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A model for the effects of small-scale surface roughness on lunar pulse detection
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Abstract: The Earth’s Moon provides the largest potential detection volume for the study of the highest-energy
cosmic rays and neutrinos. When one of these particles interacts at or beneath the lunar surface, the Askaryan
Effect is expected to produce an intense pulse of coherent radio emission in a burst lasting of the order of a few
nanoseconds. In order be detected by an Earth-based radio telescope or a Moon-orbiting satellite, the pulse must
propagate through the rough lunar surface. In this contribution, the first simulation of the effects of small-scale
lunar surface roughness is presented. A facet model is used to replicate the lunar surface, using data from lunar
orbiters and ground-based radar. The radio-emission from particle tracks located beneath the surface is then
propagated through the facets using the equations of Stratton and Chu, while keeping track of the full phase and
polarisation information. The resulting transmitted radiation is presented, demonstrating that while small-scale
roughness greatly affects the radiation pattern on an event-by-event basis, the effect on the average detection
probability will likely be small.
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1 Introduction
Coherent radio-wave radiation from particle cascades in
dense media due to the excess charge mechanism was
first predicted by Askaryan [1] and later demonstrated by
Saltzberg et al. at SLAC [2]. The radiation arises from the
rapid acceleration and deceleration of a net negative charge
excess [3], and in an infinite uniform medium produces a
100% linearly polarised pulse. For media of experimental
interest (ice and the lunar regolith), with a typical cascade
length of 3 m for ultra-high-energy (UHE) hadronic cas-
cades, the pulse is coherent up to GHz frequencies when
viewed near the Cherenkov angle θC

1, but only a few tens
of MHz when seen far from this angle [4]. Being coherent
emission, the pulse duration is given by the inverse of the
peak coherent frequency, i.e. a few nanoseconds. Experi-
ments utilising this ‘radio technique’ monitor large volumes
of dense, radio-transparent media from a distance, so that
a cascade in the medium will produce a pulse which can
propagate through the interaction medium to the observer.

The lunar radio technique, as proposed by Dagkesaman-
skii and Zheleznykh [5], uses ground-based radio-telescopes
to search for UHE cosmic rays and neutrinos interacting
in the outer layers of the Moon. It is the coherence of the
emission over the entire cascade — and over a broad band-
width — which is predicted to allow these events to be seen
from such a large distance. Modern experiments such as
those by the LUNASKA collaboration with ATCA [6] and
Parkes [7, 8], the NuMoon collaboration with Westerbork
[9] and (in the near future) LOFAR [10], and the RESUN
experiment at the VLA [11], aim to use bandwidths which
are comparable to the central observing frequency. Even
so, the lowest theoretically-detectable neutrino energy for
these experiments to date is about 1021 eV [12]. Given this
already-high threshold, it is critical to correctly model any
effect which might induce decoherence in the signal. One
such effect, as pointed out by P. Gorham [13], is small-scale
lunar surface roughness.

This contribution describes the first complete treatment
of small-scale lunar surface roughness. In Sec. 2, current

data on the lunar surface is summarised, and used to build a
detailed model of surface roughness based on ‘facets’. A
method to propagate radiation from particle cascades in the
lunar regolith through these facets is outlined in Sec. 3. This
method is incorporated into a numerical code, which, after
being tested against known analytic results, is used in Sec.
4 to provide the first estimates of Askaryan radiation after
transmission through the rough lunar surface.

2 Modelling the lunar surface
The surface of the Moon is not smooth. Deviations from a
perfect spheroid occur over all size scales, from the mare
basins visible from Earth, through craters of all sizes, to
small pebbles sitting on the surface of the regolith. Due to
the wide range of size scales involved, the model of the
lunar surface developed here will use information derived
from three main sources: lunar-orbiter laser-rangefinding,
Earth-based radar backscatter, and stereo photography by
Apollo astronauts.

