4.22.

Figure 4.51: The amplitude with respect to the rms thermal noise (
√
kBTsysR) outputted

by the simulation shelfmc after requiring a threshold of 5×rms noise levels. After accounting
for the events’ weight, 58.3% satisfy the amplitude cut in table 4.22.

Figure 4.52 shows the planarity variable (section 4.2.3) of the 2009-10 triggers, with each
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cut applied to the data in turn. The central green band represents our (naive) expectation

for the planarity of a true signal event with perfect timing. Width of this band assumes a

planarity precision 400 ps, or 200 ps in each of the four channels (the errors of the four lags

adding in quadrature). This 200 ps assumption is probably conservative, since the error in

the base planarity bin (section 4.2.4) is 300 ps (150 ps per channel). The mean of the signal

region is 0 ns; the analysis of section 4.2.4 suggest the timing offsets cancel within errors.

The width of the signal region is 1 ns, or 2.5 times the precision of 400 ps. This is mean to

preserve 99% of the signal events with the correct timing. This same criterion is applied to

each season’s data. There are two other reasons why limiting the signal region to |P | < 1.0

ns is necessary. This analysis is restricted to the largest-amplitude events, which should have

very little timing uncertainties. Secondly, defining a fixed signal region (with a fixed signal

efficiency) also fixes the probability that a thermal trigger lands inside of it.
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Figure 4.52: The final results for the first season’s data analysis. The cuts have been defined
in section 4.4, and the remaining events are in table 4.24. The event-cleaning level represents
the ∆t analysis and removal of self-triggered events.

Season Cut Value Events Remain. Cut efficiency

2009-10 Event Cleaning ∆t analysis 7445 98.9%

2009-10 Causality |τij | < nxij/c 938 ≥ 99%

2009-10 Tpp ≥ 60 ns all chan. 55 ≥ 99%

2009-10 A ≥ 4 all chan. 10 59.2%

2009-10 Plane wave |P | ≤ 1.0 ns 0 ≥ 99%

2009-10 – – – 58.5%

Table 4.24: These are the remaining events for each cut level, 2009-10 thermal triggers.
The cut |P | ≤ 1.0 ns encompasses 2.5 standard deviations about the mean. The composite
efficiency is given at the bottom.
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One question we must ask is whether or not the planarity variable reconstructs to 0 ns

given the presence of noise and the amplitude requirement. With a unit-less amplitude

of 4.0 in each channel, the answer is that greater than 99.7%. To obtain this result, we

can superimpose, for example, the reflection pulse obtained from the 2011-12 ice analysis

(chapter 2), scaling the amplitude and thermal rms values such that we obtain the desired

unit-less amplitude on average. The LPDA receiver makes this pulse ≈ 100 ns wide, and

the receiver system allows frequencies near 100-200 MHz to dominate the signal oscillations.

With 10-20 oscillations in the signal, the cross-correlation has no trouble reconstructing

properly. Using a much shorter and faster pulse template (for example, a 10 ns wide Gaussian

wave packet generated by the MATLAB command gauspuls) degrades the integrity of the

planarity reconstruction. However, the 2011-12 direct-bounce results are our best model for

a real neutrino signal, because they begin as a 1 ns wide signal and are widened naturally by

the ice and artificially by the receiving system. The high efficiency of the cross-correlation

technique is also why we neglect inefficiencies due to the timing based cuts (shelfmc does

not even account for noise degradation of timing). Thus, the overall analysis efficiency for

this season is .989× 0.592 = 0.585 = 58.5%.

Figure 4.53 shows the planarity variable of the 2010-11 triggers, with each cut applied to

the data in turn, and table 4.25 presents the events remaining upon each cut. The central

band representing the signal region is the same as before. The waveform analysis begins with

90,148 events from the end of the ∆t analysis (section 4.3.2) that removed things like Iridium

transmissions, heartbeats, and forced triggers. At this stage the analysis efficiency factor

is 97%. Of the 90k events, 15,156 turn out to be self-triggered, but randomly occurring in

time. They have consistent lags and Tpp times, characterized most strongly by the fact that

the East channel signal arrives first, and earlier than the usual 60 ns mark. This indicates

that the signals are coming from the electronics box, given that the East antenna is buried

closest to the box. The North and South channel signals arrive almost simultaneously, and

they are equidistant from the box (figure 4.54).
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Given the location of the East channel LPDA (figure 3.33), there are very few other directions

amenable to a signal arriving that early in this channel. These events are tagged with the

cuts listed in table 4.26, at an efficiency of 96.7% with respect to signal. The self-triggered

population from the electronics box is present in this season most likely because the low-

band thresholds were activated, and the high-band thresholds were lowered. A lower global

threshold reveals previously hidden noise sources. The rest of the standard waveform cuts

are shown below. The total efficiency with respect to signal is 0.97× 0.967× 0.523 = .490 =

49.0%.
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Figure 4.53: The final results for the second season’s data analysis. The cuts have been
defined in section 4.4, and the remaining events are in table 4.24. The event-cleaning level
represents the ∆t analysis and removal of self-triggered events.

Season Cut Value Events Remain. Cut efficiency

2010-11 Event Cleaning, 1 ∆t analysis 90148 97.0%

2010-11 Event Cleaning, 2 Self-triggered 74992 96.7%

2010-11 Causality |τij | < nxij/c 15063 ≥ 99%

2010-11 Tpp ≥ 60 ns all chan. 2047 ≥ 99%

2010-11 A ≥ 5 all chan. 26 52.3%

2010-11 Plane wave |P | ≤ 1.0 ns 0 ≥ 99%

2010-11 – – – 49.0%

Table 4.25: These are the remaining events for each cut level, 2010-11 thermal triggers.
These data represent 20.58 days of live time thresholds were adjusted mid-season to begin
acquiring thermal triggers. The composite efficiency is given at the bottom.
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Figure 4.54: There are 15k events that have the same properties as this thermal trigger
in the 2010-11 data. Although they occur randomly in time, passing the ∆t analysis, we
remove them on the basis that they have identical properties from waveform to waveform
(table 4.26).

Cut Efficiency Estimate

τSN < 6.0 ns 1.0-(6.0/36.2) = 83%

τNE < 18.0 ns 1.0-(18.0/28.7) = 37%

τES < 9.0 ns 1.0-(9.0/10.7) = 16%

East Tpp < 55 ns 1.0-(55/87.0) = 63%

AND all 100%-3.3% = 96.7%

Table 4.26: These cuts remove the self-triggered events discussed above with a total sig-
nal inefficiency of 3.3%. Signal lags are constrained to be causal, and this provides the
denominators in the second column..
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Moving on to the final season of thermal triggers, we must be mindful that the quality of

the data is starting to change. The threshold is starting to drift lower, and the West channel

is only useful for timing calculations. As such, the West channel is simply removed from

the amplitude cut, and the waveforms from that channel are used only for timing purposes.

This channel still reads out large pulses for heartbeat triggers and noise pulses, but without

a clear understanding of the change in gain and the disappearance and reappearance of

thermal noise in this channel’s data, it is too risky to use the amplitudes. Because every

heartbeat contains a West channel pulse, however, we can conclude that when there is a

pulse to be read out the West channel can be relied upon to catch it. Removing the West

channel from the amplitude cut makes it less restrictive with respect to Monte Carlo signal,

and therefore more efficient. To be conservative, however, we assume an average efficiency

for the three seasons of 50% in the next section.

Other issues crop up because of the factor of three increase in live-time. One issue is that the

unix clock aboard the CPU stack of Icicle1 begins to drift over time, relying upon the GPS

daemon to correct it. This drift can grow to 100 sec (according to iceSoft) before the GPSd

program resets the clock. If this occurs in the beginning of a run during the heartbeat train,

then the ∆t of one heartbeat event will no longer be close to 1 second. During the prior two

seasons the likelihood of this problem was small enough to avoid observation. After running

the waveform analysis on the 2011-12, however, there are heartbeat triggers that pass all of

the waveform cuts. Removing any event from the first 205 seconds of a run is sufficient to

rid the analysis of heartbeats that escaped the delta T analysis. Technically, this makes the

∆t = 1.0 ± 0.015 sec redundant, but even under the worst conditions (highest event rate,

largest sigma of the delta T cut) the inefficiency introduced is less than 1%.

