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High energy neutrinos (E >10'7 eV) are detected cost-efficiently via the Askaryan effect in ice,
where a particle cascade induced by the neutrino interaction produces coherent radio emission
that can be picked up by antennas installed below the surface. A good knowledge of the near
surface ice (aka firn) properties is required to reconstruct the neutrino properties. In particular, a
continuous monitoring of the snow accumulation (which changes the depth of the antennas) and
the index-of-refraction profile are crucial for an accurate determination of the neutrino’s direction
and energy. We present an in-situ calibration system that extends the radio detector station with a
radio emitter to continuously monitor the firn properties by measuring time differences of direct
and reflected (off the surface) signals (D’n’R). We optimized the station layout in a simulation
study and quantified the achievable precision. We present 14 months of data of the ARIANNA
detector on the Ross Ice Shelf, Antarctica, where a prototype of this calibration system was
successfully used to monitor the snow accumulation with unprecedented precision of 1 mm. We
explore and test several algorithms to extract the D’n’R time difference from noisy data (including
deep learning). This constitutes an in-situ test of the neutrino vertex distance reconstruction using
the D’n’R technique which is needed to determine the neutrino energy.
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1. Introduction

High-energy (HE) neutrinos constitute a smoking gun signature for the production sites of
HE cosmic rays (CR) as they directly pinpoint to their origin giving insights into the most violent
processes known to happen in our Universe. Detecting ultra high-energy (UHE) neutrinos with
energies above 10!7 eV is of particular interest as they allow to study the production mechanisms
behind the most energetic particles in our Universe.

The most cost-efficient way of covering large effective areas is provided by the radio detection
technique based on the Askaryan effect, as the attenuation length of radio signals in cold ice
is O(1km). The radio emission is a result of a moving, time-varying charge excess during the
propagation of the charged secondaries of a shower. Askaryan emission is emitted in the frequency
range between 50 MHz to 1 GHz on a narrow cone with the emission being strongest close the the
Cherenkov angle.

Radio neutrino detectors are composed of an array of autonomous and individual stations
spaced over large distances and maximised for effective area. To this day there are two existing
pilot projects ARIANNA, positioned at the Ross Ice Shelf at Moore’s Bay and the South Pole [1],
and ARA, located at the South Pole [2]. RNO-G at Summit Station on Greenland is currently under
construction [3], a detector with similar sensitivity but complementary sky coverage is proposed
for the Ross Ice shelf [4] and an order of magnitude larger radio detector is part of the plans for
IceCube-Gen2 [5].

For this study a shallow station design is considered encompassing upwards- and downwards-
facing LPDA antennas in depth of 3 m and a vertically polarised dipole antenna 15 m below the
surface (Fig. 1). This design is proposed for the ARIANNA-200 experiment. A shallow component
is also part of the RNO-G design and foreseen for IceCube-Gen?2 [5]. The deep dipole will in the
vast majority of the neutrino events record two signals: A direct signal propagating on a curved
trajectory and a slightly time-delayed, second pulse reflected off the ice-air interface. The D’n’R
signature not only provides a unique way of identifying in-ice radio emission against backgrounds
but also provides an estimate of the viewing angle [6] and a precise measurement of the distance
to the neutrino interaction vertex [7], as the time difference between direct and reflected signal is
inversely proportional to the distance. Thus, the D’n’R time difference is required for the neutrino
vertex and neutrino energy reconstruction.

As the density of the near surface ice (upper O(100 m), hereafter referred to as firn) changes
from fluffy, loose snow at the surface to compacted ice corresponding to a gradient in the index-
of-refraction profile, the propagation paths for radio signals arriving at a shallow station are bent
downwards. Therefore, to achieve best possible energy reconstruction, the firn properties, including
the snow accumulation and the index-of-refraction profile, have to be determined with high accuracy
and monitored continuously (in case of snow accumulation) to take temporal changes into account.
A prototype calibration system for the snow accumulation was already deployed in the Austral
season of 2019 [7] and is successfully running ever since. This paper presents results for the
first 14 months of data taking, and thus extends the previously published analysis by a year. In
addition, we explore an improved calibration setup consisting of two transmitters instead of just one
to include a reconstruction of the index-of-refraction profile. In a simulation study, the position of
the two transmitters is optimized, the achievable reconstruction resolution of the firn properties are



In-situ calibration device of firn properties Jakob Beise

ARIANNA station ]
Ross Ice Shelf L2 (ice)=0(500m)
Antarctica

}

index-of-refraction n(z)
13°04°15 16 17 18

" _

ol ) S
0 feeeey = sz : . ” :
-10 = : o
-20 transmitter T1 ~ \ 220
receiver R
n(z)
-30 index;:rfo-a?;ralion transmitter T2 24 -30

