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Abstract. Glacial ice is used as a target material for the detection of ultra-high energy neutrinos, by measuring the radio signals

that are emitted when those neutrinos interact in the ice . Thanks to the large attenuation length
:::
We

:::::
report

:::
on

:::
the

:::::::::::
measurement

::
of

:::
the

::::
index

:::
of

::::::::
refraction

::
of

::::::
glacial

:::
ice at radio frequencies , these signals can be detected over distances of several kilometers.

One experiment taking advantage of this is
:
at

:::::::
Summit

:::::::
Station,

:::::::::
Greenland.

::::
This

::::::::::::
measurement

::
is

::
of

::::::::
particular

::::::::::
importance

:::
for

the Radio Neutrino Observatory Greenland(RNO-G),
:
,
::
an

::::::::::
experiment

:
currently under construction at Summit Station, near5

the apex of the Greenland icesheet. These experiments require a thorough understanding of the dielectric properties of ice at

radio frequencies. Towards this goal, calibration campaigns have been undertaken at Summit, during which we recorded radio

reflections off internal layers in the
:::
that

:::::
seeks

::
to

:::::
detect

::::
radio

::::::
signals

:::::
from

::::::::
ultra-high

::::::
energy

:::::::
neutrino

::::::::::
interactions

::
in

::
the

:
icesheet.

Using data from the nearby GISP2 and GRIP ice cores, we show that these reflectors can be associated
:
.
:::
By

:::::::::
correlating

:::::
radio

::::::::
reflections

::
in
:::

the
:::::

bulk
::
ice

:
with features in the ice conductivity profiles; we use this connection to

::::::::::
conductivity

::::::::::::
measurements10

::::
from

:::
ice

:::::
cores,

:::
we determine the index of refraction of the bulk ice as n= 1.778± 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 through the measurement of
::
via

:
radio signals from particle showers that are produced by the interactions15

of neutrinos in glacial ice.

In order to use ice as a detection medium, a thorough knowledge of its dielectric properties at radio frequencies is necessary.

To this end, a series of calibration campaigns has been undertaken at Summit Station, where RNO-G is located, and will

continue in coming years. These included measurements of the ice attenuation length using the backscatter of radio signals

off the bedrock (Aguilar et al., 2022a, c). In addition to the bedrock echo, reflections were also observed
:::::
Doing

::
so

:::::::
requires

::
a20

::::
good

::::::::::::
understanding

::
of

:::
the

::::::
optical

:::::::::
properties

::
of

:::
the

:::
ice

::
at

::::
radio

:::::::::::
frequencies.

:::
We

:::
use

:::
the

:::::::::
connection

::::::::
between

::::
radio

:::::
echos

:
from

within the ice sheet. Radio reflectors in deep ice have been shown to result from dielectric contrast, such as an abrupt change

:::
and

:::::
abrupt

:::::::
changes

:
in ice conductivity. We want to use this connection between ice conductivity and reflectivity, demonstrated
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at ,
::::::

which
:::
has

::::
been

::::::::::::
demonstrated

:::
for the site of the Greenland Ice Core Project (GRIP) (Hempel et al., 2000) , for a precision

measurement of
::
to

:::::::
measure

:
the index of refraction of the bulk iceat the site of the RNO-G experiment, similar to the method25

employed by Winter et al. (2017). While the
:::
The index of refraction of glacial ice is relevant for radioglaciological surveys,

it is of special importance for an experiment like RNO-G, since it determines the so-called
::
ice

:::::
plays

::
an

:::::::::
important

::::
role

:::
for

::
the

:::::
radio

::::::::
detection

::
of

:::::::::
neutrinos,

:::::::::
specifically

::
in

::::::::::
determining

:::
the

:
Cherenkov angle, which describes

::
i.e.

:
the direction into which

the radio signal from a particle shower is emitted. It also sets a boundary condition for the index of refraction profile of the

firn layer, which needs to be understood to reconstruct the arrival directions of the radio signals (Aguilar et al., 2022b), and30

influences the observable ice volume by creating a shadow zone from where signal propagation to the detector is suppressed

(Barwick et al., 2018; Deaconu et al., 2018).

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 ice35

(Aguilar et al., 2022a, c). The setup is almost identical to the previous one with the main changes
::::::
change being the replacement

of the log-periodic dipole antennas with horn antennas, whose smaller group delay leads to shorter radio pulses, and the

measurements being taken near the GISP2 hole.