For all runs of the 2011-12 season, the heartbeat pulser was active. The time it had power was

always 100 seconds. Thus, one would expect that the cut should be placed at 101 seconds,

not 205 seconds. However, there are heartbeats that survive into the final planarity plot
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even after such a cut - event 2769875 is a heartbeat that occurred 204 seconds after the start

of run 186, for example. The GPS daemon corrected the unix clock, adding time between

heartbeats (figure 4.55). WIth the maximum skew set to 100 seconds by the software, one

might expect a cut of 200 seconds and not 205, however delays introduced by Hkd account

for the extra 5 seconds (figure 4.56).

Figure 4.55: The red marker indicates the heartbeat in question, which escaped the ∆t
analysis because of clock skew. The blue dots are both regular triggers and heartbeats (ie
no filtering). The x-axis is the UTC time in seconds, divided by 106. The y-axis is the event
number.

Figure 4.56: The time of the execution of Hkd after the first event in a run, plus the
heartbeat period of 100 seconds. If Hkd execution was instantaneous, x would equal 100
seconds, because Hkd is restarted just after Acqd is. However, sometimes it takes a little
longer (the mean is 105 seconds and the rms is 5 seconds).
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The ∆t analysis for this season ends with 1.717 million events, beginning with run 57 and

ending with run 258. Although technically thermal triggers begin with run 57, this run is

almost five days long, indicating non-standard operations (standard operation for this season

is two 12 hour runs followed by a short communications run). There are many suspicious

noise events occurring in this run, and the event rate fluctuates. Additionally, researchers

had to make several post-expedition trips back to the site during this time (December 15-20,

2011), allowing for the possibility of man-made noise. Thus, run 57 is removed from the

analysis. This step does introduces no signal inefficiencies, but reduces slightly the live-time.

Similarly, there is a large burst of large amplitude events (figure 4.57) exclusively during run

180. Housekeeping data indicates that there are high winds during this time, however, the

wind turbine was disabled in the prior season and it is unlikely to be making RF impulses

as large as those of the 2010-11 season. The wind turbine of Icicle2 was fully functional

at this time, but it was also 1 km distant from Icicle1 channel antennas. The burst events

occur at the same time as a small data gap in the Icicle2 housekeeping data, indicating

real-time AFAR and/or Iridium communications to make adjustments to detector settings.

Noisy communications are an alternative explanation to pulses from wind turbines.

A final event-cleaning procedure is necessary for the 2011-12 triggers, because there is another

randomly occurring self-triggered population throughout the runs. In this case, the events

are distinguished by large pulses in the North and West channel that arrive first in those

channels. Table 4.27 outlines the cut to remove this population of 11,095 events, and figure

4.58 shows an example of one. Because the West and North channel pulses arrive first, and

simultaneously, the most likely source is the wireless tower. Adjustments to the firmware

of the AFAR units were made during the final season of this analysis, as well as the wi-fi

tower power system. It is possible that some RF shielding component was not reinstalled,

allowing some noise pulses to escape that system and propagate to the detector. Unlike the

prior season, where a noise source was revealed due to a lower threshold, these events are 3-4

times larger in amplitude and therefore cannot be associated with just the lowering of the
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Figure 4.57: The large amplitude events in run 180 are on day 32.5 of the year 2012 (UTC),
mainly in the North and East channels. They occur during a prolonged wind storm (Icicle2
wind data), and there is a data gap in the HK data (bottom) during the events as well.

thresholds. Table 4.28 summarizes the event cleaning, and table 4.29 shows the remaining

events after the standard waveform cuts are applied, after the event-cleaning. Figure 4.59

shows the planarity of the final, clean population of 2011-12 thermal triggers.

Cut Efficiency Estimate

North vpp > all 1.0-(1/4) = 75.0%

East vpp > South,West 1.0-(1/2) = 50.0%

North Tpp < all 1.0-(1/4) = 75.0%

East Tpp < South,West (1/2) = 50.0%

AND all 100%-1.6% = 98.4%

Table 4.27: These cuts remove the self-triggered events discussed above with a total inef-
ficiency of 1.6%. The North channel is required to be the largest, and earliest pulse. The
East channel is required to be the second-largest, and the second-earliest. Assuming the
independence of these criteria, the total inefficiency is small.
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Cut Events Remaining

Post-∆t 1717295

No run 57, no run 180 1668728

Wait 205 seconds after run start 1656562

Self-triggered 1645466

Table 4.28: A summary of the event cleaning actions performed on the 2011-12 thermal
triggers after the ∆t analysis. These actions reduce the amount of data by 4.2%.

Figure 4.58: Events such as these are common in run 107, but they occur randomly in time
(i.e. they are not repetitive in ∆t). The cut outlined in the table above selects them with
an inefficiency of 1.6% with respect to signal.
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Figure 4.59: The final results for the third season’s data analysis. The cuts have been defined
in section 4.4, and the remaining events are in table 4.24. The event-cleaning level represents
the ∆t analysis and removal of self-triggered events.

Season Cut Value Events Remain. Cut efficiency

2011-12 Event Cleaning, 1 ∆t analysis 1717295 96.5%

2011-12 Event Cleaning, 2 Self-triggered 1645466 96.0%

2011-12 Causality |τij | < nxij/c 174043 ≥ 99%

2011-12 Tpp ≥ 60 ns all chan. 8077 ≥ 99%

2011-12 A ≥ 5 (excl. West) 15 64.2%

2011-12 Plane wave |P | ≤ 1.0 ns 0 ≥ 99%

2011-12 – – – 59.5%

Table 4.29: These are the remaining events for each cut level, 2011-12 thermal triggers.
These data represent 57.13 days of live time (see text). The ∆t efficiency estimate comes
from a weighted average of the five ∆t period efficiencies. The cut on the amplitudes A is
more efficient than prior years because it doesn’t cut on the West channel. The composite
efficiency is given at the bottom.
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The self-triggered and event cleaning stage inefficiency is the sum of a weighted average of

the ∆t inefficiencies (3.6%), plus 0.5% for the removal of the first 205 seconds of each run,

plus 1.6% to remove the 11k self-triggered events. The amplitude cut carries the same as

that of the 2010-11 season because the cuts are identical. The final answer for the efficiency

of the 2011-12 analysis is 0.965× 0.960× 0.642 =, or 59.5%.

As shown in table 4.21, the high-band thresholds for the 2011-12 season in Icicle1 were much

lower than in the low-band. This lowers the amplitude, A, of the average thermal trigger

due to the response of the data acquisition chain. For this reason alone, the cut on A in

the the three non-West channels removes fractionally more thermal events than in the prior

season. While the fractional reduction in the remaining number of thermal events is large

between the Tpp cut and the combined amplitude cut, the fractional reductions involved with

the individual channel amplitude cuts are similar to the other waveform cuts. Figures 4.60

through 4.62 plot the amplitude data for each individual cut.

Figure 4.60: The x-axis is the North channel amplitude distribution, plotted sequentially for
each waveform cut. The numbers of events remaining after each amplitude are: 8077 (no
cuts), 271 (South cut), 106 (South and East cuts), and 15 (all cuts).
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Figure 4.61: The x-axis is the East channel amplitude distribution, plotted sequentially for
each waveform cut. The numbers of events remaining after each amplitude are: 8077 (no
cuts), 271 (South cut), 44 (South and North cuts), and 15 (all cuts).

