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ABSTRACT: Over the last three decades, several experimental initiatives have been launched
with the goal of observing radio-frequency signals produced by ultra-high energy neutrinos
(UHEN) interacting in solid media. Observed neutrino event signatures comprise impulsive
signals with duration of order the inverse of the antenna+system bandwidth (~10 ns),
superimposed upon an incoherent (typically white noise) thermal noise spectrum. Whereas
bulk volume scattering (VS) of radio-frequency (RF) signals is well-studied within the
radio-glaciological communities, polar ice-based neutrino-detection experiments have thus
far neglected VS in their signal projections. As discussed herein, coherent volume scattering
(CVS, for which the phase of the incident signal is preserved during scattering) generated by
in-ice neutrino interactions may similarly produce short-duration signal-like power, albeit with
a slightly extended time structure, and thereby enhance neutrino detection rates, whereas
incoherent (randomized phase) volume scattering (IVS) will persist for O(100 ns), appearing
similar to thermal white noise and therefore reducing the measured Signal-to-Noise Ratio
(SNR) of neutrino signals. Herein, we present the expected voltage profiles resulting from
in-ice volume scattering as a function of the molecular scattering cross-section, for both CVS
and IVS, and assess their impact on UHEN experiments. VS contributions are currently
only weakly constrained by extant data; stronger limits may be obtained with dedicated
calibration experiments.
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1 Introduction

Within the last decade, high energy neutrino astronomy has evolved from high-statistics
measurements of atmospheric neutrinos to more recent measurements of the extraterrestrial
neutrino flux at TeV—PeV energies [1-6]. Ultra high energy neutrinos (UHEN), beyond the
Glashow resonance at E, ~6.2 PeV, have too low a flux to be detected by optical techniques.
Such neutrinos can arise from decay of charged pions photo-produced by collisions of ultra-
high energy cosmic rays with the cosmic microwave background (CMB). Photoabsorption of
CMB photons by UHECR is particularly enhanced at center-of-mass energies corresponding
to the A(1232) resonance, resulting in both muon and electron neutrinos via the chain
p+yemB = A — nrt; ot — uv,; p — ever,. They are therefore an unavoidable
consequence of both hadronic interactions near the production point, as well as electromagnetic
interactions during propagation of the ultra-high energy cosmic rays (UHECR) that have
been observed by Auger and the Telescope Array [7, 8]. Such neutrinos are also expected as
the complement to high-energy cosmic gamma rays produced by neutral pion decay [9].
Many UHEN experiments [10-15] have coalesced around the prospect of measuring
signals produced by neutrinos interacting in cold polar ice, primarily owing to the excellent
transparency of ice to propagating electromagnetic radiation, particularly at radio-frequency
wavelengths (O(1 km)) [16, 17]. Two polar detection strategies have shown considerable
promise. For the first, Askaryan radiation (generated either in-ice or as the result of the
hadronic decay of a 7-lepton in-air) produced by the electron/positron charge imbalance
in a shower following a charged- or neutral-current neutrino-ice interaction [10-13, 15, 18]
produces a measurable RF impulse. For the second, one measures the radar echo produced
by the (approximately stationary) ionization trail associated with the shower [14].
Projected experimental detection rates are estimated by comparing the calculated signal
amplitudes and shapes (aka ‘templates’) against the irreducible noise background (typically,
black-body thermal noise from the environment) to which a typical experiment is subject.



Since the neutrino flux is a rapidly falling power-law function of energy [19], suppressing
the thermal noise background (e.g., by minimizing the noise figure of front-end low-noise
amplifiers), or, alternatively, reducing the event trigger threshold relative to thermal noise
(e.g., by machine learning or phased array triggering techniques [20, 21]) can have dramatic
impact on estimated event detection rates. A reduction in the effective signal-to-noise ratio
threshold by a factor of two, for example, corresponds to nearly an order-of-magnitude
increase in the detected event rate at the lowest detectable neutrino energies, given the cubic
fall-off of the neutrino energy spectrum.

Detection of muon neutrinos in optical experiments is based on the measured arrival
time of the first Cherenkov photon incident on a photomultiplier tube (PMT). For the optical
detection experiments, both absorption, as well as scattering of Cherenkov photons between
production point and the front-end PMT dictate the neutrino detection rates. At South
Pole [22], for example, in-ice scattering lengths vary from 15-60 m, depending on local dust
concentrations. The longer absorption lengths (60-200 m) therefore play less of a role in
limiting v, neutrino detection rates. Water-based optical experiments show an opposite
pattern, with the loss of photons dominated by scattering rather than absorption [23].

