PROCEEDINGS

OF SCIENCE

Probing the Firn Refractive Index Profile Using
Antenna Response

The RNO-G Collaboration

(a complete list of authors can be found at the end of the proceedings)

E-mail: curtis.mclennan@ku.edu, zedlam@ku.edu

We present a novel methodology for extracting firn ice properties using reflection coefficients
(‘S11”) of antennas lowered into boreholes. Experiments like the Radio Neutrino Observatory in
Greenland (RNO-G) require precise firn index of refraction profiles for accurate reconstruction
of incident neutrinos and cosmic rays. Using a data-driven method guided by neutron probe
measurements in the vicinity of Summit Station, a depth-dependent S11 profile can be translated
into a refractive index profile. We present results based on data taken in August, 2024 and May,
2025 from boreholes at Summit Station, Greenland.

Corresponding authors: Curtis McLennan'*, Dave Besson'

! University of Kansas

* Presenter

39th International Cosmic Ray Conference (ICRC2025)

15-24 July 2025 ICRC 2025

. The Astroparticle Physics Conference
Geneva, Switzerland Geneva July 15-24, 2025

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:curtis.mclennan@ku.edu
mailto:zedlam@ku.edu
https://pos.sissa.it/

Probing the Firn Refractive Index Profile Using Antenna Response

1. Introduction

Accurate and precise characterization of the radio-frequency (RF) response of glacial firn is essential
for embedded UHEN experiments in Greenland and Antarctica seeking observation of neutrinos
and cosmic rays using radio techniques. One parameter of particular interest is the ice index
of refraction, which determines the speed of light in different media and dictates the detailed
propagation of radio in firn ice. Thus far, this has been estimated by measuring the ice density
profile with depth (p;..(z)) and assuming a linear variation of refractive index with density [1, 2].
Simple measurements of mass per unit volume of ice cores, at ~1-m intervals, provide direct p(z)
data, ignoring any possible perturbation to the ice during the drilling. Alternatively, after a core has
been extracted, p(z) of the surrounding ice can be determined from neutron flux back-scattering
via neutron probe monitors lowered on a winch. Herein, we describe an alternative procedure for
determining n(z), requiring only an antenna, low-loss coaxial cable and a portable vector network
analyzer (VNA).

Since radio antennas have well-understood properties that depend, in part, on their environment,
multi-year measurements of antennas in a single borehole can be used to extract a local index of
refraction profile by translating measured changes in antenna response into the properties of the
local antenna ice environment.

2. Dataset and Processing
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Figure 1: KU-VPol antenna schematic. An N-connectorized FLC12-50J cable is threaded through the left
cylindrical chamber to the feedpoint.
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A 350 m deep, 97 mm diameter ice hole drilled by the Ice Drilling Program (IDP, based at UW,
Madison) during the summer of 2024 at Summit Station, Greenland, provided an opportunity to
collect antenna impedance data, as a function of depth. In August, 2024, and again in May, 2025
we deployed a vertically polarized antenna (VPol) constructed at the University of Kansas (KU)
based on the previous design of equipment used for 2018 transmitter measurements taken at the
South Pole Ice Core Experiment (SPICE) borehole (Fig. 1). In 2024, the antenna response was
measured to a depth of 100 m using a GV530 winch to lower the antenna, with uncertainty less than
1 cm (with no observed hysteresis). In 2025 the antenna was lowered by hand to a depth of 85.5m
with an estimated uncertainty of 10cm. In both cases, complex reflection coefficient data were
collected using a handheld FieldFox N9913B vector network analyzer (VNA). The full set of data-
taking parameters for the two years is summarized in Tab.1. Spacers introduced in 2025 address
the dominant uncertainty in the 2024 data analysis arising from unknown axial alignment [3]. A
lower-loss coaxial cable along with VNA sweep averaging minimizes allows the higher-frequency
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%L resonance to be observed (L here designates the length of the antenna), in addition to the %

fundamental. For the 2025 dataset, measurements were taken as the antenna was raised, in addition
to when it was lowered, providing two ‘independent’ data samples.

2024 2025
Navg 1 16
cable 120-m LMR-400 30-m LMR-600
+ 2x30-m LDF4-50A
drop GV530 lower by hand
o 1 cm 10 cm
VNA Pous -15dBm 0 dBm
Air Temp -8C -25C
S11,air 1 reference several measurements
Zmin -100 m -85.5m
Axial alignment no spacers endcap spacers
Data Taking | only land T

Table 1: Data-taking parameters for the 2024 and 2025 datasets.

Although we seek an exclusively data-driven analysis, we also have previously used the antenna
modeling software HFSS in the Ansys Electromagnetics Suite 2023 R1 to simulate an axially
oriented antenna in an evacuated borehole, immersed in firn, as an alternative analysis method in
previous work [3]. The analysis presented here does not utilize simulation results.