Figure 4.62: The x-axis is the South channel amplitude distribution, plotted sequentially for
each waveform cut. The numbers of events remaining after each amplitude are: 8077 (no
cuts), 386 (East cut), 43 (North and East cuts), and 15 (all cuts).
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Finally, it is important to quantify the probability that a thermal trigger landed in the

signal region. This calculation is essentially an integral of a normal distribution, since the

signal region reflects a small portion of the gaussian distributed planarity distribution. The

planarity distribution width is 25 ns on average, after the Tpp cut has been applied. Making

the calculation after the Tpp cut accounts for biases introduced by requiring the pulses to all

arrive after the the 60 ns mark. (The cut squeezes the pulses closer in the region of the data

record between 60 and 90 ns). The fraction of events that randomly fall within the signal

region |P | < ε on the planarity normal distribution is

F =
1√

2πσ2

ε∫
−ε

exp (−x2/2σ2)dx =
2√

2πσ2

ε∫
0

exp (−x2/2σ2)dx (4.44)

Let the variable t = x/
√

2σ. This means that

F =
2√
π

ε/
√

2σ∫
0

exp (−t2)dt = erf(ε/
√

2σ) (4.45)

Using ε = 1 ns, and σ = 25 ns, we obtain 3% for the fraction F of thermal triggers that

appear in the signal region. Defining the signal region as |P | < 1 ns therefore fixes the

probability that the thermal trigger could pose as a neutrino, in addition to guaranteeing

good timing reconstruction, as discussed above. There are a total of 51 events in the three

seasons that survive the waveform cuts. Thus we expect 3% of them to be in the signal

region, or 1.5 ± 1.2 events. The result of 0 events in the signal region is 1.25 standard

deviations from the expectation.
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4.6 Demonstrations of the Icicle1 Prototype Trigger

One question a skeptic might ask is how we know that the station is not randomly triggering

itself throughout the duration of the deployment, rather than triggering on actual fluctua-

tions and signals. One clear demonstration of the effect of the trigger/threshold system is to

demonstrate that the events pulled out of the thermal noise are different from forced trigger

data, in which we sample the background regardless of the presence of a signal. The most

ideal thresholds for this calculation were used in 2010-11, when the the low and high band

thresholds had more or less equal footing; in 2011-12 we focused on the lower amplitude,

higher frequency triggers. In 2009-10, we did not even use the low band portion of the trig-

ger. The amplifier/LPDA system dictates that the lower frequencies have higher amplitudes:

the LPDA effective aperture is larger, and the amplifiers have slightly higher gain.

Comparing the amplitude of the thermal triggers under the conditions of 2010-11 reveals

a stark contrast between forced and thermal triggers, as well as heartbeats. Figure 4.63

contains the results. This season most clearly demonstrates the effect of the trigger because

the threshold was effectively higher - both trigger bandwidths were active and had roughly

equal settings. Forced triggers represent small amplitudes obtained from randomly sampling

the rms noise, while thermal triggers must trigger the station. Heartbeats represent a real

RF pulse, nearby, and large in amplitude. The histograms are normalized to unity, and the

West channel vpp values are being compared to the South channel rms values in this case,

because the rms noise is absent for 90% of the West channel forced and thermal triggers.

This approach works well for heartbeat triggers; the West heartbeat distribution appears

similar to the other channel distributions. However, the West channel thermal triggers do

not have the amplitude of the other channels; this makes sense in that the West channel

thresholds are maximized. The mean and rms values of the distributions in figure 4.63 are

quoted in table 4.30.
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Figure 4.63: The amplitude variable, A, plotted for the three major event classes for the
2010-11 season.

Another effect that demonstrates the action of the trigger is the frequency content of heart-

beat events compared to MC and thermal triggers. The dual-bandwidth nature of the trigger

means that events can be caused by pulses concentrated at high frequencies (650 to 990 MHz)

or low frequencies (130 to 460 MHz) with respect to the total bandwidth available. The high

end of the low band, 460 MHz, is actually the 3 dB point of the combination of the filters

that define the low band. As we shall see, we are interested in differences smaller than 3dB,

so let’s consider a signal low-frequency if the majority of the power is below 400 MHz. It is

interesting to consider how much more power, for example, is below 400 MHz in an event

than in above it. For a neutrino signal, we expect to observe considerable power at high

frequencies. For thermal triggers, this is not necessarily true, because of the emphasis placed

on low frequencies by the amplifiers and LPDAs. Figure 4.64 clarifies these ideas by plotting

the average power (in dB) above 400 MHz minus the average power (in dB) below 400 MHz.

The Monte Carlo results confirm expectations for signals where the difference between the

hit angle and the Cherenkov angle is less than several degrees (ie we are observing the event
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Channel Event Class Mean Ampl. RMS Ampl.

North Forced 3.34 1.07

East Forced 3.30 1.44

South Forced 3.23 1.45

West Forced 3.13 1.04

North Thermal 4.85 0.87

East Thermal 5.63 1.50

South Thermal 5.74 1.29

West Thermal 4.45 1.21

North Heart 6.77 1.43

East Heart 9.08 1.32

South Heart 7.36 1.24

West Heart 7.50 1.51

Table 4.30: The statistics of the distributions in figure 4.63.

on-cone). The heartbeat triggers mimic a real neutrino signal, containing high-frequency

oscillations that originate from the 100 ps rise-time of the Avtech pulser. However, thermal

triggers from 2010-11 exhibit a deficit in high frequency power; it is the low frequencies

that are more powerful. It is essential to be clear about the decibel units: for thermal and

heartbeat triggers the power in dB is expressed as 10 log(Pν/Pν,forced), so the dB represents

power above forced trigger background noise. For the Monte Carlo we take the power in dB

above background as well. Thus, figure 4.64 confirms that when there is a high frequency

signal, the prototype station catches it, but when we have appropriate thresholds set, low-

frequency thermal noise triggers the station.
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Figure 4.64: The power of thermal triggers (blue), heartbeats (red), and Monte Carlo pulses
(black) is concentrated in different bands. The x-axis is the average power below 400 MHz
(in dB) subtracted from the average power above 400 MHz (in dB). (North: top left, East:
top right, South: bottom left, West: bottom right).

Figure 4.65: In each of the four MC channels, the signal power is concentrated at high
frequencies for events that hit the detector at angles close to the Cherenkov angle. As the
Askaryan pulse begins to graze the detector rather than hit it directly, we start to lose high
frequency power.
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There is a physical reason why the Monte Carlo answers are above 0 dB on these plots:

when the Askaryan pulse hits the detector at an angle which is close to the Cherenkov cone,

we retain the high frequency components. Recall from chapter 1 that the power at high

frequencies drops quickly as we observe the Askaryan pulse at increasing angles from the

Cherenkov cone. Is is also built into the simulation and confirmed in other studies [15].

Figure 4.65 contains the results of the same simulation as the black distributions in figure

4.64. This Monte Carlo run had a threshold of 5 sigma and a majority logic of 2 of 4 antennas

hit per station, and a hexagonal array of seven detectors.

Figure 4.66: The time between consecutive ∆t versus time of the 2010-11 season during
thermal trigger acquisition. The heartbeat events show up as a repetitive signal at ∆t = 1.0
sec.

A final argument for the proper functioning of the trigger is that it is stable. Because we

fire a heartbeat pulse once per second at the beginning of each data run, we would discover

missing heartbeats in runs if the trigger somehow stopped functioning. Figure 4.66 shows the

time between consecutive events versus time, for the 2010-11 season during thermal trigger

acquisition. The heartbeat events show up at ∆t = 1.0 second, once per run. Mid-season
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we switched to 12 hour runs rather than 6 hour runs, and this is reflected in the figure.

The same results are obtained for the other two seasons as well, proving that the trigger

remained stable throughout deployment. Again, for these examinations of the trigger, the

2010-11 thermal triggers provide the best demonstration because the thresholds were even

between high and low bands, and remained the most stable.
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Chapter 5

Neutrino Sensitivity of Prototype

Station, and Flux Limits

Given the results of the previous chapter, we should be able to set limits on the neutrino flux

achievable with a varying number of stations. This calculation makes use of the simulated

effective volume of a varying number of stations [15]. In addition, the Monte Carlo code

accounts for other parameters of the deployment, including the majority logic, number of

LPDA antennas, thresholds, and live-time. Section ?? begins with a review of the flux

prediction based on no events observed, and concludes several curves that quantify the

effective aperture of the prototype and arrays comprised of stations similar to the proto-

station. This discussion includes modifications of the Monte Carlo code to model the precise

antenna locations, and antenna polarization properties. Using this effective aperture, the

final sensitivity curve reached by the analysis of the thermal trigger waveforms is presented

in section ??, and it is compared to optimistic models of UHE neutrino flux. Additionally,

we make predictions of the number of observed neutrinos given an array of stations like the

ARIANNA prototype, assuming modest improvements in analysis efficiency and thresholds.
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5.1 Effective Volume, Flux Limits

The number of observed particle interactions in a detector like ARIANNA depends on the

volume observed. However, it is not necessarily the actual, or fiducial volume that enters this

calculation. Not every neutrino that interacts within the fiducial volume is observed. Thus,

if we use the fiducial volume in our predictions of the neutrino flux, we would artificially

improve the sensitivity. The effective volume (× solid angle) is defined as follows [15]:

VeffΩ = Vfid
ρice
ρH20

4π
1

n

m∑
i

wi (5.1)

In the above equation Vfid is the fiducial volume, and the ratio of densities makes this a

water equivalent quantity. The integers n and m are respectively the number of thrown

neutrinos in the Monte Carlo, and the number of detected neutrinos. The thrown neutrinos

are generated isotropically. The weights wi quantify the probability that the neutrinos were

not merely absorbed in the Earth. The weight is derived from the amount of matter the

UHE neutrino must traverse at the given trajectory before reaching the fiducial volume.

w =
n∏
i=0

exp

(
−xi
Li

)
=

n∏
i=0

exp

(
−xiρi

li

)
(5.2)

Here the Earth is modeled as a series of layers i of matter with varying densities ρi and

interaction lengths Li (m), or li (kgm−2). The number of layers the neutrino traverses

is n, and each has a thickness xi. The UHE neutrinos observable to ARIANNA will be

attenuated if the trajectory originates from 30% beneath the horizon. The average density

for the Earth’s crust is assumed to be 3500 kg m−3, and the ice density is 917 kg m−3.
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The effective volume, multiplied by the steradians visible to the detector, is sometimes

denoted the aperture of the detector. Another useful quantity is the exposure, defined as

A(E) = (Veff (E)Ω)
ρH2O σ(E)

mamu

tlive (5.3)

Here ρ is the density of water, σ is the energy-dependent deep-inelastic scattering (DIS)

cross section, mamu is the atomic mass unit, and tlive is the live-time of the detector. Given

equation 5.3, it can be shown that the total number of interacting particles in the effective

volume is
∫
A(E)φ(E)dE. Consider a basic formula for the number of particles interacting

through a length L with a flux φ (particles per unit area, energy, and time) in the effective

volume during a time t:

dN = φ

(
VeffΩt

L

)
dE (5.4)

We identify the length L with the interaction length of a particle, or the distance over which

the number of particles drops by a factor of e:

L =
mamu

ρH2O σ(E)
(5.5)
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Also, we recall the identity

dE = E ln 10d logE (5.6)

Substituting, we have

dN = φ(E)Veff (E)Ω

(
ρH2O σ(E)

mamu

)
tliveE ln 10d logE (5.7)

To calculate the number of expected particles observed, we would put in the flux versus en-

ergy and integrate. We can identify within this equation the exposure, and upon integration,

we have the total number of interactions observed (if the volume is the effective volume):

N =

∫
A(E)φ(E)dE (5.8)

We are free to discretize this integral, since we will want to be able to sum over energy bins

and look at individual fluxes in each bin. One choice we can make is to use half-decade

energy bins, such that d logE = 1/2.

Nexp =

(
ρH2Ot ln 10Ω

2mamu

)∑
i

φiVeff,iEiσi (5.9)
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To examine the number of neutrinos above a certain energy bin, we note that the flux is most

likely a quickly decreasing power law, with a spectral index close to -2, such that the flux at

the energy bin in question is close to the total flux above that energy. The Feldman-Cousins

[47] expected upper-limit for a 90% confidence-level given no observed neutrino events in a

given flavor, and at a given energy, is N ≤ Nmax = 2.3. The number 2.3 comes from the

choice of confidence level, 1 − α. If 1 − α = 0.9, then α = 0.1 and Nmax is given by the

formula Nmax = − logα ≈ 2.3. We have

Nmax ≥
(
ρH2Otlive ln 10

2mamu

)
EiφiVeff,iΩσi (5.10)

Finally, we solve for the flux (using the interaction length), and scale the effective volume

by a factor of three to account for the three possible neutrino flavors observed:

φ(Ei) = φi ≤
2NmaxL(Ei)

3 ln 10tliveEiVeff,iΩε
(5.11)

The analysis efficiency factor ε is included in the denominator, which is the fraction of

signal captured by the cuts. The effective volume has been simulated using the shelfmc

code (Appendix B), and the results are shown in figure 5.3. The effective volume is almost

linear with the number of stations, given a 1 km station separation (the slope is 0.94). The

results of ARA-37, the final proposed version of the Askaryan Radio Array, come from [36].

Although the full version of ARIANNA (31 × 31 stations) seems an improvement over the

final ARA-37 results, it is unlikely to matter because the bulk of the UHE neutrinos (as we

saw in chapter 1) from the GZK effect will have energies between 1018 and 1019 eV, where

the two experiments have similar results.
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Before using the baseline effective volume estimates of the Monte Carlo to calculate the

sensitivity, we must discuss modifications made to it to more accurately model the detector.

This includes both natural effects, such as the properties of the ice shelf previously not

understood, and the geometry of the real detector in Moore’s Bay.

Shadowing Effect. First, It is important to note that the effective volume plotted in figure

5.3 includes the shadowing effect. The details of how the shadowing effect is modeled in

the Monte Carlo are summarized in figure 2.24. There are four types of events; events that

do not reflect but proceed to the detector from the bulk ice in the inclusion zone, reflected

events that travel through the bulk ice to the detector in the inclusion zone, and direct and

reflected events that originate in the excluded zone.

The exclusion zone is so named because the depth-dependent refractive index pulls the

Askaryan pulse away from the detector if the neutrino interacts in the exclusion zone. An

increase in the number of missed events decreases the effective volume (see equation 5.1).

Simulation runs with and without the shadowing effect activated indicate there is a factor

of two difference in the effective volume depending on the existence of the effect. In chapter

2 we discuss data taken in 2011 that prove RF pulses can travel up to ≈ 543 m without any

shadowing at the surface. Thus, the effective volume used below for the flux prediction is a

conservative estimate, which will increase if it turns out that any shadowing in Moore’s bay

is smaller than modeled.

Antenna positions. Next, we have to consider the fact that in previous studies the antenna

locations were treated as an ideal polygon, with a baseline of 3.75 m. While this is close

to the actual deployed array of LPDA antennas, it can be made more accurate given the

precision we have for the antenna locations (figure 3.33). Given the experimental geometry,

the average neutrino interacts and produces a pulse that must travel usually over 1000

m before reaching the detector. The real antenna positions deviate from the ideal square

assumed in the simulation by only a few meters, and thus the expectation is that the electric
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field strength does not change significantly enough to affect the detection of the event.

Antenna polarizations. A stronger effect resulting from the real antenna positions is the

antenna polarization. Let the x-y plane represent the surface of Moore’s Bay, and the z-axis

describe the depth. The Askaryan pulse is linearly polarized; by placing linearly polarized

antennas in a polygon, we allow for the possibility of polarization measurement. Ideally, the

polarization of the signal antennas would alternate between x-axis and y-axis alignment. This

maximizes the chance of matching the Askaryan polarization from any direction. However,

the real antenna positions do not have the ideal polarization alignment, with alternating

polarizations. The worst case scenario is that we see a factor of 2 reduction in the effective

volume. If every antenna has the same polarization, there are two quadrants in the x-y plane

from which an incoming Askaryan pulse would encounter only antenna null zones.

The null zone of the LPDA is located 90 degrees from bore-sight in the E-plane. The Monte

Carlo models the radiation pattern of the LPDA antenna by assuming the decrease in gain is

described by a two-dimensional Gaussian function in θ and φ (in the E and H planes). The

σ parameters of this Gaussian function are θHPBW and φHPBW , derived in prior chapters.

The Monte Carlo reveals a reduction in the effective volume when the worst possible antenna

alignment is used, however it is not the expected 50% reduction but closer to 20% at 1017

eV, and 10% at 1019 eV. The discrepancy is explained by the Gaussian model; while this is a

good approximation near the bore-sight of the antenna (within the HPBW of the antenna),

this model does not account for the 40 dB loss in gain in the antenna null zone. Because

the antenna polarizations are closer to the ideal case than the worst possible case, we simply

live with the 10% level uncertainty in the effective volume calculations.