To quantify scattering in the optical experiments, LED flashers are used to determine
the time structure of photons which scatter and then are measured by PMTs. We expect the
detected photon number to grow with time as the collection volume grows as the cube of
distance; eventually, the detected photon number begins to decrease when the photon path
length approaches one optical absorption length. For a separation distance d between LED
and PMT of 75 meters, the total number of scattered photons in IceCube was observed to
reach a maximum approximately 75 ns after the arrival of the first photon [24]; doubling d
approximately doubles the time for the scattered photon distribution to reach maximum.
The (approximately Rayleigh) distribution has a long tail, consistent with multiple scattering
effects. Similar distributions were measured at Mediterranean water KM3NET [25] sites.

The Askaryan signal sought for by extant radio experiments has a sharp (O(1ns)),
impulsive leading edge, characteristic of the traversal of the Cherenkov shock front across
the front-end receiver (Rx) antenna. In contrast to single photons, measured broad-band
radio signals are temporally extended by the frequency-dependent group delay and the
limited antenna and system frequency bandwidth. Consequently, any scattered radio photons
that may be present will superpose upon the longer-duration band-limited observed radio
signals. In principle, such scattering effects might have been observable in the experimental
laboratory tests of the Askaryan effect [26, 27], although the 2-3 meter scale of the laboratory
targets limited the radio photon collection volume and the target differed in composition
and purity from polar ice. To date, in situ measurements of RF ice attenuation lengths
have not distinguished between true signal absorption and scattering — the signal amplitude
at a receiver point is compared to a transmitted amplitude, and amplitude losses beyond
1/r typically interpreted as due to absorption.

Considerable volume scattering work within the radioglaciological community notwith-
standing [28-32], neutrino signal estimates have generally not addressed contributions possibly
resulting from bulk volume scattering. In the case of the Askaryan experiments, IVS of
primary radiation emitted by the shower could potentially bathe the signal in an additional



background after the initial neutrino-induced direct signal onset. Since Askaryan radiation is
collimated into a Cherenkov cone with approximately 1 degree transverse width, antennas off
the Cherenkov-angle may also be subject to an overall enhancement in the long-wavelength
photon yield, resulting from the isotropic re-scattering from molecules illuminated at, or near
the Cherenkov angle. If VS is large enough, this could result in events with an O(0.01-1
us) duration increase in voltages for times subsequent to the first arrival of the Askaryan
pulse, against which the Askaryan signal must be distinguished.

In contrast to the Askaryan detection experiments, the radar neutrino experiments use a
clever carrier-cancellation technique to minimize interference from self-induced backgrounds at
the carrier frequency [33]. This is done by empirically determining the amplitude of a sinusoid
injected into the receiver signal path that destructively interferes with the known transmitted
carrier continuous wave CW, allowing dynamic suppression of any CW contamination. In
this case, only incoherent volume scattering might contribute since any CVS should be
suppressed by the (constantly active) carrier cancellation. This technique, however, would
not eliminate any CVS produced by reflection of the sounding radar from the sought-after
neutrino-induced cascade.

2 Additional experimental considerations

Current experimental evidence points out apparent deficiencies in our understanding of
radio-wave propagation through ice, which help motivate our current VS study, including:

o Previous publications provided experimental evidence for both fixed-frequency (CW),
and also broadband signals propagating between two points that, for a smoothly varying
refractive index profile dependence on depth, should be ‘shadowed’ relative to each
other [34, 35]. This effect was observed, consistently, in data accumulated by the RICE
(using CW), ARTANNA (using impulsive signals) and RNO-G (using impulsive signals)
experimental groups to fully parameterize the in situ radio-frequency ice response. The
nominally expected shadowing can be considered as a total cancellation of the Huygens
wavelets arriving at a given time, propagating from transmitter to receiver. For RICE,
waveform captures were observed to be sinusoids, at the carrier frequency, but with
significantly reduced amplitude compared to expectations for non-shadowed propagation.
The weak shadow zone signals observed in the RICE data were accentuated after co-
adding waveforms, indicating that the phase was coherently preserved trigger-to-trigger.
By contrast, incoherent volume scattering disrupts a sinusoidal signal at the carrier, due
to the ‘scrambling’ of phases and would be expected to simply result in an enhancement
of the ambient noise level.

o Published measurements [36] made using a transmitter (Tx) pulser broadcasting within
an ice borehole to the englacial ARA radio receiver array show unexpectedly large
measured HPol (s-polarization) power relative to VPol (p-polarization) for a predom-
inantly VPol transmitter. Corrected for antenna gain, in some cases the observed
HPol power exceeded that measured in VPol; some of this may be attributed to ice
birefringence [37, 38].



