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Sensitivity of lunar particle-detection experiments
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Abstract. The use of the Moon as a detector volume for ultra-high-energy neutrinos and
cosmic rays, by searching for the Askaryan radio pulse produced when they interact in
the lunar regolith, has been attempted by a range of projects over the past two decades.
In this contribution, I discuss some of the technical considerations relevant to these experiments, and their consequent sensitivity to ultra-high-energy particles. I also discuss
some possible future experiments, and highlight their potential.

1 Introduction
The detection of ultra-high-energy neutrinos and cosmic rays requires detectors with extremely large
apertures. One technique for obtaining such apertures is to remotely monitor solar-system bodies
for radio pulses from the particle cascades produced when these particles interact, using these bodies
themselves as detectors [1]. This technique has been employed in a commensal experiment with
the Earth-orbiting FORTE satellite, with a non-detection setting a limit on the neutrino flux [2]; the
proposed dedicated SWORD satellite [3] may improve on this [4]. Jupiter has also been proposed as
a target [5], although its prospects appear poor [6].
However, a target proposed before the above work [7], and the focus of most effort to date, is the
Moon. A particle cascade developing in the dense medium of the lunar regolith produces a strong
Askaryan radio pulse [8], and the lunar Askaryan technique employs an Earth-based radio telescope
— or, potentially, a satellite in lunar orbit [9] — to search for this. Eight such experiments have
been published to date [10–17]; see Ref. [18] for a summary and analysis. Below, I describe some of
the limiting technical considerations for these experiments, and discuss their sensitivity to ultra-highenergy particles.

2 Anticoincidence rejection
A major difficulty for lunar Askaryan experiments is distinguishing between lunar-origin pulses and
anthropogenic radio-frequency interference. One solution is to use a telescope with multiple beams
directed at different parts of the moon, and to apply an anticoincidence cut, rejecting any pulse that is
detected in more than one beam. A lunar-origin pulse should be detected only in the beam directed
at the correct part of the moon, whereas local radio-frequency interference will generally be seen
simultaneously in multiple beams. Two recent experiments that used this approach are NuMoon [14]
and LUNASKA Parkes [17].
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Table 1. Minimum and maximum detectable radio pulse amplitudes for the NuMoon and LUNASKA Parkes
experiments, with and without anticoincidence cuts in their analyses [18]. Note that these values are not a
complete representation of the sensitivity of these experiments.

Experiment
NuMoon
LUNASKA Parkes

Anticoincidence
yes
no
yes
no

Emin
Emax
(µV/m/MHz)
0.1365 0.1650
0.1453
—
0.0053 0.0241
∞
—

However, telescope beams overlap to some degree, and a sufficiently strong lunar-origin pulse may
be detected in multiple beams, and incorrectly classified as interference [19]. This effectively sets an
upper limit on the amplitude of an Askaryan pulse that can be detected by an experiment applying
an anticoincidence cut. Omitting this cut, however, leads to interference contaminating the sample of
recorded events and raising the noise level, raising the lower limit on the amplitude of a detectable
pulse.
As seen in Table 1, the NuMoon experiment had only a narrow range between its upper and lower
detection thresholds, leading to minimal sensitivity to ultra-high-energy particles; however, omitting
the anticoincidence cut removes the upper limit while making little difference to the lower limit,
restoring the sensitivity of the experiment. The LUNASKA Parkes experiment relied absolutely on
its anticoincidence cut, having no appreciable sensitivity without it; but was sensitive to pulses across
a broad range of amplitudes even with the anticoincidence cut included. In both cases, the result was
unintentional, with no thorough analysis of this issue beforehand. For future experiments, a more
sophisticated anticoincidence strategy will be developed, to minimise this issue [20].