Filtering. Another source of error in the effective aperture is the presence of filters in

the prototype system. The high and low pass filters are located just before the low noise

amplifiers. The high pass filter was a model NHP-150+ (Mini-Circuits), with a 3dB point

of 120 MHz. The low pass filter was an NLP-1200+, with a 3 dB point of 1200 MHz. The
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amplifier pass-band (as defined by 40 dB drops in gain) is approximately [50-1000] MHz. The

primary systematic is the effect of the low frequency cutoff, because the magnitude of the

effective height (section 3.2.2) of the LPDA is inversely proportional to the frequency. Thus,

an increase in the low frequency cutoff would decrease the maximum effective height and

therefore the total response of the system. However, the Monte Carlo is already restricted

to [100-1000] MHz, so changing the low frequency cutoff from 100 to 120 MHz is only a 10%

effect. This 10% effect, which is reproducible in the VeffΩ simulations, can be understood

by integrating the effective height between [120-1000] MHz and [100-1000] MHz, taking the

ratio of the results.

Majority logic gate. The antenna positions as deployed dictate the maximum travel time

between channels for a plane wave signal. The majority logic gate is the maximum separation

in time between single channel triggers that can satisfy the majority logic number (2 out of

4 channels). The issue with the gate and the physical separation between antenna channels

is that the gate is shorter than the propagation time between certain antenna pairs. In fact,

there are two digital gates signals per channel. One signal is raised to digital HIGH for

8.3 ns (two clock cycles of a 40 MHz clock at 6× speed) if an incoming signal satisfies the

channel threshold. Another signal checks to see if the threshold is satisfied each clock cycle

(25 ns), and if so, it raises a gate signal for one clock cycle. The 8.3 ns gate and the 25 ns

gate are always subjected to a logical OR operation. The output of this operation is the

single channel trigger signal. If two channels send gate pulses that overlap, then the system

latches the digitized data and records an event.

Table 4.13 shows the maximum propagation times between channel pairs used in the causality

variable. All of these times are larger than the 8.3 ns signal. If the neutrino pulse in the

detector was as short as it is at production (≈ 1ns), then Askayran pulses with propagation

vectors close to the horizontal would never satisfy the majority logic. However, there are

two effects that mitigate this problem. First, the analysis requires all channels to have a
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large A = vpp/2vrms value. Thus, all channels should satisfy the threshold, and raise the

gate signal (8.3 ns). The East and South antennas are the closest and therefore govern the

majority logic action. Monte Carlo studies show that the time difference in signal arrival in

these two channels is normally distributed with a mean 0 ± 9 ns. The error in σ = 9 ns is

0.13 ns, and this answer is obtained from a weighted analysis using the weighting procedure

described above. The amount of signal that satisfies the gate automatically is therefore

1− erfc(8.3ns/9.0ns/
√

2) = 64.2%.

This result is certainly an underestimate, because the detection chain stretches signals like

Askaryan pulses, such that the majority logic is actually easier to satisfy. Figure 5.2 demon-

strates how an averaged reflection pulse from the 2011-12 ice studies contains ample power

for times comparable to the largest time separation between data channels. Figure 5.2 is a

spectrogram created from the modulus squared of a short-time Fourier transform of the 2011

direct bounce reflection data. The integration time for each bin along the frequency axis is

9.0 ns. The frequency resolution is 50 MHz, and the overlap between integration windows is

50%. The 2011-12 direct bounce reflection from the Seavey radio horn transmitter and the

LPDA receiver had a peak to peak voltage of ≈ 2 V. This signal experienced the average

path length of an Askaryan pulse from a neutrino interaction [15], including attenuation

effects. Despite geometric and absorptive losses, the signal power remains high for times

longer than the Icicel1 gate signals, and comparable to the baselines between antenna pairs.

This is true even for the high-frequency trigger band. Thus, the first data channel trigger

remains HIGH long enough for the signal to propagate to the second data channel.
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Figure 5.1: (Left) A spectrogram created from the 2011 direct bounce. The contours range
from 3 dBm to 30 dBm. The lower portion of the bandwidth dominates the power. (Right)
The same data as figure 5.2, but filtered with a high-pass filter (type-I Chebyshev, 660 MHz
3 dB point) to reveal the structure at high frequencies. The number 660 MHz is chosen to
reflect the high-frequency trigger band. The contours range from -17 dBm to 10 dBm.
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Figure 5.2: (Left) The same analysis technique as figure 5.2 applied to the Seavey to LPDA
calibration signal obtained in 2011 (through 23m of air). (Right) Calibration signal, with
the same high-pass filter.
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The standard settings of shelfmc were used to produce the effective volume versus energy

curve in figure 5.3. The standard parameter values are listed so the effective volume curves

are reproducible. The first parameter is the neutrino energy. There are two choices in the

Monte Carlo code. One can either throw neutrinos of a single energy only, or employ a known

GZK spectrum. In either case the number of generated neutrinos remains fixed. To plot

the effective volume vs. energy, one must generate the same population of neutrinos at each

given energy. Second, the spacing in meters between stations is set to 1000 m. This setting

is irrelevant for a single station, but important for tables below predicting the number of

neutrinos visible to arrays of ARIANNA stations. The number of signal antennas per station,

and the number of antennas to form a trigger are also tunable. Here, to accurately model

the Icicle1 prototype, we chose 4 signal antennas and 2 to form a trigger. The waveform

analysis further requires four channels to have a large pulse, in order to reject background

and reconstruct the timing, but technically introduces inefficiency.

The next parameters required by the MC describe the firn: the depth and index of refraction

are set typically to 60 m and 1.3, respectively. The index of refraction we have measured and

reported in chapter 2. Our understanding of the depth is less precise, between 50 and 70 m

before the transition to pure ice. For example, our measurement of the depth of the Ross Ice

Shelf at Moore’s Bay assumes a depth-dependence function of the index of refraction based

on measurements from Williams Field [40]. The transition to pure ice in this model occurs

at 67 m. The Monte Carlo, however, uses 60 m. The error analysis of the ice shelf depth

reveals that the firn depth can have an error of 10 m and not affect the depth measurement

result. Thus, any number between 60 and 70 m should produce similar results.

Attenuation losses are calculated in the Monte Carlo based on the depth-dependence of

the ice temperature [25], adapted from results at the South Pole. The average attenuation

length is used to simplify the calculation of the signal power that arrives at the antenna.

Armed with the average attenuation length, the path-integral over the temperature (depth)
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dependance is then performed. The average attenuation with respect to frequency should

be weighted by the effective aperture of the antenna:

λ̄ =

∫ ν2
ν1
Ae(ν)λ(ν)dν∫ ν2
ν1
Ae(ν)dν

(5.12)

Recall that the effective aperture of the antenna at a single frequency ν is given by AeΩA =

(c/ν)2, where ΩA is the beam area. Thus, Ae ∝ 1/ν2, and we have

λ̄ =
ν1ν2

∆ν

∫ ν2

ν1

ν−2λ(ν)dν (5.13)

Assuming λ(ν) follows the linear fits to the attenuation length data from chapter 2, the

average attenuation length turns out to be ≈ 450 m. The next parameter is the threshold

parameter is set to 5 in the MC file, and it is the usual number of standard deviations about

the thermal noise level (
√
kBTR). We assume an ice-ocean reflection coefficient of 1.0, this

is justified by our 2011 measurements. Prior studies have shown that lowering it to 0.5 does

not have a strong impact on the effective volume results. As discussed above, the shadowing

effect is also turned on, using the firn density depth-dependence. Table 5.1 summarizes the

MC settings.
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Figure 5.3: The effective volume times steradians (aperture) for three versions of ARIANNA:
a single Icicle1 prototype station, a hexagonal grid of seven stations (Hexagonal Radio Array),
and a 31 by 31 station square grid. These results are averaged over neutrino flavor, and the
station separation is fixed at 1000 m. Also shown are the points for the ARA-37 simulation
[36].
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Effect/Setting Value Comments

Nν 200000 Limits the statistics

Exponent (Energy) 17.0-21.0 10γ eV

ATGap 1000 m station separation

ST Type 4 station type

N Ant perST 4 No. of channels

N Ant Trigger 2 No. of channels to trigger

Firn 1 use the firn

Firn index 1.30 from ice measurements

Firn depth 60 ±10 m

NRows 3 Hexagonal Array setting

NColumns 5 Hexagonal Array setting

Spectrum 0 Do not use if single energy

NSigma 5 Threshold

Reflect Rate 1.0 Reflection coefficient

GZK 1 The energy distribution if Spectrum

Shadowing 1 Turn on shadowing

Depth Dependent 1 Depth-dependent firn

Table 5.1: These are the parameters taken to produce the final estimate of the effective
volume.
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5.2 Sensitivity to UHE neutrinos

Using equation 5.11 and the results for the detector aperture, we can derive the experimental

sensitivity to various models of UHE neutrino fluxes. Taking a 90% confidence level and half-

decade energy bins, we obtain the upper red curve (ARIANNA prototype) in figure 5.4. We

follow the prescription from Feldman and Cousins in the previous section, where we place

2.3 events at each half-decade energy bin. Thus, this curve is a differential flux limit at the

90% confidence level. The results of several other experiments are shown, and references

are given, however the corresponding effective volumes are not plotted separately. The more

ambitious ARIANNA differential flux limit is calculated in the same fashion. For this limit,

however, 3.0 years of live-time, 100% analysis efficiency, and a 31 × 31 station are assumed.