These experimental observations indicate that our current understanding of the radio-frequency
properties of glacial ice is incomplete, and, in part, prompts our search for evidence of volume
scattering.

3 Previous calculations and modeling

3.1 The Drude-Lorentz oscillator model

Electromagnetic scattering can broadly be considered as the atomic response, and re-radiation
of an incident electric field. Modeling an atomic electron as an oscillator bound to a nucleus,
the complex permittivity ¢, describing its response to a driving excitation with frequency
w, follows directly from F = md, leading to:

e =1+ wg/(w(z) — w? —iwy),

with w, = /Ng?/(mep) the resonant plasma frequency and -y describing collisional damping.
The (absorptive) imaginary term in this expression introduces a 7/2 phase shift between
the driving term and the (real) scattering response. For a pure medium with no thermal
fluctuations, coherent non-dissipative scattering is manifest as the refractive index. In what
follows, ‘volume scattering’ refers to the more realistic case of impurities, and/or density
fluctuations and/or grain boundaries, etc. If, rather than 7/2, the scattered phase assumes
some random value, the incoherent volume scattering (IVS) case obtains; this might arise, e.g.,
if, under the vertical gravitational stress and the lateral ice-flow-induced strain (which leads
to birefringent effects) individual ice grains acquire phase shifts which vary from site to site.
In what follows, we retain two primary features (polarization and re-radiation beam pattern)
of the Drude-Lorentz model, which also forms the basis for the estimated single-electron

Thomson free-particle scattering cross-section o ~ 6.65 x 1072° cm?.

3.2 Approximate scale of VS cross-section

Perhaps the most familiar example of volume scattering is Rayleigh scattering of visible light in
the atmosphere, which corresponds to an in-air scattered power fraction of roughly 1,/100,000
per meter travel at optical frequencies. The difference between solid ice and gaseous nitrogen
notwithstanding, we consider how the atmospheric (at STP) Rayleigh cross-section of nitrogen
(5.1 x 10727 cm?, at optical frequencies) might scale to radio. Unlike our case of dense solid ice
(including mobile H4 impurities), the atmospheric cross-section is derived for in-air scattering
between sparsely located scattering centers: o = (27°d®/3\%)((n? —1)/(n?+2))? [m?], with d
the scatterer size (we take 0.3 nm as the size of a water molecule and n=1.78). Extrapolated
to long-wavelengths, the quartic dependence on d/\ therefore suppresses this cross-section
by many orders of magnitude (and in fact, well below the cross-section limit we later derive
below). Qualitatively, in the Rayleigh model, for which incident signal is re-radiated by
atomic dipole ‘antennas’, the small value obtained in this case reflects the scale mismatch
between the macroscopic incident signal and the microscopic atomic dipole antenna, as noted
in other estimates of VS [39]. If, however, scattering occurs at the grain, rather than the
molecular level, the relevant scattering cross-section is increased by many orders of magnitude.



We can make a dimensional estimate for the maximum scattering cross-section by setting
the inverse of the measured radio-frequency attenuation length in cold polar ice (~800
m) [17, 40] equal to the product of the per-ice-molecule VS scattering cross-section multiplied
by the molecular number density n, given by 917 kg/m? x 1 mole/18 ml x 1000ml/liter x 6.02 x
10%3=3.07 x 10?® /m3. Equating 800 m to 1/oy gn therefore gives o5 < 3.7 x 10728 cm?. We
interpret this value as an upper limit which our more sophisticated calculation should observe.