Thanks to the LALT instrument onboard the SELENE
spacecraft [14], and most recently the LOLA instrument
aboard the Lunar Reconnaissance Orbiter (LRO) [15], large-
scale lunar surface features have been mapped over the
entire lunar surface. The full data-sets are publicly available,
giving the surface height deviation from the global lunar
model as a function of lunar latitude and longitude. The
LALT global map gives measurements on a grid of 2024
longitudes and 320 latitudes (∼ 5× 17 km grid at the
equator), with a vertical precision of 5 m; the global maps
from LOLA are much more detailed, with a grid accuracy
of∼ 470×470 m at the equator with 1 m vertical precision.
Near the lunar poles, both instruments made much more
detailed maps, with the LRO providing a measurement grid
of 5×5 m.

The most detailed information on the metre-scale lunar
surface comes from radar backscatter measurements, mostly

1. θC = cos−1(1/n), where n is the refractive index of the medium
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Figure 1: Power spectra of 1D slices (see footnote) of syn-
thetic self-affine surfaces (‘SBA96’), global measurements
from SELENE (‘SELENE Global’) and from the LRO
(‘LRO global 64’), and LRO measurements at the Lunar
South Pole taken in two orthogonal directions: ‘LRO Spx’
and ‘LRO SPy’.

from lunar-orbiting craft and the Arecibo telescope (see e.g.
Hagfors and Evans [16]). Radar measurements are expected
to probe structures on a similar scale to the observation
wavelength, and have been used to model the distribution
of lunar surface slopes. Using angular-scattering data at
wavelengths from 3.6 cm to 6 m, Shepard, Brackett and
Arvidson [17] infer the following unidirectional surface
slope distribution, which gives the root-mean-square (rms)
of the slope tangent (the mean is obviously zero) along any
one-dimensional slice of the lunar surface:

tansrms(λ ) = 0.29
(

λ

1 cm

)−0.22

. (1)

Beginning with the first simulations of the lunar radio tech-
nique for the GLUE experiment [18], Eq. 1 has been used to
model the roughness of the lunar surface at length scales λ .
The surface power spectra (see Ref. [17]) calculated from
the LRO, SELENE, and radar backscatter measurements is
shown in Fig. 1.

At the smallest scales, photography by the Apollo 11, 12,
and 14 astronauts using the Apollo Lunar Surface Closeup
Camera (ALSCC) provided stereo images of the lunar
surface over the range 8.5 µm to 8.5 cm. Helfenstein and
Shepard [19] analysed these images — taken over a variety
of terrain, from the mare basins to the highlands — in order
to derive the surface profiles and consequently the slope
amplitudes at various size scales. At 1 mm scales, srms
is found to vary over the range 12.1◦ to 37.0◦, where Eq.
1 predicts 25.7◦. The exponent of λ (−0.22 in Eq. 1) is
generally steeper however, lying in the range from −0.49
to −0.32, and can vary within a given profile.

The goal of these proceedings is to model the effects of
small-scale surface roughness. Here, ‘small-scale’ can be
defined as variations in the surface over the characteristic
region from which radiation escapes the Moon. This region
size r can be approximated as being comparable in size to
the cascade depth d, since in the case of a smooth surface,
total internal reflection will occur for radiation incident on
the surface at angles sinθi > 1/n, where n is the refractive
index of the lunar regolith. Note that sinθi = r/

√
r2 +d2

from simple geometry, and that d will typically be of the
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Figure 2: (from Ref. [21]) A section of a random self-
affine lunar surface, generated with grid spacing 10 cm
and 1024×1024 grid points, using the Fourier transform
method.

same order as the (power) absorption length ` for observable
cascades. Using characteristic regolith parameters of n =
1.8 and `(ν) = 9(ν/1 GHz)−1 m for frequency ν [20]
produces r ≈ 10 m at 1 GHz and r ≈ 100 m at 100 MHz.
The smallest length-scales of interest will typically be of
order 10% of the wavelength in question, i.e. from 3 cm to
30 cm at 1 GHz and 100 MHz respectively. While the total
range of 3 cm to 100 m is partially covered by the South
Pole LRO data, for the sake of simplicity, the information
derived only from radar backscatter is used to generate
synthetic surfaces for this analysis.

