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Upon interaction in a dense medium like polar ice, a high-energy neutrino will deposit its energy
abruptly, producing a short-lived electron plasma. The Radar Echo Telescope (RET) collaboration
aims to utilize the radar technique to probe this plasma and, thus, detect neutrinos in the PeV to
EeV energy range. This work presents the Macroscopic Approach to the Radar Echo Scatter
(MARES) model. MARES is based on a macroscopic, semi-analytical approach and includes all
the known relevant physics that will affect the radar signal. Here we show how MARES is used
to investigate the effect that the ice temperature, via the free electron lifetime, might have on the
radar scatter signal.
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1. Introduction

The Radar Echo Telescope (RET) collaboration aims to detect the interaction of high-energy (HE)
cosmic neutrinos in polar ice. So far, the cosmic neutrino flux has been characterised in the TeV -
PeV region by the IceCube neutrino observatory [1]. Beyond 10 PeV, the steeply falling flux sup-
presses the likelihood of neutrino detection. However, cosmic neutrinos are expected to be produced
in the interactions of ultra-high-energy cosmic-rays with the cosmic microwave background photons
[2]. Based on the measured flux of ultra-high-energy cosmic rays at Earth up to the 100 EeV range
[3], cosmic neutrinos reaching the Earth with EeV energies are expected. The RET collaboration
hopes to utilise the radar echo technique to measure the cosmic neutrino flux in the PeV to EeV range.

The radar echo technique involves instrumenting a large volume of ice with a radar system, con-
sisting of, at least, one radio transmitter and several radio receiver antennas. When a high-energy
neutrino interacts in the ice, it will initiate a particle cascade, which extends for O(10 m) in the
ice. The particle cascade will, in turn, deposit the bulk of its energy in the ice in a short timescale,
leaving in its wake a trail of ionised ice and free electrons. These low-energy electrons form a
plasma that is capable of scattering the transmitter’s radio waves, which will be recorded at the
receivers. Atenergies over 10 PeV, the number density of particles in the cascade and the subsequent
plasma have been estimated to be high enough to make its detection feasible [4, 5]. Radio waves
hold an important advantage over optical-based detection methods, as the radio attenuation length
in ice is O(1 km), as opposed to the attenuation length of O(100 m) of optical light. This makes
a more sparse detector configuration possible, therefore increasing the exposure to the high-energy
cosmic neutrino flux.

In order to study the viability of the radar echo technique as an in-ice neutrino telescope, we need a
deep understanding of the physics behind the radar scatter off a plasma induced by a particle cascade
in ice. So far, the modelling of the radar scatter was done with RadioScatter [6], a particle-level
simulation of ionization deposits generated by MonteCarlo (MC) techniques.

In this work we present the basis of MARES, a macroscopic model of the radar echo scatter. MARES
is a semi-analytical model that relies on the known parametrisation of the particle cascades to com-
pute the expected signal from a radar scatter event. Our focus here is to outline the procedure to
discretise the extended plasma while maintaining the accuracy of the scatter. Furthermore, as will
be outlined in a forthcoming paper, other effects such as wave polarisation, medium attenuation, etc.
are also taken into account by the model and included in the simulation of the final signal. In ad-
dition, as a non-MonteCarlo model, MARES simulations presents a deterministic nature; the same
result is always expected using the same set of input parameters. As an example of this, we show-
case here the impact that the ionisation electron lifetime has on the final signal strength and structure.

The Radar Echo Telescope’s ongoing experimental efforts at Summit Station, Greenland, called the
Radar Echo Telescope for cosmic rays (RET-CR), are presented in detail in [7] and in [8] in these
proceedings. The Radar Echo Telescope for Neutrinos (RET-N) outlook and preliminary design
can be found in [9] in these proceedings.
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2. The basic principle of the radar scatter theory

For any point within the region illuminated by the transmitter, there is an incident electric field

|Ein| = V2Zicelin =

where Pr, Gt and Rt are the power, directional gain and distance to the transmitter; and /;, is the

, )]

incident irradiance from the transmitter and Z;.. the medium (for this case, ice) impedance.

Any scatterer, will act as a secondary source of radio waves, and the far-field ratio between the
incident and scattered electric field amplitudes is the radar cross section, RCS or o,
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A receiver of effective area Ag at a distance Rg (assumed large) will measure a power Pg,
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Putting Eq. 1 and Eq. 3 together for a single scatterer, we arrive at the radar range equation:

PrGrAR
R=———50.
(4nRTRR)

If N separate scatters arrive at the receiver simultaneously, the power measured by the antenna will