3.3 Previous calculations

Davis and Moore [41] previously considered the relative contributions of volume to surface
scattering, in the context of satellite- or airplane-based radar surveys of the polar ice sheets, at
frequencies in the C- and Ku-bands, and spanning the range 4-17 GHz. Their work followed
the observation by Ridley and Partington [42, 43] that an exclusively-surface scattering
model was inadequate to explain the total reflected power observed in satellite-based radar
measurements. They performed an analytic calculation of the volume scattering fraction
of received power measured in the aerial surveys, and concluded that volume scattering
dominated the radar returned power in East Antarctica. Figure 1 shows their predictions
(yellow line). Overlaid with the Moore & Davis prediction is the time evolution obtained in
our own ‘fast’ simulation (green points, described below). Moore & Davis estimated a volume
scattering contribution persisting for hundreds of ns beyond the initial surface reflection.

Yi and Bentley [44] performed a similar analysis and reached a similar conclusion —
namely, that volume scattering typically accounts for approximately half of the returned
signal power measured in the aerial surveys. In principle, there is a contribution to the total
sub-surface reflected power from internal layers within the firn, however, typical measured
layer reflectivities are of order -50— -70 dB [45], and therefore between 30—50 dB weaker
than surface echoes. Overall, these two calculations imply VS amplitudes significantly larger
than what would be expected by a simple extrapolation of the Rayleigh formula.

Radio-frequency volume scattering in the icy moons of the gas giant planets of the Solar
System has recently received renewed attention [39, 46]. The ice sheets of Europa, Ganymede,
Enceladus, Miranda and Ariel e.g., are interesting not only from a hydrological perspective,
but also as possible harbingers of viable life in the liquid oceans under their surface ice
sheets. Those ice sheets have also been identified as candidates for measurements of radio
emissions from neutrino-induced cascades [47]. At the ~100 K temperatures typical of those
ice sheets, the RF attenuation lengths should exceed 10 km for pure ice, presenting the
possibility of measurable echoes from the sub-surface ice/water boundary provided signal
attenuation through the ice sheet itself is not prohibitively large. Calculating the thickness
of the ice sheets from radar sounding therefore requires estimates of signal losses via VS.
A recent calculation of the signal penetration associated with EM emissions from natural
auroral activity, expected for the Uranian moons [39] found insignificant volume scattering
losses, albeit at frequencies (f~100-900 kHz) much smaller than radio.

3.4 nuradiomc-based calculation and modeling

We have used the nuradiomc [48] simulation package to evaluate the expected impact of VS
on neutrino waveforms. This Monte Carlo code is currently the most widely used software
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Figure 1. Moore & Davis calculation (yellow), including volume scattering, compared with our
simulations (detailed below, and shown as green points).

suite for following a signal ray from an interacting neutrino to an in-ice antenna. For our
application, however, for which VS must be obtained by propagation of not only one signal
ray, but a ray bundle over a volume growing as the cube of distance from the source, the
superb fidelity offered by nuradiomc requires considerable CPU resources and limits the

parameter space explored.

We vary the molecular radar cross-section in our simulation, resulting in varying amounts
of simulated volume scattering. To reduce computational expense, we only track the first
scatter and neglect secondary, tertiary, etc. scattering. Additionally, although both a direct
(D) and refracted/reflected (R) ray typically connect a given source point to a given receiver,
we limit the discussion below to the least-time (D) path, realizing that the volume scattering
results presented below also apply to any R path, as well.

Additional parameters that must also be specified in the simulation include: i) polarization
characteristics of VS (for which we assume that the atomic dipole re-radiates with a standard
dipolar beam pattern relative to a given transmitter and retains the incident polarization), ii)
coherence (either incoherent [IVS] or coherent [CVS]) of the re-scattered signal, and iii) the
angular deviation 60c = 0¢ — Oyiewy between the known in-ice Cherenkov angle of the emitted
Askaryan radiation and the ‘viewing’ angle relative to the axis of the simulated neutrino-



induced shower, which is taken from the nuradiomc event generator. The highest signal-to-
noise ratio obtains when the in-ice radio receiver is positioned directly at the Cherenkov angle
(viewing angle=f¢ and deviation off-angle §0-=0), therefore, as 00¢c increases, the relative
isotropic volume scattering contribution should increase. The admixture of signal-like CVS
relative to noise-like IVS depends, in part, on the source—receiver geometry.