90 -8 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50
horizontal coordinate x [m]

vertical coordinate z [m]
depth z [m]

Figure 1: Sketch of a calibration device consisting of two transmitters (T1 and T2) and one receiver (R)
antenna. A 15 m deep dipole picks up the D’n’R signal composed of the early direct signal (solid line) and a
slightly time-delayed, second pulse reflected off the ice-air interface (dashed line). The time delay between
both signals relates to the snow accumulation. The layout reflects the optimised antenna configuration found
in the optimisation study in Sec. 3 which sets T1 to [-90 m,—15m] and T2 to [-45 m,—30 m]. In addition,
it is exemplified how a change in the snow height & affects the D’n’R time difference by prolonging the
reflected path. Also shown are variations in the index-of-refraction profile n(z) which also affect the signal
propagation.

determined and systematic uncertainties arising from displacements in deployment are quantified.

2. In-situ calibration device for the measurement of the snow accumulation

The snow accumulation calibration device was installed in 2019 [7] as a supplement to station 52
of the ARTANNA radio array at Moore’s Bay and comprises a 52 cm long, 8 cm diameter receiving
dipole antenna in 8.6 m depth and a 36 cm long, 5 cm diameter, copper fat-dipole deployed 42 m
away and 18.2m deep in the firn. The emitter antenna is triggered every 12 hours and releases a
burst of 150 individual pulses with a repetition rate of 0.5 Hz. In order to increase the signal-to-
noise ratio, the 150 single events are averaged. For the extraction of the D’n’R time difference a
template of the direct pulse is created. To find the position of the reflected pulse the template is
first phase-shifted and attenuated according to the Fresnel equations and then shifted over the signal
trace. A peak in the cross correlation (CC) between the signal trace and the reflected template
corresponds to the position of the reflected pulse. Using NuRadioMC [8] for ray tracing, the known
detector geometry and index-of-refraction profile, the time differences can be translated into snow
accumulation.

Figure 2 shows the measured D’n’R time difference and the corresponding snow accumulation
over 14 months between December 2018 to February 2020. Instead of a continuous growth of snow
height, the total of 60 cm has accumulated in discrete jumps which coincide with periods of high
trigger rates - an indicator for storms. As can be seen from the scatter of the blue data points, the
CC algorithm constitutes a precise and reliable reconstruction method for high SNR signals with

up to 5 ps or 1 mm resolution.
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Figure 2: Reconstruction of the D’n’R time difference (left axis) and respectively snow accumulation (right
axis) from averaged high-SNR traces with a cross correlation method (blue) and from individual, low-SNR
events with a deep learning algorithm (orange). During the dark winter months the station shuts down (April
2019 until September 2020). The red band indicate periods of high wind.

However, it is found that the CC method applied on single, low-SNR traces is less precise
with a 1.2 ns resolution and shows a trend of increasing spread for progressing dates. Therefore,
a convolutional neural network (CNN) was trained to reconstruct the D’n’R time difference from
the measured single traces. The model has about 1.3M parameters and is composed of 12 one-
dimensional convolutional layers of reducing sizes grouped in three blocks of fours layer each,
each supplemented by an average pooling layer and completed by five densely connected layers of
decreasing dimension. We used 85% of the data for training and validation where the true time
difference was set to the result of the CC method on the averaged traces. The CNN reconstruction
on low SNR traces (of the test data set that were not used during training or validation plus
additional events where only a single event from a burst was transferred via the satellite backup
communication link) is shown as orange data points in Fig. 2. The CNN achieves a resolution of
34 ps or 8 mm, which is a reduction of more than a factor 30 compared to the CC method applied
on individual events, while not showing any temporal trend. Thus, it can be concluded that the
deep learning algorithm can be applied in low-SNR situation for which a traditional CC analysis is
less precise. In addition, the single trace reconstruction allows precise reconstruction whenever the
data is incomplete as is the case in November 2019 and February 2020.

3. In-situ calibration for the measurement of firn properties
Intended as an extension to the snow accumulation device at Moore’s Bay to allow for the
reconstruction of the index-of-refraction profile, the calibration device is complemented by an

additional transmitter antenna. The change of the index-of-refraction with depth z can be described
well with a simple exponential function of the form

n(z) =1.78 = An - e7%/% (1)
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where 1.78 is the index-of-refraction of deep ice. The two free parameters An (the change
of refractive index) and zg (the characteristic length) are constraint from measurements. For the
Moore’s Bay site the parameters are determined from density measurements of borehole ice to
An = 0.46 + 0.01 and zp = (34.5 +£2) m [9]. This implicates that the index-of-refraction changes
from 1.32 at the surface for the loose snow to about 1.78 in 200 m depth. The goal of the proposed
calibration system is to precisely determine An and zy.