This curve is thus an estimation of how sensitive the experiment can become, but it is also

easily understood by scaling the upper result by number of stations and live-time. (The

effective volume is linear in the number of stations, given a 1000 m station separation [15]).

It is this sensitivity which is used to produce table 5.2 at the 90% confidence level.

Table 5.2 shows the predicted number of counts after performing the discretized integral in

equation 5.9. The model rejection factor [56], 2.3/Nν , is also shown next to the corresponding

model prediction. While there are a wide variety of models affecting the GZK neutrino flux,

the majority produce a non-negligible number of signal events. We can reject a model for the

flux if the model rejection factor (MRF) is less than unity. We use the following function to

relate the cross section to the energy: σ(E) = 7.84× 10−40E[GeV]0.363 m2. This power law

fit matches the total deep-inelastic scattering cross-section from [3], where the total cross-

section means the sum of the contributions from the charged current and neutral current

interactions.

All but a few of the listed models could be detected or rejected with 3.0 years of live-time.

These models fall into several categories, each limiting the UHE neutrino flux in one or

270



more ways. These mechanisms have already been discussed in the first chapter, however it

is worthwhile to recount them here. If the UHECR sources follow the evolution with respect

to redshift of other astrophysical objects, then an enhancement is predicted in the neutrino

flux. Without direct evidence of the source of UHECRs, the evolution functions can track

a variety of phenomena: star formation rates (SFR), quasi-stellar objects (QSO), or even

gamma-ray bursts (GRB). There are few kinds of astrophysical objects that do not evolve

with redshift, however [33] gives at least one example. Other considerations with respect

to redshift involve the curvature of the universe, that is, what value we assume for the

cosmological parameter ΩΛ. Stemming again from the uncertainty of the UHECR sources,

the maximum initial energy Emax of the protons/nuclei at the source is more or less an

unbounded number, although most references do not take values more than 2-3 orders of

magnitude above the highest observed energies at Earth. Emax is generally assumed to scale

with the charge Z of the primary particle: EZ
max = Z · Emax [61] [79]. Also recall that the

energy upon UHECR interaction with the CMB is redshifted by a factor (1 + z), where z is

the redshift. The same is true of the neutrino by-products.

Finally, the chemical composition of the UHECR primary particles can be measured, al-

though there is no single consensus for the fraction of Fe nuclei from current experiments

such as Auger, HiRes, and Telescope Array. The UHECR energy spectrum from HiRes is

shown in the first chapter, where the GZK cutoff is described by a broken power law assuming

pure protonic composition. Figure 1.7 demonstrates how difficult it is to draw conclusions

about quantities like the iron fraction above 1018 eV, given experimental uncertainties. One

of the main motivations behind the first UHE neutrino detection is to establish a flux that

constrains the maximum amount of iron present in cosmic rays. Several more extreme ex-

amples of models with only iron primaries are from Ave et al. [24] and Kotera et al. [33].

ARIANNA is sensitive to both of these models with 3.0 years of live-time, and if a significant

flux was observed over that time, we could rule out pure iron composition, given a standard

Emax. Olinto et al. [23] shows that using both an Emax of 1020 eV (around the highest
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Figure 5.4: The final flux limit result for this analysis is given by the upper red curve (AR-
IANNA prototype) at the 90% C.L. (see text for details). The 3-year estimated sensitivity
is given by the red dashed curve below. Other experimental limits, including IceCube [43],
ANITA-II [37], Auger [51], and RICE [32], are shown as well. Models of GZK neutrino
production for proton and iron primaries, and various transition models are adapted from
[61].
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UHECR energy observed at Earth), and iron-dominated composition makes GZK neutrino

observation almost impossible: not even with 10 years of live-time could we observe the

corresponding neutrino flux. Models with pure iron composition are not considered as likely

as mixed composition models because photo-disintegration of such nuclei inevitably produce

protons at high energies. Thus, one must tune down EZ
max to eliminate these protons, which

further attenuates the proton flux at lower energies near the GKZ cutoff.

Recent limits on the UHE neutrino flux have been obtained by considering the maximum

energy density of diffuse gamma-rays observed by the Large Area Telescope (LAT) on the

Fermi satellite [22]. In this work, the authors assume a protonic energy spectrum for the UHE

cosmic rays, and make various assumptions regarding the extra-galactic background light

(EBL) and inter-galactic magnetic field strengths. Arguing that the dip in the UHE cosmic

ray energy spectrum before the GZK cutoff could be caused by lepton pair production (the

Bethe-Heitler process), they vary the energy at which this effect begins to become important.

Specifically, they vary the energy where the transition from galactic to extra-galactic cosmic

rays begins, matching to the data from Hi-Res I and Hi-Res II experiments. The gamma-

rays from neutral pion decays from GZK interactions, and their subsequent electromagnetic

cascades on the EBL and IGM are constrained to fit the data from Fermi-LAT. For large

cross-over energies (1019 eV) the upper red line of the GZK proton region in figure 5.4 is not

in strong conflict with gamma-ray data, as it is within the 99% C.L. for the goodness-of-fit

(GOF) from [22]. However the upper red curve (corresponding to FRII-type galactic source

evolution) is only marginally compatible with the 99% C.L. GOF for a lower crossover energy

of 1017.5 eV. Further, FRII-type galaxies exhibit strong (∝ (1+z)4) evolution out to redshifts

of 2. Such an exponent is also constrained by considering the maximum energy density of

the diffuse gamma rays.

There are several reasons why the scientific result (the upper red curve) in figure 5.4 is

located above the limits from other experiments. First, the live-time of the upper result in
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Model and Reference Model Class Predicted Nν MRF (2.3/Nν)
ESS Fig. 4 (νe + νµ) [70] No source evo. 30.8 0.0746
Kotera (2010) Fig. 1 [33] SFR1, Pure Proton 37.1 0.0621

ESS Fig. 9 [70] Strong evo. 104.9 0.0219
Kalashev Fig. 2 [68] High Emax, z ≤ 2 96.1 0.0239
Barger Fig. 2 [42] Strong evo. 114.9 0.0200

Yuksel, Kistler (2007) [53] SFR evo. 45.4 0.0506
Yuksel, Kistler (2007) [53] QSO evo. 55.5 0.0414
Yuksel, Kistler (2007) [53] GRB evo. 156.1 0.0147

Ave et al. (2005) [24] Pure Fe comp. 11.3 0.204
Todor Stanev [79] Fe, CMB+IRB 2.40 0.956

Kotera Fig. 7 upper [33] Mixed comp. 21.7 0.106
Kotera Fig. 7 lower [33] Pure Fe 7.50 0.307

Fermi-LAT [22] Ecross = 1017.5 eV 15.5 0.148
Fermi-LAT [22] Ecross = 1018.0 eV 21.1 0.109
Fermi-LAT [22] Ecross = 1018.5 eV 32.9 0.0699
Fermi-LAT [22] Ecross = 1019.0 eV 42.8 0.0.0537
WB (1999) [17] No source evo. 22.4 0.103
WB (1999) [17] QSO evo. 67.1 0.0343

Olinto review (2011) [23] Fe, Emax = 100 EeV 0.14 16
Olinto review (2011) Mixed, Emax = 10 EeV 0.068 33
Olinto review (2011) Proton, Emax = 3 ZeV 101.3 0.0227
Olinto review (2011) Various protonic, SFR 37.1 0.0621

Table 5.2: The predicted number of events from various models (integrated over all neutrino
flavors) over 3.0 years of live-time with a 31 × 31 ARIANNA array, along with the corre-
sponding MRF (2.3/Nν). Given enough live-time and a full array of ARIANNA stations,
the instrument will be sensitive enough to detect or reject almost all of the models shown,
assuming no backgrounds (MRF<1).
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figure 5.4 is 90.41 days, including the removal of the 4.9 day run 57 of 2011-12. In the future,

reductions in consumed power will drive the live-time to at least 50% of the year, with more

live-time coming potentially from wind power. Additionally, we will rarely have the need

to halt data taking to adjust thresholds, remove man-made noise sources (such as the wi-fi

tower), or fix glitches in communications. Techniques learned from operating the prototype

station allow us to achieve most of the live-time made available to us by the sun and wind.