For signal of initial amplitude Ag in an infinite, uniform three-dimensional medium and
separation distance between transmitter Tx and scatterer S equal to rr; g, the amplitude
of the signal Ag arriving at time tg = r7y,5/co at the scatterer is proportional to Ag/rry,s.
In our nuradiomc simulation, the Askaryan radiation signal, collimated into a Cherenkov
cone of transverse width O(1 degree) propagates to a distant radio receiver, separated by
distances ranging from 50—200 m. The volume surrounding the receiver is discretized into a
three-dimensional cubical grid having cell volume 3000 cm? (limited by CPU execution speed).
Each volume element scatters the incident radiation losslessly, retaining the polarization
of the incident signal; assuming dipole-like molecular scattering, the spatial distribution
of scattered signal follows the standard dN/df ~sinf dipole beam pattern. For both CVS
and also IVS, we sum all the individual contributions, in appropriate time bins, to obtain
the amplitude and time dependence of the scattered signal at the receiver. For each event,
we perform a checksum and verify that the sum of the total scattered energy added to the
unscattered energy matches the total calculated energy emission, in the absence of scattering.

Both CVS and IVS give an expectation value of receiver voltage (V') = 0, while the power
delivered to a receiver (Pg, ~ (V?)) is positive-definite; IVS differs from thermal noise in
that the source is considered to be a point in our simulation rather than a three-dimensional
environmental background source, which results in a characteristic time dependence of the
IVS power envelope. Our simulation assumes that both Tx/Rx are sufficiently deep that the
surface ice-air boundary can be neglected. To reduce computing time, the simulation also
assumes that any possible inhomogeneities in the ice are much smaller than the characteristic
wavelength scale. We obtain from the simulation both the relative shape, as well as the
absolute normalization of the voltage profile for either coherent (CVS) or incoherent (IVS)
volume scattering as a function of time relative to the initial signal onset resulting from the in-
ice neutrino interaction, for a given scattering cross-section. Figure 2 shows the results of our
simulation for both CVS and IVS. CVS produces, for this 50 m separation distance, a roughly
1% increase in the measured amplitude with duration only slightly longer than the primary
signal. IVS produces a <0.1% increase in the featureless noise following the signal onset.

Once again referencing the experimentally measured polar ice attenuation length of
800 m, we first use our simulation to obtain a refined upper limit of the VS cross-section, to
be compared with the dimensional analysis presented previously. Here, we vary the scattering
cross-section until the signal loss, beyond standard 1/r amplitude reduction, accounts for the
800 m field attenuation length typical of in-ice radio experiments. We obtain an upper limit
on the scattering cross-section of 1 x 10734 ¢cm? from this exercise, and take this to be the
current level at which the scattering cross-section is constrained by extant data. Scanning
over cross-sections from 1073° — 1073? cm? in our simulation yields the result that the CVS
amplitude scales roughly quadratically with cross-section. For a given cross-section, we can
now evaluate the impact VS might have on observed neutrino signals. Since the neutrino
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Figure 2. nuradiomc simulations showing original on-cone Askaryan signal compared to either
CVS (upper left, and also superimposed on the Askaryan signal in the lower left) or IVS voltage
profiles (upper right, and also superimposed on the Askaryan signal in the lower right) expected for
upper limit VS scattering cross-section (1 x 10734 cm?) and also corresponding composite (Askaryan
signal + VS contributions) waveforms. In both cases, for this value of separation distance (r=50 m),
modification to original signals is immeasurably small as evident from the lower two panels, so the
received waveforms are visually indistinguishable. As expected, coherent summation of VS Huygens
wavelets leads to a larger amplitude than for the incoherent case, as the electric field dependence with
distance should vary as 1/r in the former case and 1/r? for the latter.

signal arrives at the receiver from a variety of distances and angles, it is important to assess
how any putative VS may similarly vary with range and event geometry. Figure 3 shows the
relative CVS contribution, on the Cherenkov cone, for r(Tx,Rx)=50 m and also r(Tx,Rx)=100
m. As the separation distance increases, the CVS flux bundle which contributes power at the
location of the receiver close to the signal onset time geometrically constricts, resulting in an
increasing density of flux lines at the receiver. The CVS amplitude correspondingly falls off
less rapidly than the Askaryan signal with increasing distance. With our simulations, we have
calculated the fractional enhancement f of the peak neutrino signal amplitude due to CVS,
assuming the maximal scattering cross-section (o = 1 x 1073* cm?) derived above. We observe
an approximately linear increase in the relative CVS contribution, with f(r)~ 1.6 x 10~*r[m]
(figure 4). To verify this trend at larger values of separation distance, a ‘fast’ simulation, which
is limited to two-dimensions and eschews all frequency-dependent signal /receiver details as
well as ray tracing, was written; that faster simulation qualitatively predicts a similar increase
in background amplitude with distance, on-cone, out to multi-kilometer distance scales.