Shepard et al. [17] use the observed power-law rela-
tionship between surface slope and wavelength to model
the lunar surface as being self-affine. Such a surface has
Fourier components with Gaussian-distributed magnitudes
(about a mean given by the power-spectrum) and random
phases. The simplest method to produce such a surface is to
randomly generate its Fourier transform f , and then back-
transform to obtain the height-function h on a grid. Such a
surface, generated for Ref. [21] to satisfy Eq. 1, is shown in
Fig. 2.

3 Calculation Methods
Radiation from high-energy cascades can be accurately cal-
culated using the 1D approximation [22], using a longitu-
dinal profile of the charge excess — assumed to be travel-
ling at the speed of light — and a lateral distribution char-
acterised by a decoherence condition. In the case of an in-
finite uniform medium, the far-field pattern is derived by
Fourier-transforming the 1D longitudinal profile with the
appropriate phase factors created by the medium delays and
observer angles, and then applying the lateral-profile deco-
herence factor, which cuts the spectrum off at high frequen-
cies. In the case of radiation transmitted through a rough
surface, the longitudinal profile will have to be split up into
pieces, since parts of the cascades will ‘see’ different sur-
faces — however, particles over the width of the cascade
(of order 10 cm in the lunar regolith [4]) will see a similar
surface, so that the application of a lateral decoherence term
still applies. Thus each cascade will be described in terms
of Ne(l), the number of moving excess electrons as a func-
tion of longitudinal distance l. In this contribution however,
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which aims to demonstrate the technique, only single long
particle tracks of length comparable to that of entire cas-
cades will be used, and thus Ne(l) = 1 for some total length
l. The characteristic length of a UHE hadronic cascade in
the lunar regolith is approximately 3 m [4]. Therefore, sin-
gle tracks of this length will be used to explore the effects
of lunar surface roughness. The in-regolith radiation from
these tracks will be calculated using the algorithm of Zas,
Halzen, and Stanev [23].

The fields observed in vacuum can be determined by
calculating the fields induced on the lunar surface from the
cascade, and applying the methods of Stratton & Chu [24].
This allows a calculation of the resulting electric field ~E due
to a source consisting of an arbitrary surface S and surface
field ~Es, bounded by the curve C on which is defined the
magnetic field ~Hc (Eq. 24 in Ref. [24]):

4π~E =
i

ωε

∮
C
5ψ~Hc ·ds−

∫∫
S

[
iωµ(n̂× ~Hc)ψ

+ (n̂×~Ei)×5ψ +(n̂ ·~Es)5ψ

]
da. (2)

In the case of a plane wave incident on a rectangle, it is
possible to derive simple relations between the strengths of
incoming and outgoing waves. Sub-dividing the surface and
the source tracks into sufficiently small segments (such that
the radiation from each sub-track is planar over each sub-
facet) allows the transmitted radiation to be calculated by
iterating over all track/facet combinations. The calculation
of the full radiation field exiting the regolith therefore
involves sums over six dimensions: the 2D facet surface,
the 1D longitudinal profile, the output frequency (1D), and
two dimensions of outgoing angle.

In the following, Cartesian coordinates (x,y,z) will be
used. The facet surface will lie approximately in the x = 0
plane (x̂ is ‘up’), with each track parallel to ẑ. Outgoing ra-
diation will only be calculated in the x–z plane, with direc-
tion denoted by the angle θ from the z-axis (x̂ is given by
θ = 90◦). In the flat-surface case, the field would be 100%
linearly polarised in the x–z plane (‘vertical’ polarisation
Ev); for rough surfaces, some ‘horizontal’ (Eh ‖ ŷ) polarisa-
tion will be expected. The calculation is performed in the
frequency-domain over the range 100 MHz to 2 GHz.