Secondly, the analysis efficiency of the waveform analysis is 50%, unfortunately, because of

the strict amplitude cut. While this cut gets rid of a large fraction of persistent thermal

backgrounds, we would like to keep more signal. On the other hand, the planarity variable

requires a good signal in four channels to reconstruct the timing well enough to establish the

existence of a plane wave. Future ARIANNA stations will employ a trigger which acts in

the time domain, allowing for a signal threshold that is effectively lower than the ARIANNA

prototype, but produces fewer overall thermal triggers [46]. The purpose of employing this

trigger is to boost efficiency. In the absence of the shadowing effect, we could also gain a

factor of 2 in sensitivity, but it is more likely that the increased effective volume due to weak

shadowing will be between 1 and 2. Given these improvements, and the deployment of an

increasing number of stations each year, the experiment will ultimately reach the required

sensitivity for GZK neutrino detection.
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Chapter 6

Conclusion

The prototype for the ARIANNA station, utilizing data acquisition architecture first devel-

oped for the ANITA balloon-borne high energy neutrino detector, was initially designed to

explore the long-term ambient RF (especially impulsive) conditions at a potential site rel-

atively close to McMurdo Station. The prototype station known as Icicle1, operating from

December 10th, 2009 to March 1st, 2012 fulfilled this goal and much more. A measurement

of the energy spectrum, direction, and flavor composition of cosmogenic neutrinos would

provide significant constraints on the nature and distribution of cosmic ray accelerators in

the universe. In addition, the angular distribution near the horizon provides a mechanism

to measure the cross-section at energies not yet available at terrestrial accelerators.

The cross-section and energy spectrum provide unique clues in the search for physics beyond

the standard model. Through simulations, detector design, power system design, Antarctic

expeditions, and data analysis, we have produced in this work an upper limit on the flux of

UHE neutrinos. By scaling this limit by the number of eventual remote detectors comprising

the full ARIANNA array, and by scaling additionally by modest increases in live-time, this

dissertation has provided evidence that ARIANNA concept, based on data collection by
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remotely operated, autonomous stations located on the Ross Ice Shelf, is credible and viable.

Several milestones were reported, including autonomous data transfer and archiving through

high speed wireless network links during the summer months and Iridium satellite commu-

nications when sunlight was insufficient to provide power to the wireless network. The

prototype station shutdown safely during the Antarctic winter and restarted automatically

when there was sufficient sunlight in Austral spring, thus demonstrating at least 50% annual

live-time. Wind power can only add to the annual live-time, and the current versions of

the remote detectors are assessing this possibility. The prototype station has also demon-

strated robust operation across three years of deployment, standing up to the harsh Antarctic

environment.

The properties of the ice that forms the fiducial volume of the experiment have been shown

to be serendipitously favorable for such an experiment. The shelf depth of 576 ± 2 m is

comparable to attenuation lengths we have from the linear fit to the temperature-averaged

radio frequency attenuation length: 〈L〉 = (500 ± 30 − (0.18 ± 0.05)ν[MHz]) meters in the

range [200-750] MHz. These results are consistent with the lower frequency result from

2010: 490 ± 20 meters for [80-180] MHz. It is important to note that because the shelf-

depth and attenuation lengths are comparable, RF neutrino signals will experience minimal

absorptive losses. The reflection coefficient was found to be 0.72 ≤
√
R ≤ 0.88 at 68% C.L.,

for [80-180] MHz in studies performed during the field expedition in summer of 2010, and

0.70 ≤
√
R ≤ 1.0 at 68% C.L. for [325-750] MHz from a similar expedition in 2011, using

a shorter baseline to reduce the path length of the bounce studies. This short baseline also

revealed hints of surface effects that could boost the effective aperture of the final detector

by a factor of ≈ 2.

Using the shorter baseline in 2011, we rotated the the transmitting and receiving antenna to

directly face each other and inserted them in the snow to investigate RF signal propagation

for horizontal trajectories near the surface. These studies revealed hints of non-simulated
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surface physics that has the potential to boost the effective aperture by as much as a factor of

2. Our naive expectation for a continuously increasing gradient of the index of refraction as

a function of depth in the firn ice suggest that little RF power should propagate horizontally,

but rather, the beam should arc downward. However, power was observed in our experiment.

Finally, anthropogenic RF backgrounds were identified and removed (initially, by analysis

cuts and later by corrective measures to reduce the RF emission from the wireless tower

power systems). We have no evidence that non-thermal, non-local RF emission was produced

during this study, and this important result that suggests the ARIANNA site is suitable

for expansion. The obvious and unique signatures of locally produced background events

were used to remove them from the data set. The analysis of the thermal fluctuations that

generated events revealed no neutrino signal candidates, leading to a flux limit of E2φ < 10−5

GeV cm−2 s−1 sr−1, assuming a E−2 differential energy spectrum.

The sensitivity to UHE neutrino flux models can be scaled by the number of future stations

and live-time to achieve sensitivities which are sufficient to detect between 10-100 neutrinos

per year, probing a wide range of parameters in models of cosmogenic neutrino production.

These models include models that explain current UHECR data both as pure protons and

protons mixed with heavier charged nuclei, unless the density of sources of the highest energy

cosmic rays exhibits no redshift dependence. The only models not probed by 3.0 years of

operation require pure iron or other heavy nuclei-dominated compositions, and cutoff energies

comparable to the just the highest energy cosmic ray observed on Earth, with no redshift

dependence. Therefore, non-observation of neutrino events by ARIANNA will significantly

constrain the models of cosmic ray acceleration.

The design, deployment, calibration and operation of the prototype station has provided us

with valuable knowledge and experience that will help improve the design and architecture

of future station arrays. In 2011, the National Science Foundation agreed to support the

development of a seven-station pilot program known as the Hexagonal Radio Array. The
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first three of seven stations were deployed in December, 2012 using technology specifically

optimized for ARIANNA. The new technology incorporates advance time-domain triggering

and pattern recognition, a factor of 3 reduction in power consumption (boosting live-time),

and advanced networking and control software. Many of these design changes are based on

the experiences garnered from the ARIANNA prototype station [81]. Going forward, the

ARIANNA experiment has demonstrated the possibility of using the Ross Ice Shelf to detect

and study some of the fastest, rarest, and most energetic particles in the cosmos.
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Appendices

A Selected Antenna derivations

There are several excellent descriptions of electrodynamic theory applied to varieties of an-

tenna shapes: [63] [8], and [45] is a good example of Here we provide derivations of certain

general properties of antennas used in the text. There are two main derivations here. The

first obtains the expression for the effective height used in the Monte Carlo simulations.

This operator dictates the maximum voltage fed into the data acquisition system by the

log-periodic dipole array (LPDA) signal antennas. Next, we shall derive the experimental

equation used to measure the effective height property of the LPDA antenna in section 3.2.2

As a first step, we must indicate how the gain of an antenna is related fundamentally to the

beam area, or beam solid angle:

G = k
4π

ΩA

(A.1)

Here, k is a unit-less efficiency factor that converts the directivity to the gain: G = kD.