Signals were produced by an IDL-2 a
:

pulse generator and split into two outputs. One output
:
,
:::
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 antennasthrough an MILDTL1740

and an LMR240 coaxial cable. The filter and the horn antenna’s response restrict the radio
:
,
:::::
which

:::::::
together

::::::
restrict

:::
the

:
signal

to a band of 145-500MHz , similar to the bandused by RNO-G. The other output, used as a trigger signal , was attenuated by

40 and fed into an oscilloscope via an MILDTL17, an LMR240 and an LMR400 cable. Both the transmitting and the receiving

antenna were buried in the snow on opposing sides of the GISP2 hole, at about 51distance from the hole. The receiving antenna

was connected to
:::::
band.

:::
The

::::::
signal

::::
from

:::
the

::::::::
receiving

::::
horn

:::::::
antenna

::::
was

:::
fed

::::
into an amplifier of the same type as used by the45

shallow component of an RNO-G station via a MILDTL17 coaxial cable, and connected from there to the oscilloscope with an

LMR240 cable. Because the echo from a single radio pulse quickly falls below the noise background
:::
and

::::
then

::::::::
recorded

::
by

:::
an

::::::::::
oscilloscope.

:::::
Both

:::::::
antennas

:::::
were

::::::
placed

::
on

::::::::
opposing

:::::
sides

::
of

:::
the

::::::
GISP2

::::::::
borehole,

::
at

:
a
:::::::
distance

:::
of

:::::
about

::
51m

::::
from

:::
the

:::::
hole.

::
To

::::::
reduce

:::::
noise, 12000

::::::::
individual waveforms were averagedand recorded at a sampling rate of 2.5 . The strong air-to-air signal

between the antennas caused the amplifier to saturate, requiring some time to recover, making the first 2.6 not usable, and the50

radio echo falls below the noise background around 10.6 after the trigger, which sets the range of depths that are observable

with this measurement.

Two additional
:
.
:::::::::
Additional

::::
radio

:::::
echo measurements were taken about 550m to the north of the

::::
from

:::
the GISP2 hole, in the

vicinity of the
::::::::
borehole,

::::
near

:::
the so-called "Bally Building". Signals were produced by an AVTECH AVIR-1-C pulse generator,

and used the same antennas as (Aguilar et al., 2022c, a), which provides more output power and a faster trigger rate, but could55

not be used at the GISP2 hole because of a lack of a suitable power source. This setup allowed to average 30000 waveforms and
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detect
:::::
While

:::
the

:::
use

:::
of

:
a
:::::
more

:::::::
powerful

::::::
pulser

:::::::
allowed

::
us

::
to

:::::::
observe

::::
radio

:
reflections from deeper in the ice, but also caused

more amplifier saturation. Therefore, another run was done with an additional 12 of attenuation at the transmitting antenna,

which mitigated the saturation issue but also caused the sigal to fall below the noise floor sooner.

From each run, we calculate the return power of the radio signal in a sliding rectangular time window with a width of 10 ,60

corresponding to roughly one period of the radio signal at the lowest frequency in the band. The result is shown in Fig. ??. The

radio signal power is then corrected for the propagation distance using the attenuation length measured in (Aguilar et al., 2022a)

. 1

The distance between the
::
the

:::::::
distance

:::::
from

::
the

:
GISP2 hole and the Bally building would introduce an unknown uncertainty

on the reflector depths, so only the measurements taken directly at the GISP2 hole will be used to calculate the
:::::
made

:::
the65

:::::::::::
measurements

:::::::::
unsuitable

:::
for

:::
the

:
index of refraction . We will nevertheless show the measurements near the Bally building

to demonstrate that the relation between radio reflections and conductivity
:::::::::::
measurement.

:::::
They

::::
did,

:::::::
however,

:::::::
confirm

::::
that

:::
the

:::::::
observed

:::::::::
correlation

:::::::
between

:::::
radio

::::::::
reflectors

:::
and

:::::
DEP

:::
data

:
holds to greater depths. To combine measurements, the time offset

between them is determined through cross-correlation and the return power is averaged where they overlap.