3 Dedispersion
An Askaryan pulse from the moon will be subjected to a frequency-dependent dispersive delay as it
passes through the ionosphere, smearing it over a timescale longer than its original length. This can
be corrected by applying to the received signal a dedispersion filter that matches the dispersion characteristic of the ionosphere, defined by its slant total electron content (STEC). Some past experiments
with narrow bandwidths have simply neglected dispersion (e.g. [11, 15]); others have corrected it in
real time with a filter matched to the STEC (e.g. [13, 17]), or recorded the received signal with its full
time resolution, allowing the correction to be applied retrospectively (e.g. [14]).
Future lunar Askaryan experiments are likely to involve large bandwidths at low frequencies
(. 500 MHz), for which dispersion is more severe. In this case, the uncertainty in the STEC may
be sufficient that, even after dedispersion, the pulse has some significant remnant dispersion characteristic; and the larger data rates of future experiments will make it prohibitive to record the received
signal with its full time resolution, so retrospective processing is impractical. The solution will likely
involve a combination of parallel dedispersion at different dispersion characteristics, to cover the uncertainty range in STEC [20, 21]; and more precise measurements of STEC, either through the direct
use of line-of-sight measurements of STEC to satellites of the global positioning system (GPS), or
through measurements of the STEC-dependent Faraday rotation of the lunar thermal emission [22].
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Figure 1. Limits on the fluxes of ultra-high-energy cosmic rays (left) and neutrinos (right) set by the NuMoon [14], RESUN [15] and LUNASKA Parkes [17] lunar Askaryan experiments, calculated as described in
the text. Also shown are potential limits that could be set by future lunar Askaryan experiments with nominal
observing times of 200 h with LOFAR [20, 25], 200 h with a phased-array feed (PAF) on the Parkes radio telescope [26], or 2900 h with AuScope [18]. Shading shows the range of uncertainty associated with models of
the small-scale lunar surface roughness; the discontinuity is an artefact of the model. Filled circles show the
cosmic-ray flux measured by the Pierre Auger Observatory [28], and dash-dotted lines show speculative models of the neutrino flux from exotic-physics models [29, 30]. Dotted lines show limits established by the Pierre
Auger Observatory [28] and the ANITA-2 experiment [31]. All limits are 90%-confidence model-independent
differential limits [2].

4 Particle sensitivity
I estimate the limits or potential limits set by some past and near-future lunar Askaryan experiments
using an analytic model for the particle aperture [18, 23, 24]. To reflect the effects of small-scale surface roughness, I use the only extant model [13], which represents the aperture as a linear combination
of two extreme cases: one in which these effects are ignored, and one in which they are maximised,
by representing the surface as a series of small-scale facets with uncorrelated slopes. Following this
model, I take the parameter r = 0.6, describing the proportional contribution of the first case, as a
compromise based on simulations of multiple experiments [19], and scale NS , the number of facets
along the length of the shower, according to the observing frequency of each experiment. For the lowfrequency experiments NuMoon and LOFAR, NS ∼ 1, and so no correction for small-scale surface
roughness is applied.
Results are shown in Fig. (1). Uncertainty associated with the effects of small-scale surface roughness strongly affects the estimated limits for high-frequency experiments. Depending on these effects,
near-future high-frequency experiments may or may not improve on existing neutrino limits at ultrahigh energies. A planned low-frequency experiment with LOFAR [20, 25] will do so in any case,
improving current constraints on neutrino fluxes predicted by exotic-physics models. A proposed experiment with a phased-array feed on the Parkes radio telescope [26], or on a similar large single dish,
could potentially achieve the first detection of cosmic rays with this technique. A proposed experiment (not shown here) with the low-frequency component of the Square Kilometre Array [21, 27]
would have a substantially greater sensitivity to both neutrinos and cosmic rays, but is a more distant
prospect, as this telescope is planned for construction in 2018–2023.
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5 Conclusion
The technical considerations for lunar Askaryan experiments are challenging, but are now well understood, and future experiments can be expected to address them correctly. The major theoretical
problem remaining in this field is modelling the effects of small-scale lunar surface roughness, which
have a dramatic effect on the particle aperture for high-frequency experiments.
Experiments practical on a near-future timescale have the potential to substantially improve on the
current state of this field. A lunar Askaryan experiment with a phased-array feed on a large single dish
could plausibly achieve the first detection with this technique of an ultra-high-energy cosmic ray. The
planned experiment with LOFAR will constrain neutrino fluxes predicted by exotic-physics models,
as well as being a technical pathfinder for a future experiment with the Square Kilometre Array.
I acknowledge support from ERC-StG 307215 (LODESTONE).