Since the Askaryan signal is confined to a cone of transverse width ~1-2 degrees, the
fractional VS contribution (relative to direct Askaryan) is expected to grow as the receive
(viewing) angle increasingly deviates from the Cherenkov angle. Figure 5 illustrates the
Cherenkov signal geometry in three planar cross-sections, for the case where the receiver (black



Neutrino signal Coherent scattering

—— d=50m 0.002 —— d=50m
0.2
0.001
_ | 0.000
>
£702 ~0.001
()
o°
2
= ---- d=50 m scaled by neutrino peak ampl | 0.002
g 02  — d=100m
< J 0.001
0.0 %
0.000
-0.2 ~0.001
0 50 100 150 200 250 0 50 100 150 200 250
Time, [ns]

Figure 3. Comparison of on-Cherenkov-cone signal amplitude at r=50 m (top, left) and r=100 m
(bottom, left), assuming maximal scattering cross-section (o = 1 x 1073* cm?) allowed by current ice
attenuation length measurements. Right panels show corresponding simulated CVS voltage profiles at
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1/r, owing to increasing flux collimation as the distance between Tx and Rx increases.
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Figure 5. Three planar projections of simulated Cherenkov cone. Shower cone is centered on y-axis;
neutrino momentum vector points in +y direction. Shown are xy- (top left), yz- (top right), and
xz-planar projections. For these simulations, the receiver (blue circle) has been located at a position
corresponding to maximal illumination of the Askaryan signal. As the receiver location is moved off
the Cherenkov cone, however, the relative ratio of the volume-scattered amplitude relative to the
direct Askaryan signal begins to increase.

dot) is maximally illuminated. Since the signal is so tightly collimated in angle (the 2 degree
FWHM is illustrated in the bottom panel of figure 5), as the receiver is increasingly displaced
off-cone, the VS contributions from volume elements remaining on-cone will proportionately
increase as the Askaryan neutrino signal rapidly weakens.

Figure 6 displays simulated waveforms as the viewing angle is increased from on-cone to a
deviation of 5 degrees, illustrating the proportional increase in the relative VS fraction. Based
on those waveforms, figure 7 shows the relative CVS amplitude, as the received Askaryan
signal deviates from the Cherenkov angle. The CVS contribution decreases only very slowly
with angle, while the Askaryan signal falls as an exponential with characteristic scale of
approximately 1 degree.
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Figure 6. Simulated direct neutrino-induced Askaryan signal (left column), CVS signals (center
column) and IVS signals (right column) at 100 m separation between Tx and Rx, as a function of the
viewing angle, defined as the angular deviation between a receiver and the Cherenkov angle §C (in
degrees). As dC increases, the signal-like CVS magnitude increases relative to the direct Askaryan
signal, whereas IVS simply adds noise power to the background ‘under’ the signal.
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Figure 8. Top: typical RICE calibration pulser signal; ‘PRE’ and ‘POST’ time interval definitions
are as indicated in the figure, and are used to calculate possible excess IVS contribution in POST time
interval. Bottom: zoom of time interval around peak with Hilbert Envelope overlaid; we observe that
signal ringing persists for up to 50 ns owing to dispersive effects in transmitter and receiver signal chain.

4 Incoherent volume scattering experimental data analysis

We use experimental in-ice calibration pulser data from the RICE experiment [10, 49] to study
possible volumetric scattering effects. Since the CVS waveform is so similar to the direct
signal, experimental separation of the two is correspondingly difficult, and we therefore focus
on the IVS component only. Selecting events with SNR values typical of neutrinos, we quantify
any possible incoherent volume scattering component produced by the local calibration pulser
by subtracting the PRE-signal portion of the waveform from the POST-signal portion of the
waveform, and calculate the magnitude of any POST excess. From our simulations, we expect
that IVS would result in superposition of the waveforms shown in the upper panels of figure 2
on the expected brief, ~20-30 ns impulsive signal peak, producing an excess of average noise
power after (“POST”) the calibration pulser signal is received, relative to before (“PRE”) the
signal arrival. Transmitter signals were broadcast to the receiver antennas (approximately
100 meters distant) that comprised the RICE radio receiver array. A typical received pulse
(figure 8) illustrates the intrinsic antenna response, consisting of a ‘ring-down’ of duration tens
of ns, evident in the lower panel of figure 8 (including any possible coherent volume scattering
component within that time scale), superimposed on the incoherent background from thermal
noise (constant in time) and any possible additional IVS. Rebinning the waveform to allow a
coarse tracking of the rms voltage(time), we observe that the rms is approximately equal in
the POST and PRE time intervals (figure 9), disfavoring any apparent IVS component.
Figure 10 shows the distribution that obtains by analyzing approximately 200 such events,
and presents the (POST-PRE)/PRE fraction as a measure of the total IVS component, relative
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Figure 9. Voltage rms, calculated from rebinning previous waveform in twenty 400-ns bins, as a
function of depth into waveform capture. We observe that the rms for the POST-signal region is
approximately equal to the PRE-signal region, contrary to the expectations if there were a large IVS
contribution.