3 Index of Refraction Measurement70

Top: AC conductivity data σ∞ from the GRIP ice core, adjusted to the corresponding depths at the GISP2 site, overlaid with

the running mean of the conductivity. Bottom: Root mean square (RMS) of the deviation of the conductivity from the running

mean.

The principle of

3
:::::
Index

::
of

::::::::::
Refraction

::::::::::::
Measurement75

:::
We

:::::::
measure the index of refraction measurement is as follows: Assuming that the observed radio echos are produced by abrupt

changes in the conductivity of the ice, we can match these reflections to specific features in the ice core conductivity data and

calculate the index of refraction as

n=
c0 ·∆t

2 ·∆z

where c0 is the vacuum speed of light, ∆t is the time between observed radio echos and ∆z is the difference in depth80

of the reflectors. The
::
of

:::
the

::::
bulk

:::
ice

:::
by

::::::::::
associating

:::::
radio

:::::
echos

::::
with

:::::::::
reflective

:::::
layers

::::::::
identified

:::
at

::::::
known

::::::
depths

:::::::
through

:::::::
dielectric

::::::::
profiling

:::::::
(DEP).

:::::
While

::::
the direct current conductivity of the GISP2 ice core has been measured for its entire

depth range (Taylor, 2003), but the relevant property governing the effect on radio waves is the alternating current (AC)

1To convert the arrival time of the radio pulse to the propagated distance, an assumption about the index of refraction n and any time offsets ∆T due to e.g.

cable delays already has to be made here. One could redo this correction for each value of n and ∆T , but this dramatically increases the computing demands.

The choice of n and ∆T at this stage turns out to have a negligible impact on the final result, so we ignore this complication here.
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conductivity σ∞, which has not been determined for
::::
both

:::
the GISP2 . The AC conductivity has been measured using dielectric

profiling for the nearby Greenland Ice Core Project (GRIP ) core (Greenland Ice Core Project, 1994; Wolff et al., 1995). Both85

ice cores were taken only
:::
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 apart, and

::::
from

:::::::
Summit.

:::
As the DC con-

ductivity measurements are well correlated up to depths of 2700 (Taylor et al., 1993). Furthermore, radar surveys have shown

that most internal reflectors are
::
of

::::
both

:::
ice

::::
cores

::
is
::::
very

::::::
similar

:::::::::::::::::
(Taylor et al., 1993),

:::
and

:::::
most

::::::
internal

::::::
layers

::::
have

::::
been

::::::
shown

::
to

::
be continuous between the GISP2 and GRIP drill sites , except for those close to the bedrock (Jacobel and Hodge, 1995). It90

is therefore reasonable to assume that the AC conductivity at GISP2 is similar to that at GRIP, though there are offsets between

layer depths at the two sites, which we correct for based on (Rasmussen et al., 2014; Seierstad et al., 2014; Centre for Ice and Climate, Niels Bohr Institute, 2014)

.
:::
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).

:

For a given index of refraction, the signal return
:::
The

:::::::
relation

:::::::
between

:::
the

:::::
layer

:::::
depth

:
z
::::
and

:::
the

:::::
signal

::::::::::
propagation

:
time t95

can be converted to a reflector depth using

z =
1

2
· c0
n

· (t−∆T )

if the distance between transmitting and receiving antenna is negligible. If they are further apart, as is the case here, the

additional travel distance is accounted for via the expression
:
is

:::::
given

::
by

:

z =
√
z20 − 0.25 · d2 1

2
· c0
n

· (t−∆T )
:::::::::::::

(1)100

where d is the distance between the transmitting and receiving antennas, 102in our case. The changing
::
c0::

is
:::
the

:::::::
vacuum

:::::
speed

::
of

::::
light,

::
n
::
is
:::
the

:
index of refraction in the firn causes radio signals to be bent downward as they propagate, which causes a

small change to the propagation time. We simulated this effect using the analytic raytracing method (Glaser et al., 2020) and

found it to be less than 1, which is negligible.