The calibration system includes two transmitters (T1 and T2) and a receiver antenna (R). Each
transmitter will generate a direct and reflected signal pulse in the receiver which correspond to
three independent time delay measurements. This allows to determine the snow accumulation A
and the two parameters An and zg of the n(z) profile simultaneously. The receiver is placed at a
depth of 15 m which is optimal for the neutrino energy reconstruction [7]. Because the index-of-
refraction only depends on depth and due to the radial symmetry of the setup, the further study is
reduced to two spacial dimensions and only the horizontal distance and depth of the emitters need
to be optimized. The positions of the two emitters is optimized to give the highest reconstruction
resolution on A, An and zgp while also minimising correlation between the parameters. The allowed
antenna space is restrained by the ’shadow zone’, as signals from emitter placed therein will not
reach the receiver. Furthermore, a high enough signal strengths of the reflected signal is required to
enable efficient reconstruction, which further constrains possible positions to those exceeding 90%
reflectivity in the ice-air reflection.

We test all possible combinations of emitter positions on a grid with a spacing of 5m in x and
z, spanning depths from —10 m to —40 m and an horizontal distances from —10 m to =150 m. The
depths range is a compromise between drilling efforts and reconstruction performance, while the
x-range covers all positions to the ’shadow zone’ (cf. Fig. 3). The grid allows for 125x 124 = 15500
possible combinations of transmitter antennas, however only half of them, 7750, are distinct as the
interchange of the identical antennas T1 and T2 (T1 — T2, T2 — T1) is just a change of labels and
does not affect the underlying physics.

For each of the configurations, NuRadioMC’s ray tracer is utilised to solve for the four propa-
gation times (direct and reflected signal for both transmitters). For the simultaneous reconstruction
of h, An and zp, at least three observables are required, which are constructed as the relative time
differences between the propagation time of the direct pulse from T1 to the remaining three propa-
gation times. In order to simulate a real measurement with statistical uncertainties, the propagation
times are smeared 10,000 times according to a Gaussian distribution with a timing resolution of
0.2 ns.

We estimate the achievable resolution for each emitter pair by performing a least-square
optimization of the firn properties /, An and zy. For each pair of emitter positions, 200 different data
sets consisting of 10,000 individual measurements each are generated as described above. We then,
for each data set, determine the most probably values of the firn properties 4, An and z¢ by performing
a least-square minimization. This is done in order to estimate the reconstruction resolution and the
correlation from the parameter distribution for the parameters of the firn properties. As the optimal
configuration is a compromise in reconstruction performance for the three different parameters it is
useful to define a variable that combines the reconstruction resolution and the correlation in &, An
and zg. This is incorporated in the combined reconstruction resolution o¢,;,p and the combined
correlation pcomp Which are the sum of the squares of the individual contributions normalised to
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Figure 3: For a fixed position of T1 (red star) there is a position of T2 that yields minimal reconstruction
resolution (red circle). Left: T1 in the upper right at position 1; optimal T2 at position 123. Right: T1 in the
middle at position 59, optimal T2 at position 32. The pairs T1-T2 are maximally opposed in space.

a target resolution to account for the different orders of magnitude in the spread of the parameter
distribution. The normalisation was chosen to be 1% for the parameters of the n(z)-profile and 1 cm
in snow accumulation, which is a pessimistic benchmark for what the calibration system should
achieve.

Ceomp = \| (/1 em)? + (710 /0.0046)% + (0, /34.5 cm)? @)

Pcomb = \/p%,,An + p%z,zg +pin,zo' ®

Figure 3 depicts T1 placed at specific position (red star) indicated by the upper index (left
figure: T1 at position 1 - upper right, right figure: T1 at position 59 - middle) on the grid, while the
coloured squares indicate the combined reconstruction resolution for T2 placed at the respective
position. The red circled square marks the position of T2 where the reconstruction resolution is
minimal for a corresponding T1. The plots demonstrate, that if the positions of both transmitters
are extremely opposed, best results in the combined reconstruction resolution are obtained. This
can be easily understood when considering the extreme case where both transmitters are placed at
the same position, leading to four, degenerate trajectories.