)

be determined by the interference of their electric fields:
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In this case, knowing the radar scattering cross section o; of the N scatterers is not enough to
compute the total signal, we also need to know their respective space-time phase ¢;, which is
computed from the cascade’s relative position and direction with respect to the transmitter and
receiver antennas. Exact definitions of both terms are given in Sec. 3.1. Examining Eq. 5 closely,
if m scattering sources of similar o are coherent, this is, if the difference between their phases is
negligible ¢| = ¢y = ..., = ¢, the power received will scale like the square of the number of
sources:

Pr.i < |Egi(Ri,1)* = N2 Pg.m (6)

The criterion for coherence can be safely taken as any typical distance (/) smaller than a wavelength,
[ < A [10]. For a typical transmitter frequency fr < 100 MHz, A;c, =~ 200 cm, and / can take
values < 10 cm while maintaining coherence, decreasing to /,,,;;, < 1 cm, fr = 1 GHz. Any discrete
collection of scatters fulfilling the coherence criterion, i.e., within the cm scale, can be considered
as a single source. Therefore, the 1-10 cm scale is the smallest scale that we need to consider in the
radar scatter, well within the macroscopic realm.
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3. MARES: From the cascade to the signal

A neutrino interaction in the ice initiates a particle cascade of L ~ O (10 m), Fmoliere = 7 cm. The
secondary particles from the cascade will deposit their energy in the ice, ionising the medium and
freeing electrons. We assume that all energy deposited in the ice will be used for electron ionisation,
producing O(10'3 ¢7) per PeV. MARES uses a NKG parametrisation for the cascade [5] [11], and
the resulting plasma is depicted in Fig. 1.
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Figure 1: The cascade density profile n, of a 107 GeV primary. The density and plasma frequency vp scale
with the energy of the cascade’s primary, E,,. Curves of constant plasma frequency (and density) have been
added for reference.

Instead of attempting to track the individual fields of the O(10'#) electrons, we can take advantage
of the coherence condition (Eq. 6) and discretize the cascade into M volumes where the N, ;; i =
1,.., M electrons scatter coherently. First, as seen in Fig. 1, the electron distribution is radially
symmetric, which makes our choice of volume a semi-cylindrical shell of length 1 cm and thickness
1 mm, all of them placed concentrically along the length axis. This way, the cascade is reduced to
~ 10° scattering volumes where the electron density can be taken as constant though each volume.
Second, it is important to notice the small scale of the radial dimension, Ry,4x ~ d;ce, Where most
of the electrons are around the core, Ro1iere < A. This means that the coherence condition may
be extended to all electrons throughout the plasma’s radial dimension at any given length. Then,
we perform a second integration where we add up the semi-cylindrical layers into segments, still
placed along the length axis. The cascade is further reduced down to 10* separate scatterers of 1
cm. Finally, having established our segments as the scatterers of this model, we can turn to Eq. 5
to simulate the radar scatter of the cascade by computing the 10* segments numerically.

3.1 The radar cross section and phase of a single segment

Eq. 5 requires the radar scattering cross section and the phase of each segment. The time-
independent radar cross section of a segment, 0., containing N, ; electrons, can be written in
terms of the radar cross section for a single electron o [11]:
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Tsei = Np e = N2+ (o7 (0FW)* T Grz). (7)

The effective electron RCS o, is composed not just of the Thompson scattering cross section
oy, but captures important physics effects: the damping factor (szW)2 < 10710 corrects the
decrease in perceived RCS due to the collisions of the electron with the ice medium, Gy, is the
Hertzian gain factor, to reflect that electrons re-scatter like infinitesimal dipoles, not isotropically,
and 7 ~ 1 is the transparency correction, that represents the losses of the field strength due to
the screening of the rest of the plasma. The full derivation of the radar cross section for a scatter-
ing segment 0., where these concepts were introduced and discussed in detail, can be found in [11].

However, the description of the radar scatter has considered of a series of static charges so far. In
reality, the ice lattice is ionised only after the relativistic propagation of the cascade front, which in-
troduces a time-dependent relationship between the position (and therefore, its distances Rt ;, Rgr.;)
and the production time of a segment (fp;). MARES models the evolution of the cascade by
evaluating the instantaneous fields (Eq. 5) multiple times over the lifetime of the cascade (see next
section for details), using segments with time-independent position, and time-dependent phases and
radar cross section (see Eq 8).

The time-dependent segment phases are described as ¢; = kR; — wtg + i;; that includes the total
distance travelled, R; = Rt ; + Rg ;; the time of arrival at the receiver, /g (which needs to account
for retardation effects, g = t5c.+RR.i/Cice); and any individual phase that each segment might have,
;. The time-dependence of the phases of the different segments determines the interference of the
electric fields and captures the crucial geometrical and relativistic effects of the scatter. This allows
MARES to simulate accurate time-domain waveforms of the radar scatter, at the cost of increased
the computational complexity.