:::
and ∆T is a second free parameter which accounts

::
as

::
a

:::
free

:::::::::
parameter

::::
used

::
to

:::::::
account for time offsets due to cable delays,105

a changing
::
the

::::::::
different index of refraction in the firn, and the unknown offset between the zero depth point of the GISP2

core and the location of the antennas . Our strategy to measure the index of refraction is to vary n and ∆T , convert the radio

signal return times to the corresponding depths, and calculate the correlation between the ice conductivity at this depth and the

return power. For depths between two conductivity measurements, the value is linearly interpolated between the two closest

data points.110

However, we do not directly correlate the AC conductivity with the radio echo power. Radio reflections at large depths are

thought to be caused by abrupt changes in the AC conductivity
:
a

:::::::
possible

:::::
offset

:::::::
between

:::
our

:::::::
antennas

::::
and

:::
the

:
0m

::::
mark of the

ice . Therefore, rate of change of σ∞ is more important than the value of σ∞ itself. We therefore average the
::::
core.

:

:::
We

::::::
average

:::
the

:::
ice

:
conductivity over a sliding window with a width of 5m . We then

:::::
sliding

:::::::
window

:::
and

:
calculate the root

mean square (RMS) of the difference between σ∞ from this average
::::::
squared

::
of

::::
the

::::::::
deviation

::
of

:::
the

:::::::::::
conductivity

::::
from

::::
this115

::::
mean

:
over a 2m sliding window , roughly equivalent to the

::
as

::
an

::::::::
indicator

::
of

:::
the

::::::
change

:::
in

::::::::::
conductivity.

::::
We

:::
also

:::::::
correct

:::
our
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Figure 1.
:::
Top:

::::::::::
Correlations

::::::
between

::::
radio

:::::
return

:::::
power

:::
and

::::::::::::::
RMS(σ∞ −σavg)::

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.

::::
radio

:::::
echo

::::::::::::
measurements

:::
for

:::::
signal

:::::::::
attenuation

:::::
using

:::::::::::::::::::
Aguilar et al. (2022a)

:::
and

:::::::
calculate

:::
the

::::::
return

:::::
power

:::
in

:
a
::::::
sliding

:
10ns

windowover which the return power is averaged.The resulting plots for σ∞ and RMS(σ∞ −σavg) are shown in Fig. ??.

Top: Correlations between radio return power and RMS(σ∞ −σavg) 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 of120

refraction. The time offset is left to vary for each value of n.

The resulting .
::::
The

:::::
index

::
of

::::::::
refraction

::
is

::::
then

:::::::::
determined

:::
by

::::::::
converting

:::
the

::::::
return

::::
times

::
to

::::::
depths

:::::
using

:::
Eq.

:
1
::::
and

:::::::::
calculating

::
the

:
correlation between radio return power and RMS(σ∞ −σavg) ::::

echo
:::
and

:::::::::::
conductivity

:::
data

:
for different values of ∆T and

n is shown in
:::
and

::::
∆T .

:

:::
The

:::::
result

:
(Fig. 1. It )

:
shows a clear maximum at a value of n= 1.778.125

Using this result, we plot
::::::
Plotting

:
the radio return power as a function of reflector depth along with ice conductivity. The

result
:::
over

:::
the

:::::
DEP

::::::::::::
measurements (Fig. 2) shows a good correlation between the two. Most jumps

:::
that

::::
most

::::::
abrupt

:::::::
changes in

conductivity are matched with a radio echo, though there are exceptions, most notably at 520. There are a few radio echos that

do not seem to have a corresponding feature in the conductivity data, for example at 230
:
a
::::
few

:::::::::
exceptions. Similar inconsis-

tencies between radio reflections and ice conductivity
:::
DEP

::::
data

::::
and

::::
radio

:::::
echos

:
have also been noted by other measurements130

(Eisen et al., 2003).

Same plot as Fig. 2, but with
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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 ∆T (solid
::::
thick gray line), overlaid with the AC conductivity of the ice (dashed

:::
thin blue line).

4
::::::::::
Uncertainty

::::::::::
Estimation

:::
The

::::::::::
uncertainty

::
of the measurements near the Bally building included.

If we repeat this process with the combined measurements from all three runs, the result is very similar to the one obtained135

from using just the measurement at the GISP2 hole, with the maximum correlation for an index of refraction of n= 1.774.

Superimposing the radio return power and the ice conductivity (Fig. ??) shows that the correlation holds down to larger depths.

As the deeper measurements were taken at a considerable distance from the GISP2 hole, there may be a change in the depths of

some reflectors. The good fit between radio echos and σ∞ suggests that this change is small, if present at all. Still, it represents

a potentially significant and difficult to estimate uncertainty on the index of refraction measurement, which is why we prefer140

the measurement taken at the GISP2 hole itself. But it demonstrates that this index of refraction measurement can be extended

to greater depths relatively easily, if desired.