to thermal noise. We note a slight positive offset, relative to zero, which may also be due to
inclusion of the ‘tail’ of the antenna ring in our POST summed amplitude. This distribution
corresponds to a negligible added signal power corresponding to 0.18% of the thermal noise
power, at an experimental source/Rx separation distance of 140 meters.

An additional experimental handle could be afforded by the POST/PRE signal shape
dependence on the local density of the environment — volume scattering for shallow antennas
should be reduced relative to deep antennas, owing to the smaller local density. Figure 11,
for example, shows the width of the Hilbert envelope of the recorded waveforms, as a RICE
dipole transmitter /receiver pair are co-lowered into neighboring boreholes, laterally separated
by 30 m. At an elevation of +3 m, we assume an ambient refractive index n=1.0; at z=-12
m, the refractive index is approximately 1.45, corresponding to ice density approximately
one-half of the maximum asymptotic value. Overall, we observe no extension of the signal
width, as would be expected from CVS contributions; in fact, the signal appears to only
narrow with depth. Interestingly, the signal arrival time is observed to be approximately
equal for an elevation of +3 m vs. zTx=0 m (vertically-oriented Rx/Tx dipoles both halfway
into the ice), indicating at least one exclusively in-air path for that case.
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Figure 10. Distribution of excess incoherent contribution to Hilbert Envelope (POST-signal), relative
to PRE-signal thermal noise for local calibration pulser event captures based on approximately 200
events similar to figure 8. The distribution closely follows a Gaussian; the slight offset in the mean
from zero (0.18%) may be an artifact of antenna ‘ringing’

5 Summary, conclusions and future work

Although often referenced in radioglaciological literature, the polar ice volume scattering
cross-section has, thus far, lacked quantification. Experimental VS constraints are particularly
important for efforts seeking measurement of radio emissions from in-ice neutrino interactions.
Herein, we have derived an upper limit on the VS cross-section using bistatic radar echo
data, modeled the expected CVS and IVS signatures using the nuradiomc simulation package
and also derived limits on the incoherent volume scattering contribution to the ambient
background level, relative to measured thermal noise, using data taken with the RICE
experiment. Given our estimated cross-section limit, coherent volume scattering may result in
an increase of up to 10% in the magnitude of the measured neutrino-induced signal (depending
on event geometry) amplitude, with a small distortion in the voltage vs. time profile. From
data, we find that the maximum allowed contribution of IVS is of order 1% relative to the
mean thermal noise background. These results are relevant to detection of radio-frequency
signals generated by collisions of neutrinos with ice molecules, such as with the current ARA,
ARIANNA, PUEO, RET, and RNO-G experiments, and the planned radio component of
the IceCube-Gen2 experiment. Future, more stringent bounds on VS may be possible with
additional calibration pulser data taken over a wider range of transmitter-receiver ranges
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Figure 11. Width (‘Time-Over-Threshold’; or ‘TOT’, in ns) of Hilbert envelope as function of
depth of transmitter/receiver pair, for waveforms recorded as transmitter /receiver dipole pair were
co-lowered into South Polar ice. In general, the shape of the signals track each other, albeit with some
broadening for the in-ice case, with no evident additional contribution from VS. Surface reflection has
not been subtracted from +3 m elevation data point.

and incidence angles, and/or an improved understanding of how to properly evolve precise
antenna response measurements made in-air to dense media such as ice. Particularly useful
would be detailed comparisons of transmitter signals broadcast in-air to transmitter signals
broadcast in-medium, from which both CVS and IVS contributions may be extracted, as
a function of the local ice density.
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