4 Results
In order to test the calculation method described in Sec.
3, the resulting radiation after transmission through a flat
surface is first compared to the analytic expectation. Two
cases can be considered — transmission between media of
equal refractive index n = 1.8 (regolith to regolith, or ‘Reg–
Reg’), and transmission from the regolith to vacuum (‘Reg–
Vac’). The analytic result is trivial to calculate in both cases,
since in the first instance, the methods of Zas, Halzen, and
Stanev can be applied directly to the entire 3 m track, while
in the second instance, the current calculation methods used
in simulations of the lunar radio technique apply [21].

Fig. 3 compares the analytic expectations at 100 MHz
and 1 GHz to the output from the facet-transmission calcu-
lation in the case of a 3 m track placed at a depth of 50 m.
In the case of the Reg–Reg calculations, agreement with
the theory is almost perfect — even minima with decoher-
ence factors of 10−3 (in the 1 GHz case) are reproduced
accurately. Only at angles less than 5◦ do the calculations
under-estimate the emission, and for a very good reason: a
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Figure 3: Comparison between theoretical and calculated
far-field field strengths for transmission through a flat
surface.
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Figure 4: Electric field strengths in the x–z polarisation (see
text) of both a rough-surface calculation and smooth-surface
theory for a 3 m track at depth 10 m in lunar regolith.

finite surface was used, and at 5◦ the radiation misses the
simulated surface.

No such finite-surface effects are present in the Reg–Vac
calculation, since total internal reflection limits the range
over which radiation can exit the surface. Therefore, the
greater disagreement with theory than in the Reg–Reg case
is initially surprising — especially at 100 MHz, where the
calculation is less sensitive to numerical nuances. What in
fact is occurring here is a failure of the theory, since it ne-
glects an important physical phenomenon: diffraction, or
the spreading of power over solid angles. This effect will be
greater at low frequencies, since each wavelength will see a
greater range of variation in surface field strength, and at
small angles, where the field strength at the surface changes
most rapidly. The facet method models the expected diffrac-
tion behaviour perfectly.

Having validated the method, the flat surfaces are re-
placed with artificially created rough surfaces similar to
that in Fig. 2 with slopes distributions in accordance with
Eq. 1, and the numerical transmission code re-run. Calcu-
lations using a track at 10 and 100 m depth are performed,
respectively representing typical observations at 1 GHz and
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Figure 5: Same as for Fig. 4, but for a depth of 100 m.
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Figure 6: Time-domain pulses for a 1–2 GHz bandwidth
viewing the 10 m deep track at three angles. Both the
vertical (x–z) and horizontal (y) polarisations are shown.

100 MHz.
The resulting angular distributions are shown in Figs. 4

and 5, together with the predictions from theory. Predictably,
the effects of small-scale roughness are greatest at high
frequencies (green lines) and large depths (Fig. 5). At any
given frequency and angle, small-scale roughness may
either increase or decrease the expected signal strength,
but averaged over all outgoing angles, the effects appear
to average out. This is to be expected, since roughness
effects should not greatly change the total transmitted power.
Note that these results are just one instance of a random
rough surface, whereas many such simulations would have
to be performed in order to determine the characteristic
behaviour.

The expected pulse shapes for a 1–2 GHz bandwidth, as
determined by Fourier-transforming the resulting spectra
at three particular angles, are shown in Fig. 6. The pulses
have obviously retained their narrow time-duration. Note
also the significant signal in the horizontal direction — for
a flat surface, the signal would be entirely x–z (vertically)
polarised.

5 Conclusion
A first calculation of the effects of small-scale lunar sur-
face roughness on Askaryan pulses generated in the lu-

nar regolith has been presented and implemented in a nu-
merical code. This code can accurately reconstruct the far-
field wavefront in analytically tractable cases via a sum of
the contributions from hundreds of thousands of individual
facets. These methods need only be implemented into a full-
scale simulation of the lunar radio technique in order to
overcome the last theoretical uncertainty in current simula-
tions methods.
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