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Abstract. We report on the measurement of the index of refraction of glacial ice at radio frequencies at Summit Station, Green-
land. This measurement is of particular importance for the Radio Neutrino Observatory Greenland, an experiment currently
under construction at Summit Station, that seeks to detect radio signals from ultra-high energy neutrino interactions in the ice.
By correlating radio reflections in the bulk ice with features in the conductivity measurements from ice cores, we determine

the index of refraction as n = 1.778 4= 0.006.

1 Introduction

The Radio Neutrino Observatory Greenland (RNO-G) is an experiment for the detection of ultra-high energy neutrinos (Aguilar
et al., 2021), currently under construction near Summit Station, Greenland. It aims to discover the first astrophysical neutrinos
with energies >10PeV via radio signals from particle showers that are produced by the interactions of neutrinos in glacial
ice. Doing so requires a good understanding of the optical properties of the ice at radio frequencies. We use the connection
between radio echos from within the ice and abrupt changes in ice conductivity, which has been demonstrated for the site of
the Greenland Ice Core Project (GRIP) (Hempel et al., 2000) to measure the index of refraction of the bulk ice, similar to the
method employed by Winter et al. (2017). The index of refraction of ice plays an important role for the radio detection of

neutrinos, specifically in determining the Cherenkov angle, i.e. the direction into which the radio signal is emitted.

2 Radio Echo Measurements

The radio echo measurements used in this paper were carried out in the summer of 2022 at Summit Station, near the GISP2
borehole. They are a follow-up to measurements done in 2021 with the goal of measuring the radio attenuation of the ice
(Aguilar et al., 2022a, b). The setup is almost identical to the previous one with the main change being the replacement of the
log-periodic dipole antennas with horn antennas, and the measurements being taken near the GISP2 hole.

Signals were produced by a pulse generator and split into two outputs, one of which was used as a trigger signal. The other

was fed into a 145MHz highpass filter and then into one of the horn antennas, which together restrict the signal to a 145-
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500MHz band. The signal from the receiving horn antenna was fed into an amplifier of the same type as used by the shallow
component of RNO-G and then recorded by an oscilloscope. Both antennas were placed on opposing sides of the GISP2
borehole, at a distance of about S1m from the hole. To reduce noise, 12000 individual waveforms were averaged. Additional
radio echo measurements were taken about 550m from the GISP2 borehole, near the so-called "Bally Building". While the
use of a more powerful pulser allowed us to observe radio reflections from deeper in the ice, the distance from the GISP2
hole made the measurements unsuitable for the index of refraction measurement. They did, however, confirm that the observed

correlation between radio reflectors and DEP data holds to greater depths.

3 Index of Refraction Measurement

We measure the index of refraction of the bulk ice by associating radio echos with reflective layers identified at known depths
through dielectric profiling (DEP). While the direct current conductivity has been measured for both the GISP2 and the GRIP
cores, alternating current conductivity measurements are only available from GRIP (Greenland Ice Core Project, 1994; Wolff
et al., 1995), which is located roughly 28km from Summit. As the DC conductivity of both ice cores is very similar (Taylor
et al., 1993), and most internal layers have been shown to be continuous between the two sites (Jacobel and Hodge, 1995), we
use the DEP data from GRIP and correct for the difference in layer depths using (Rasmussen et al., 2014; Seierstad et al., 2014;
Centre for Ice and Climate, Niels Bohr Institute, 2014).

The relation between the layer depth z and the signal propagation time ¢ is given by
=2 (t—AT) (D

where ¢ is the vacuum speed of light, n is the index of refraction and AT as a free parameter used to account for time offsets
due to cable delays, the different index of refraction in the firn, and a possible offset between our antennas and the Om mark of
the ice core.

We average the ice conductivity over a 5Sm sliding window and calculate the root mean squared of the deviation of the
conductivity from this mean over a 2m sliding window as an indicator of the change in conductivity. We also correct our radio
echo measurements for signal attenuation using Aguilar et al. (2022a) and calculate the return power in a sliding 10ns window.
The index of refraction is then determined by converting the return times to depths using Eq. 1 and calculating the correlation
between radio echo and conductivity data for different values of n and AT

The result (Fig. 1) shows a clear maximum at n = 1.778. Plotting the radio return power over the DEP measurements
(Fig. 2) shows that most abrupt changes in conductivity are matched with a radio echo, though there are a few exceptions.

Similar inconsistencies between DEP data and radio echos have also been noted by other measurements (Eisen et al., 2003).

4 Uncertainty Estimation

The uncertainty of the index of refraction measurement consists of the uncertainties on the radio echo propagation times and

the depths of the associated reflective layers. The first radio reflectors used for this measurement are at a depth of roughly



w 1000

= c
- 0.5 8
= 0 -
o 04 5
1] . 8
E —1000

0.3

15 L6 1.7 1.8 1.9
index of refraction

0.60 -

0.55 A

0.50

correlation

T T
15 1.6 1.7 1.8 1.9
index of refraction

Figure 1. Top: Correlations between radio return power and RMS(0wo — 0qvg) for a given combination of index of refraction and time offset

values. Bottom: Maximum correlation between radio return power and ice conductivity as a function of index of refraction.
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Figure 2. Radio return power as a function of the corresponding reflector depth, calculated using the reconstructed index of refraction n and

time offset AT (thick gray line), overlaid with the AC conductivity of the ice (thin blue line).
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200m, well below the transition between firn and ice, which occurs at 75-77m (Gow et al., 1997). Including a global time
offset as a free parameter removes uncertainties from the index of refraction of the firn, cable delays and the height of the
antennas relative to the Om mark of the GISP2 ice core, as these affect all reflectors equally. The dominant uncertainty on At
is the 10ns window over which the return power was integrated. The first and last radio echos that can be clearly associated
with a specific DEP feature are at about 2.5us (195m) and 10.2us(845m), resulting in a relative uncertainty of ¢;=0.1%.

The uncertainty on the depth of the GISP2 conductivity data is given as 2 to 3 m at 3 km (Greenland Ice Core Project, 1994).
We take this as an upper limit, though over the ~650 m range in depth we are looking at, the true uncertainty is likely much
smaller. The uncertainty on the matching between the GISP2 and GRIP ice cores is given as 0.5 m (Seierstad et al., 2014).
Thus, the conservative 2 m uncertainty on the GISP2 depth scale is the dominant uncertainty. Over a depth range of 650m, this
yields a relative uncertainty of o, = 0.3%.

Quadratically adding the relative uncertainties on Az and At results in a relative uncertainty of o,, = 0.3%, or o, 4ps = 0.006

in absolute terms.

5 Conclusion and Outlook

We report on the observation of reflective layers in the ice sheet near Summit Station, Greenland and compare them to conduc-
tivity measurements from the GRIP ice core. We show that most radio echos can be attributed to features in the ice conductivity,

and use this relationship to measure the index of refraction of the bulk ice as n = 1.778 £ 0.006.
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