For each possible position of transmitter T1 we can now calculate the optimal position of
emitter T2 which we show in Fig. 4. Among all T1-T2-pairs there is a combination that achieves
the best reconstruction resolution (cf.Fig. 4 (left)). However, that configuration may result in
a large correlation between the parameters. Because we prefer a slightly worse reconstruction
resolution with less correlation between the parameters, we calculate the combined correlation
(Eq. (3)) the subset of emitter pairs with a combined resolution within 20% of the best achievable
resolution. Figure 4 (right) shows the result. The position that has the minimal combined correlation
while worsening the reconstruction resolution by less than 20% is found to be 27-68 at position
[-90 m,—15 m] and [—45 m,—30 m]. The achievable reconstruction resolution and correlation in /4,
An and z¢ for the reconstruction resolution-optimised of configuration and the correlation-optimised
configuration are listed in Tab. 1. For the correlation-minimised layout, the propagation paths are
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Figure 4: For every possible position of emitter T1 (numbered by the upper index), the figures show the
corresponding, optimal position of emitter T2 (numbered by the lower index) and the obtainable resolution as
color code. The best pair is indicated with red circles. (left) combined reconstruction resolution and (right)
and combined correlation.

Reconstruction resolution-optimised configuration
reconstruction resolution o =5mm oA, /An=0.05% 04, /z0 = 0.1%
correlation Ph.an = 60% Ph,zo =-33% PAn,zo = -87%

Correlation-optimised configuration
reconstruction resolution o =5mm oA, /An=0.04% 0, /70 = 0.3%
correlation Ph.an =24% Ph,zo = -41% Pan,zy = -12%

Table 1: Per-100-events reconstruction resolution and correlation for the correlation-optimised pair in Fig. 4
(right).

depicted in Fig. 1 as well as the point-of-reflection and the angle of the launch vector.

We rescaled the statistical uncertainty from 10,000 events per measurement to just 100 events
which increases the uncertainty by a factor of 10 (= V100). We find a statistical uncertainty
of 5mm in 4 and 0.04% and 0.3% in An and z respectively, which poses an improvement of
a factor of 50 and 20 than previous measurements from borehole measurements of the density
profile for An and zg. And maybe more importantly, the measurement is directly based on the
propagation times of radio signals in ice and not on an empirical correlation between density and
index-of-refraction. According the previous studies [1], an uncertainty in the snow accumulation
h of 5Smm is about a factor of 10 lower than the required resolution needed for a precise vertex
reconstruction. The correlation coefficient ranges between -41% to 24% indicating that there
is considerable correlation between the firn parameters which does not come at a surprise, as
variations in the snow accumulation are closely linked to changes in the index-of-refraction profile.
In addition to a preciser neutrino energy reconstruction by a better knowledge of the n(z)-profile,
potential temporal variations of the index-of-refraction profile can be monitored in real-time.

We also investigated the impact of uncertainties in the emitter and receiver positions and found
that an systematic uncertainty in the position of 1 cm results in systematic uncertainty of 0.05% in
An and 0.12% in zg which is respectively about 25% larger or a factor of 3 smaller than the statistical
error. The systematic uncertainty of An and zq scales roughly linear with the uncertainty in the
emitter/receiver position. Thus, in order to keep the systematic uncertainty below the statistical,
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one needs to locate the antennas in x and z with a resolution of =1 cm.

4. Conclusions

The D’n’R technique provides unique opportunities for the detection of high-energy neutrinos.
An antenna placed O(15 m) below the ice surface will measure a direct pulse and a pulse reflected
off the ice surface for most detected neutrino interactions in the ice. This signature does not only
provide a unique characteristic of a neutrino origin of the signal but also allows to measure viewing
angle as well as the distance to the neutrino interaction vertex precisely, a crucial property to
determine the neutrino energy and direction. The D’n’R technique was tested experimentally at
Moore’s Bay on the Ross ice shelf. An ARIANNA detector station equipped with a 8.6 m deep
dipole antenna received signals from a 20 m deep transmitter. This setup was used to continuously
monitor the snow accumulation which is proportional to the time delay between the direct and
reflected pulse. We have presented 14 months of data where we extracted the time delays via cross
correlation and deep learning algorithms, reaching unprecedented precision of O(1 mm) in snow
accumulation.

We simulated a possible extension of the calibration setup by adding a second emitter to also
determine the depth-dependence of the index-of-refraction profile. We determined the optimal po-
sitions of two emitters and found that this setup can outperform current density-based measurements
of the index-of-refraction profile by an order of magnitude. The setup even allows for a continuous
monitoring of the firn properties. Equipping a few radio detector stations of a future array will be
beneficial to confirm uniform and stable firn properties.
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