4. The effect of the plasma lifetime

The free electron decay rate f,, and therefore the free electron lifetime 7 = f~!, are primarily a
function of the ice’s temperature [12]. Based on reported polar ice temperatures [13] [14], we take
typical ice values of Tsp = —50 C for South Pole and T = —30 C for Greenland. This translates
to tsp = 20 ns, frsp =5 107 Hz and 7¢ =~ 2 ns, frc =5 108 Hz. Since the ice temperature
depends on site and depth, in the following we consider a range of 7 € [1, 50] ns.

The f, is much smaller than the collision frequency f. ~ O(10-100) THz, which can only be
explained if we assume the collisions to be (quasi-)elastic. On the other hand, f, ~ frx € [10
MHz, 1 GHz] where frx is the frequency of transmitter. Since the ionisation electrons are only
able to scatter in the free state, the complete microscopic picture of the scatter is that of the sudden
appearance of a free ionisation electron, scattering weakly as it is damped by collisions, and re-
attaching itself after being able to complete approximately one full oscillation, as shown already
by Radioscatter [6]. This means that there is no complete description of the radar scatter in ice
without accounting for the effect of the finite electron lifetime. This is represented in MARES by
the time-dependent radar cross section:
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t (t-1y)
O-SC,i(t) = Usc,ie_?e)(t - tO) = O_ThNg(w2W)2 GHZT : e_f()@(t - tO)' (8)

The Heaviside step function ® cancels the contribution for times prior at the production time ¢y,
(t-19)

while e 7  captures the re-trapping of the free electrons within the segment.

On the macroscopic level, T determines the instantaneous total of free particles that scatter at any
given point in time, N, ;on. As stated before, the total coherent power scales with Nez; thus even
a small change in 7 has a large impact in the final signal. A direct way to consider this is by
investigating the number of free charges available to scatter at any instant in time during the cascade
development:

_r ! P =0 R
Ne-ion(Ep,t,7) = N(Ep,t-C- pice) ®e™ 7 :/ N(Ep,t")e” 7 dt, )
0

which, for our range of 7 of interest, is shown in Fig. 2.
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Figure 2: The free (ionisation) electron number as function of time for a £, = 107 GeV cascade, with t = 0
being the interaction time. The dashed line (7 = 0) represents the ionization front of the cascade moving
through the ice, but you effectively have no scattering from free electrons. The straight, top line is total
amount of electrons ionised by the cascade front. As 7 increases, we expect the peak of the distribution to
approach the upper limit, as represented by the unrealistic 7 = 1 us (dotted line).

To understand Fig. 2 better, we have to visualise the cascade ionisation front leaving the free electron
trail in its wake. Because of the free electron lifetime, the characteristic size of the cascade trail
is [ = 7 - ¢ and its equivalent radar cross section is determined by N.- jo,. By increasing 7, the
size of the trail increases and more free electrons are scattering at a single instant in time, therefore
increasing Ne- jon. What is more, increasing T reduces the decay rate e T, increasing the length
of the electron distribution tails as seen in in Fig. 2. A very interesting transition seems to happen
around 7 = 30 ns, where the growth rate of the distribution peak with 7 plateaus. This can be
explained because at T = 30 ns the trail is ~ 6 m long, which is the roughly the size of the cascade.
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This means that for 7 > 30 ns the bulk of the cascade electrons are scattering instantaneously. It is
important to keep in mind that, given the size of the trail, the scatter of the electron bulk will not be
fully coherent unless the transmitter uses a very low frequency. Therefore, the lines in Fig 2 do not
show the full picture of the scatter, and it is still of interest to look at the time-domain waveforms

(Fig 3).

In Fig. 3, we show the shape of the simulated waveforms by the MARES code of the radar scatter of
a 10 PeV cascade in ice at different lifetimes. It is evident that with increasing electron lifetime, the
strength and length of the scattered signal increases, but also how its structure is highly suppressed
at lifetimes < 30 ns. At lifetimes longer than 7 = 30 ns, the peak amplitude becomes constant as
the full ionisation profile is visible at once, and the free electron decay becomes apparent in the

waveform.
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Figure 3: Voltage time traces produced from the MARES code, while all the other free model parameters
have been kept constant. All the waveforms have been normalised to the highest value (the peak of the
7 = 50 ns trace) for comparison purposes.

5. Conclusions

The radar echo technique for the detection of neutrino interactions in polar ice is a promising idea.
For the design studies of a future radar telescope and for the characterisation of the properties of
the signals that we expect to receive, a deep understanding of the underlying physics is required.
That requires a complete model of the scatter of the radio waves off a plasma in ice. MARES is a
semi-analytical, non-MonteCarlo model that collects all relevant physics into a single computation.
As a macroscopic model, MARES uses the criterion of coherence to integrate all charges under the
scale size of 1 — 10 cm without losing accuracy. The investigation of the effect of the variables
of the MARES model into the simulated waveforms is underway, and the free electron lifetime,
estimated by the ice temperature, is presented here as an example.
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