2.1 Glacial Ice Properties

Ice properties change with depth, as the firn gradually compacts with increasing overburden. A
linear dependence of local refractive index on local ice density [1, 2] is commonly assumed, allowing
an estimate of n(z) from p(z) measurements. Since a changing index of refraction, by Fermat’s
Principle, results in curved, rather than rectilinear RF ray trajectories, it is essential to understand
the index of refraction profile where these instruments have been deployed in order to reconstruct
the geometry of neutrino interactions. Previous work has been done on the index of refraction
profile by both the astroparticle [4] and glaciological communities [5, 6].

Unlike the Earth’s atmosphere, which readily lends itself to a fluid density profile compressing under
its own weight, compactification of accumulated snow proceeds through multiple phase transitions,
often demarcated by two separate inflection points [6—8]. Snow is broadly defined as material that
has not undergone change since deposition, while firn is under some form of transformation from
snow to ice. A depth of ~ 15 m — 20 m, marks stage 1 densification of firn, characterized by grain
settling and packing. At a depth of ~80 m, firn ice transforms to ‘bubbly ice’, beyond which the ice
structure is relatively constant, modulo a diminishing fraction of air inclusions.

2.2 Antenna Response In-Media

Antennas emit/receive electromagnetic radiation, converting the emitted/captured energy from/to
electrical currents. The frequency bandwidth over which an antenna responds depends on antenna
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construction and geometry. For a half-wave dipole, the peak response (‘resonance’), corresponding
to maximal current magnitude, is typically obtained at a frequency f = ¢/2L, with L the character-
istic length scale of the antenna itself. The antenna used in this work has two such in-air resonances
in the frequency band of interest, one at ~ 200 MHz and another at ~ 600 MHz.

Antennas have inductive, capacitive, and resistive characteristics, which determine their complex
impedance Z;, at each frequency. The mismatch between the impedance of an antenna and the
impedance of the input/output at the feed determines how well it will radiate/respond at a frequency.
The (complex) ‘reflection coefficient’ I' is the ratio of the amplitude of the reflected wave and the
incident wave in an antenna, providing a measure of the frequency-dependent antenna response. I

is defined as
2L -2y

Tz v
where Z; is the (complex) antenna input impedance, and Zy is the transmission line impedance
(usually 50€2 and purely real). The magnitude of the reflection coeflicient is related to the antenna
|S11]| parameter via:

S111(dB) = 20 In(|)). 2

|S11] = 0 dB corresponds to complete power reflection and therefore zero transmission; conversely,
|S11] — —oo dB corresponds to perfect transmission at a given frequency. For the remainder of this
article we will use ‘Sy;’ to designate the magnitude of the |S|;| parameter (rather than the complex
value).

A medium can be characterized by its relative permittivity €,, relative permeability u,, and conduc-
tivity 0. The speed of electromagnetic waves in a medium is given by the familiar v = ¢/n, where
c is the speed of light in vacuum and the refractive index n = v/e,.. The in situ media impedance Z
therefore scales inversely with frequency, via:

. 1 z
z:\/E: [Hoblr _ 5 |1 _Zv 3)
€ €0€r € n

where u is the relative permeability of the vacuum, ¢ is the relative permittivity of vacuum, and

Z, is the free-space impedance. We assume that the media of interest is non-magnetic.

Since the resonant antenna wavelength of a dipole is fixed by geometry to be (2n+1) L /2 (n=integer),
the in situ antenna resonant frequency scales linearly (up to a coefficient and a constant offset) with
1/n as fres ~ a/(b + n), with a and b constants that depend on the fine details of both the antenna
construction as well as the borehole into which the antenna is lowered; these constants can be
extracted from the data itself.

In our case, for which a vertically-oriented antenna is deployed into a dry borehole, the antenna is
not completely embedded in a single medium. Instead, it is immersed in a medium with an effective
index of refraction n.g, which is a weighted combination of the n ~ 1 air in the borehole and ng;, of
the surrounding ice, SO n,ir < neg < ngm. Additional secondary effects like temperature, moisture
content, and impurities are assumed to be negligible for this measurement.

3. Methodology

In order to determine n(z) we map the resonant frequency as a function of depth f(z) and the index
of refraction as a function of resonant frequency n( f). The two ‘resonant’ frequencies of interest to
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Figure 2: Example S;;(dB) fits taken at a depth of 13 m (selected arbitrarily). The 2024 f; and 2025 f, data
are fitted using a double-Gaussian. The 2025 f; data is fitted using a double-Lorenztian.

us correspond to wavelengths L/2 (denoted f1) and 3L/2 (denoted f>). We can extract, from data,
the resonant frequency of the antenna as a function of depth f; (z), by fitting the S (f) distribution
(in units of dB) at each depth to an appropriate functional form. In the case of the 2024 f; data as
well as the 2025 f, data a double-Gaussian function was found to provide a satisfactory fit:

—(f — 2 _(f _ 2
P(f)=Ajexp (U—gl))+Agexp ((f—2772)) 4
1 207

with Aj > the amplitude of the Gaussian, r7; » the mean and o, the standard deviation. For the
2025 f; data a double-Lorentzian was slightly preferred:

Al N Ap
(f=nm)2+y? (f-m)+7;
where A > is the amplitude, n; > is the peak position, and y > is the width. An example fit of each
type is shown in Fig. 2. Additional fitting schemes were examined (tracking the S;; minimum

P(f) = ®)

value, fitting to a double Lorentzian or a asymmetric Laplacian, e.g.) and found to yield similar
results, though with less fitting stability and/or poorer convergence characteristics compared to the
double Gaussian/Lorentzian.

Using both the double-Gaussian and the double-Lorentzian the minimum value of the fit was defined
to be the resonant frequency for each dataset as a function of depth (Fig. 3); the typical deviation
between the two functional forms was less than 1 MHz, corresponding to the binning of our S11
data. In the 2025 data there is a clear systematic reduction of the resonant values obtained during
the (later) upwards-going (designated f;), compared to the (earlier) downwards-going data ( f]) for
both f; and f> shallower than 50 m. There are several possible causes for this discrepancy. In the
field there was accumulated snow observed above and between each of of the endcap stabilizing
fins when the antenna was raised up from the borehole after data-taking, presumably due to the
antenna scraping the side of the borehole while being lowered/raised. This snow could affect the
measured resonance by raising the effective refractive index around the antenna (by displacing air
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Figure 3: Extracted resonant frequencies for each data set plotted against depth.
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Figure 4: Difference of (f;) and (f]) for the 2025 f; and f> respectively. The mode bin is labeled.

with snow), resulting in a lower resonance value. Additionally, there could be VNA temperature
dependence (expected to become more obvious with time), as the 2025 data were taken while the
air temperature was -25 C. Both of these cases would bias later VNA readings towards lower values.
We empirically correct for this by taking the mean of a distribution of (f;(z) — f](z)) and applying
that offset to the f; data (Fig. 4).

To determine n( f] ) for each dataset, we assume the physically-motivated functional form f(n) =
a/(b + n). The fundamental resonance of the antenna scales as f; ~ ¢/(24;) where A; is the
wavelength. However, A; is our fixed antenna length. Therefore, since ¢ scales as 1/n with
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Figure 5: Form of n(f) for all three datasets. The refractive index for each depth is determined from the fit
described in [9], originating from neutron probe measurements.

a changing refractive index f will also scale as 1/n. To extract a and b, we plot the measured
resonant frequencies against the refractive index derived from neutron probe density data, described
in [9]. Four depths were chosen to fit to, 22 m as the shallowest point that does not display large
density fluctuations. The deepest available depth, 85.5m for 2025 data and 77 m for 2024 data
(avoiding the bump starting at ~ 80 m, which we can only, in retrospect, attribute to a data-taking
anomaly). Additionally two arbitrary intermediate points 57 m and 31 m were included to reduce
the dependence on our chosen points and to show the quality of the fit. Additionally, only data taken
going down was used in the 2025 fits, allowing for the up-going data to be measured independently
from fitting. We find that our ansatz gives a good match to the observed data (Fig. 5).
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Figure 6: Overlaid n( f(z)) profiles for each dataset along with reference piecewise exponential found in [9].

However, by fitting to neutron probe measured (NPM) data the systematics affecting the NPM
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derived refractive index is highly correlated to systematics in our extracted refractive index profile.
By combining the index of refraction as a function of resonant frequency n(f) and the resonant
frequency as a function of depth f,(z) from Summit data we obtain the n(z) profile n( f(z)) shown
in Fig. 6. We have worked to quantify the level of agreement between the 2024 and 2025 results.
The conspicuous difference at 79 m — 85 m can be attributed as an artifact of certain systematics
present in the 2024 data. This region showed anomalous response in the S;; curves, the cause of
which has still to be identified. We have also attempted to quantify the possible correlation between
the two datasets in the shallow region. This is complicated by snow accumulation and densification
caused by heavy machinery present at the drill site. Nevertheless, a direct Pearson’s correlation
coefficient calculation returns a coefficient of .537 for the upper 29 m.

4. Conclusion

Understanding and quantifying ice properties such as the refractive index is important to polar
UHEN experiments. We have shown that antenna response can be used to measure the index of
refraction profile as a function of depth. This approach is advantageous owing to the ease of access
to the requisite hardware components, which are ‘standard’ for current UHEN experiments. Our
measurements yield results consistent with previous measurements of the refractive index at Summit
Station. During the summer of 2025, the RNO-G experiment will work to systematically measure
S11 for the 20 boreholes that will be drilled during the summer campaign; these measurements will
be repeated during the summer of 2026 to inform estimates of local snow accumulation.
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