5 Uncertainty Estimation

As shown by Eq. ??, the two primary types of uncertainty we need to consider are
::::::
consists

::
of
::::

the uncertainties on the radio

echo return time, and the depth of the corresponding reflective layer.145
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::::::::::
propagation

::::
times

::::
and

:::
the

::::::
depths

::
of

:::
the

::::::::
associated

::::::::
reflective

::::::
layers.

:
The first radio reflectors used for this measurement are

at a depth of roughly 200m, which is well below the transition between firn and ice, which occurs at 75-77m (Gow et al.,

1997). By including
:::::::
Including

:
a global time offset as a free parameter , we are effectively only considering the time difference

between reflections from different layers in the ice, so cable delays, the changing
:::::::
removes

::::::::::
uncertainties

:::::
from

:::
the

:
index of

refraction profile in the firn
::
of

:::
the

::::
firn,

::::
cable

::::::
delays

:
and the height of the antennas relative to the 0m mark of the GISP2 core150

can be ignored, as they affect the signal from each reflector
::
ice

::::
core,

:::
as

::::
these

:::::
affect

:::
all

::::::::
reflectors

:
equally. The waveforms for

each run were recorded on a single trace with a sampling rate of 2.5 , giving sub-nanosecond precision for the waveforms

returning from different reflectors. The return power was integrated over a
:::::::
dominant

::::::::::
uncertainty

::
on

:::
∆t

::
is
:::
the

:
10ns window ,

which we conservatively take as the uncertainty on ∆t
:::
over

::::::
which

:::
the

:::::
return

:::::
power

::::
was

:::::::::
integrated. The first and the last radio

echo
:::
last

:::::
radio

:::::
echos that can be clearly associated with a specific peak in the ice conductivity

::::
DEP

::::::
feature

:
are at about 2.5µs155

(195m) and 10.2µs(845m), respectively, resulting in a relative uncertainty of σt = 0.1%.
::::::::
σt=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 , except for some depths

which are outside the range used in this measurement (Seierstad et al., 2014). Thus, the conservative 2 m uncertainty on the160

GISP2 depth scale is the dominant uncertainty, which is equal to the 2 window over which RMS(σ∞ −σavg) was calculated.

Over a depth range of 650m, this yields a relative uncertainty of σz = 0.3%.

Quadratically adding the relative uncertainties on ∆z and ∆t results in a relative uncertainty of σn = 0.3%, or σn,abs = 0.006

in absolute terms.

This is larger than the difference between our two measurements of n, so even without knowing the uncertainty on the165

measurements at the Bally building, we can say that they agree within uncertainties.

Glacial ice has been shown to have birefringent properties, leading to a polarization dependence of the wave velocity that

is larger than the uncertainty on our measurement in several places in Greenland (Zeising et al., 2023; Gerber et al., 2022). We

have investigated birefringence in the ice at Summit Station before (Aguilar et al., 2022c), and constrained the difference in

propagation time between polarizations parallel and perpendicular to the direction of ice flow to 1.6± 3.3over the full thickness170

of the ice sheet. Based on this, we conclude that birefringence effects are negligible for our measurement.

The index of refraction of ice has also been shown to be temperature dependent (Fujita and Mae, 1994). Our measurement

implicitly assumes a constant index of refraction over the entire depth range of the measurement. As the temperature profile of

the GISP2 borehole is constant to within 1over the upper 2(Clow, 1999), this assumption is justified.

5 Conclusion and Outlook175

We report on the observation of reflective layers in the ice sheet near Summit Station, Greenland and compare them to con-

ductivity measurements from the GISP2 and GRIP ice cores
::::
GRIP

:::
ice

::::
core. We show that certain

::::
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

7



n= 1.778± 0.006. Though the available equipment limited our measurement to the upper ∼850of the ice sheet, we show that

the relation between ice conductivity and radio reflections should hold to much greater depths. This would allow to easily180

extend this measurement and improve on its accuracy in the future. An extension these radio echo measurements, with a wider

frequency response, could, in principle, also correlate the characteristics of the observed radar echoes with the known GISP2

ice chemistry.
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