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

P.W. Gorham, NASA Advanced Planning Office (2004), arXiv:astro-ph/0411510
N.G. Lehtinen, P.W. Gorham, A.R. Jacobson et al., Phys. Rev. D 69, 013008 (2004)
A. Romero-Wolf, P. Gorham, K. Liewer et al., ArXiv (2013), arXiv:1302.1263
P. Motloch, N. Hollon, P. Privitera, Astropart. Phys. 54, 40 (2014)
P.B. Rimmer, C.R. Stark, C. Helling, ApJ Lett. 787, L25 (2014)
J.D. Bray, A. Nelles, ApJ 825, 129 (2016)
R.D. Dagkesamanskii, I.M. Zheleznykh, Sov. Phys. JETP Lett. 50, 259 (1989)
G.A. Askaryan, Sov. Phys. JETP 14, 441 (1962)
V.A. Ryabov, V.A. Chechin, G.A. Gusev et al., Adv. Space Res. 58, 464 (2016)
T.H. Hankins, R.D. Ekers, J.D. O’Sullivan, MNRAS 283, 1027 (1996)
P.W. Gorham, C.L. Hebert, K.M. Liewer et al., Phys. Rev. Lett. 93, 041101 (2004)
A.R. Beresnyak, R.D. Dagkesamanskii, I.M. Zheleznykh et al., Astron. Rep. 49, 127 (2005)
C.W. James, R.D. Ekers, J. Alvarez-Muñiz et al., Phys. Rev. D 81, 042003 (2010)
S. Buitink, O. Scholten, J. Bacelar et al., A&A 521, A47 (2010)
T.R. Jaeger, R.L. Mutel, K.G. Gayley, Astropart. Phys. 34, 293 (2010)
R.E. Spencer, A. Macfarlane, O. Mills et al., Proc. Sci. 125, 097 (2010)
J.D. Bray, R.D. Ekers, P. Roberts et al., Astropart. Phys. 65, 22 (2015)
J.D. Bray, Astropart. Phys. 77, 1 (2016)
J.D. Bray, R.D. Ekers, P. Roberts et al., Phys. Rev. D 91, 063002 (2015)
T. Winchen, A. Bonardi, S. Buitink et al. (LOFAR Cosmic Ray KSP), these proceedings (2016)
C.W. James, J. Alvarez-Muñiz, J.D. Bray et al., these proceedings (2016)
R.A. McFadden, R.D. Ekers, J.D. Bray, 4, 284 (2011)
K.G. Gayley, R.L. Mutel, T.R. Jaeger, ApJ 706, 1556 (2009)
Y.S. Jeong, M.H. Reno, I. Sarcevic, Astropart. Phys. 35, 383 (2012)
K. Singh, M. Mevius, O. Scholten et al., Nucl. Instrum. Meth. A 664, 171 (2012)
J.D. Bray, R.D. Ekers, R.J. Protheroe et al., AIP Conf. Series 1535, 21 (2013)
J.D. Bray, J. Alvarez-Muñiz, S. Buitink et al., Proc. Sci. 215, 144 (2015)
J. Abraham, P. Abreu, M. Aglietta et al. (Pierre Auger Coll.), Phys. Lett. B 685, 239 (2010)
V. Berezinsky, E. Sabancilar, A. Vilenkin, Phys. Rev. D 84, 085006 (2011)
C. Lunardini, E. Sabancilar, Phys. Rev. D 86, 085008 (2012)
P.W. Gorham, P. Allison, B.M. Baughman et al. (ANITA Coll.), Phys. Rev. D 82, 022004 (2010)

4