We almost always take k ≈ 1. The directivity D is defined simply as the maximum power

radiated at a given direction in the far-field of the antenna divided by the average power
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radiated over the unit sphere. Using P (θ, φ) for the radiation pattern, we can express this

as

D =
P (θ, φ)max
P (θ, φ)ave

=
P (θ, φ)max

(1/4π)
∫∫
Ω

P (θ, φ)dΩ
(A.2)

We can rearrange the right hand side to obtain the normalized power pattern in the denom-

inator:

D =
4π∫∫

Ω

P (θ, φ)/P (θ, φ)maxdΩ
=

4π∫∫
Ω

Pn(θ, φ)dΩ
(A.3)

The beam solid angle ΩA is the total solid angle into which the antenna radiates: ΩA =∫∫
Ω

PndΩ. Thus the denominator above can be replaced by ΩA and we have

D =
4π

ΩA

(A.4)

The gain G of an antenna with antenna impedance Z is related to the effective height of an

antenna through the following equation, at a frequency f :

h(f) = 2

√
Gc2Z

4πf 2Z0

(A.5)
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We can derive this equation using the average intensity (or Poynting vector) of an antenna

at single frequency and angle:

S =
1

2

|E|2

Z0

(A.6)

Here, |E| is the magnitude of the electric field at a the given angle and frequency, and

Z0 ≈ 120π is the impedance in Ohms of free space. The beam solid angle is related to an

actual area through the wavelength: AeΩA = λ2. The quantity Ae is defined as the antenna

aperture. The power delivered to the antenna terminal by the intensity S is

Pterm = SAe (A.7)

Combining the expressions relating gain to beam area, beam area to antenna aperture, and

S in terms of the electric field, we have

Pterm =
1

2

|E|2

Z0

λ2

ΩA

=
1

8π

|E|2

Z0

Gλ2 (A.8)

The simplest definition of the effective height is that it is the length that multiplies the

incident electric field, converting it to a voltage: Vterm,f = E(f)h(f). Below we will substitute

E with Vterm/h. The terminal power is also related to the open circuit antenna voltage and

the antenna impedance (radiation resistance) in the following way, for the ideal condition of
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conjugate matching [8] [45]:

Pterm = |Vterm,OC |2/8Re(ZA) (A.9)

Conjugate matching assumes that the antenna has no losses associated with impedance

mismatches, because the antenna load is matched to the radiation resistance. As long as

Vterm,OC = Eh, we can combine equation A.9 with A.8 and solve for h(f):

h(f) = 2

√
Gc2Re(ZA)

4πf 2Z0

(A.10)

The statement Vterm,OC = Eh is true for the case of co-polarized radiation if the antenna

is linearly polarized. More generally, if θ is the angle between incident linearly polarized

radiation and the polarization vector of the E-plane of the antenna, then we have Vterm,OC =

~E · ~h = |E||h| cos(θ). It is equation A.10 that we employ in the Monte Carlo simulations to

predict the voltage received and passed through the data acquisition systems by the LPDAs.

Next, we will explain how the magnitude of the effective height can be measured in the

Fourier domain. The following derivation is a simplified version of a calculation done in [34].

The measurement of the effective height in section 3.2.2 employs this derivation. Suppose

we have two copies of an antenna co-polarized and separated by a distance r. The voltage

recorded on the line out of the receiving antenna Vrec from the voltage Vsrc radiated through
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the transmitting antenna is

Vrec(t) =
1

2πrc
hN(t) ◦ hN(t) ◦ dVsrc

dt
(A.11)

Here, we assume that the antenna impedance Za is matched to the line impedance Z, and

have taken hN(t) =
√
Z0/Zh(t) to simplify equations. The two convolutions (the operator is

◦) of the signal by the effective height come from the transmitter and receiver, respectively.

The time derivative operation comes from just the transmitter, as we have htx(t) = 2∂thrx(t)

[39] [9]. The convolution theorem states that convolution in the time domain is multiplication

in the Fourier domain. Taking the Fourier transform of both sides, we have

F{Vrec} =
1

2πrc
h2
N(ν)F{∂tVsrc} (A.12)

We have taken advantage of the associative property of multiplication in the Fourier domain

on the right hand side. Using the definition of the Fourier transform with standard frequency

(rather than angular frequency), we have F{∂tg(t)}ν = 2πiνF{g(t)}ν . Letting V (ν) repre-

sent the voltage signals in the frequency domain, and switching back to the un-normalized

version of h, equation A.12 simplifies to

Vrec(ν) =
iν

rc
h(ν)2Z0

Z
Vsrc(ν) (A.13)
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Solving for h, we have

h(ν) =

√
ZrcVrec(ν)

iνZ0Vsrc(ν)
(A.14)

This is the equation we use to calculate the effective height of the LPDA in section 3.2.2.

This expression must be modified if the antenna is immersed in a medium with a uniform

index of refraction n. However, in section 2.2.2 we have shown that the voltage standing

wave ratio (VSWR) is very similar between air and buried in firn snow. In either case,

the VSWR is typically less than 2, an indication that the antenna impedance is not being

affected by the surrounding environment and that almost all power sent to the antenna is

radiated. Ultimately the theoretical expression for the effective height is fed into the Monte

Carlo simulations predicting the maximum voltage in the data acquisition system due to an

Askaryan pulse.

B Information Regarding the shelfmc Monte Carlo soft-

ware

This is a very brief description of how to modify and operate the shelfmc Monte Carlo

software package. The Monte Carlo simulation takes advantage of ROOT libraries and

structures, as part of the ROOT software package, ubiquitous in particle physics. ROOT

can be downloaded and installed from http://root.cern.ch/drupal/. To install ROOT, one

simply has to follow these instructions: http://root.cern.ch/drupal/content/installing-root-

source. Installation scripts in the Makefile format are provided by those who maintain the

ROOT package.
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B.1 Compiling and running shelfmc

Similar to the ROOT packages and libraries, shelfmc is compiled by executing Makefile

scripts. Entering ”make clean” at the command prompt removes older compiled code, after

which ”make” complies the shelfmc executable. The file ”declaration.hh” is a header file

controlling certain physical parameters in the software. For example, physical constants

such as the speed of light, and instrumentation parameters like bandwidth are all contained

in this file.

B.2 The steering file - input.txt

The steering file, ”input.txt,” controls several key station properties, ice properties, and

neutrino properties. This file is especially useful for performing studies where one or more

parameters is varied with respect to energy. This file has been reproduced below, with some

example parameter values.

Inputs for ARIANNA simulation, do not change order

• 200000 NNU - The number of neutrinos thrown in the Monte Carlo

• 17.5 EXPONENT - The energy (exponent) for all neutrinos. This is overridden if

SPECTRUM is 1.

• 1000 ATGap - The spacing between stations for a grid array of stations, in meters.

• 4 ST TYPE - Do not change.

• 4 N Ant perST - Antennas per station.

• 2 N Ant Trigger - Number of antennas required to be above threshold.
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• 30 Z for ST TYPE 2 - Outdated parameter.

• 1 FIRN - If 1, the effects of the firn are taken into account.

• 1.30 NFIRN - The index of refraction of the firn.

• 60 FIRNDEPTH - Depth of the firn in meters.

• 3 NROWS 12 initially, set to 3 for HEXAGONAL

• 5 NCOLS 12 initially, set to 5 for HEXAGONAL

• 0 SCATTER - Do not change.

• 1 SCATTER WIDTH - Do not change.

• 0 SPECTRUM - Use 1 here if a neutrino energy spectrum is desired, rather than a

single energy

• 0 DIPOLE - Outdated parameter.

• 0 CONST ATTENLENGTH - Allows precise control of the ice attenuation length for

RF frequencies.

• 500 ATTEN UP - Average attenuation length

• 250 ATTEN DOWN - Average attenuation length (one-way)

• 5 NSIGMA - The signal to noise ratio required in N Ant Trigger stations to trigger an

event.

• 1. ATTEN FACTOR - Change in the attenuation length.

• 1.0 REFLECT RATE - The reflection coefficient at the ice/ocean interface.

• 1 GZK - The type of neutrino spectrum
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• 0 FANFLUX - The type of neutrino spectrum

• 1 WIDESPECTRUM - The type of neutrino spectrum

• 1 SHADOWING - Accounts for the shadowing effect

• 1 DEPTH DEPENDENT N - Depth dependent firn (density, index)

B.3 The declarations file - declarations.hh

The header file declarations.hh contains other important physical parameters of the sta-

tions, such as bandwidth and filtering, and the radius of the polygon of antennas that

comprise a single station’s array. The station bandwidth can be edited using the parameters

FREQ LOW and FREQ HIGH, where the units are in MHz. To model the effect of the

filters in Icicle1, FREQ LOW was raised from 100 MHz to 120 MHz to reflect the 3 dB

point of the filters. The parameter ST4 R governs the antenna radius. This parameter can

be varied from 1-100 m with little effect on the effective aperture of the detector. Finally,

because declarations.hh is a header file, adjusting these parameters requires re-compilation

of the shelfmc software package.
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